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ABSTRACT 

 

Suspension-feeding bivalves play important ecological roles in many marine 

environments, functioning as links between pelagic and benthic ecosystems, and providing 

habitat and food for invertebrates and juvenile fish. Through fisheries and aquaculture, 

bivalves also play important socio-economic roles in many coastal communities, providing 

jobs and a source of sustainable protein. One of the most well-studied characteristics of 

bivalves is their suspension-feeding mechanism, which allows them to filter plankton from 

water with high efficiencies and is one of the primary ways that they interact with their 

ecosystems. In light of the socio-ecological importance of suspension-feeding marine 

bivalves, the goal of this thesis is to contribute to the mechanistic understanding of how 

bivalves acquire energy through suspension feeding. First, an overview of processes that 

mediate energy acquisition and expenditure, and the extent to which they are subject to 

plasticity and adaptation is examined in suspension-feeding bivalves. Next, plasticity in 

feeding physiology is examined both interspecifically and intraspecifically, using a 

combination of field and laboratory experiments. The results of these experiments show 

both inter- and intraspecific variability in the feeding physiology of bivalves. 

Interspecifically, relationships between particle capture efficiency and pumping rate were 

observed to vary between species of bivalves from different families. Intraspecifically, in 

the blue mussel, Mytilus edulis, plasticity in feeding physiology was observed as mussels 

were transplanted along a fjord gradient, and high levels of variability in feeing physiology 

were observed both between and within individuals during 4-day experiments. Finally, 

recommendations are made for future experiments to observe suspension-feeding 

mechanisms in marine bivalves. Understanding the mechanisms of suspension-feeding in 

bivalves is a primary step in predicting how the ecological role of bivalves changes 

between species and environments.  
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CHAPTER 1 INTRODUCTION 

 

Bivalves are a diverse group of organisms distributed globally in both fresh and 

marine environments, with over 9000 known living species (Gosling, 2021). Bivalves are 

the second largest class (Bivalvia) within the phylum Mollusca, which also has eight 

surviving classes including Cephalopoda (e.g., cuttlefish, octopus), Gastropoda (e.g., 

snails, slugs), and Polyplacophora (e.g., chitons). Characterized by their bilateral 

symmetry, and soft tissues enclosed by two hard shells, bivalves include mussels, oysters, 

scallops, and clams. Bivalves often grow in dense populations of reefs or beds on the sea-

floor of both coastal and deep-sea environments. As a result of bed or reef formation, many 

species of bivalves are described as  ecosystem engineers, indicating that they change the 

physical structure of their environment, and often support increased species biodiversity 

(Jones et al. 1994, Gutiérrez et al. 2003). Some bivalves are also classified as keystone 

species, as they affect the broader marine environment through nutrient cycling, water 

clarification, and habitat provisioning (Gosling 2003, Nizzoli et al. 2005, Coen et al. 2007). 

Many of the fundamental ecological roles that bivalves play are related to their physiology 

and behaviour as suspension-feeders. Suspension-feeding organism are those that feed by 

removing food particles from the water column (Hentschel & Shimeta 2008).  

Bivalves are valued socially and economically through the provisioning of food and 

jobs to coastal communities. In 2019 in Canada over 43 000 and 110 000 tonnes of bivalves 

were produced in aquaculture farms and caught in wild fisheries, respectively (Department 

of Fisheries and Oceans Canada 2021a, b). The size and distribution of wild and cultivated 

bivalve populations are important to understand both for their food provisioning services, 

and for the fundamental roles that bivalves play in aquatic ecosystems. Survival and 

distribution of many marine bivalve populations are threatened by both climate change and 

deteriorating water quality (Beck 2009, Soon & Zheng 2019, Stewart et al. 2021). The 

growth of some bivalve populations has been supported through restoration efforts for the 

protection of threatened species (La Peyre et al. 2014, Fitzsimons et al. 2020), the range 

expansion of some species as a result of climate change (Ouellette-Plante et al., 2017; 

Russell et al., 2012; Thomas et al., 2016; Timbs et al., 2019), and through their commercial 
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production in aquaculture farms. In acknowledgment of the important ecological and 

economic roles of marine bivalves, this thesis focuses on the examination of the variability 

of suspension-feeding physiology both between and within marine bivalve species (inter- 

and intraspecifically, respectively). The ecological role and suspension-feeding 

mechanisms of bivalves are outlined in the following sections. 

1.1 THE BIOLOGY AND ECOLOGY OF SUSPENSION-FEEDING BIVALVES 

Life cycle 

As a result of the diversity in species and environments that bivalves inhabit, the 

biology of bivalves also varies greatly. However, in this thesis a variety of species were 

worked with that share a common life-history organization. Bivalves usually reproduce 

through broadcast spawning of separate gametes (although hermaphrodism is present in 

the class), resulting in external fertilization. Several hours or days after fertilization, the 

free-swimming (planktonic) trochophore larvae will form, which mature into veliger larvae 

that settle onto the ocean floor. Settled veliger larvae subsequently metamorphose into 

juvenile bivalves. The duration of the planktonic larvae life stage varies substantially 

between species and contributes to the ability of bivalves to migrate to new environments 

(Luttikhuizen et al. 2003a, Levin 2006). As adults, bivalves are often described as being 

sessile, however many species display various forms of mobility. For example, scallops 

are free living and will use valve movements to propel themselves through water in a 

swimming motion. Contrastingly, mussels and oysters often attach themselves to hard 

substrate, including conspecifics using byssal threads and cementation, respectively.  

 

Anatomy & morphology  

 The body plan of bivalves is characterized by two shells connected by a ligament 

hinge on the dorsal plane (Figure 1.1). Interiorly, the shells are usually held together by 

either a single (e.g., scallops), or two (e.g., mussels) adductor muscles which are attached 

to both shells. Shell length refers to the distance between anterior and posterior ends, 

whereas shell height refers to the distance between dorsal (hinge) and ventral sides. Inside 

the shells, the most apparent soft tissue is the mantle, which lines the shells and encloses 

most internal organs (inside the mantel cavity). Mantle tissue contains haemolymph and 
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stores reserve energy for reproduction primarily in the form of glycogen (Darriba et al., 

2005; Fearman et al., 2009; Honkoop, 2003). Each shell contains two paired gills that are 

fused dorsally and perform the functions of gas exchange and filter-feeding. Along with 

the mantle tissue, the gills also contain haemolymph vessels for gas exchange. The gills of 

bivalves are complexly ciliated to create an inhalant current of water and facilitate particle 

capture for feeding and ingestion (discussed in detail in section 1.2). The inhalant current 

of water enters the mantle cavity posteriorly through an inhalant siphon, is moved across 

the gills, and exhaled posteriorly through an exhalent siphon.  

 

Figure 1.1 Generalized organization and feeding anatomy of a bivalve (blue mussel, 

Mytilus edulis) from the exterior (top) and interior (below). The internal visceral mass has 

been dissected and removed to reveal the gill, and labial palps. 

 

Ingestion in many bivalve species is facilitated by paired labial palps, which 

surround a ciliated mouth, and assist in the rejection of pseudofaeces  (suspended material 

(seston) that is captured, but not ingested). (Figure 1.1). Digestion occurs in the stomach 
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and associated digestive gland, and is facilitated both chemically and physically by 

digestive enzymes and with the movement of a rod-like crystalline style, which is 

composed of digestive enzymes, that projects into the stomach from the digestive gland 

(Kristensen 1972). Digested material is absorbed both in the stomach and intestine, and 

undigested material is egested as faecal pellets. Absorbed material is taken directly into the 

haemolymph, which moved through soft tissues by a heart, enclosed in the pericardial 

cavity and composed of a single ventricle and paired auricles. Finally, the excretion of 

nitrogenous waste occurs by both kidneys and pericardial glands, which expel nitrogenous 

waste (primarily ammonia) directly into the exhalent siphon (Gosling 2021).  

 

Ecology  

In marine environments, bivalves may inhabit both intertidal and subtidal regions. 

Bivalves are also characterized as either epifaunal species (those that live on the ocean 

floor) primarily mussels, oysters, and scallops, and infaunal species (those that burrow into 

sediments) including clams. Further, bivalves are characterized as those that feed on 

material suspended in the water column (suspension-feeders) and those that feed from 

sediments (deposit-feeders), although some bivalve species may be facultatively 

suspension- and deposit-feed (e.g., the clam Macoma balthica) (Ward and Shumway, 

2004). Bivalves may exert both top-down (influencing lower trophic level communities) 

and bottom-up (influencing higher trophic level communities) controls on marine 

environments though feeding, excretion, and egestion. Top-down controls occur as 

bivalves filter plankton out of suspension in the water column and subsequently redirect 

matter to the ocean floor in the form of faeces and pseudofaeces Bottom-up controls occur 

as bivalves influence nutrient cycling; bivalves can both remove nitrogen and phosphorus 

from the marine environment as they are assimilated into bivalve tissue, but also add 

nitrogen to the environment as bivalves excrete ammonia as a nitrogenous waste (Newell 

2004, Dame 2012). It is primarily through these top-down and bottom-up processes that 

suspension-feeding bivalves function as crucial links between pelagic and benthic 

ecosystems.  

Often, the ecological role of bivalves is not studied solely from a biological perspective, 

but also in the context of both direct and indirect human welfare. This link between natural 
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ecosystems and human wellbeing can be described as ecosystem services (Fisher et al. 

2009). Marine bivalves provide a wealth of ecosystem services including shoreline 

protection, habitat provisioning for economically important fish, top-down control on 

phytoplankton blooms, regulating water clarity and depth of light penetration, and both 

carbon and nitrogen sequestration (Shumway et al. 2003, Coen et al. 2007, Smaal et al. 

2019). In terms of food production, bivalves have been identified as a sustainable low-

trophic source of protein, as non-fed aquaculture species (Shumway et al. 2003).  

Although the ecological functions of bivalves may be described in terms of supporting 

services, these functions operate in dynamic ecosystems and may result in perceived 

detrimental environmental effects (Weitzman et al. 2019). Bivalves, particularly when 

grown in dense populations may increase organic loading and sedimentation rates on 

benthic environments, which can subsequently reduce oxygen availability in benthic 

sediments (McKindsey et al. 2009, Gallardi 2014). Further, bivalves can exert significant 

grazing pressure on plankton communities, contributing to both plankton depletion, and 

shifts composition of plankton communities, which can have downstream impacts on the 

food availability for other marine organisms (Bacher, 2003; Jiang et al., 2016; Newell, 

2004). In part as a result of linkages between bivalve ecology and societal and economic 

benefits, bivalve ecology and physiology has been extensively studied. One of the most 

well studied aspects of bivalve ecology is how they interact with their primary food source: 

plankton. Despite the important role that bivalves play in ecosystems, there remain 

unknowns about the feeding physiology of marine bivalves.  

 

1.2 FEEDING PHYSIOLOGY OF SUSPENSION-FEEDING BIVALVES 

The feeding physiology of bivalves has been a subject of research for the past century 

(Jørgensen, 1955; Kellogg, 1903, 1915; Owen and McCrae, 1976; For Review: Ward & 

Shumway, 2004). Bivalves are active suspension-feeders, they expend energy to create 

inhalant currents into their mantle cavity. The movement of water and capture of particles 

on bivalve gills is facilitated by rows of lateral, laterofrontal, and frontal cilia on the gills. 

The inhalant current of water is pulled into the pallial cavity and over the gills by the 

movement of the lateral cilia. As inhalant water is passed over the gill, suspended particles 
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are captured on frontal cilia, which may be facilitated by the laterofrontal or pro-

laterofrontal cilia. Most bivalve species have compound (or eu-) laterofrontal cirri, and 

effectively capture particles greater than ~4 µm, although some species have pro-

laterofrontal cilia and effectively capture particles > ~ 6 µm (Riisgård 1988, Riisgård & 

Larsen 2010). The exact roles that each cilia type play in particle capture are not fully 

understood, however the ability of bivalves to capture particles of decreasing size (~ <5 

µm) is thought to be dependent on both the length and spacing of the laterofrontal cirri 

(Møhlenberg & Riisgård 1978, Riisgård 1988).  

Particle size is often used as a primary predictor of whether a particle will be captured 

on the cilia of the gills, where small particles are less effectively captured than large 

particles. However, beyond particle size other characteristics are known to influence the 

likelihood of capture including wettability, surface charge, lectin-carbohydrate 

interactions, and fluorescence (Yahel et al. 2009, Pales Espinosa et al. 2009, Rosa et al. 

2015, 2017b). Particles that are retained on the cilia are moved by ciliary movement to the 

margins of the gills on either the dorsal or ventral side. In these margins, particles, 

facilitated by mucous (in either strings or a slurry), are moved anteriorly towards the mouth 

(Ward et al. 1993, 1994, Ward 1996). Near the mouth, labial palps assist in either moving 

captured particles (and mucous) to the mouth for ingestion, or in rejecting captured 

particles as pseudofaeces.  

As primarily sessile organisms, bivalves are generally unable to forage for food in the 

same manner as motile species. Instead, bivalves are reliant on their ability to selectively 

ingest or reject particles from the seston to sort material in the available diet of nutritional 

and non-nutritional quality, respectively. To do this, bivalves have been observed to 

selectively capture and retain particles of higher nutritional value (organic content) than 

the composition of seston that they are presented with (Iglesias et al. 1992, Hawkins et al. 

1996, Bayne & Svensson 2006). This selection process occurs both on the gills, and the 

labial palps. At high food concentrations, particle rejection may occur at the gills and labial 

palps to prevent the gill from being overloaded with material (Jørgenson 1996), or to sort 

edible material from inorganic silt (Beninger et al. 1999, Riisgård et al. 2011). However, 

at low food concentrations, the threshold of which varies between species and 

environments, the rejection of captured material as pseudofaeces is generally not observed.  
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Although often the mechanisms of pre-ingestive particle sorting remain unknown, they 

have been hypothesized to be facilitated by both active and passive processes (Rosa et al. 

2018). Passive particle sorting implies no physiological or behavioural response from the 

bivalve, but instead occurs as a response between the gill and particle surface 

characteristics (e.g., Rosa et al., 2017). Active particle sorting implies a physiological or 

behavioural response elicited by the bivalve, and mechanisms have not been extensively 

observed. To describe and compare the processes of particle capture, and feeding rates, this 

thesis relies on several fundamental metrics of bivalve feeding physiology, which are 

described in the following section.  

 

Metrics of bivalve feeding physiology 

Pumping rate (PR) is the volume of water moved over the gills per unit time (Lh-1). 

Pumping rate scales with gill area, and as such, values of pumping rate are standardized to 

gill area in this thesis, to make comparisons between individuals of different sizes (Jones 

et al. 1992). Capture efficiency (CE) is the proportion of a specific kind of particle captured 

on the gill filaments compared to those in the inhalant water (Shimeta & Jumars 1991, Rosa 

et al. 2018). Retention efficiency (RE) is also commonly used to describe this process (e.g., 

Riisgård 1988, Cranford et al. 2016). However, as suggested by Rosa et al. (2018), the term 

retention efficiency implies the use of in vivo techniques to differentiate between particles 

that are captured on the gill compared to those retained (i.e., not rejected as pseudofaeces). 

In this thesis, in vivo techniques are not used to examine particle capture mechanisms, and 

the term capture efficiency will be used. Capture efficiency in this thesis is measured 

relative to particle size (equivalent spherical diameter, ESD, µm). Generally, capture 

efficiency of particles increases with increasing particle size, to some maximum, beyond 

which all particles all completely captured (Evan Ward & Shumway 2004a).  

Clearance rate (CR) (Lh-1) is the volume of water cleared of particles by a bivalve per 

unit time and is reliant on the accurate characterization of capture efficiency. Clearance 

rate is equivalent to pumping rate for particles that are completely captured on the gills. 

Ingestion rate (IR) describes the amount of food entering the mouth per unit time, and here 

is described as µgh-1. With these defined processes of bivalve suspension-feeding, this 

thesis aims to describe both the inter- (Chapter 2 & 3) and intraspecific (Chapter 4 & 5) 
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plasticity of these processes (pumping rate and capture efficiency) as outlined in the 

following section.  

1.3 THESIS OBJECTIVES AND STRUCTURE  

The goal of this thesis is to contribute to the mechanistic understanding of how bivalves 

acquire energy. Understanding bivalve feeding mechanisms is a primary step in predicting 

both how the ecological role of bivalves changes both between species, and environments. 

To do this, a suite of methodologies have been employed including field and laboratory 

experiments, using both natural and cultured diets. This thesis aims to address unkowns 

about individual bivalve feeding physiology, to better predict both bivalve energy 

acquisition, and consequently growth, as well as bivalve-ecosystem interactions.  

In recognition of the significant research that has already been conducted on the 

ecophysiology of marine bivalves, Chapter 2 of this thesis is a review and synthesis of 

plasticity and adaptation in the processes that determine energy acquisition and expenditure 

of suspension-feeding marine bivalves. The information in this chapter provides a 

foundation for the three subsequent data chapters. The focus of Chapter 3 is on 

interspecific comparisons of filter-feeding mechanisms in three species of commonly 

cultured bivalves from different families (the blue mussel, Mytilus edulis, the eastern 

oyster, Crassostrea virginica, and the sea scallop Placopecten magellanicus). Specifically, 

in this chapter the relationship between pumping rate and capture efficiency is explored 

from a hydromechanical perspective. Results from Chapter 3 indicated that the relationship 

between pumping rate and capture efficiency is dependent upon both particle size and 

species, where pumping rate was only observed to increase capture efficiency in C. 

virginica for small particles (~2-8 µm ESD). Continuing to examine differences in feeding 

physiology, Chapter 4 explores the potential contribution of plasticity and adaptation in 

feeding physiology of the blue mussel, M. edulis, across a geographic gradient in Norway. 

In this study, using a fully-crossed transplant experiment, we observed differences in key 

metrics of bivalve feeding rates (pumping rate, and capture efficiency) between and within 

M. edulis from geographically distinct areas.  Results from Chapter 4 suggest that capture 

efficiency may be a plastic trait, driven by environmental conditions, and changes in 

capture efficiency may be observed more quickly in response to changes in the 
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environment that in pumping and ingestion rates. Chapter 5 is focused on the relationships 

between pumping rate, ingestion rate, and food concentration, and on inter- and intra- 

individual variability in feeding and ingestion rates in M. edulis acclimated to the same 

conditions. Findings from chapter 5 suggest that for M. edulis in low-seston environments, 

pumping rate may not be closely related to food concentration, and ingestion rates may 

continue to increase with increasing food concentration. Further, both inter- and intra-

individual variability was observed in the feeding physiology of M. edulis, where inter-

individual variability increased with increasing food concentrations. Information from each 

of these chapters contributes to the understanding of plasticity in bivalve ecophysiology, 

which is cornerstone to understanding the growth of both individuals and populations of 

bivalves.  
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CHAPTER 2 PLASTICITY AND ADAPTATION 

IN THE ECOPHYSIOLOGY OF 

SUSPENSION FEEDING MARINE 

BIVALVES 

 

 

 

 

2.1 ABSTRACT 

As ecologically and economically important species, the limitations of suspension 

feeding marine bivalves to acclimate and adapt to changing marine environments are 

important to understand. This review outlines the primary physiological processes of 

suspension-feeding marine bivalves and examines how these processes may be affected by 

plasticity and adaptation. These primary physiological processes (feeding, digestion, 

absorption, and metabolic rate) determine how bivalves acquire and use energy, ultimately 

determining their overall growth. Generally, marine bivalve physiology is understood to 

be highly plastic, and therefore designing experiments to assess plasticity and adaption 

requires careful consideration. Experimental designs that use reciprocal transplants or 

common garden experiments, in combination with genetic analyses are often best suited 

assess these processes. Determining the different roles of plasticity and adaptation in 

physiological traits of suspension feeding marine bivalves is crucial to predict their growth, 

survival, and distribution in changing marine environments. 
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2.2 INTRODUCTION 

Suspension-feeding marine bivalves are a widely distributed group of species, 

recognized for their ecological importance (Shumway et al., 2003; Schatte Olivier et al., 

2020). In many marine ecosystems, bivalves are  keystone species, enhancing nutrient 

cycling by exerting both top-down and bottom-up ecological controls (Newell, 2004; 

Gallardi, 2014). Top-down controls are driven by filtration as bivalves suspension feed, 

removing seston from the water column (Prins et al. 1998). Bottom-up controls are 

regulated by the excretion of nutrients (Jansen et al. 2012) and the production of faeces and 

pseudofaeces (Cranford et al., 2007; Zúñiga et al., 2014). Many marine bivalves are 

ecosystem engineers, forming reefs which provide refuge and substrate for the settlement 

of other species, supporting increased biodiversity (Snover & Commito 1998, Waser et al. 

2016, Herbert et al. 2016). 

As primarily sessile organisms, bivalves are exposed to environmental changes, on both 

short- and long-term scales. Bivalves may experience abiotic environmental changes in the 

form of temperature, salinity, pH, oxygen availability, desiccation, and energy (wave 

action and currents) both within the range of natural variation and more substantially as a 

result of climate change (Gazeau et al. 2010, Thomas et al. 2016). Biotic changes are often 

related to changes in food quantity and quality, as well as changes in pressure from 

pathogens, disease, predation, and inter/intraspecific competition (Turner et al. 2016, 

Hernroth & Baden 2018, Chapman 2020). All of these changes have direct effects on the 

physiology of marine bivalves and may affect their growth, survival, and distribution. 

Assisted by plastic and adaptive physiological processes, marine bivalves tolerate a wide 

variety of environmental conditions. As ecologically and economically important species, 

the limitations of bivalve physiology to acclimate and adapt to changing marine 

environments are important to understand.  

Predicting the survival and distribution of bivalves in a changing environment is 

dependent upon understanding growth and its physiological components. Growth potential 

in terms of energetics may be estimated as the amount of consumed energy, minus the 

energy expended and lost on metabolism and excretion, respectively (Figure 2.1). The 

consumption, expenditure, and loss of energy are dependent upon the interactions between 
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the environment and bivalve physiology, or bivalve ecophysiology. For this review, the 

degree to which marine bivalve physiology changes in response to environmental 

conditions are examined through the primary processes that contribute to overall growth: 

Feeding, digestion, absorption, and metabolic rate (Widdows & Johnson, 1988). Changes 

in these primary processes of bivalve physiology are investigated to explore the extent to 

which they are phenotypically plastic and adaptive. 

 

 

Figure 2.1 Conceptual diagram of the physiological processes that contribute to bivalve 

growth potential in terms of energetics. Adapted from Cranford (1998). 

 

 

Phenotypic plasticity is the ability of one genotype to produce multiple phenotypes in 

different environments (West-Eberhard, 1989) (Figure 2.2). Phenotypic plasticity has been 

studied as a mechanism by which organisms can survive in changing environments through 

fast and reversible processes. Marine organisms have phenotypically plastic traits that are 

behavioural, morphological, physiological, biochemical, chemical, and related to life 

history stages (Padilla & Savedo 2013). Although plasticity in morphological traits may 

occur over weeks or months, plasticity in physiology can be observed over just days to 
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weeks (Paul & Van Alstyne 1992, Padilla 2001). Phenotypic plasticity has been recognized 

as an important trait in individuals that are subjected to environmental change on small 

temporal and spatial scales (Miner et al. 2005). Acclimation is often used as a measurement 

of physiological phenotypic plasticity, wherein  a biological trait changes or is regulated to 

reduce stress in response to environmental variation (Kingsolver & Huey 1998). In this 

review, plasticity refers to all environmentally induced types of changes in phenotype 

expression (sensu Stearns 1989). As primarily sessile organisms, often living in 

environments affected by tidal and seasonal cycles, it is understood that bivalves have 

highly plastic traits for feeding, metabolism, and subsequently overall growth (Levins 

1968, Bayne 2004). However, the upper limits of plastic responses for many bivalve traits 

are not well understood (Padilla & Savedo 2013).  
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Figure 2.2 Possible responses of two different genotypes (e.g., two genetically distinct 

populations), solid line and dashed line, to changes in environmental conditions in terms 

of phenotype expression. A. In both genotypes, a change in environment does not illicit a 

change in phenotype. B. In both genotypes, a change in environment causes similar 

changes in phenotypes. C. In both genotypes, a change in environment causes different 

changes in phenotypes. D. In only one genotype, a change in environment causes a change 

in phenotype. Adapted from Kusmec et al. (2018). 

 

Adaptation, driven by natural selection, is the change in allele frequencies that results 

in increased success or fitness. For adaptation to occur, there must be interaction between 

genotype and the environment, leading to change in allele frequencies that are either the 
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result of increased fitness of individuals who possess successful alleles, or the result of new 

genetic mutations (Kawecki & Ebert 2004, Hermisson & Pennings 2005, King et al. 2018). 

Epigenetics are the processes that produce heritable changes in organisms, without 

changing DNA sequences (Jablonka & Lamb 2006). Epigenetic changes result from 

changes in DNA methylation, histone post translational modifications, and non-coding 

RNA activity, which can modify chromatin structure and change expression patterns 

(Jablonka & Lamb 2002, Gavery & Roberts 2017, Fallet et al. 2020). These changes can 

result from environmental cues that contribute to plasticity of phenotypes and can be passed 

on to later generations, which aids in adaptation processes (Gavery and Roberts 2017, 

Fallet  et al. 2020). Local adaptation is observed in primarily sessile organisms where 

natural selection is not homogenized by migration between populations (Kirkpatrick & 

Barton 1997, King et al. 2018). Although marine bivalves have a planktonic larval stage, 

subjected to drift by ocean currents, the distribution of planktonic bivalve larvae remains 

not well understood in many locations, limiting knowledge on gene flow between 

populations (Levin 2006, Ross et al. 2012, McClain et al. 2012). Adaptation has also been 

subject to debate surrounding definitions at different levels of study including adaptive 

evolution (Olson-Manning et al. 2012), local adaptation (Kawecki & Ebert 2004), and 

adaptive plasticity (Ernande et al., 2003; West-Eberhard, 2005). In this review, adaptation 

refers to changes of allele frequencies of individuals or populations (sensu Williams 1966). 

There are several experimental designs used to explore both plasticity and adaptation, 

many of which have benefitted from the improvement of genetic analyses (King et al. 

2018): 1. Common garden experiments: exposing individuals from different locations (e.g., 

geographically separate populations) to a common location, new to both groups of 

individuals. In common garden experiments, measurements of physiology are often taken 

on first generation offspring, reared in the new, common environment (de Villemeuil et al. 

2016); 2. Transplants: the cross-movement of individuals between two separate 

environments (e.g., geographically separate populations); or 3: Multigenerational analyses: 

raising offspring from different populations over several generations and then conducting 

common garden or transplant studies. In these experiments, measurements of physiology, 

gene expression, and genetic composition provide information about the relative roles of 

plasticity and adaption.  
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The ecological and physiological characteristics of marine bivalves make them 

model organisms to explore plasticity and adaptation. Many marine bivalves inhabit and 

tolerate broad environmental conditions; however, their survival and distribution are also 

threatened by changing environments (Matzelle et al. 2015, 2016). The physiology of 

bivalves has been extensively studied for over a century, and in recognition of the 

significant amount of work in this field, the aim of this review is to describe the main 

physiological processes of marine bivalves and examine how they are affected by plastic 

and adaptative responses. Further, the benefits and risks of different methodologies used 

to assess plasticity and adaption will be discussed. Understanding how plasticity and 

adaptation contribute to changes in their physiology, and ultimately growth, is cornerstone 

to being able to predict the effects of changing marine environments on bivalves.  

 

2.3 FEEDING 

Most bivalves are active suspension-feeders, that is, they expend energy to pump 

water into their mantle cavity where particles are captured, selected for, and ingested (see 

Riisgård and Larsen 2001, Ward and Shumway 2004, Cranford et al. 2011 for reviews). 

Particles are captured on the gills by ciliated ctenidium and moved anteriorly towards the 

paired labial palps which may reject particles as pseudofaeces or move particles to the 

mouth for ingestion. Feeding rate is measured in bivalves using several related metrics 

(Supplemental upplemental Table 2.2), including clearance rate (CR), the volume of water 

cleared of particles of a given size per unit time (Coughlan 1969). The rate and efficiency 

with which bivalves pump water and capture food particles varies in response to exogenous 

environmental conditions. Although it has been proposed that there is no physiological 

control of CR and that bivalves pump at a maximum rate unless they are subjected to 

suboptimal conditions (Jørgensen 1990, Jøsrgensen 1996, Riisgård 2001), the majority of 

research suggests that bivalves do have physiological control over CR and may respond to 

changes in food quantity and quality (Bayne et al. 1999, Cranford & Hill 1999, Babarro 

2000).  

Beyond pumping and CR, the other primary mechanisms in feeding regulation are 

particle selection and rejection (Supplementalupplemental Table 2.2). Marine bivalves 
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have mechanisms by which food particles can be sorted, and material of low nutritional 

value (e.g., inorganic material) can be removed from the mantle cavity prior to ingestion. 

Pre-ingestive selection of filtered particles may occur either at the gill, by differential 

capture efficiency, or at the labial palps, as rejection as pseudofaeces. Capture efficiency 

describes the proportion of particles captured at the gill, compared to those in water (Rosa 

et al. 2018). Often, capture efficiency is related to particle size, where capture efficiency 

increases with particle size until some maximum is reached, beyond which all particles are 

completely captured. However, other particle characteristics have been shown to influence 

capture efficiency including wettability and surface charge (Rosa et al. 2017b, a), lectin-

carbohydrate interactions (Pales Espinosa et al. 2009), and fluorescence (Yahel et al. 2009). 

Particle selection may be either an active or passive process where active selection implies 

a physiological response to changes in the food environment, and passive selection implies 

that particle selection occurs as a result particle characteristics and its interaction with the 

pallial organs (Jøsrgensen 1996; Ward and Shumway 2004; Rosa et al. 2018).  

 Captured particles are moved via the frontal cilia on the ctenidium to dorsal and 

ventral margins, where, facilitated by mucous on the gill they are moved towards the 

anterior paired labial palps (Beninger et al. 1993, Ward & MacDonald 1996, Beninger & 

St-Jean 1997). Labial palps may either reject captured particles as pseudofaeces, or guide 

captured particles to the mouth for ingestion (Widdows et al. 1979, Kiørboe & Møhlenberg 

1981). The initiation of pseudofaeces production is often triggered at seston loads of ~2.5-

5 mg l-1 (Widdows et al. 1979),  

 

Plasticity and adaptation in feeding  

The feeding physiology of bivalves in terms of pumping, capturing, and rejecting 

particles is highly plastic (Bayne, 2004). Gills and palps are plastic in size, and in many 

species may change in response to changes in both seston quantity and quality (Payne et 

al. 1995, Barillé et al. 2000, Honkoop et al. 2003, Dutertre et al. 2017, Capelle 2021). In 

areas of low seston quantity, gill area is increased, and palp area is decreased, leading to 

an overall increased gill-to-palp ratio (Barillé et al. 2000, Dutertre et al. 2009). This 

relationship is postulated to be a result of the need for increased CR at low food 

availabilities, and the absence of pseudofaeces production, or pre-ingestive sorting, at low 
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seston loads (Widdows, Fieth & Worrall, 1979; Bayne, 2004; Dutertre et al., 2007). 

Conversely, in areas of high seston quantity, marine bivalves often have smaller gills and 

enlarged palps (Barillé et al. 2000, Dutertre et al. 2007). In high seston environments, 

though pumping capacity is reduced, pre-ingestive selection to sort particles based on 

nutritional content is increased, to maximize the ingested fraction of organic material. A 

transplant experiment with Crassostrea gigas measuring temporal variations in gill and 

palp sizes for one year observed convergence between transplanted and native individuals 

(Dutertre et al. 2017). This finding highlights that short-term morphological changes in the 

pallial organs appear to be the result of reversible plasticity (see also Drent et al. 2004). 

Pallial organ plasticity may not be observed in individuals inhabiting environments with 

high levels of short-term variability (e.g., tidal/diurnal). This may be due to the time 

required for morphological plasticity to occur, or the energetic cost of morphological 

plasticity (Honkoop et al. 2003, Bayne 2004, Dutertre et al. 2017).  

Clearance rate responds to changes in environmental conditions, primarily 

temperature food quantity and quality, and salinity as observed in reciprocal transplants 

(Worrall and Widdows 1983, Okumus and Stirling 1994, Wong and Cheung 2003, Osores 

et al. 2017),  common garden experiments (Labarta, Fernández-Reiríz & Babarro 1997, 

Babarro 2000), and laboratory experiments (Bohle 1972). Clearance rate may display a 

variety of functional responses to food concentration, but generally initiation of feeding is 

triggered when food concentration surpasses a minimum threshold level. As food levels 

continue to increase, CR may remain at a constant maximum (e.g., on/off response), or 

continue to increase with food concentration (Foster-Smith 1975, Riisgard 1991, Clausen 

& Riisgård 1996, Hawkins et al. 1996). At very high food concentrations, CR may decline 

to avoid overloading the gills (Navarro, Iglesias & Ortega, 1992; Velasco & Navarro, 

2005). Acclimation in CR is observed when the CR of transplanted individuals matches 

that of native individuals, which may not be observed in the short-term (~<10 days, 

Navarro et al. 2003; Tang et al. 2020), compared to longer acclimation times (~15 days- 

4.5 months, Okumus and Stirling 1994, Wong and Cheung 2003). The plastic response of 

CR may be related to morphological changes in the pallial organs (Capelle et al. 2021), and 

feedbacks between feeding and digestive activity, where CR responds to the internal state 
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of an individual (e.g., gut-fullness), as discussed in section 3 (Widdows, Fieth & Worrall 

1979, Fréchette 2012). 

Both capture and selection efficiency (Supplementary Table S1) change in response 

to food quantity and quality (Rosa et al. 2018). Capture efficiency may vary with seston 

composition and concentration (Barillé et al. 1993), and temporally over the course of a 

season (Strohmeier et al. 2012, Rosa et al. 2015). Plasticity in capture efficiency has been 

observed in a transplant experiment with the mussel Mytilus edulis, where capture 

efficiency differed between initial location, and transplant destination in two groups of 

mussels (Steeves et al. 2020). It was not possible to attribute the change in capture 

efficiency to passive or active processes; however, the change in response to environment 

indicates plasticity in feeding (Steeves et al. 2020). Increased mucous production, via the 

upregulation of genes that control mucosal lectins on the gill may be a mechanism that 

would increase particle capture efficiency (Palmer & Williams 1980, Pales Espinosa et al. 

2009, 2010, Pales Espinosa & Allam 2013, 2018). Selection efficiency varies with diet 

(Foster-Smith, 1975, Kiørboe, Mølenberg & Nøhr 1980, Iglesias et al. 1992, Hawkins et 

al. 1996, Beninger, Veniot & Poussart 1999) over the course of a season in response to 

changes natural diets (Bayne & Svensson 2006), or over the course of several days in 

laboratory studies using cultured diets (Pales Espinosa & Allam 2013). Plasticity in 

selection efficiency occurs to maintain high organic ingestion rates, or for the selection of 

biochemical compounds to meet nutritional requirements (Bayne & Svensson 2006, Pales 

Espinosa & Allam 2013).  

Epigenetics of bivalve gills may facilitate plasticity particularly when exposed to 

stressors such as toxic algae and parasites. A study on C. virginica, found that when 

exposed to toxic red tide algae (Karenia brevis), epigenetic changes occurred in the gills 

through expression of histone variants (H2A.X, H2A.Z and macroH2A), and reduction of 

DNA methylation, which likely have a role in protection mechanisms against DNA damage 

associated with toxins (Gonzalez-Romero et al. 2017). Exposure to Perkinsus spp. has also 

been found to result in epigenetic changes (DNA methylation) in the gills of Crassostrea 

gasar and was hypothesized to be associated with the inhibition of expression of defence 

genes, which can aid in the progression of Perkinsus spp. lifecycle making the oysters more 

susceptible to infection (Farias et al. 2017).  
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Much less is known about the role of adaptation in bivalve feeding physiology. 

Local adaptation may play a role in the absence of morphological plasticity in some bivalve 

species, as there has been observed to be a heritable component of gill-to-palp ratios (Drent 

et al. 2004). A greater degree of morphological plasticity in pallial organs have been 

proposed to contribute to the success of invasive species, when native species display less 

plasticity in gill and palp size (Dutertre et al. 2009, Ouellette-Plante et al. 2017). Feeding 

physiology may also adapt to other environmental conditions, for example, a genetically 

distinct lineage of Crassostrea virginica with resistance to the parasite Perkinsus marinus, 

has been found to have significantly lower clearance rates in the presence of P. marinus 

compared to conspecifics without resistance (Ben-Horin et al. 2018). A recent study on C. 

virginica has also found that aquaculture lines selected for parasite resistance (P. marinus 

and Haplosporidium nelsoni) were less tolerant to starvation compared to wild conspecifics 

(McFarland et al. 2020). Further, for populations of bivalves living in low-seston 

environments, CR has been observed to be relatively higher at very low food 

concentrations, compared to studies on bivalves living in higher seston concentrations 

(Strohmeier et al. 2009); however, genetics studies are required to confirm the role of 

adaptation.  

 

2.4 DIGESTION AND ABSORPTION 

Following ingestion, bivalves pass food from the mouth through the esophagus to 

the stomach (Ward et al. 1994). The stomach of bivalves is composed of grooves, ducts, 

ridges, and ciliary currents for further particle selection (Reid 1965, Owen 1970, Purchon 

1987). Ingested food is broken down by extracellular and intracellular digestion. 

Extracellular digestion occurs in the stomach by enzymes produced both by the stomach 

lining and the crystalline style (Kristensen 1972). In intracellular digestion, particles are 

transported via primary ducts to the digestive tubules of the digestive gland, where food is 

digested and nutrients are absorbed (Ibarrola et al. 2000). Outside of the digestive gland, 

absorption also occurs in the stomach and intestine (Kristensen 1972). As a result of the 

two types of digestion, two types of faeces are produced: intestinal and glandular faeces, 

produced by extracellular and intracellular digestion, respectively (Widdows, Fieth & 
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Worrall 1979, Ibarrola et al. 2000). Intracellular digestion is a longer process than 

extracellular digestion, leading to more efficient absorption of ingested food (Wang 1995, 

Decho and Luoma 1996) 

Digestive enzymes are secreted to aid in the breakdown of carbohydrates, proteins, 

and fats into smaller units for absorption in both extra- and intracellular digestion (Morton 

et al. 1983, Karasov & Douglas 2013). The primary digestive enzymes used by marine 

bivalves are the carbohydrase enzymes amylase, cellulase, laminarinase, as well as 

proteases and lipases (Brock & Kennedy 1992). Digestive enzymes, in combination with 

the amount of time food spends in the digestive system determines both the amount of, and 

rate at which nutrients are absorbed, for a particular diet. Absorption efficiency is a metric 

used to estimate the fraction of ingested dietary organic matter that is absorbed within the 

digestive system (Conover 1966), and absorption rate is the organic material absorbed per 

time (Urrutia et al. 1996) (Supplemental Table 2.2).  

Recently there has been interest in the microbiome of bivalves (see (Pierce & Ward 

2018) for review). While functional understanding of the microbiome in bivalves is still 

unknown, in other organisms the microbiome has important roles in digestion, nutrient 

absorption, and immune function (Crosby, Newell & Langdon 1990, Harris 1993, Wold & 

Adlerberth 2000, Guarner & Malagelada 2003, Ley et al. 2005, Turnbaugh et al. 2007, 

Mazmanian, Round & Kasper 2008, Kau et al. 2011, Forberg et al. 2012, Dishaw et al. 

2014, Pierce & Ward 2018). Bivalves contain an extensive microbiome within their 

digestive tract including the stomach, gastric juices, crystalline style, and digestive 

diverticula (Kueh & Chan 1985). Antibiotic treatments have been used to investigate the 

role of microbes in host digestive enzyme production, and most studies have found that 

antibiotic treatments have no impacts on enzymes (Newell & Langdon 1986, Mayasich & 

Smucker 1987, Crosby, Langdon & Newell 1989); however, Pierce (2016) found that 

exposure of antibiotics reduced the diversity and number of microbes in the microbiome 

of oysters, and the enzymes xylanase was impacted, but did not impact cellulase, protease, 

and amylase, nor the absorption efficiency. However, more research is needed to better 

understand other contributions of the microbiome to digestion in bivalves, such as 

understanding microbial-host interactions including horizontal gene transfer of digestive 

enzymes and other genes associated with metabolic processes (Pierce & Ward 2018).  
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Plasticity and adaptation in digestion and absorption  

Gut passage time, gut volume, and absorption efficiency are interlinked metrics 

which are highly plastic (Bayne & Newell 1983, Ibarrola, Iglesias & Navarro 1996, 

Navarro et al. 2003). It is assumed that feeding and digestive processes respond to changes 

in the food environment to maximize energy uptake (Widdows, Fieth & Worrall 1979, 

Willows 1992, Hawkins et al. 1999, Hawkins et al. 2001). However, as acclimation in 

feeding and digestive processes occur on different timescales, the relationships between 

food quantity and quality and digestion and absorption are complex. Generally, with high 

quantities of high quality (high organic fraction) diets, ingestion rates increase 

asymptotically over the course of hours or days (Navarro et al. 1994). To accommodate an 

increase in newly ingested material, gut volume may increase while gut passage time 

decreases (Bayne, Klumpp & Clarke, 1984; Navarro, Iglesias & Ortega, 1992; Navarro et 

al., 2009). Absorption efficiency generally increases with increasing diet quality, despite 

fast gut passage times (Navarro et al. 1994, Babarro, Fernandez-Reiriz & Labarta 2003, 

Irisarri et al. 2013), which may be facilitated by increased gut volume, and high 

digestibility of an organic diet (Navarro et al. 1994). In the short-term acclimation to a diet 

(2-days), absorption efficiency may increase by increasing gut passage time, as a result of 

longer contact time between ingested material and the digestive tract, as well as higher 

ratios of intracellular: extracellular digestion (Bayne, Hawkins & Navarro, 1987). With 

longer acclimation times to a diet (2-weeks), absorption efficiency may return to baseline 

levels while reducing gut passage time (Bayne et al. 1989). This is likely facilitated by 

acclimation in digestive enzyme activity (Fernandez-Reiriz et al. 2001).  

 Plasticity in absorption efficiency may be dependent upon species, degree of diet 

change, and acclimation time (Iglesias et al. 1996, Labarta et al. 1997, Wong and Cheung 

2003, Galimany et al. 2015). In transplant experiments, when acclimation in absorption 

efficiency occurs (i.e., absorption efficiency of transplanted individuals become similar to 

native individuals), it usually occurs within 1-8 weeks (Iglesias 1996, Labarta, Fernández-

Reiríz & Babarro 1997, Babarro, Fernandez-Reiriz & Labarta 2003, Wong & Cheung 

2003, Galimany et al. 2015). Changes in digestive enzyme production and activity are key 

mechanisms by which bivalves can alter absorption efficiency (Ibarrola et al. 1996, Ibarrola 
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et al. 1998a, b, Wong and Cheung 2001). Digestive enzyme activity changes in response 

to diet (Ibarrola et al. 1998a b, Trestrail et al. 2021), temperature (Seiderer & Newell 1979), 

and salinity (Nie et al. 2020). Change in digestive enzyme production likely aims to 

maximize absorption and minimize energy loss through the production of excess or 

unnecessary enzymes (Bayne, Hawkins & Navarro 1988, Willows 1992).  

Although digestion and absorption are highly plastic in marine bivalves which 

encounter high levels of variability in diet, in some cases only partial acclimation in 

response to new diets is observed (Labarta, Fernández-Reiríz & Babarro 1997,  Hawkins 

et al. 1998). Additionally, morphological constraints (e.g., maximum gut volume) may 

impose a limit on plasticity, and resultingly suggest adaptive differences between 

individuals ( Hawkins, Navarro & Iglesias 1990, Labarta, Fernández-Reiríz & Babarro 

1997, Hawkins et al. 1998). The ability of bivalves to change digestive enzyme production 

in transplant experiments may vary between species adapted to stable vs. fluctuating food 

environments (Labarta, & Velasco 2002). The absence of acclimation in absorption 

efficiency may also be the result of the limit of plasticity in digestive enzyme activity being 

reached, where change can no longer be induced (Iglesias 1996, Fernandez-Reiriz et al. 

2001). Although genetic responses are not as commonly studied in digestion and 

absorption, genetic polymorphism genes that code for in amylase mRNA have been 

correlated with higher amylase activity, and growth rates in C. gigas (Prudence et al. 2006), 

indicating a genetic basis for differences in digestion. Additionally, single nucleotide 

polymorphisms (SNPs) were correlated to high absorption efficiency phenotypes in C. 

virginica (Hall 2017). Further, reference transcriptomes for the digestive gland of 

commercially produced species have been recently recorded (Gerdol et al. 2014), which 

also provide a basis for exploring local adaptation in digestion. 

 Interspecific variability in microbiomes has been observed in bivalves (Zurel et al. 

2011, Roterman et al. 2015, Vezzulli et al. 2018, Pierce & Ward 2019, Offret et al. 2020), 

further, bivalve microbiomes show a great level of plasticity (Hernández-Zárate & Olmos-

Soto 2006,  King et al. 2012, Vezzulli et al. 2018, Pierce & Ward, 2019). Seston and marine 

aggregates contribute some of the operational taxonomic units found within microbiomes 

of bivalves (Pierce 2016, Pierce & Ward 2019); however, this contribution may be as small 

as 10% of the total microbiome diversity (Pierce & Ward  2019). Environmental conditions 
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(i.e. temperature, salinity, seasons, etc.) and differences in geographical locations appear 

to play a role in plasticity of bivalve microbiomes and may be related to both intrinsic 

factors of the bivalve and extrinsic factors such as microbial community variation (Motes 

et al. 1998, Pujalte et al. 1999, Cavallo, Acquaviva & Stabili 2009, Zurel et al. 2011, King 

et al. 2012, Trabal et al. 2012, Trabal Fernández et al. 2014, Lokmer et al. 2016, Pierce, 

2016, Wang, He & Wang 2016, Pierce & Ward 2019, Offret et al. 2020). For example, a 

study by Pierce and Ward (2019) found that the mussel M. edulis had a much more stable 

microbiome seasonally compared to the oyster C. virginica. This difference was speculated 

to be related to bivalve behaviour, as mussels are more physiologically active in the winter, 

compared to oysters (Pierce & Ward 2019). While functional roles are still not understood, 

plasticity of microbiome might be associated with acclimation to environment and 

maintaining metabolic function (Offret et al. 2020).  

 

2.5 METABOLIC RATE 

Metabolism is the sum of chemical reactions that occur in organisms, including 

both the creation (anabolism) and breakdown (catabolism) of chemical components. 

Metabolism drives maintenance, development, and growth in organisms by turning 

absorbed nutrients into energy, in the form of adenosine triphosphate (ATP), to fuel cellular 

processes. Metabolic rate is the rate at which ATP is produced and broken down; however, 

for aerobic metabolism, metabolic rate is often measured using oxygen consumption rate 

as a proxy. Endogenous processes that contribute to metabolic rate include movement, 

growth, protein synthesis, and reproduction (Widdows & Hawkins, 1989), and to a lesser 

extent, feeding, digestion, absorption, and excretion (Widdows et al. 1984, Widdows & 

Johnson 1988, Bayne et al. 1989).  

As ectotherms, bivalve’s oxygen consumption typically increases with increasing 

temperature (Dame 1972, Newell, Johson & Kofoed 1977, Shumway & Koehn 1982, 

Navarro et al. 2020), to a critical temperature, beyond which a transfer to anaerobic 

metabolism may be observed (Peck et al. 2002, Anestis et al. 2007, Eymann et al. 2020). 

Bivalves are osmoconformers, and when seawater is not at equilibrium with the osmolarity 

of their tissues, water moves between bivalve cells and the surrounding water until 
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equilibrium is reached. To avoid the collapse or rupture of cells, bivalves may either protect 

cells through the production and breakdown of intracellular osmolytes, requiring metabolic 

energy (Pierce & Greenberg 1973) or by closing their valves, stopping feeding and 

subsequently reducing metabolic energy supply (Shumway, Gabbott & Youngson, 1977; 

Shumway & Koehn, 1982; Lavaud et al., 2017; Pourmozaffar et al., 2019). Decreased 

dissolved oxygen concentration, including hypoxic conditions, also usually cause 

decreases in metabolic rate (Brand & Morris 1984, Baojun & Riisgård 2018), which in 

extreme cases drives a transfer to anaerobic metabolism (de Zwaan & Wijsman 1976, 

Ortmann 2003). As calcifying species, bivalves have complex responses to changes in pH 

levels (Vargas et al. 2017, Jiang et al. 2019); however, low pH (~PCO2=650-1200 µatm) 

usually cause elevated metabolic rates as a result of cellular stress (Lannig et al. 2010, 

Navarro et al. 2016, 2020, Benítez et al. 2018, Jiang et al. 2021).  

 

Plasticity & Adaptation in Metabolic Rate  

Plasticity in metabolic rate has been extensively researched in response to 

temperature using the Q10 temperature coefficient (e.g. Dame 1972 (C. virginica); 

Widdows 1973 (M. edulis); Smaal and Zurburg 1997 (C. edule), Shumway et al. 1988 (P. 

magellanicus)). Initial change in temperature driven increase or decreases in metabolic rate 

is a passive process driven by thermodynamics (Arrhenius 1915, Newell 1969; Ghalambor 

et al. 2007) that does not involve any physiological or behavioural plasticity (Havird et al. 

2020). However, acclimation in metabolic rate in response to temperature may be 

facilitated by changes in gene expression, membrane lipid composition, heat shock protein 

production, and upregulation of enzyme isoforms that perform well at different 

temperatures  (Hulbert & Else 1999, Pernet et al. 2007, 2008, Seebacher et al. 2010, Havird 

et al. 2020). Acclimation in metabolic rate may be quantified by the change in Q10 values 

over time (Smaal, Vonck & Bakker, 1997). In in situ experiments, thermal acclimation in 

bivalves may occur over the course of a season (~3 months); however, shorter periods are 

often observed in laboratory conditions (~2 weeks) (Newell 1969,  Shumway 1982, Smaal, 

Vonck & Bakker 1997, Wilson & Elkaim 1997, Le Luyer et al. 2022). Similar patterns in 

acclimation of metabolic rate are observed in response to salinity (Shumway & Koehn 

1983, Casas et al. 2018) and pH (Parker et al. 2017b). Transplant experiments measuring 
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rate of oxygen consumption of populations of bivalves across sites varying in temperature, 

salinity, food availability, or tidal cycle generally observe partial or complete acclimation 

within two months (Worrall and Widdows 1983; Widdows et al. 1984; Tedengren et al. 

1990; Okumus and Stirling 1994; Hummel et al. 2000; Altieri 2006; Jimenez et al. 2015; 

Osores et al. 2017). Differences in metabolic rates may be attributed to reproductive stage 

(Widdows et al., 1984), gill area (Tedengren et al. 1990), or adaption (Ramajo et al., 2016; 

Osores et al. 2017, Ramajo et al. 2021).  

Heterosis, or the success of heterozygous individuals, is observed in bivalves where 

heterozygous individuals have lower basal metabolic rates compared to homozygous 

individuals (Shumway & Koehn 1982, Koehn & Gaffney 1984, Hawkins, Bayne  & Day 

1986, Tremblay et al. 1998, Bayne et al. 1999, Tamayo, Ibarrola & Navarro 2013). 

Metabolic efficiency is facilitated in heterozygous individuals by slower protein turnover 

rates, as protein synthesis can compromise up to 26% of resting metabolic expenditure in 

bivalves (Hawkins 1991). The budgeting of available metabolic energy after maintenance 

costs between growth and reproduction, and the metabolic efficiency of these processes 

have been proposed to be an adaptive trait in animals (Guderley & Pörtner 2010). Further, 

metabolic depression (e.g., decreased heart rate or oxygen consumption rate) (Lesser 2016, 

Liao et al. 2021), or metabolic cold adaptation (Thyrring et al. 2015) may be adaptive 

responses which promote the growth and reproduction of marine bivalves in otherwise 

adverse environmental conditions. 

Differences in metabolic rate of genetically distinct sub-populations have been 

observed (Nie et al. 2017, Bernatchez et al. 2019, Li et al. 2020). In a common garden and 

transplant experiment with two populations of the oyster Crassostrea ariakensis, metabolic 

rate remained different between the populations, despite using first generation progeny, 

acclimated for three months in the transplant destination (Li et al. 2020). It is possible that 

the populations displayed adaptive divergence, which may occur when individuals 

colonize a new environment, and natural selection acts upon phenotypes that are more 

successful in the new environment, compared to the old, resulting in a new sub-population, 

or species (Hendry 2001). Physiological phenotypes that may minimize metabolic stress in 

new high temperature environments maybe related to membrane unsaturation (Pernet et al. 

2008), protein metabolism efficiency (Hawkins et al. 1986, Meyer and Manahan 2010), 
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and threshold for induction of heat shock proteins (Li et al. 2017). Population divergence 

in mussels Mytilus chilensis has been observed using transcriptomics, and it has been 

postulated that many of the functional genes being selected for were related to metabolism 

(Yévenes et al. 2021). In support of this, despite being raised in a laboratory common 

garden experiment for two generations, oysters (Ostrea lurida) from different 

environments displayed different responses to salinity stress in terms of transcript 

expression that regulated functions including ciliary activity and programmed cell death 

(Maynard et al. 2018). These responses may be related to the adaptive ability of oysters 

from estuaries to maintain aerobic metabolism when exposed to low salinity water. 

Evidence for adaptive divergence in metabolism has also been observed in geographically 

distinct populations of bivalves from stable versus fluctuating environments (Widdows 

1976, Le Luyer et al. 2022, Ramajo et al. 2021), and high versus low temperatures (Pante 

et al. 2019). 

 

2.6 GROWTH 

 The energy available to bivalves for growth may be estimated from the difference 

between acquired energy and the sum of energy expended or lost (Brett, 1976; Bayne et 

al., 1999) (Figure 2.1). Accordingly, plasticity in growth is a function of the plasticity of 

the processes that mediate energy acquisition and expenditure. Bivalve growth is impacted 

by previously discussed exogenous variables including temperature (Bayne & Worrall, 

1980; Carroll et al., 2011), food availability (Tamayo et al. 2011, Telesca et al. 2019, 

Gonzalez Giorgis et al. 2020), salinity  (Riisgård et al. 2012), pH (Fitzer et al. 2015), 

hydrodynamics (Lee et al., 2017), and predation pressure (Sherker et al. 2017). However, 

there is also an endogenous genetic (Jiao et al. 2014) and heritable component (Wang et al. 

2013, Kong et al. 2015) to growth.  

Interindividual variability in bivalve growth rates is often very high, and 

determining the endogenous drivers of growth rates has been extensively studied  (Bayne 

1999, Goff 2011, Prieto et al. 2019). Bayne et al. (1999) outlined three models that 

contribute to variability in growth rate for bivalves grown in the same conditions: 1. 

Increased Acquisition: fast-growing individuals can feed faster than slow growing 
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individuals (Bayne 1999, Zhang et al. 2018, Prieto et al. 2018, 2020a,b, Arranz et al. 2020). 

2. Modified Allocation:  fast-growing individuals allocate proportionally more energy to 

growth than maintenance and reproduction compared to slow-growing individuals (Bayne 

2004). 3. Metabolic Efficiency: fast-growing individuals grow more for the equivalent 

amount of energy expended, compared to slow-growing individuals (Bayne & Hawkins 

1997, Tamayo et al. 2011, 2015, Fuentes-Santos, Labarta & Fernández-Reiriz, 2018). 

Intrinsically, high variability in growth rates between bivalves reared in the same 

conditions has raised questions about the mechanisms of fast- and slow-growing 

individuals, in particular, if these mechanisms are the result of plasticity or adaptation 

(Tamayo et al. 2011, Fuentes-Santos et al. 2018, Hulot et al. 2019, Prieto et al. 2020).   

 

Plasticity and adaptation in growth 

 High levels of plasticity in growth in bivalves has been observed in common garden 

experiments with populations or sub-populations of bivalves, where acclimation in growth 

rates is may be observed in as little as three weeks, or up to one year (Rawson & Feindel 

2012, Lesser 2016, Hulot et al. 2019). Similarly, fully crossed transplant experiments have 

found partial to complete acclimation within one year (Tedengren et al. 1990, Montaudouin 

1996, Petes et al. 2007). Incomplete acclimation in growth rates may be related to the 

differential acclimation times for physiological rates (i.e., ingestion, absorption, metabolic 

rate) or the effect of local adaptation (Worrall & Widdows 1983, Labarta et al. 1997, 

Babarro et al. 2000, Koch et al. 2015, Osores et al. 2017, Purce et al. 2020). Despite the 

high level of plasticity in growth rates observed in common garden and transplant 

experiments, differences in growth rates are also observed between fast- and slow-growing 

individuals reared in a common location (e.g., Prieto et al. 2018, 2019, 2020…etc.). The 

physiological differences observed between fast- and slow-growing individuals may be 

influenced by underlying genetic or epigenetic differences as discussed in the following 

sections.  

 Epigenetics has also been found to have a role in regulating gene expression 

associated with growth and development. Gene expression, including those in the gills and 

digestive gland, varies widely for several species with fast- and slow-growing individuals 

(Pernet et al. 2008, Meyer & Manahan 2010, Saavedra et al. 2017, Prieto et al. 2019). 
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Differential methylation has been observed along the genome of bivalves at different stages 

of development, which likely has important roles in growth of bivalves (Riviere et al. 2013, 

2017, Li et al. 2015). Epigenetics may also have a role in intergenerational success 

associated with improved growth when parental generation have been exposed to 

environmental stimulus (Parker et al. 2012, 2015, 2017a, Zhao et al. 2017, 2018, Diaz et 

al. 2018, Kong et al. 2019). Several studies in bivalves have found that when parental 

generation is exposed to low pH and spawned, the subsequent generation shows improved 

growth, and lower metabolic rate (Parker et al. 2012, 2015, 2017a, Zhao et al. 2017, 2018, 

Diaz et al. 2018). However, the larvae may be more susceptible to mortality when exposed 

to multiple stressors including high temperature, low feed availability, toxic algae and low 

salinity (Parker et al. 2017a, Griffith & Gobler 2017). These examples showcase the 

interplay between parental environment and the impacts to offspring, likely through 

heritable epigenetic changes.  

 Heterosis facilitates increased feeding rates and metabolic efficiency in bivalves, 

and subsequently higher growth rates (Hedgecock et al. 1996; Bayne and Hawkins 1997; 

Tremblay et al. 1998; Bayne 1999; Pace et al. 2006). Body size itself in bivalves may be a 

heritable trait, with enough genetic variability to be acted upon by natural selection 

(Griffiths et al. 2021). Life-history traits, including size at maturity and life stage specific 

growth rates, influence energy allocation between somatic and reproductive growth and 

may be adaptive, in that they are acted upon by natural selection (Beverton & Holt 1957; 

Bayne 2017; Perrin and Sibly). Local adaptation in growth rates may be facilitated by fast-

evolving genes responsible for metabolism and reproduction, which have been identified 

in two scallop species (Wang et al. 2013). Recent research has examined the genetic basis 

of variation of growth in bivalves using quantitative trait locus analysis, a procedure that 

links genotypic and phenotypic data to explain trait variation (Jiao et al. 2014, Niu et al. 

2017). This technique provides baseline genetic information about species, a resource 

which is often missing for marine bivalves, and required for further genetic study of growth 

adaptation (Niu et al. 2017).  

 

2.7 DISCUSSION AND CONCLUSIONS 
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 The body of research on the ecophysiology of bivalves highlights that bivalve 

physiology is highly plastic. Determining the limits of plasticity, and subsequently the role 

of adaptation is experimentally difficult (Table 2.1 Examples of plasticity and adaptation 

in marine bivalve ecophysiology in terms of energy acquisition (feeding, digestion, and 

absorption) and energy expenditure (metabolic rate) processes, as well as overall growth.). 

Reciprocal transplants, and common garden experiments are valuable in disentangling the 

contributions of plasticity and adaptation to physiological traits. However, drawing 

definition conclusions about the contributions is difficult without further genetic analyses. 

Different groups of bivalves may perform similarly in transplants or common garden 

experiments; however, plasticity may mask underlying adaptations. Contrastingly, if 

groups of bivalves perform differently in transplants or common garden experiments, it 

may be that the acclimation time was not sufficient to observe a plastic response. To 

address this, future studies may prioritize experiments that incorporate aspects of 

physiology, ecology, and genetics, with experimental designs that permit differentiation 

between plasticity and adaptation. 

 

Table 2.1 Examples of plasticity and adaptation in marine bivalve ecophysiology in terms 

of energy acquisition (feeding, digestion, and absorption) and energy expenditure 

(metabolic rate) processes, as well as overall growth.  

 

 Plasticity Adaptation 

Feeding Change in gill and palp size in 

response to changes in seston load  

Differential capture of a parasitic protist 

between genetically distinct oyster 

(Crassostrea virginica) lineages 

Payne et al. 1995; Barillé et al. 

2000, Honkoop et al. 2003, 

Dutertre et al . 2017, Capelle 2021 

Ben-Horin et al. 2018 
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Digestion & 

Absorption 

Change absorption efficiency in 

response to diet changes (quantity 

and quality) in reciprocal transplant 

experiments   

 

Genetic polymorphism genes that code 

for in amylase mRNA have been 

correlated with higher amylase activity, 

and growth rates in the oyster, 

Crassostrea gigas  

indicating a genetic basis for differences 

in digestion 

Iglesias 1996, Labarta et al.1997, 

Babarro et al.2003, Wong and 

Cheung 2003, Galimany et al.2015 

Prudence et al.2006 

Metabolic 

Rate 

Acclimation in metabolic rate in 

response to changes in temperature 

and salinity in reciprocal transplant 

experiments  

Consistently different metabolic rates of 

genetically distinct populations of the 

oyster Crassostrea ariakensis, in multi-

generational common garden experiment  

Worrall and Widdows 1983, 

Widdows et al.1984, Tedengren et 

al.1990, Okumus, & Stirling 1994, 

Hummel et al. 2000, Altieri 2006, 

Jimenez et al.2015, Osores et 

al.2017 

Li et al.2020 

Growth Acclimation in growth rates in 

common garden and reciprocal 

transplant experiments 

 

Differences in genetic variation between 

two geographically separate populations 

of Crassostrea ariakensis, and in a 

reciprocal transplant experiment, higher 

growth rates were observed in 

individuals in their original habitat  
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Rawson and Feindel 2012, 

Lesser 2016, Hulot et al. 2019 

Tedengren et al.1990, 

Montaudouin 1996, Petes et al. 

2007 

Li et al. 2020 

 

There is a need to conduct both controlled laboratory experiments as well as in situ 

field experiments to examine the plastic and adaptive nature of bivalve ecophysiology 

(Ernande et al. 2003, Bergström & Lindegarth 2016). Laboratory experiments provide 

control over exogenous variables; however, they are limited in their ability to replicate 

natural conditions, and produce ecologically relevant results (e.g., artificial diet, static 

temperatures) (Hewitt & Norkko 2007, Morash et al. 2018). In situ experiments are often 

better designed to assess the additive effects of multiple variables on the physiology of 

bivalves (Carrier‑Belleau et al. 2021). For both laboratory and in situ experiments, 

timescale is important to consider for the acclimation process, and short-term experiments 

may underestimate the plasticity of individuals (Le Luyer et al., 2022). Experiments that 

are designed for the purpose of addressing plasticity and adaptation should aim to remove 

maternal and environmental effects by using first or second generation offspring, in 

combination with reciprocal transplants (Sanford & Kelly 2011, Thomsen et al. 2017). 

Often, environmental stress will expose plasticity or adaptation by pushing individuals 

beyond their physiological limits, and therefore observation of plasticity or adaptation may 

be missed if individuals are transplanted to a common location, and no differences between 

individuals are observed. Although physiological differences between individuals may 

indicate adaptation, genetic techniques provide a mechanistic understanding of adaptive 

processes.  

Bivalves have generally been underrepresented in genomic studies; however, 

declining costs of genomic sequencing has contributed to the increased application of gene 

sequencing to evolutionarily important molluscs (Gomes-dos-Santos et al. 2020). At least 

17 bivalve genomes are now published (Yang et al. 2020). These publications highlight the 

high level of genome heterozygosity that is present in bivalves (Zhang et al., 2012; Yan et 

al., 2019; Peñaloza et al., 2021). High levels of genome heterozygosity, and related genetic 
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diversity likely play a role in the ability of bivalves to adapt to new and changing 

environments (Li et al., 2018; Yang et al., 2020). Using sequenced genomes, it is possible 

to identify local adaptation (e.g., Lal et al. 2018, Xu et al. 2018, Pante et al. 2019), by 

observing genetic differences between populations, and to attribute that genomic 

heterogeneity to either natural selection (adaptation) or genetic drift. To do so, analyses 

such as QST-FST can be applied: QST-FST compares the degree of population differentiation 

that is measurable in a trait locus (FST) to the total amount of genetic variance in the trait 

(QST) (Leinonen et al. 2013, Cruz et al. 2020). FST analyses in populations of the clam 

Ruditapes decussatus have found evidence for a genetic basis of parasite resistance (Cruz 

et al. 2020). A similar technique, genome scans, have been applied to other molluscs to 

differentiate between ecotypes along an environmental gradient (Galindo et al. 2010). By 

continuing to sequence the genomes of marine bivalves these genetics analyses can be 

further applied to determine the genetic basis of local adaptation in marine bivalves.  

As local adaptation occurs when selective forces are stronger than homogenizing 

(e.g., gene flow) forces, it is important to understand the extent of dispersal in marine 

bivalve populations, a requisite to defining separate populations (Sanford & Kelly 2011). 

For many marine bivalves, gene flow between populations is not well understood, and 

future work should consider exploring the role of hydrodynamics and environment on the 

extent of drift, and survival of planktonic larvae, and how this mobile life-stage contributes 

to gene mixing (Luttikhuizen et al. 2003b). Although small numbers of planktonic larvae 

may be enough to homogenize genetic composition of geographically separate populations 

for traits not under strong selection pressure, it may not be sufficient to act against traits 

which are locally selected for. Selection forces are likely particularly relevant in variable 

and patchy marine environments (Sanford & Kelly 2011). Further, for widely distributed 

species with long periods of larval drift (e.g., Pecten maximus, 6 weeks), although genetic 

differences may not be observable between populations, differences in proteomic 

signatures may explain differences in physiology and overall growth (Artigaud et al. 2014) 

Understanding the natural levels of environmental variability is useful for 

determining the limits of plasticity, and role of local adaptation (Vargas et al. 2017). This 

is relevant in light of climate change which drives the change in ocean conditions, both 

over the course of decades, and in the short-term (Trenberth 2011, Vargas et al. 2015, 
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Cubillo et al. 2021, Tangherlini et al. 2021). The climatic variability hypothesis supports 

the notion that individuals exposed to environments with high levels of natural variability 

have greater potential for plastic responses (Bozinovic, Calosi & Spicer, 2011; Vargas et 

al., 2017; Navarro et al., 2020). For example, invasive bivalve species often have higher 

levels of plasticity in their physiology, and subsequently may be more tolerant to the effects 

of climate change that non-invasive species (Sarà et al. 2008, Davidson et al. 2011, Pack 

et al. 2021). In addition, previous exposure to environmental stress may increase the ability 

of an individual to respond plastically in the future, a trait which may be conferred to future 

generations (Gibbs et al. 2021). Having baseline information about the natural levels of 

environmental variability that bivalves are exposed to should also be considered in 

experimental design (Ventura et al. 2016, Osores et al. 2017, Monaco et al. 2021, Donelan 

et al. 2021). Finally, bivalves have plastic physiology, which may constrain processes of 

adaptation by preventing natural selection (Sanford & Kelly 2011), and therefore if 

adaptation is observed it indicates possibly highly selective environmental pressures.  

Although the primary physiological processes that contribute to bivalve growth 

have been outlined here (feeding, digestion, absorption, respiration), other processes may 

play a role in determining growth. Energetic losses from nitrogen excretion are often 

excluded from energetic growth estimates; however, the amount and rate of nitrogenous 

waste products varies with diet ( Widdows & Hawkins 1989, Widdows & Staff 2006). The 

production and quality of byssal thread in marine bivalves is energetically costly and varies 

with environmental conditions (Babarro & Carrington 2011, Padin et al. 2021, Roberts et 

al. 2021). The reproductive effort of bivalves is energetically intensive, seasonal, and 

impacts many aspects of bivalve physiology, including metabolic rate (Gourault et al. 

2018). Finally, the immune response of bivalves (Gerdol et al. 2015, Ben-Horin et al. 2018, 

Rey-Campos et al. 2021) may represent a significant interaction between the physiology 

of bivalves and their surrounding ecosystem (e.g., ocean acidification (Schwaner et al. 

2020, Zhu et al. 2020)).  

 The physiology of marine bivalves is highly plastic and determining the relative 

contributions of plasticity and adaptation in bivalve ecophysiology is experimentally 

difficult. Epigenetic changes contribute to plastic responses in bivalve ecophysiology by 

modulating gene expression, and examination at the genetic and molecular levels may 
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provide insights into adaptive processes. As the energetic components of growth, in terms 

of both energy acquisition and expenditure have unique plastic and adaptive traits, 

understanding the cumulative effects of environmental change on bivalve growth is 

complex. To disentangle the separate contributions of plasticity and adaptation, future 

studies may consider combining transplant and common garden experiments with genetic 

analyses. Differentiating between the limits of plasticity and adaptation in physiological 

traits of important marine bivalves is crucial to predict their growth, survival, and 

subsequently distribution in changing marine environments.  
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2.8 SUPPLEMENTAL MATERIAL 

upplemental Table 2.2 Glossary of bivalve physiological regulations and rates associated with feeding, digestion, and absorption 

Feeding  Pumping Rate Volume of water flowing through ctenidia per unit time (l h-1) Drinnan 1964 

Drinnan 1964) 

Clearance 

Rate 

Volume of water cleared of particles, by the bivalve, per unit time (l h-1) Coughlan 1969 

 

Filtration Rate Mass of particle cleared by the bivalve per unit time (mg h-1)  Winter 1973 

 

Capture 

Efficiency  

The proportion of particles captured on the gills, compared to those not 

captured.  

(Vahl 1972, Shimeta 

& Jumars 1991, Rosa 

et al. 2018)  

Selection 

Efficiency  

Ratio of a food metric (e.g., organic content) in the inhaled water, 

compared to the pseudofaeces  

(Kiørboe et al. 1980) 

Ingestion Rate Rate at which captured and retained food is moved into the mouth  

(mgh-1) 

(Bayne, 2017) 

Feeding rate  Term may be used to describe pumping rate, clearance rate, capture 

efficiency, and ingestion rate 

(Wildish and 

Kristmanson 1997) 
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Digestion & 

Absorption 

Gut residence 

time 

Amount of time ingested food spends in the digestive system before non-

absorbed material is egested (h) 

Bayne et al. 1988) 

Gut passage 

time 

The average gut residence time (h) Penry & Jumars 1987) 

Absorption 

efficiency 

The fraction of ingested dietary organic matter that is absorbed within the 

digestive system, 

often estimated with the Conover (1966) method, which compares the 

amount of organic content of the food and faeces (intestinal or glandular 

faeces, not pseudofaeces)  

Conover 1966, 

Navarro & Thompson 

1994) 

Absorption 

rate 

Uptake of nutrients across gut surface per time, often measured as organic 

ingestion rate minus organic egestion rate (mg h-1) 

(Urrutia et al. 1996). 

Digestive 

enzyme 

activity  

Measured as the amount of product produced by an enzyme (often, µmol 

product released min-1 mg protein-1). The size of the digestive gland 

changes in response to diet, and as a result, enzyme activity is usually 

standardized to gland size  

(Ibarrola et al. 1996; 

1998) 

Endogenous 

faecal loss  

 

Endogenous fecal losses are digestive investments, mucous and digestive 

enzymes, which are not reabsorbed by the bivalve  

Hawkins and Bayne 

1985, Bayne et al. 

1987) 
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CHAPTER 3  RELATIONSHIP BETWEEN 

PUMPING RATE AND PARTICLE CAPTURE 

EFFICIENCY IN THREE SPECIES OF 

BIVALVES 

 

This work has been accepted for publication as: Steeves L, Vimond C, Strohmeier T, Casas 

S, Comeau L, Strand Ø, Filgueira R. (2022). Marine Ecology Progress Series.  

 

3.1 ABSTRACT 

Capture efficiency (CE) is the proportion of a given type of particle that is cleared from the 

water by gill filaments compared to other particles that are inhaled. The majority of 

research on CE variability in suspension-feeding bivalves has focused on particle 

characteristics (e.g., size, surface properties). This study was designed to explore CE as a 

function of particle size (of natural seston) and pumping rate (PR), as a proxy for fluid 

velocity. Bivalve species from different families were chosen for their differences in gill 

structure: Mytilidae (Mytilus edulis), Ostreidae (Crassostrea virginica), and Pectinidae 

(Placopecten magellanicus). Structural variation in the gills were hypothesized to 

influence any relationship between PR and CE. Experiments estimating PR and CE were 

replicated in both laboratory and field conditions. Results demonstrated that PR may 

influence CE in bivalves, and that this relationship is dependent upon particle size, and 

bivalve species (i.e., gill structure). For C. virginica, CE increased with PR (range = 0.4-

6.9 L h-1) for particles between 2.25 and 7.25, and 4.75 and 8.25 µm, in laboratory and 

field experiments, respectively. However, for M. edulis and P. magellanicus, no 

relationship was observed between PR and CE. Among the mechanisms by which particles 

can be removed from a fluid by a filter, these findings agree qualitatively with the capture 
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mechanism of direct interception applying to all species where CE depends on particle size, 

and inertial impaction additionally applying to C. virginica where CE depends on fluid 

velocity and particle size, in the 2.25 and 8.25 µm range.  

 

3.2 INTRODUCTION 

Despite a century of research, there remain many unknowns about the mechanisms of 

bivalve suspension feeding. Bivalves are active suspension feeders generating currents to 

pass water over their gills, where particles suspended in the water are either captured on 

the gills or exhaled (Jørgensen 1955). Capture efficiency (CE) describes the proportion of 

a given type of particle that is cleared from the water by gill filaments, compared to other 

particles that are inhaled (Shimeta & Jumars 1991, Rosa et al. 2018). The term retention 

efficiency (RE) has been commonly used to describe this process instead of CE (e.g., 

Riisgård 1988, Cranford et al. 2016); however, Rosa et al. 2018 suggested RE could only 

be applied when in vivo measurements allow for differentiation between particles captured 

and retained, if these measurements are not possible, capture efficiency should be used. CE 

is often measured relative to particle size, although other particle characteristics (e.g., cell 

surface properties) have been found to influence it (Strohmeier et al. 2012, Rosa et al. 

2017). Generally, CE increases with particle size, until an asymptote is reached, beyond 

which all particles are captured with equal efficiency (Ward and Shumway 2004). 

Although CE has been observed to vary in response to changes in particle characteristics 

or seasons, the mechanisms that govern this variability are still being explored (Strohmeier 

et al. 2012, Rosa et al. 2018). It has previously been proposed that relationships between 

particle size and fluid velocity may affect the efficiency of particle capture for suspension-

feeding animals (Rubenstein & Koehl 1977). However, despite considerable theoretical 

research on hydrodynamics and the bivalve pump (Riisgård & Larsen 2001, Newell et al. 

2001), the influence of fluid velocity on CE has yet to be experimentally explored in 

bivalves. 

  The removal of a particle suspended in fluid by a filter (e.g., a suspension-feeding 

bivalve) depends on three components: the particle, the filter, and the fluid. Further, the 

likelihood of particle capture varies with the characteristics of each of these components 
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(Rubenstein & Koehl 1977). Particles (e.g., natural seston) may vary in size, shape, mass, 

composition, and surface properties. The filter, which in the case of bivalves is the gill, 

may vary in morphology. Different species of bivalves have gills with different types of 

filaments and cilia (Supplemental Supplemental Table 3.3, Supplemental Supplemental 

Figure 3.8). Cilia are able to move, creating and redirecting flows of water, affecting the 

likelihood of particle capture. Finally, the fluid, which is either fresh or salt water for 

bivalves, may vary in density, viscosity, and velocity. Fluid passing over the gills of 

suspension-feeding bivalves is understood to flow at very low Reynolds numbers (on the 

order of 10-4), where viscous forces dominate over inertial forces, and with highly laminar 

flow (Jørgensen 1983, Labarbera 1984). 

Rubenstein and Koehl (1997) outlined five mechanisms by which particles can be 

removed from a fluid and captured by a given filter: (1) Direct interception, (2) Inertial 

impaction, (3) Gravitational deposition, (4) Diffusional deposition, and (5) Electrostatic 

attraction. For a given filter, these mechanisms are dependent on particle size and density, 

and fluid velocity (Figure 3.1). Direct interception describes the capture of a particle that 

encounters a filter filament, or in the context of bivalves, the gills. This capture mechanism 

is dependent only upon particle size. Inertial impaction describes the capture of a particle 

that, due to its mass, departs from the trajectory of a fluid as it is diverted around a gill 

filament and captured. The likelihood of capture by inertial impaction increases with 

particle size and density, and fluid velocity. Gravitational deposition describes the capture 

of a particle denser than the fluid, as it settles onto a gill filament. Likelihood of capture by 

gravitational deposition increases with particle size and density but decreases with fluid 

velocity. Diffusional deposition describes the capture of particles not following a 

streamline but moving with random or Brownian forces as a result of being very small or 

propelled by locomotory motion (e.g., flagellates). Likelihood of capture increases with 

decreased fluid velocity, as a result of a particle spending more time near a gill filament. 

Finally, electrostatic attraction describes the capture of a charged particle by the gills with 

an opposite electrical charge. Likelihood of capture is dependent upon the intensity of 

attraction between the particle and the filter (Rubenstein & Koehl 1977). These 

mechanisms of particle capture apply to systems with a low Reynolds number (<1), 

including suspension-feeding (Rubenstein & Koehl 1977, Jørgensen 1981). To estimate 
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the relative contribution of each of these mechanisms to particle capture, characteristics of 

the particle, fluid and filter must be considered (Ranz & Wang 1952, Pich 1966, Rubenstein 

& Koehl 1977).  

 

 

Figure 3.1 Theoretical relationship between capture efficiency (CE) and velocity (using 

pumping rate as a proxy, PR) for a given particle size and gill structure, highlighting 

changes in the contribution of the four capture mechanisms: direct interception, inertial 

impaction, gravitational deposition, and diffusional deposition.  (Adapted from Rubenstein 

& Koehl 1977).  

 

Bivalve gills have rows of lateral, laterofrontal and frontal cilia, the size and density of 

which vary between families (Supplemental Supplemental Table 3.3, Supplemental 

Supplemental Figure 3.8). Differences in CE between families of bivalves is generally 

understood to be a result of the spacing and length of different cilia, primarily the 

laterofrontal cilia (Møhlenberg & Riisgård 1978, Riisgård 1988). Although the exact role 

that these cilia play in particle capture has been debated (e.g. Ward et al. 1998b, Riisgård 

& Larsen 2001), there is evidence that bivalves with higher densities of cilia, compound 

cirri, and longer laterofrontal cilia/cirri have a higher capacity to capture small particles 

(ca. 1-5 µm) (Møhlenberg and Riisgård 1978, Riisgård 1988). Video endoscopic work 
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exploring the mechanisms of particle capture has provided an in-depth understanding of 

the role of the ctenidial filaments and associated cilia of bivalve gills in particle capture 

(Ward et al. 1993, 1994). Particle capture is facilitated by both the direct encounter with 

frontal cilia and currents created by the movement of laterofrontal cirri that redirect flow 

and suspended particles from the interfilamentar space towards the frontal cilia (Ward 

1996, Ward et al. 1998b). The majority of bivalve species, including mussels and oysters, 

have compound (or eu-) laterofrontal cirri, and effectively capture particles greater than 

~4 µm (Riisgård 1988, Riisgård & Larsen 2010). However, for bivalves that have only pro-

laterofrontal cilia, including scallops, effective particle capture is greater than ~6 µm 

(Riisgård 1988, Riisgård and Larsen 2010). The variability in gill complexity of bivalves 

makes them an ideal model for testing the particle capture theory outlined by Rubenstein 

and Koehl (1977), where differences in gill structure are reflective of differences in filter 

efficiency.  

Our study was designed to explore relationships between pumping rate (PR) and 

particle CE in species of bivalves from different families: Mytilidae (Mytilus edulis), 

Ostreidae (Crassostrea virginica), and Pectinidae (Placopecten magellanicus). PR is 

defined as the volume of water that passes through the gills per unit time and was used a 

proxy for fluid velocity. We hypothesized that particle capture would vary in relation to 

species, fluid velocity (PR), and particle size. For each species, experiments were 

conducted in both a laboratory setting, and in dockside experiments using natural seawater. 

By replicating these experiments, we aimed to observe if the relationship between PR and 

CE for a single species remained consistent in different temporal and spatial environmental 

conditions.  Although surface charge has been found to play a role in particle capture (Rosa 

et al. 2017), this study does not examine the role of electrostatic attraction. The goal of this 

research is to contribute to our understanding of the mechanisms that influence CE in 

suspension-feeding bivalves.   
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3.3 METHODS 

3.3.1 Experimental Design  

 

Six independent experiments were conducted to measure the PR and CE of three 

species of bivalves: the blue mussel (M. edulis), the eastern oyster (C. virginica), and the 

giant scallop (P. magellanicus) (Table 3.1). These species were selected as representation 

from three families of bivalves, with differing gill structures (Supplemental Table 3.3, 

Supplemental Figure 3.8). For each species, laboratory experiments were conducted at 

Dalhousie University (Halifax, NS, Canada) between January 2018 and January 2019. 

Similarly, three field experiments were conducted between May 2018 and July 2020 in 

Flødevigen, Norway (M. edulis), Louisiana, USA (C. virginica), and Nova Scotia, Canada 

(P. magellanicus). Capture efficiency was measured as a function of both particle size 

(using the size distribution of the natural seston) and PR (due to natural variability in CEs 

and PRs of different individuals for a particle of a given size).  
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Table 3.1 Summary of conditions in laboratory and field experiments. n-experimental indicates the initial number of individuals measured in 

each experiment, and n-analyzed indicates the final number of individuals included in analyses. Criterion for individuals included in analyses 

is described in section 2.2 

Experiment  Species  Date  Temperature 

(℃) 

Salinity (ppt) 

(± standard 

deviation) 

Average shell length or height (mm) 

(± standard deviation) 

Laboratory M. edulis December 

2017 

20 30 ± 1 57 ± 5  

 n-experimental: 47 

n-analyzed: 23 

C. virginica December 

2017 

20 30 ± 1 64 ± 10  

n-experimental: 47 

n-analyzed: 25 

P. magellanicus January 2019 20 30 ± 1 64 ± 2.3  

n-experimental: 32 

n-analyzed: 31 

Field M. edulis May 2018 9.5 ± 0.7 31.5 ± 0.05  53 ± 4.2  

n-experimental: 39 

n-analyzed: 33 

C. virginica February 2018 16.4 ± 1.8 12.4 ± 2.7  89 ± 11  

n-experimental: 18 

n-analyzed: 12 

P. magellanicus  July 2020 18.9 ± 0.6 30.0 ± 1  59 ± 5.5  

n-experimental: 40 

n-analyzed: 21 

44 
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3.3.2  Laboratory Experiments  

 

Laboratory experiments were conducted at the Aquatron Laboratory at Dalhousie 

University. Wild C. virginica and M. edulis were collected in the shallow subtidal zone of 

Sober Island Pond, Nova Scotia, and P. magellanicus were collected from a farm in Chester 

Basin, Nova Scotia. The ambient temperature at time of collection for all species was ~4°C. 

All specimens were maintained in two aerated 80 L holding tanks (maximum 25 bivalves 

per tank) on a flow-through design using sand-filtered (50 µm) ambient seawater (~4°C) 

pumped from 9 to 12 m depth. To acclimate the bivalves to the experimental temperature 

while avoiding physiological stress (Bricelj et al. 2006), the inflow of seawater was 

increased by 2°C per day until reaching 20°C. Individuals were acclimated to 20°C for a 

minimum of two weeks prior to conducting experiments. 20℃ was selected as an 

acclimation temperature for all laboratory experiments as to ensure that the bivalves were 

physiologically active and would produce PRs above the detectable limit of our 

methodology (> 0.35 Lh-1). Bivalves were fed cultured Isochrysis galbana (~ 4-6 µm, ESD) 

ad libitum with an automatic pump supplying the inflow with ≥ 25 000 cells mL-1. The 

inflow was set at 680 ± 80 mL min-1 for a complete renewal of the holding tanks every 2 

hours. The algal stock was kept in an aerated tank to generate a homogenous mixture and 

prevent sedimentation. Faeces were abundant in the maintenance tanks and cleaned 

regularly. Raw seawater (from the same source used during the maintenance period) was 

filtered through a 50 µm mesh screen and used in all laboratory experiments measuring PR 

and CE.  

 

3.3.3 Field Experiments  

 

For each field experiment, bivalves were collected locally and suspended from 

wharves in bags at 1 to 3 m depth to acclimate at least one week prior to each experiment. 

Wild M. edulis were collected from natural populations in Flødevigen, Norway, and 

experiments were conducted at the Flødevigen Research Station in Hisøy, Norway. Wild 

C. virginica were collected from Caillou Lake (Terrebonne Parish, Louisiana, USA) and 
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moved to the Sea Grant Oyster Research and Demonstration Farm in Grand Isle, Barataria 

Bay, Louisiana. Cultured P. magellanicus were collected from Indian Point Maine Farm 

LTD, Nova Scotia, Canada, and experiments were conducted in Mahone Bay, Nova Scotia. 

Water temperature and salinity were monitored throughout field experiments, except for 

salinity data for the P. magellanicus field experiment which was provided from a nearby 

CTD (Saddle Island, Nova Scotia) (Table 3.1). To measure PR and CE experimental 

chambers were set up on the wharves adjacent to where the bivalves were suspended, and 

a submersible pump supplied unfiltered seawater directly from the spot the specimens had 

been held.  

 

3.3.4  Measurement of Pumping Rate and Capture Efficiency  

 

Measurements of PR and CE were conducted similarly for all species in both 

laboratory and field conditions. The static method was employed to simultaneously collect 

PR and CE measurements (Cranford et al. 2016). Individual bivalves were placed in a 

cylindrical feeding chamber, the dimensions of which were selected based on shell size, 

ranging in volume from 0.6 to 1 L. The feeding chamber was situated within a flow-through 

water bath. During the experiments, water in the feeding chambers was constantly 

maintained at acclimation temperature by continuously flowing water through the water 

bath (20℃ for laboratory experiments, and ambient sea temperature for field experiments) 

(Table 3.1). Water within each chamber was constantly mixed using magnetic stirring 

plates to prevent particle sedimentation. Individuals were placed on a semi-rigid mesh shelf 

at the bottom of the chamber to avoid disturbance from the magnetic stir bar. For all 

experiments, an identical chamber without a bivalve served as a control, with a minimum 

of two controls run per sampling day. These controls were also used to characterize the 

seston in each experiment by measuring particle size distributions.  

To begin each experiment, inflow and outflow sampling tubes of a PAMAS 

S4031GO (PAMAS GmbH) particle counter were carefully set into the chamber containing 

an individual bivalve. The PAMAS uses light scattering to count particles and estimates 

particle sizes as equivalent spherical diameter (ESD, µm). The PAMAS sampled 4.5 mL 

of water from the feeding chambers every 30 s. Particle size distribution was measured for 

particles between 2.25 to 13.25 µm ESD in 0.5 µm increments, resulting in 18 particle size 
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classes where the particle size 2.25 µm includes particles in the 2 to 2.5 µm range. Water 

sampled by the PAMAS was continuously returned to the feeding chamber, maintaining 

constant volume over time. After beginning particle counting, the experiment was run for 

1 h, or until counts of particles size 8 µm ESD within the chambers had declined below 

50%.   

The determination of CE followed the method described by Cranford et al. (2016). 

In a static chamber containing a suspension feeder pumping at a constant rate and with no 

water renewal, the rate of particle removal follows an exponential decline (Coughlan 

1969). The PAMAS measures this progressive particle reduction, permitting the 

measurement of the slope of the natural logarithm of particle concentration over time (λ). 

To ensure PR was constant, only time periods where the average λ was linear (r2 ≥ 0.9) 

were used (Cranford et al. 2016). For each particle size measured, the slopes of the 

exponential decay in particle concentration over time were estimated (λsize) to calculate CE 

for each particle size (CEsize) following:  

 

 
CEsize =  

λsample, size − λcontrol, size 

λsample, average
 3.1 

 

where λsample, size is the slope of the exponential decay in particle concentration for a given 

particle size class in the sample; λcontrol, size is the slope of the exponential decay in particle 

concentration for the same particle size class in the control (all controls were averaged for 

each sampling date); λsample, average is the average λsample, size of particles with sizes assumed 

to be fully captured (CE = 1). For M. edulis, C. virginica, and field experiment P. 

magellanicus, λsample, average was calculated using particles from classes 8.25 to 10.25 µm. 

For laboratory experiment P. magellanicus, particles below 10.25 µm ESD did not appear 

to be fully captured (asymptote not yet reached), so particles from classes 10.25 to 13.25 

µm ESD were used to estimate λsample, average. An average value across several particle size 

classes was selected to avoid incorporating potential measurement errors from a single 

particle size class count. The relative value of each CEsize was standardized between 0 and 

1, describing particles that were either not captured or fully captured, respectively. Despite 

this adjustment, values of CE over 1 may be reported as a result of standardizing to an 

average of particles across several size classes, and not to the maximum λ. 
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PR, the volume of water passing across the gill per unit of time, was calculated as follows:  

 

 
𝑃𝑅 = λsample,average ×  V × T 

3.2 

 

                                

where PR is in Lh-1, λsample, average is the average λsample, size of particles with sizes assumed to 

be fully captured (CE = 1), V is the water volume in the static chamber (0.6-1 L), and T is 

time (3,600 s h-1). The number of particles in the feeding chamber, PR and r2 values 

associated with λsize were used to account for analytical error. Accordingly, samples were 

excluded from further analysis if (i) constant PR was only observed when the seawater was 

significantly depleted in particles (below the precision threshold of <200 particles mL-1), 

(ii) bivalves exhibited a PR lower than 0.35 Lh-1, which was undistinguishable from PRs 

of 0 Lh-1 by the PAMAS/precision of the methodology, and (iii) regressions with r2 below 

0.9 (indicating non-constant PR). The numbers of bivalves measured and included in each 

species analysis are reported in Table 3.1. 

 To make interspecific comparisons of PR, PRs were standardized by length 

(mussels) or height (oysters and scallops) to a bivalve of 60 mm, calculated as: 

   

 
𝑃𝑅𝑠𝑡𝑑 = 𝑃𝑅𝑒𝑥𝑝  ×  (

𝐿𝑠𝑡𝑑

𝐿𝑒𝑥𝑝
)𝑏 

3.3 

 

   

where PRstd is the standardized PR (l h-1); PRexp is the unstandardized PR of an individual; 

Lstd is the standardized length or height of 60 mm; Lexp is the length or height of the 

experimental bivalve (mm); b is the species specific allometric exponent for length (M. 

edulis =  2.092 (Jones et al. 1992); C. virginica = 1.78  (Cranford et al. 2011); P. 

magellanicus = 2  (theoretical value assuming isometric growth)). 
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3.3.5  Statistical Analyses 

 

All statistical analyses were performed in R version 3.6.2 (Rstudio version 

1.4.1717). To describe the relationship between unstandardized PR and CE, linear 

regressions were fit. Significant regression (p ≤ 0.05) curves were plotted with a solid line 

while insignificant relationships were represented by a dashed line (Figures 4-9). To 

compare standardized PR between laboratory and field experiments within each species, t-

tests were used.  Data were tested for normality and homogeneity of variance using 

Shapiro-Wilk’s and Levene’s tests, respectively. If data violated these assumptions, a log10 

transformation was applied. Reported values represent means ± 1 standard deviation of the 

mean.  

3.4 RESULTS    

3.4.1 Water Quality Parameters  

 

Temperature was lower for field experiments using ambient seawater than for 

laboratory experiment. Salinity was generally similar across experiments (~30 ppt), 

excluding the C. virginica field experiment, where salinity was below 15 ppt (Table 3.1). 

For all laboratory and field experiments, particle concentration in the seston generally 

decreased with particle size (Figure 3.2 A-C). C. virginica field experiment exhibited the 

highest particle concentration for all particle sizes as well as an increase in particle 

concentration at ~4 to 5 µm ESD (Figure 3.2 B). For both M. edulis and P. magellanicus 

experiments, particle concentration was generally higher in the laboratory than field 

experiments (Figure 3.2 A-C). Particle volume (µm3 mL-1) generally increased with 

increasing particle size (Figure 3.2 D-F), and similarly to particle count, was highest for 

the C. virginica field experiment (Figure 3.2 E). For each experiment, no significant 

relationships were observed between initial particle concentration and individual PR. 
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Figure 3.2 A-F. Descriptions of particle count (count mL-1) and volume (um3 mL-1) for 

each particle size (equivalent spherical diameter, ESD) for laboratory and field experiments 

of three species of bivalves. Particle count (count mL-1) is shown for (A) M. edulis, (B) C. 

virginica, and (C) P. magellanicus.  Particle volume (um3 mL-1) is shown for (D) M. edulis, 

(E) C. virginica, and (F) P. magellanicus.   

 

 

3.4.2 Capture efficiency in Mytilus edulis 

 

No significant differences were observed between PRstd in M. edulis sampled in the 

laboratory and field (Figure 3.3, p = 0.7). Capture efficiency in both experimental settings 

increased with particle size until particles were completely captured (Figure 3.4A–B). No 

statistically significant relationships were observed between CE of each particle size 

measured and PR measured in the laboratory (Figure 3.5, Supplemental Table 3.2). In the 

field experiment, one significant relationship was observed between CE and PR for 
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particles sized 4.25 µm ESD, where CE decreased with increasing PR, even though the 

explained variance of this relationship was only 12% (Supplemental Table 3.2, p < 0.05, r2 

= 0.12).  

 

 

Figure 3.3 Standardized pumping rates (PRstd, Lh-1) of M. edulis, C. virginica, and P. 

magellanicus from both field (white) and laboratory (grey) experiments. Asterix (*) 

denotes statistical significance at p = 0.05 for within species comparisons. Pumping rates 

are standardized to shell length (M. edulis) or height (C. virginica and P. magellanicus) 

of a 60mm bivalve. 
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Figure 3.4 A-F. Standardized capture efficiency (CE) of M. edulis, C. virginica, and P. 

magellanicus across particle size (µm equivalent spherical diameter (ESD)) in laboratory 

(A, C, E) and field (B, D, F) experiments: (A) laboratory M. edulis, (B) field M. edulis, (C) 

laboratory C. virginica, (D) field C. virginica, (E)  laboratory P.  magellanicus, and (F) 

field P. magellanicus. Particle sizes expressed as equivalent spherical diameter (µm ESD). 

Gray-scale colour of data points represents the associated pumping rate (PRexp, Lh-1) with 

each CE measurement.  Line at CE = 1 represents complete particle capture. CE 

standardized to values between 0–1 using particles from 8.25–10.25 µm ESD for all M. 

edulis and C. virginica experiments, and field P. magellanicus, and from 10.25–13.25 µm 

ESD for laboratory P. magellanicus.    
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Figure 3.5 M. edulis capture efficiency (CE, standardized to 8.25–10.25 µm equivalent 

spherical diameter (ESD)) measured in relation to pumping rate (PRexp, Lh-1) in laboratory 

(A-C) and field (D-F) experiments for three particle sizes: (A, D) 2.25 µm ESD, (B, E) 

5.25 µm ESD, and (C, F) 8.25 µm ESD. Fitted curves are linear regressions, where dotted 

lines represent non-significant fits (p > 0.05).   

 

 

3.4.3 Capture efficiency in Crassostrea virginica 

 

C. virginica sampled in the laboratory had significantly higher PRstd than those in 

the field (Figure 3.3, p < 0.05). Capture efficiency in both laboratory and field experiments 

increased with particle size to an asymptote beyond which particles were completely 

captured (Figure 3.4C–D). In the field experiment, despite correcting CE measurements 

with controls, negative CE values were observed for some individuals at particle sizes 

smaller than 3.25 µm ESD. Negative values were excluded from figures and further 

analyses. The laboratory experiment produced positive relationships between PR and CE 
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of particle sizes between 2.25 and 8.25 µm ESD (Figure 3.6, Supplemental Table 3.1). As 

particle size increased, the slope of the linear relationship between PR and CE became 

smaller, and the statistical significance of the regression decreased (Figure 3.6, 

Supplemental Table 3.2). Significant relationships were not observed between PR and CE 

for particles sized 7.75 µm ESD, as well as any particles 8.75 µm ESD and larger (Figure 

3.6, Supplemental Supplemental Table 3.3). A similar trend was observed for the field 

experiment, however CE for small (< 4.75 µm ESD) and large (> 8.75 µm ESD) particle 

sizes did not produce significant relationships with PR (Figure 3.6, Supplemental Table 

3.2). Similar to relationships observed in the laboratory samples, as particle size increased, 

the slope of the linear relationship between PR and CE became smaller (Figure 3.6, 

Supplemental Table 3.2).   

 

 

 

Figure 3.6 C. virginica capture efficiency (CE, standardized to 8.25–10.25 µm equivalent 

spherical diameter (ESD)) measured in relation to pumping rate (PRexp, Lh-1) in 

laboratory (A-C) and field (D-F) experiments for three particle sizes: (A, D) 2.25 µm ESD, 
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(B, E) 5.25 µm ESD, (C, F) 8.25 µm ESD. Fitted curves are linear regressions, where dotted 

lines represent non-significant fits (p > 0.05).   

 

 

3.4.4 Capture efficiency in Placopecten magellanicus 

 

PRstd were significantly higher for P. magellanicus sampled in the laboratory than 

in the field (Figure 3.3, p < 0.01). In both experiments, CE increased with particle size to 

an asymptote above which all particles were fully captured (Figure 3.4). The laboratory 

sampling produced no significant relationships between PR and CE for each particle size 

sampled from 2.25 to 10.75 µm ESD (Figure 3.7, Supplemental Table 3.2). A similar trend 

was observed for field samples with only one significant relationship detected between PR 

and CE for particles sized 8.25 µm ESD (Figure 3.7F, p < 0.05), although only 27% of 

variance was explained by this relationship.  
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Figure 3.7 P. magellanicus capture efficiency (CE) measured in relation to pumping rate 

(PRexp, Lh-1) in laboratory (A-C) and field (D-F) experiments for three particle sizes: (A, 

D) 2.25 µm ESD, (B, E) 5.25 µm ESD, and (C, F) 8.25 µm ESD. Fitted curves are linear 

regressions, where dotted lines represent non-significant fits (p > 0.05).  Capture efficiency 

was standardized to 10.25–13.25 µm ESD for laboratory experiments, and 8.25–10.25 µm 

ESD for field experiments. 

 

 

3.5 DISCUSSION 

This study suggests that pumping rate (PR) influences particle capture efficiency 

(CE) in some species of bivalves, and that this relationship is dependent upon particle size. 

For C. virginica, CE increased with PR for particles between 2.25 and 8.25, and 5.75 and 

8.25 µm ESD, for laboratory and field studies, respectively. Further, for C. virginica as 

particle size increased, the slope of the relationship between CE and PR became less steep, 

indicating that as particle size increases, PR plays less of a role in CE. For M. edulis and 
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P. magellanicus, there was no indication of a relationship between PR and CE for particles 

between 2.25 and 10.75 µm ESD. Results presented here qualitatively suggest that the 

capture mechanism of direct interception applies to all species. Moreover, inertial 

impaction may additionally apply to C. virginica for particles in the 2.25 and 8.25 µm ESD 

range, where CE depends on both fluid velocity and particle size. This interpretation is 

based on relationships between characteristics of the particles, the fluid, and the filter, 

which is detailed in the following sections. 

 

3.5.1 Particle: Seston Characteristics  

 

 Particle size influences every hydrodynamic mechanism by which particles may be 

captured (Rubenstein & Koehl 1977). For direct interception, inertial impaction, and 

gravitational deposition, the larger the particle is, the more likely it is to be captured. Of 

these mechanisms, direct interception is the only one not affected by fluid velocity 

(Rubenstein & Koehl 1977) (Figure 3.1). For both M. edulis and P. magellanicus, CE 

increased with particle size, but was not affected by PR. These results may indicate that 

the primary mechanism of particle capture for these two species is direct interception, 

which has previously been suggested for M. edulis (Ward 1996). For C. virginica, CE 

increased with both particle size and PR for particles between ~2.25 and 8.75 µm ESD 

(below 100% CE). These results may indicate that inertial impaction contributes to particle 

capture for particles in this size range, where the likelihood of particle capture increases 

with both particle size and fluid velocity. For C. virginica capturing particles larger than 

8.75 µm ESD (100% CE), there was no relationship between CE and PR, suggesting the 

primary mechanism of particle capture for these particles may be direct interception.  

Beyond size, other particle characteristics not measured in this study may influence 

CE. Here, particle shape is estimated as a sphere, and mass is assumed to scale with size. 

This assumption does not account for differentially shaped seston, and seston with similar 

sizes but different mass, contributing to variations in particle density. (Cranford et al. 

2011). For a particle of a given size, increased particle density would increase the 

likelihood of capture by gravitational deposition and inertial impaction. Particle density 

may vary based on the composition of the seston, as inorganic material is expected to be 

more dense than organic matter. Particle density was not measured in this study, as the 



 58 

diets were characterized by the number and volume of particles for specific size classes. 

Although seston composition and particle density were not controlled for, we aimed to 

highlight the consistency in the relationships between PR and CE, despite changes in 

environmental conditions, by replicating these experiments in field and laboratory 

conditions. Furthermore, laboratory experiments with M. edulis and C. virginica were 

conducted consecutively with the same seawater, minimizing variability in seston 

composition. As particle density influences the hydromechanical mechanisms that dictate 

particle capture, future studies may consider separating the effects of particle size and 

particle density on the relationship between PR and CE. 

Particle concentration may also influence CE. Similar to the results observed for 

the C. virginica field experiment, Barillé et al. (1993) observed that C. gigas CE for small 

particles (< 4 µm) was lower at very high seston loads (12.25 mg L-1), compared to 

moderate seston loads (6.15 mg L-1). Conversely, Ward and Macdonald (1994) observed 

that when P. magellanicus was exposed to seawater supplemented with algae and silt, CE 

increased for particles below 7 µm. Seston concentration did vary between the experiments 

in this study, particularly between laboratory and field experiments. Despite this variability 

in seston concentration, particularly relevant in the case of C. virginica, similar 

relationships between PR and CE were observed in both field and laboratory experiments, 

strengthening the outcomes of the present study. Although the functional response of PR 

(and similarly clearance rate) as well as seston concentration has been extensively studied 

(Riisgård 1991, Hawkins et al. 1996, Navarro et al. 1992), the relationship between CE and 

seston concentration has not been widely studied. Moreover, to the best of our knowledge, 

this relationship has not been studied while also considering PR. Future studies may 

consider examining the relationship between CE and seston concentration, while 

controlling for PR. 

Motile cells (e.g., flagellates) may not follow a streamline motion predicted by non-

motile cells in a fluid (Rubenstein & Koehl 1977). Motile cells may move in a pattern akin 

to random Brownian motion, and therefore the likelihood of particle capture would increase 

with decreased velocity by diffusional deposition. As only one negative relationship was 

observed between CE and PR in this study, it is unlikely that diffusional deposition 

dominated any particle capture process for particle sizes measured here. Finally, particle 
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charge can influence particle capture by means of electrostatic attraction. Particle charge 

has previously been shown to differentially influence CE in both M. edulis and C. virginica 

(Rosa et al. 2017).   

 

3.5.2 Fluid: Seawater Characteristics  

 

 Most mechanisms of particle capture described by Rubenstein and Koehl (1977) 

are influenced by fluid velocity. As velocity decreases, gravitational deposition and 

diffusional deposition are enhanced, and as velocity increases, inertial impaction of 

particles is enhanced (Figure 3.1). For all species measured in this study, PR fell within the 

expected values for the temperatures at which they were measured (M. edulis: Winter 1973, 

Foster-Smith 1975; C. virginica: Riisgård 1988, Pernet et al. 2008; P. magellanicus: 

Cranford & Grant 1990, Cranford & Gordon 1992, MacDonald & Ward 2009, Cranford et 

al. 2011).  

 Although flow/fluid velocity at the gill filaments was estimated here using PR as a 

proxy, it should be noted that it may not represent absolute velocity at the cilia/cirri level. 

Approach velocity of particles moving towards the gill surface can be estimated as 

pumping rate divided by gill area (following Riisgård & Larsen 2000). PR has also been 

found to scale both with shell length or height and gill area in bivalves (Jones et al. 1992, 

Filgueira et al. 2008). In fact, Ward (1996) observed that approach velocities were higher 

in actively feeding bivalves, a result that indicates that PR is related to approach velocity. 

In this study, we aimed to minimize differences in fluid velocity through the gills attributed 

to variables other than PR by selecting individuals of similar sizes, given that gill area 

scales isometrically with shell length or height of bivalves. Due to differences in 

morphology, the length-to-gill area relationship may vary interspecifically, which limits 

the possibility of making direct interspecific comparisons of PR values. To make direct 

interspecific comparisons of PR, flow velocity should be measured at the gill for each 

species pumping at different rates. 

Fluid temperature and salinity, and subsequently viscosity and density, may also 

influence mechanisms of particle capture. These effects were controlled for in laboratory 

experiments, using constant temperature (20°C), and the collection of deep water of stable 

salinity (29 to 31 ppt) (Table 3.1). The differential effects of temperature and viscosity on 
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bivalve feeding have been extensively explored with debate around the extent of 

physiological control over feeding in response to temperature (Riisgård & Larsen 2007, 

2018, Fuchs & Specht 2018). The effects of viscosity are often discussed in terms of ciliary 

beat frequency of bivalves, relating to overall pumping rates (Specht & Fuchs 2018), where 

lower viscosity permits higher pumping rates (Riisgård & Larsen 2007), potentially leading 

to higher fluid velocity at the gills. Changes in flow velocity and fluid viscosity both affect 

the Reynolds number of the fluid. Although the flow of water at the gill surface is generally 

understood to have low Reynolds numbers (on the order of 10-4) (Jørgensen 1981, 

Labarbera 1984), values as large as 0.35 have been estimated (Ward 1996). If Reynolds 

numbers are greater than 0.1, inertial forces may play a more significant role in particle 

capture (Shimeta & Jumars 1991). Further, the capture mechanisms outlined by Rubenstein 

and Koehl (1977) can only be applied to systems with low Reynolds numbers. Despite 

potential differences in viscosity in this study between laboratory and field conditions, 

relationships between CE and PR were constant. The explanations presented here are 

hypothetical. To further explain the relationships between PR and CE, water velocity at the 

gill should be directly measured (Nielsen et al. 1993, Ward 1996, Riisgård & Larsen 2005, 

Frank et al. 2008). 

 

3.5.3 Filter: Gill Characteristics  

 

Capture efficiency, particularly the size at which complete particle capture occurs, 

is understood to vary between families of bivalves (Riisgård 1988). CE generally decreases 

below 4 µm for M. edulis, although Strohmeier et al. (2012) found that M. edulis captured 

particles of 1 µm ESD with a CE between 14% to 64%. C. virginica have been found to 

capture particles below 5 µm with decreasing efficiency, with a CE of 50% for particles of 

2 µm (Riisgård et al. 1988). P. magellanicus have also been found to sharply reduce CE 

for particles below 5 to 10 µm (Cranford & Grant 1990). Differences in CE between these 

species are understood to be a result of differing gill structures (Supplemental Table 3.2, 

Supplemental Figure 3.1), primarily the composition and length of laterofrontal or pro-

laterofrontal cilia/cirri, and interfilamentar space (i.e., distance between ordinary 

filaments) (Riisgård 1988). For example, in M. edulis, previous work has demonstrated that 
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when the laterofrontal cirri are inactivated, CE is significantly reduced, likely as a result of 

their inability to redirect particles onto the frontal cilia (Ward et al. 1998a).   

The gill filaments of the bivalve species used in this study vary by type and 

organization (Supplemental Table 3.2, Supplemental Figure 3.1). The heterorhabdic gills 

of both C. virginica and P. magellanicus form highly plicated folds, with ordinary 

filaments forming arches and primary filaments forming troughs (Ward et al. 1994, 

Beninger et al. 1988), whereas the homorhabdic gills of M. edulis lack this plicated 

structure (Supplemental Table 3.2, Supplemental Figure 3.1). It has previously been 

suggested that direct interception on the ordinary filaments of M. edulis play a primary role 

in particle capture (Ward 1996, Ward et al. 1998b). Furthermore, it has been suggested that 

in plicate gills, like those of C. virginica and P. magellanicus, particles may be captured 

by entrainment within the troughs formed by ordinary and principal filaments (Ward 1996). 

Although the more general organization of the gills may not explain differences in the 

relationship between CE and PR, the finer organization of cilia/cirri on gill filaments may 

contribute to species-specific relationships in CE and PR.  

The mechanisms of particle capture described by Rubenstein and Koehl (1977) are 

dependent on the thickness and orientation of the filter. Since gill characteristics are 

specific to each species used in this study (Supplemental Table 3.2, Supplemental Figure 

3.1), the processes that dictate the relationships between particle size, PR and CE are 

expected to be species-specific. Although the interfilamentar space is largest in M. edulis, 

followed by C. virginica, and smallest in P. magellanicus, the non-occluded portion of the 

interfilamentar space follows an opposite pattern, where it is smallest in M. edulis and 

largest in P. magellanicus. The occlusion of the interfilamentar space in M. edulis is caused 

by the large and complex laterofrontal cirri. If direct interception is the primary mechanism 

for particle capture in M. edulis, this outcome may be a result of the laterofrontal cirri on 

the gills and the interfilamentar space that they cover. It is possible that velocity has no 

effect on CE as the spacing is small enough that the gill filaments capture the majority of 

particles by direct interception. For C. virginica, with generally less densely packed and 

shorter laterofrontal cirri (Owen & McCrae 1976, Ribelin & Collier 1977), the spacing of 

the cirri may be large enough that in addition to direct interception, increasing velocity 

increases particle capture by inertial impaction. For P. magellanicus, with the largest 

spacing between filaments and only pro-laterofrontal cirri (Beninger et al. 1988), it is 
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possible that we did not observe an impact of velocity on CE because low velocities (PR < 

4 Lh-1) were not observed. Further, it is possible that there is a threshold of particle size 

beyond which it is not possible to observe the effects of inertial impaction for this specific 

type of gill. Finally, it is possible that there were relationships between CE and PR that fell 

outside the detection limit of the methodology employed in this study.  

 

3.5.4 Future Directions and Conclusions  

 

To date, the majority of research on CE variability in bivalves has been primarily 

explored in relation to particle characteristics, such as size (Strohmeier et al. 2012) and 

surface properties (Rosa et al. 2017). Future studies may consider combining particle 

characteristics, other than size, that are known to influence CE with the effects of flow 

velocity. Further research may also consider exploring the effect of diet concentration and 

particle density on the relationship between PR and CE. Although raw seawater was used 

in the present study to characterize the relationship between PR and CE with a natural diet, 

this can make accurate observations of CE challenging. For example, the water used in the 

C. virginica field experiment was turbid and contained high concentrations of suspended 

sediment. In the static chambers used for measuring CE and PR, flocs of sediment may 

have broken apart, thus increasing the counts of small particles, and resulting in negative 

estimates of CE. 

This study is the first to experimentally explore the relationship between PR and 

CE in bivalves. Our findings qualitatively indicate that direct interception contributes to 

particle capture in M. edulis, C. virginica and P. magellanicus. They also suggest that 

inertial impaction contributes to particle capture in C. virginica for particles 2.25 and 

8.25 µm ESD, where CE is potentially enhanced by increased fluid velocity. By replicating 

these findings in laboratory and field experiments, and obtaining similar results, we aimed 

to highlight the robustness of the trends observed. Results presented here indicate that the 

relationship between PR and CE in bivalves is dependent upon particle size as well as fluid 

velocity for C. virginica. These findings contribute to the understanding of particle capture 

in suspension-feeding bivalves, although additional experiments are needed to 

mechanistically explain these observations.  
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3.6 SUPPLEMENTAL MATERIAL  

Supplemental Table 3.2 Results of the linear regressions between capture efficiency and pumping rate (l h-1), for each particle size 

measured (2.25–10.75/11.5 µm, ESD) for M. edulis, C. virginica, and P. magellanicus measured in both laboratory and field 

experiments. Bold values indicate linear regressions which were significant at p < 0.05. 

 

Family  Particle 

Size 

(µm, 

ESD) 

Laboratory Experiment  Field Experiment  

Mussels 

M. edulis 

 

 Slope  Intercept R2 p-value Slope   Intercept R2 p-value 

2.25 -0.002 0.74 0.00 0.83 -0.01 0.60 0.01 0.24 

2.75 0.005 0.78 0.00 0.58 -0.02 0.73 0.03 0.19 

3.25 0.006 0.81 0.00 0.48 -0.03 0.85 0.065 0.09 

3.75 0.005 0.85 0.00 0.56 -0.04 0.98 0.12 0.03 

4.25 0.006 0.87 0.00 0.39 -0.03 1.02 0.12 <0.05 

4.75 0.007 0.89 0.004 0.30 -0.02 1.03 0.10 0.05 

5.25 0.006 0.92 0.01 0.29 -0.01 1.00 0.00 0.40 

5.75 0.005 0.93 0.03 0.20 -0.009 1.04 0.00 0.40 

6.25 0.003 0.95 0.00 0.41 -0.01 1.05 0.00 0.39 
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6.75 0.004 0.94 0.04 0.18 -0.008 1.05 0.00 0.47 

7.25 0.006 0.94 0.11 0.06 -0.01 1.07 0.03 0.18 

7.75 0.0008 0.98 0.00 0.80 -0.006 1.04 0.00 0.49 

8.25 0.002 0.98 0.00 0.36  

8.5  0.001 1.00 0.00 0.91 

8.75 0.0003 0.99 0.00 0.92  

9.25 -0.0003 1.00 0.00 0.89 

9.5  -0.0005 1.00 0.00 0.40 

9.75 -0.001 1.01 0.00 0.61  

10.25 -0.002 1.01 0.00 0.62 

10.75 0.0004 1.01 0.00 0.90 

11.5  0.94 0.006 0.00 0.54 

Oysters 

C. virginica  

2.25 0.06 0.28 0.48 <0.001 -0.01 0.03 0.00 0.44 

2.75 0.06 0.36 0.53 <0.001 -0.0005 0.07 0.00 0.75 

3.25 0.05 0.42 0.52 <0.001 0.008 0.07 0.00 0.55 

3.75 0.05 0.49 0.55 <0.001 0.01 0.16 0.00 0.40 

4.25 0.05 0.55 0.52 <0.001 0.02 0.20 0.00 0.06 

4.75 0.04 0.62 0.46 <0.001 0.04 0.29 0.39 <0.05 

5.25 0.04 0.70 0.48 <0.001 0.04 0.40 0.42 <0.05 

5.75 0.03 0.77 0.50 <0.001 0.04 0.49 0.42 <0.05 
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6.25 0.03 0.80 0.46 <0.001 0.04 0.52 0.51 <0.01 

6.75 0.02 0.83 038 <0.001 0.03 0.63 0.37 <0.05 

7.25 0.01 0.89 0.21 <0.05 0.03 0.72 0.32 <0.05 

7.75 0.007 0.95 0.10 0.08 0.02 0.79 0.41 <0.05 

8.25 0.01 0.94 0.25 <0.01 0.02 0.84 0.32 <0.05 

8.75 0.003 0.97 0.00 0.44 0.008 0.93 0.21 0.07 

9.25 0.001 1.00 0.00 0.76 -0.003 1.00 0.10 0.16 

9.75 0.0007 1.00 0.00 0.88 -0.0006 1.02 0.00 0.83 

10.25 -0.01 1.06 0.23 0.01 -0.01 1.11 0.40 0.02 

10.75 -0.005 1.03 0.00 0.34 -0.009 1.10 0.05 0.25 

Scallops  2.25 -0.003 0.27 0.00 0.33 -0.002 0.56 0.00 0.81 

P. 

magellanicus 

 

2.75 -0.003 0.35 0.01 0.26 -0.002 0.62 0.00 0.81 

3.25 -0.003 0.41 0.007 0.28 -0.003 0.68 0.00 0.71 

3.75 -0.003 0.46 0.00 0.37 -0.003 0.72 0.00 0.72 

4.25 -0.003 0.54 0.00 0.34 -0.005 0.78 0.00 0.58 

4.75 -0.002 0.61 0.00 0.49 0.0007 0.78 0.00 0.92 

5.25 -0.002 0.70 0.00 0.51 0.003 0.82 0.00 0.68 

5.75 -0.003 0.75 0.00 0.40 0.0004 0.89 0.00 0.95 

            6.25 -0.002 0.79 0.00 0.47 -0.004 0.98 0.00 0.42 

           6.75 -0.003 0.84 0.00 0.33 -0.0008 0.95 0.00 0.87 
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         7.25 -0.002 0.85 0.00 0.42 -0.006 1.03 0.04 0.19 

         7.75 -0.001 0.87 0.00 0.65 0.001 0.99 0.00 0.83 

         8.25 -0.0003 0.89 0.00 0.87 0.007 0.84 0.27 <0.05 

         8.75 -0.001 0.94 0.00 0.48 -0.003 1.02 0.00 0.34 

         9.25 -0.0008 0.96 0.00 0.68 -0.006 1.07 0.09 0.11 

 9.75           0.0005 0.96  0.00 0.77 -0.003 1.06 0.00 0.33 

10.25         0.002 0.96  0.03 0.18 -0.003 1.04 0.00 0.44 

10.75        -0.001 1.00  0.00 0.37 0.007 0.98 0.009 0.29 
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3.6.1 Characterization of bivalve gills: M. edulis, C. virginica, P. 

magellanicus  

 

To explore differences in gill structure and gill filament types between the bivalve 

species used in laboratory and field experiments, a review of previously existing 

observations and measurements was conducted (Supplemental Supplemental Table 3.3). 

Further, to observe gill morphology and filaments in a similar orientation, gill tissues were 

prepared for scanning electron microscopy (SEM) for M. edulis, C. virginica, and P. 

magellanicus. Bivalves were collected from the same locations used in the laboratory 

experiment and held in the Aquatron facility for 5 days in filtered ambient seawater prior 

to preparing gill tissue for SEM observation. Individuals were shucked and whole gill 

tissue was immediately fixed in 2.5% glutaraldehyde solution with sea water. Time 

between shucking and fixation was kept below 30 seconds to minimize mucous production 

on the gill tissue and preserve the structure of the tissue (Prasetiya et al. 2017).  Gill tissues 

were refrigerated for 20 hours in the glutaraldehyde solution. Glutaraldehyde was then 

removed, and tissues were rinsed three times in distilled water, soaking tissues for 20 

minutes each time. Whole gill tissues were then dissected under a dissection scope into 

5mm squares of gill tissue. Tissues were then fixed again in 2% osmium tetroxide solution 

and held in the dark at room temperature for 2 hours. Osmium tetroxide was then removed, 

and tissues were again rinsed three times in distilled water, each time for 20 minutes. 

Tissues were then dehydrated using increasingly concentrated ethanol (25%, 50%, 75%, 

95%, 100%). Each time, tissues were soaked for 10 minutes, and the 100% ethanol was 

applied three times. Tissues were then mounted on aluminum stubs and dried with CO2 

with a critical point dry apparatus (CPD 300 Critical Point Dry Leica EM). Mounted tissue 

samples were sputter coated with 20nm of gold palladium (Leica EM Coater ACE200) and 

observed using a Hitachi S-4700 scanning electron microscope at 3.0 kV (Supplemental 

Supplemental Figure 3.8).  
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Supplemental Table 3.3 Descriptions of the gill structure of M. edulis, C. virginica and P. magellanicus. N/A indicates values were not 

found in a review of the literature. 

 

 Mytilus edulis  Crassostrea virginica  Placopecten magellanicus 

 

Family Mytilidae  

(Mussels) 

Ostreidae  

(Oysters) 

Pectinidae  

(Scallops) 

Inter-Filament 

Association 

Filibranch  Pseudolamellibranch Filibranch  

Filament Type  Homorhabdic 

(Beninger et al. 1993) 

Heterorhabdic (Beninger 

& Dufour 1996) 

 

Heterorhabdic 

(Beninger et al. 1993) 

 

 

Laterofrontal cirri 13-18.3 µm in length 

(Cannuel et al. 2009)  

 

Diameter: 0.06 µm (Owen 

& McCrae 1976)  

 

13.5 µm in length 

(Ribelin & Collier 1977) 

Pro-laterofrontal cirri 

 

N/A 
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Spacing= 1.3 µm 

(Jorgensen 1975) 

Interfilamentar 

distance 

25-30 µm (Owen and 

Mcrae 1976) 

20 µm (Owen and 

McCrae 1976, O. edulis)  

N/A 

Lateral cilia  2.7 µm length  

0.6 µm apart  (Moore 

1971) 

 

11.9-15.6 µm length 

(Cannuel et al. 2009) 

N/A 8 µm (Beninger et al. 1988) 

Frontal Cilia  7.3-9.4 µm (Cannuel et al. 

2009) 

N/A N/A 
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Supplemental Figure 3.8 (A) Transverse view of a generalized ordinary filament from a 

bivalve gill indicating the orientation and location of different types of cilia. (B-G) 

Scanning electron micrographs of the frontal view of ordinary gill filaments of: (B-C) M. 

edulis (B. 1000x C. 3000x) (D-E): C. virginica (D. 1000x E. 3000x) (F-G) P. magellanicus 

(F. 1000x G. 3000x), indicating different observed cilia or cirri types. FC = frontal cilia or 

cirri, LFC = laterofrontal cilia or cirri, PLFC = pro-laterofrontal cilia or cirri, LC = lateral 

cilia or cirri. 

 

Reference 

 Prasetiya F. S, Decottignies P, Barillé L, Gastineau R, Jacquette B, Figiel A, Morançais M, 

Tremblay R, Mouget J, and Cognie B 2017. Cell size-based, passive selection of the 

blue diatom Haslea ostrearia by the oyster Crassostrea gigas. J. Mollus. Stud. 83: 

145–152. doi:10.1093/mollus/eyx012 
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CHAPTER 4 EXPLORING FEEDING 

PHYSIOLOGY OF MYTILUS EDULIS 

ACROSS GEOGRAPHIC AND FJORD 

GRADIENTS 

This work has been published as: Steeves L, Strohmeier T, Filgueira R, Strand Ø. (2020). 

Marine Ecology Progress Series. 651: 71-84. 

 

4.1 ABSTRACT  

It is important to be able to predict the growth of filter-feeding bivalves, as they grow in 

dense populations both naturally and for commercial production. To understand the growth 

of bivalves it is necessary to have a mechanistic understanding of how they acquire energy 

through ingestion. This study was designed to understand if capture efficiency (CE), a 

primary step in ingestion for filter-feeders, is variable in the blue mussel Mytilus edulis. 

CE was measured using natural seston in 3 populations of naturally occurring M. edulis 

and within 2 populations along a fjord gradient. Differences in CE were found within a 

single population as well as along the fjord gradient. To determine if these differences were 

driven by short- or long-term changes, a single population of mussels was reciprocally 

transplanted between 2 locations along a fjord. This study is the first time CE has been 

measured within a population of M. edulis using a regional transplant experiment. Results 

showed that CE may vary between populations and change within populations, indicating 

that CE seems primarily driven by environmental cues. Pumping and overall ingestion rates 

differed between populations and varied within populations. For widely distributed species 

in changing environments, it is increasingly relevant to understand the limits of plasticity 

of specific traits to be able to predict their growth, survival, and distribution. Here, we 
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aimed to provide a more mechanistic description of CE, pumping rate, and overall ingestion 

in M. edulis. 

 

4.2 INTRODUCTION  

As ecosystem engineers in coastal environments, bivalves often grow in dense 

populations, modifying their habitat naturally and also when farmed for commercial 

production (Shumway et al. 2003, Borthagaray & Carranza 2007). Modelling bivalve 

growth is an important tool for exploring these ecological aspects (Beadman et al. 2002, 

Thomas et al. 2011), but also for potential economic implications (Ferreira et al. 2007). 

Crucial to estimating growth of these species is understanding how they acquire energy 

through feeding. Despite a century of research on feeding in bivalves (see Cranford et al. 

2011, Rosa et al. 2018 for reviews), there remain many unknowns about the mechanistic 

underpinnings of this process. Dynamic Energy Budget modelling (Kooijman, 2010) 

exemplifies this; despite being a state-of-the-art modelling technique widely applied to 

bivalves, it still requires local calibration for ingestion rates (e.g., Rosland et al. 2009, 

Picoche et al. 2014). Being able to mechanistically predict ingestion between and within 

populations of bivalves is a crucial bottleneck in estimating overall growth and ecosystem-

interactions of widely distributed species.  

Ingestion rate in bivalves is a function of four components: food concentration, 

pumping rate, capture efficiency (CE), and rejection rate. Pumping rate is defined as the 

volume of water moved across the gill per unit time, and in combination with food 

concentration, represents the amount of food that is available at the gills per unit time 

(Wildish & Kristmanson 1997). Following Rosa et al. (2015), CE according to size 

describes the proportion of a given type of particles that could be cleared from the water 

column by gill filaments compared to other particles. Some particles which are captured 

are not ingested but rejected as pseudofaeces. In the absence of pseudofaeces production 

(low seston environments, usually below 2.5-5 mg l-1, Widdows et al. 1979) ingestion in 

bivalves is a function of the food concentration, pumping rate, and CE. 

CE had been assumed to increase non-linearly with particle size until an asymptote is 

reached, beyond which all particles are completely captured (Coughlan 1969, Vahl 1972, 
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Møhlenberg & Riisgård 1978). Recent research has challenged several aspects of CE of 

Mytilus edulis, including this asymptote (4 µm, Møhlenberg & Riisgård 1978), CE of small 

particles (1-4 µm) (Rosa et al. 2017a), and the notion that CE is a static trait (Strohmeier 

et al. 2012). Although variable CE is accepted in the literature, the mechanisms by which 

changes occur are not well understood (Rosa et al. 2018 for review). Most variability in 

CE occurs at small particle size (~1-4µm); however, this variability is cornerstone to 

understanding M. edulis energy acquisition as these particles may dominate the seston 

composition by number (Strohmeier et al. 2012, Rosa et al. 2015, Cranford et al. 2016).  

M. edulis are a widely distributed species on a global scale (Sukhotin et al. 2007), 

making them a model species for exploring the effects of localized conditions on the 

response of CE and pumping rate. These responses may be plastic, e.g., operate in the short-

term and be reversible, or adaptive long-term irreversible changes. Many feeding and 

growth traits of bivalves are highly plastic, particularly pumping rates which change in 

response to food quantity and quality (Bayne et al. 1993, Bayne 2004, Rosa et al. 2018 for 

review). Contrastingly, traits with genetic underpinnings may be adapted over long periods 

of time to the environment and may not easily respond to short-term environmental changes 

(e.g. salinity tolerance, Riginos & Cunningham 2004). Genetic differences in sessile 

marine bivalves tend to vary widely between populations due to the limited gene flow on 

a broad geographic scale, despite having planktonic larval stages (Levin 2006). Although 

differences in a trait may be observed between populations, these differences cannot be 

directly attributed to plastic or adaptive responses without further investigation (e.g., 

transplants, or genetic research).  In situ transplant experiments permit the exploration of 

plastic versus adaptive traits (Worrall & Widdows 1983, Widdows et al. 1984). Although 

variations in CE have been observed in M. edulis (Strohmeier et al. 2012), CE has not been 

measured in a transplant experiment in this species and it is not well understood if changes 

in CE are happening on short- or long-term scales. Predicting changes in CE in response 

to environmental change contributes to a mechanistic understanding of ingestion, 

important for predicting growth of bivalves without local calibration.  

This study was designed to understand the degree of variability in CE of M. edulis 

across a wide latitudinal gradient, and within fjord gradients. To address this, CE was 

measured between three populations of mussels, and within two populations along two 
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fjord gradients. Using natural seston, CE, pumping rate, and ingestion rate were measured 

in all five sampling locations, which covered a broad range of environmental conditions, 

reflecting the diverse habitats M. edulis grow in. Given that differences in CE were 

observed in M. edulis within the same population along a fjord gradient, mussels were 

reciprocally transplanted between these two locations along the fjord to determine if these 

differences were driven by short- or long-term changes in the environment. This study aims 

to provide a clearer understanding of particle capture, pumping rate, and ingestion in filter-

feeding bivalves.   

4.3 METHODS 

4.3.1 Experimental Design  

 

Two sequential experiments were carried out between April and June 2018 in 

Norway. In experiment 1 feeding trials were conducted at five field sites (Figure 4.1). Field 

sites (Austevoll, Hardangerfjord, Flødevigen, and Åfjord) covered a geographic range from 

58ºN to 63ºN, and two fjord gradients, from inner to outer area (Hardangerfjord-Austevoll, 

and Åfjord 1-Åfjord 2) (Figure 4.1). Subsequently, in experiment 2, mussels were 

transplanted between two sites along a fjord gradient, previously sampled in experiment 1, 

Austevoll and Hardangerfjord. These mussels were acclimated for three weeks and feeding 

trials were conducted, measuring both native and transplanted mussels at each site. 
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Figure 4.1 Location of the 5 field sites used in this study. For Expt 1, measurements were 

taken at Austevoll (60° 6’ 45.77’’ N, 5° 11’ 23.95’’ E) on 16-19 April; Hardangerfjord (60° 

32’ 38.86’’ N, 6° 56’ 47.60’’ E) on 24-25 April; Flødevigen (58° 25’ 34.42’’ N, 8 ° 45’ 

16.09’’ E) on 8-9 May; and Åfjord (63° 56’ 22.94’’ N, 10° 9’ 57.60’’ E). Within the 

Åfjord site, 2 samples were taken: one in the inner fjord (23-24 May) and one in the outer 

fjord (25-26 May). For Expt 2, mussels were transplanted between the Austevoll (8-10 

June) and Hardangerfjord (13-14 June) sites 

 

4.3.2 Water Quality Measurements  

 

At each field site for both experiment 1 and 2, measurements were taken to describe 

water and seston characteristics. A CTD (SAIV A/S Model 204, Norway) was deployed in 

the header tank to record temperature and salinity. Each day a feeding trial was run, water 
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characteristics were determined at the beginning, middle, and end of the feeding trials by 

collecting water from the pump supplying water to the trial. To measure chlorophyll a 

concentration, 250mL of water was filtered onto a 1.2 μm filter (Whatman GF/C), and the 

fluorescence method was used (Strickland & Parsons 1968), using a fluorometer (Turner 

Designs Model 10-AU), previously calibrated as outlined in Strohmeier et al. (2012). 

Particulate organic carbon was measured by filtering 150mL of water onto rinsed (distilled 

water) and precombusted 1.2 μm filter (Whatman GF/C). Particle counts by size were 

determined using a PAMAS S4031 GO (PAMAS), which uses light scattering to count 

particles between 1 and 200 µm. Particle sizes are estimated as equivalent spherical 

diameter (ESD, µm). Using these counts (in triplicate) and associated size (ESD, µm), 

particle volume by size class could be determined.  

 

4.3.3 Feeding Trials 

 

Feeding trials were conducted using the static method to measure mussel CE and 

pumping rate (Cranford et al. 2016). At each site, the day before sampling began, wild 

mussels were graded for length (50.1 ± 4.3mm for all populations), cleansed of epibionts, 

and held at 3m depth. For each experiment, 40 individual mussels were sampled. During 

trials, mussels were held in a tank provided with flowing water pumped from 3m depth. 

CE was measured following Cranford et al. (2016). This technique is based on the 

continuous monitoring at high temporal resolution (30 seconds), of the number of particles 

of different sizes in a static feeding chamber (following Coughlan 1969). A single mussel 

was placed in a cylindrical PVC chamber (0.98L volume), where water was continually 

mixed using a magnetic stirrer to avoid sedimentation during the trial. Three controls were 

taken over the course of each sampling day by repeating the feeding trial without a mussel 

in the chamber. The feeding chamber was placed in a flow-through bath of ambient 

seawater. After a mussel was placed in the chamber, flowing water was pumped through 

until the mussel had opened. The flow was then stopped, and particle count measurements 

were carried out every 30 seconds using a PAMAS, as described in section 2.2. The 

PAMAS sampled 4.5 mL of water and estimated the number of particles between 1.75 and 

11.5 µm, at 0.5 µm intervals. The PAMAS uses an internal pump that takes the sample 
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from the chamber and then returns it to the feeding chamber, providing constant volume 

over time. During the experiment, mussels were observed for pseudofaeces production. 

Each trial was run for a maximum duration of one hour.  

 

Estimation of Capture Efficiency, Pumping Rate, and Ingestion Rate 

In a static chamber, particle removal by a bivalve pumping at a constant rate follows an 

exponential decline (Coughlan 1969). To ensure only periods of constant pumping were 

used to calculate CE, only periods where the slope of the natural logarithm of particle 

concentration over time, λ, produced a linear line were selected (r2 ≥ 0.9) (Cranford et al. 

2016). The comparison of the slopes for different particle sizes, λsize, was used to calculate 

the CE for each particle size, (CEsize). CEsize is expressed as a relative value between 0 and 

1, to describe how effectively particles of certain sizes are captured compared to others, 

wherein 1 represents particles captured with the highest efficiency, and 0 represents 

particles that are not captured. The calculation for CEsize is as follows: 

     

 
𝐶𝐸𝑠𝑖𝑧𝑒 =   

 𝜆𝑠𝑎𝑚𝑝𝑙𝑒,𝑠𝑖𝑧𝑒 − 𝜆𝑐𝑜𝑛𝑡𝑟𝑜𝑙,𝑠𝑖𝑧𝑒  

𝜆𝑎𝑣𝑒𝑟𝑎𝑔𝑒
 

4.1 

 

 

Where λsample, size is the slope of the exponential decay in particle concentration of a specific 

size, for the sample measurement taken with a bivalve present. λcontrol, size is the slope of the 

exponential decay in particle concentration of the same size, in the absence of a bivalve, 

which accounts for sedimentation in the feeding chamber. λ average is an average of the 

control-corrected slope of exponential decay in particle concentration of particle sizes that 

are known to be fully captured (CE of 1). For this study, 𝜆 average was calculated using 

particles from 8.5 to 11.5µm. All particle sizes are expressed as equivalent spherical 

diameter (ESD, µm). 

To compare capture efficiencies of M. edulis across locations, each data set was 

modelled using a non-linear least square fit from an exponential growth function with an 

asymptote set to a value of 1: 

   



 78 

 
𝐶𝐸 =

1

1 + 𝑒(−𝑝ℎ𝑖2∗(𝑠𝑖𝑧𝑒−𝑝ℎ𝑖3))
 

4.2 

 

     

Where CE is capture efficiency, size is particle size (ESD, µm), phi2 is the steepness of the 

curve (1/(ESD, µm)), and phi3 is the theoretical particle size when CE is 0.5 (ESD, µm). 

The shape of this curve fits an expected relationship between CE and particle size, where 

CE increases with particle size until an asymptote is reached at a value of 1, representing 

the highest capture efficiency, or particles that are always captured (Cranford et al. 2016). 

To determine if these models were different across locations, the parameters from each 

model were compared using an Extra Sum of Squares F-test (see Peteiro et al. 2006). 

From the assumption that 𝜆 average accurately describes particles which are captured with 

complete efficiency, pumping rate (PR, l h-1), the volume of water moved across the gill 

per unit time can be calculated as: 

   

 𝑃𝑅 = 𝜆𝑎𝑣𝑒𝑟𝑎𝑔𝑒 x 𝑉 x 60 x 60 4.3 

 

      

Where V is the chamber volume (l), and 60 x 60 is used to convert the units of PR to l h-1. 

Using PR, CEsize and particle counts for each size class (1.75-9.5µm) from the PAMAS, a 

volumetric ingestion rate (VIR, um3h-1), can be calculated as:              

        

 𝑉𝐼𝑅 = 

 ∑ (𝑃𝑅 ∗  𝐶𝐸𝑠𝑖𝑧𝑒 ) ∗ (𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑧𝑒 ∗  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑖𝑧𝑒

9.5

𝑠𝑖𝑧𝑒=1.75

) 

4.4 

 

      

Where Particle Countsize and Particle Volumesize are the number of particles of a given size, 

and its respective volume (calculated from its estimated spherical diameter), respectively. 

VIR is the sum of the total volume of particles cleared for each size class. 

 

Ingestion rate was also calculated using both POC, and chlorophyll a, as other measures of 

food concentration: 
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 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 = 𝑃𝑅 ∗ 𝑃𝑂𝐶 𝑜𝑟 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝛼 4.5 

 

 

Where PR is pumping rate, POC is in units of mg l-1, Chlorophyll a is µg l-1, and ingestion 

rate is in mg or µg h-1. 

 

Standardization of Pumping and Ingestion rate 

Pumping rate was standardized to average gill area using the following formula:  

   

 
𝑃𝑅𝑠𝑡𝑑 = 𝑃𝑅 ∗ (

𝐺𝐴𝑠𝑡𝑑

𝐺𝐴𝑖𝑛𝑑
) 

4.6 

 

     

Where PRstd is the standardized pumping rate, GAstd is the average gill area from all 

individuals used in feeding trials (averaged separately for experiment 1 and 2), and GAind 

is the gill area for the individual being standardized. Gill area was measured for each 

individual directly after each feeding trial. To expose the surface of the gills for analysis, 

the anterior and posterior adductor muscles were cut with a scalpel. Once the shell was 

open, the gills were exposed by cutting away inner organs and the mantle, on both sides of 

the shell, leaving two exposed gills in each half of the shell (Sunde 2013). To avoid gill 

contraction, seawater was added to the shell halves to float the gills in. Assuming that all 

four gills were equal in size, a picture was taken of a shell half, containing two stacked 

gills. A top-down view of a shell half with two gills in it shows half of the surface area of 

one gill. This area was measured using freehand selections in ImageJ (v. 1.52 f). This area 

(in mm2) was then multiplied by 8 (two sides of four gills), to estimate total gill area. 

Average gill area in experiment 1 was 233mm2 and is equivalent to a length of 51.4mm. 

For experiment 2, gill areas were estimated using the relationship between gill area and 

length of experiment 1 (gill area (mm2) = 9.335 x length (mm) – 246.5, r2 = 0.59, n = 49). 

The average estimated gill area for experiment 2 was 204 mm2, equivalent to a length of 

48.3 mm.  
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4.3.4 Statistics 

 

Parametric tests (analysis of variance, or student’s t-tests) were employed to compare 

environmental parameters, and feeding physiology measurements (pumping rate, 

volumetric ingestion rate). Normality and homogeneity of variances were tested for, and if 

they were not found (α < 0.05), data were log10 transformed. Statistical analyses were 

performed in GraphPad Prism v.8.2 and RStudio (R v.3.6.1).  

 

4.4 RESULTS 

4.4.1 Experiment 1: Water Quality Parameters 

  

Temperature ranged between 5.5-13.8℃ (Austevoll and Åfjord site 2, 

respectively), and salinity ranged from 20.8-31.6 (Flødevigen and Austevoll, respectively) 

(Table 4.1). Chlorophyll a was highest at Hardangerfjord (df4,21, p < 0.05, Figure 4.2-A), 

followed equivalently by Åfjord 2, Åfjord 1, and Flødevigen (df4,21, p > 0.05, Figure 4.2-

A). Austevoll had the lowest chlorophyll a levels, significantly lower than both 

Hardangerfjord and Åfjord 2 (df4,21, p < 0.05, Figure 4.2-A. POC levels were highest at 

Åfjord 2, followed equivalently by Åfjord 1, Hardangerfjord, and Flødevigen (df4,21, p < 

0.05, Figure 4.2-B). Austevoll again had the lowest levels of POC, lower than both Åfjord 

1 and 2 (df4,21, p < 0.05, Figure 4.2-B). Volume of particles for each size class (ESD, µm) 

varied with particle size (Figure 4.2-C), with a notable peak in the Hardangerfjord data 

between 4-6 µm, and Austevoll at 4 µm (Figure 4.2-C). 
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Table 4.1 Average (±SD) temperature and salinity measurements from Expt 1 for the 5 

sampling locations 

 

 Location 

Austevoll Hardangerfjord Flødevigen Åfjord 1 Åfjord 2 

Temperature 

(°C) 
5.5 ± 0.4 6.6 ± 0.1 9.5 ± 0.7 6.5 ± 1.3 13.8 ± 0.7 

Salinity 31.6 ± 0.2 31.5 ± 0.05 20.8 ± 1.3 29.8 ± 3.4 30.2 ± 0.1 

 



 82 

 

Figure 4.2 Water quality measurements (±SD) from all locations sampled in Exp1 1. (A) 

chl a (µg l-1), (B) particulate organic carbon (mg C l-1), and (C) total particle volume (um3 

ml-1) for each size class measured (equivalent spherical diameter, µm). Particle volume 

between was estimated using 0.5 µm diameter steps excluding the last two measurements 

(8.5 and 9.5 µm) which used 1 µm steps due to low particle counts. Letters denote statistical 

significance at α = 0.05. 
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4.4.2 Experiment 1: Feeding Trials 

 

No pseudofaeces production was observed during any of the feeding trials. The 

Hardangerfjord population had an uncharacteristic peak of high CE values for particles 

between 2-3 µm ESD (Figure 4.3-B). The steepness of the curves (phi 2) was different 

between all populations, Flødevigen and Hardangerfjord being the highest and lowest, 

respectively (p < 0.001, Figure 4.4-A). The particle size when CE is at 0.5 (phi 3) was 

lowest for Åfjord 1 (p < 0.05) followed by Hardangerfjord and Flødevigen, which were 

statistically similar between them (p > 0.05, Figure 4.4-B). For Austevoll, phi 3 was not 

significantly different from Åfjord 2 (the highest), or Hardangerfjord and Flødevigen (p > 

0.05, Figure 4.4-B). Hardangerfjord mussels had the lowest CE for particles of 4 µm ESD 

(0.54±0.13), and Flødevigen had the highest (0.83±0.11) (p < 0.05, Figure 3.4-C). There 

were no significant differences for CE at 4 µm ESD between the other populations 

(Austevoll, Åfjord 1, Åfjord 2) (df4,120, p > 0.05, Figure 4.4-C). For all populations CE of 

1 was reached at different particle sizes; the highest was Hardangerfjord (9.5 µm ESD), 

and Flødevigen had the lowest (4.75 µm ESD) (Figure 4.4-D). 
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Figure 4.3 Standardized capture efficiency for each population of mussels sampled in Expt 

1: (A) Austevoll, (B) Hardangerfjord, (C) Flødevigen, (D) Åfjord site 1, (E) Åfjord site 2. 

Particle sizes are expressed as equivalent spherical diameter (ESD); fitted curves and 

parameters shown are calculated using equation 4.2. 
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Figure 4.4  Mathematical descriptions of the capture efficiency (CE) curves shown in Fig. 

3.3: (A) steepness of the curve (phi2) (1 / [equivalent spherical diameter {ESD}, μm]), 

(B) particle size when CE = 0.5 (phi3) (ESD, μm), (C) CE values for 4 μm particle size, 

and (D) particle size when CE first reaches 1 μm. Error bars show ± SD and letters 

denote statistical significance at α = 0.001 (A,B) and 0.05 (C) 

 

Pumping rate (lh-1) was significantly lower for both Austevoll and Hardangerfjord, 

compared to all other populations (df4,120, p < 0.05, Figure 4.5-A). Volumetric ingestion 

rate was highest for Hardangerfjord and Åfjord 2 (df4,120, p>0.05, Figure 4.5-B), and lowest 

for all other locations (df4,120, p > 0.05, Figure 4.5-B). Åfjord 1 had the third highest 

volumetric ingestion rate (mm3h-1), followed by Flødevigen and then Austevoll (df4,120, p 

< 0.05, Figure 4.5-B). Ingestion rates calculated using POC and Chlorophyll a did not 

provide additional relevant information for both experiment 1 and 2 (Supplemental Figure 

4.10). 
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Figure 4.5 (A) Pumping rate and (B) volumetric ingestion rate from populations of mussels 

from Expt 1. Error bars show ± SD and letters denote statistical significance at α = 0.05 

 

4.4.3 Experiment 2: Water Quality Parameters  

 

Temperature was higher in Hardangerfjord (19.1 ± 0.4℃) compared to Austevoll 

(16.5 ± 0.6℃). Salinity was also higher in Austevoll (29.6 ± 0.1) compared to 

Hardangerfjord (7.8 ± 0.9). Chlorophyll a, and POC were both higher in Hardangerfjord 

(df3,24, p < 0.05, Figure 4.6-A-B). Total particle volume by size class was similar in both 

locations until 5 µm ESD, beyond which Hardangerfjord particles had greater overall 

volume by size (Figure 4.6-C).  
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Figure 4.6 Water quality measurements (± SD) from all locations sampled in Expt 2: (A) 

chl a, (B) particulate organic carbon (POC), and (C) total particle counts for all size classes 

measured. Letters denote statistical significance at α = 0.05 

 

4.4.4 Experiment 2: Feeding Trials 

 

CE values were similar within each sampling location, regardless of the origin of 

the population of Mytilus edulis sampled (Figure 4.7-A-D). The steepness of curves (phi 

2) was significantly greater for mussels sampled in Austevoll, compared to those sampled 

in Hardangerfjord (p < 0.001, Figure 4.8-A). In addition, the particle size when CE is equal 

to 0.5 (phi 3) was higher for mussels sampled in Austevoll (Figure 4.7-A-B, respectively), 

compared to those sampled in Hardangerfjord (Figure 4.7-C-D, respectively) (p < 0.001, 
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Figure 4.8-B). For both phi 2 and 3, no differences were found based on the effect of 

population origin. Despite general differences in CE curves, all mussels sampled in 

experiment 2 has similar values for CE at 4 µm ESD, 0.89 ± 0.08 (df3,44, p > 0.05, Figure 

4.8-C). Particle size at which CE reached 1 was similar for both populations, but differed 

between sampling location, being 4.75 µm ESD for mussels in Austevoll, and 8.5 and 7.25 

for Austevoll and Hardangerfjord mussels in Hardangerfjord, respectively (Figure 4.8-D). 

 

 

Figure 4.7 Standardized capture efficiency for each population of mussels sampled in Expt 

2: (A) Austevoll mussels in Austevoll, (B) Hardangerfjord mussels in Austevoll, (C) 

Austevoll mussels in Hardangerfjord, and (D) Hardangerfjord mussels in Hardangerfjord. 

Particle sizes are expressed as equivalent spherical diameter (ESD); fitted curves and 

parameters shown are calculated using equation 4.2 
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Figure 4.8 Mathematical descriptions of the capture efficiency (CE) curves shown in Fig. 

7: (A) steepness of the curve (phi2) (1 / [equivalent spherical diameter {ESD}, μm]), (B) 

particle size when CE = 0.5 (phi3) (ESD, μm), (C) CE values for 4 μm particle size, and 

(D) particle size when CE first reaches 1 (μm). Error bars show ± SD and letters denote 

statistical significance at α = 0.001 (A, B) and 0.05 (C) 

 

Pumping rate (lh-1) varied both by sampling location, and population origin; it was 

highest for Hardangerfjord mussels in Austevoll, and lowest for Austevoll mussels in 

Hardangerfjord (df3,44, p < 0.05, Figure 4.9-A). There were no statistical differences in 

pumping rate between the Austevoll mussels in Austevoll, and the Hardangerfjord mussels 

in Hardangerfjord (df3,44, p > 0.05, Figure 4.9-A). Within each location, Austevoll mussels 

consistently had statistically lower pumping rates than Hardangerfjord mussels. 
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Figure 4.9 (A) Pumping rate and (B) volumetric ingestion rate from populations of mussels 

from Expt 2. Error bars show ± SD and letters denote statistical significance at α = 0.05 

 

Volumetric ingestion rate (µm3h-1) was generally higher for mussels from 

Hardangerfjord than those from Austevoll. The highest ingestion rate was measured in 

Hardangerfjord mussels in Hardangerfjord, followed by Hardangerfjord mussels in 

Austevoll, which was statistically similar to Austevoll mussels in Hardangerfjord (df3,44, p 

< 0.05, Figure 4.9-B). The lowest volumetric ingestion rates were measured in Austevoll 

mussels in both locations (df3,44, p > 0.05, Figure 4.9-B).  

 

4.5 DISCUSSION 

 This study demonstrates that CE, pumping rate, and ingestion rate of M. edulis all 

varied both between populations and along fjord gradients. CE was different between three 

geographically distinct populations of mussels and changed temporally within two 

populations. Further, when mussels were reciprocally transplanted along a fjord gradient, 

mussels of different origin had similar CE when placed in the same location, suggesting 

that CE was primarily driven by environmental cues. Ingestion rates were not similar 

between and within populations of M. edulis. Further, when mussels were transplanted 

between two locations, both pumping and ingestion rates were driven by both origin and 

environmental cues. 
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4.5.1 Capture Efficiency 

 

CE of M. edulis generally increased with particle size to an asymptote, beyond 

which particles were completely captured. However, CE of small particles was different 

between the three populations and five sampling sites in experiment 1. Additionally, in 

experiment 1 the Hardangerfjord population had a CE for particles of ~4 µm under 50%, 

which is unusual for this species (Møhlenberg & Riisgård 1978, Cranford et al. 2016), 

although has been previously observed (Strohmeier et al. 2012). For this population, CE 

initially increased with particle size as expected; however, ~4-6 µm particles had lower CE 

than smaller particles (3.25 µm). This unexpected response in CE coincided with high 

chlorophyll a levels, and also a peak of seston volume at ~4-6 µm, suggesting that CE 

could be driven by the dominance of a single planktonic species that is not efficiently 

captured by mussels. Based on previous literature, this experiment was likely conducted 

after the peak of the spring bloom in the Hardangerfjord, but the physical and biological 

characteristics of this fjord are subject to high levels of variability due to freshwater inputs, 

large depths, and coastal advective processes (Braarud 1976, Sakshaug & Olsen 1986, 

Asplin et al. 2014). Therefore, it is plausible that the end of the bloom, or an input of 

freshwater from the spring melt, may have driven the bloom of this planktonic species, 

subsequently triggering the CE response. When the Hardangerfjord mussels were sampled 

again in experiment 2, both the low CE for ~4-6 µm particles and peak in seston volume 

(~4-6 µm) were not observed, strengthening the hypothesis that the response of CE during 

experiment 1 was driven by environmental cues.  

 CE of mussels sampled in the same location in the Hardangerfjord changed over 

three months during experiments 1 and 2. Strohmeier et al. (2012) measured CE of one 

population of M. edulis over four months and found that CE for small particles (~1-4 µm) 

was higher later in the season when the seston had higher concentration of particles that 

size. Similarly, Rosa et al. (2015) observed that over 9 months, CE for particles ≤ 5 µm 

significantly increased within a population of M. edulis, using natural seston; however, no 

mechanism was proposed that would facilitate this. These changes in CE may be made in 

response to changes in seston composition, particularly shifts in particle size distribution 

(Strohmeier et al. 2012). In this experiment, the increase in CE for small particles in the 
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Hardangerfjord mussels over three months was not explained by changes in concentration 

of small particles (following Strohmeier et al. 2012), seston volume, chlorophyll a or POC 

concentration. Alternative hypotheses are required to determine drivers in changes of CE 

for M. edulis, including identifying seston composition by plankton groups. 

The accurate characterization of CE is necessary for calculating ingestion rate in 

bivalves. The results of this study highlight that using a single CE curve for M. edulis may 

not reflect the physiology of local populations or capture temporal shifts in CE. The 

traditionally accepted notion that complete particle capture is reached for M. edulis at 4 µm 

(Møhlenberg & Riisgård 1978) can create compound errors in calculations of ingestion 

(Cranford et al. 2016). Further, the majority of research on CE has been interested in the 

particle size at which CE reaches a maximum; however, the contribution of small particles 

(e.g., picoplankton) to filter-feeder energetics also warrants a clear understanding (Sonier 

et al. 2016, Rosa et al. 2018). Understanding why CE changes over time is important to be 

able to predict differences in particle capture, and overall ingestion. 

 

4.5.2  Ingestion Rates  

 

 Ingestion rates, as measured by seston volume, POC, and chlorophyll a, were 

different in several of the sampling locations of experiment 1. Further, ingestion rates in 

the Hardangerfjord mussels varied between experiment 1 and 2 over a three-month period. 

No compensatory mechanisms between CE and pumping rate to maintain similar ingestion 

rates were observed. It has previously been postulated that as the available diet changes, 

M. edulis uses a variety of physiological mechanisms, including ingestion and rejection 

rates, and digestive processes (e.g., absorption efficiency), to maintain constant energy 

uptake (Willows 1992, Bayne et al. 1993). Similarly, it has also been suggested that feeding 

rates respond to maintain stomach fullness (Bayne et al. 1989, Willows 1992). Lack of 

similarity between ingestion rates observed in this study do not support any of these 

hypotheses.  

In this study, ingestion was measured using proxies for energy content commonly 

used in the literature (Carver & Mallet 1990, Sarà et al. 2012). Although POC may be good 

a indicator of energy (Strohmeier et al. in prep), measurements of ingestion using energy 
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would more accurately assess hypotheses of constant energy uptake. Further, different 

methodologies for calculating ingestion rates may also contribute to inconclusive findings. 

Here, volumetric ingestion only included particles as large as 9.5µm and is therefore 

missing the contribution of larger particles. However, particle count declined steeply after 

9.5 µm, and ingestion as measured by POC and chlorophyll a provided similar results to 

volumetric ingestion estimations (Supplemental Supplemental Figure 4.10). Differences in 

the internal states of the naturally occurring populations of M. edulis may have also 

contributed to differences in ingestion rates. Condition index varied significantly between 

populations in the transplant experiment (Supplemental Supplemental Figure 4.11), 

indicating physiological states may have been variable. As this experiment was conducted 

in the spring, it is possible that spawning may have recently occurred, potentially 

introducing a physiological stress (Worrall & Widdows 1983). Further, although 

differences in ingestion were observed in this study, constant energy uptake may have been 

maintained through internal changes in digestion such as gut passage time, and absorption 

efficiency (Navarro & Winter 1982). Another restraint on the explanation of constant 

energy uptake is the use of natural seston as a food source. While natural seston allows for 

the examination of ingestion under natural conditions, it is possible that the gradient of 

food quantity and quality was not large enough to allow for compensatory mechanisms in 

feeding. Although different ingestion rates were observed between populations of M. 

edulis, it could not be determined if differences are driven by the internal state, 

environmental conditions, or local adaptation. 

 

4.5.3 Using Transplant Experiments to Explore Plasticity and Adaptation  

 

 To understand if the observed differences in CE and ingestion were driven by 

short- or long-term responses to environmental conditions, mussels were reciprocally 

transplanted along the Hardangerfjord in experiment 2. After the three-week acclimation 

period in experiment 2, CE was determined by transplant location, and contrastingly 

pumping and ingestion rates seem more closely linked to the origin location. Previous 

transplant experiments with bivalves suggest a gradient of acclimation by traits, species, 

and acclimation time. Navarro et al. (2003) conducted a transplant experiment using 



 94 

Mulinia edulis and Mytilus chilensis between intertidal and subtidal zones. After 7 days of 

being exposed to the new environment, and different diets, total ingestion rates showed a 

higher degree of acclimation than clearance rates for both species. Longer acclimation 

periods (63 days, Mytilus chilensis) of a transplant experiment found that origin site still 

had a significant effect on clearance and ingestion rates (Osores et al. 2017). Other 

transplant experiments have focused on overall energy acquisition. Labarta et al. (1997) 

transplanted intertidal and raft cultivated Mytilus galloprovincialis to a laboratory setting 

and determined scope for growth of both populations. After 15 days, both populations of 

mussels had increased clearance and ingestion rates. However, higher scope for growth 

was maintained in the cultivated mussels through higher absorption efficiencies. Results 

from these studies highlight the complex relationships between acclimation time and 

feeding physiology in bivalves. This experiment supports the notion that different 

components of feeding in bivalves respond to environmental change over different 

timeframes. Here, CE changed more quickly than pumping or overall ingestion rates.  

As primarily sessile organisms that grow in diverse environments, M. edulis are a 

good model species to explore plastic and adaptive traits. Changes in CE within a 

population of M. edulis were observed in this study, suggesting that CE is not an adapted 

trait in this location. However, as changes in CE in this study cannot be determined to be 

driven by either physiological control or changes in seston characteristics, it is not clear if 

this is a plastic response. When mussels were transplanted, pumping and ingestion rates 

were determined both by origin and transplant destination. This indicates that a longer 

acclimation time may be required to observe a plastic response, or that these traits may be 

locally adapted. As not all traits in organisms are plastic, it has been hypothesized that the 

limitations imposed on plasticity are a trade-off between succeeding in a variable 

environment, and the cost of phenotypic plasticity (Murren et al. 2015). Limitations of 

plasticity may be driven by underlying processes, for example, changes in protein induction 

and metabolic rate (Osores et al. 2017, Byrne et al. 2020). Adaptive responses may more 

commonly be used in response to slower rates of change, that do not exceed levels natural 

variability in the environment (Boyd et al. 2016). Understanding plastic and adaptive traits 

of feeding physiology in bivalves is key to a mechanistic understanding of growth in 

different environmental conditions.  
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4.5.4 Conclusions and Future Directions 

 

Findings from this study indicate that for M. edulis short-term changes are 

observable in CE; however, limited inferences can be made about what may have been 

driving these changes. To expand upon these findings, future studies should consider 

analyses of seston composition and physicochemical properties, transplants across larger 

environmental gradients, and genetic analysis of bivalve populations. Several aspects of 

seston composition have been previously shown to influence CE in laboratory experiments 

(e.g., hydrophobicity (Rosa et al. 2017b), lectin-carbohydrate interactions (Pales Espinosa 

et al. 2009), fluorescence (Yahel et al. 2009)). Future in situ experiments should consider 

measuring these seston properties to determine drivers of CE change using natural 

seawater. Beyond analysis of seston composition, transplant experiments across larger 

environmental gradients would provide further information on plasticity of feeding. 

Although the use of natural seston is imperative to understanding feeding physiology, it 

also limits control over differences in environmental conditions. Larger differences in food 

quality and quantity may be required to observe acclimation in pumping and ingestion 

rates. Finally, genetic analysis of transplanted mussels would permit exploration of 

population distribution and levels of genetic mixing in natural populations. Short-term 

changes in feeding physiology of M. edulis were observed in this study, and future research 

should consider both the drivers and limits of these changes.  

This study demonstrated that feeding physiology, measured as CE, pumping rate, 

and ingestion rate were variable both between populations of M. edulis and within 

populations along a fjord. This study is the first-time CE has been measured in a transplant 

experiment with M. edulis. These findings further corroborate that CE of small particles 

can change in M. edulis, and that full CE does not occur at 4 µm for all individuals. Overall, 

ingestion rates differed both between populations, and changed within populations over 

time. Understanding the limits of acclimation and plasticity of feeding physiology is 

increasingly relevant for widely distributed species in a changing climate. Although 

environmental conditions may change quickly, responses may happen slowly, and vary for 

individual processes. The accurate characterization of CE and pumping rate are necessary 
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to measure ingestion in bivalve filter feeders. Having a mechanistic understanding of 

ingestion in filter-feeding bivalves is necessary to fully understand how bivalves acquire 

energy, and how that information can be used to better predict individual growth and 

species distribution. 

4.6 SUPPLEMENTAL MATERIAL 

 

 

 

Supplemental Figure 4.10 Ingestion rates for experiment 1 (A) and 2 (B) calculated using 

particulate organic carbon (mgh-1mm-2) and chlorophyll a. Letters denote statistical 

significance at p<0.05. 
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Supplemental Figure 4.11 Biological measurements of mussels from experiment 1 and 2: 

(A) condition index experiment 1 (excluding Åfjord sites) (B) condition index experiment 

2 (C) dry weight (g) experiment 1 (excluding Åfjord sites) (D) dry weight (g) experiment 

2 (E) length (mm) experiment 1 (F) length (mm) experiment 2 (G) gill area (mm2) 

experiment 1. Letters denote statistical significance at p<0.05. 
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CHAPTER 5 INTRA- AND INTERINDIVIDUAL 

RESPONSES OF FEEDING AND 

INGESTION RATES IN M. EDULIS TO 

NATURAL DIETS  

 

5.1 ABSTRACT 

The feeding activity of bivalves is understood to change in response to a suite of 

environmental conditions including food quantity and quality. It has previously been 

hypothesized that by varying feeding rates in response to changes in the available diet, 

bivalves may be able to maintain relatively constant ingestion rates, allowing them to have 

constant energy uptake despite changes in food availability.  The purpose of this study was 

to use a novel methodology to measure the feeding rate of M. edulis with high temporal 

resolution (every 20-60 minutes) to determine both the levels of inter- and intra-individual 

variability in feeding rates, and the relationship between feeding rate and food availability. 

Three four-day experiments were conducted to measure pumping and ingestion rates in 

response to fluctuations in seston and chlorophyll a concentrations using natural seawater. 

Experiments were conducted in dock-side experiments over the spring season (April-June). 

Physiological rates were measured using a novel methodology with high temporal 

resolution, (every 20-60 minutes) while mussels (n=10) were held in a flow-through 

system. This high temporal resolution of pumping and ingestion rate measurements 

permitted the observation of both intra- and interindividual variability of feeding rates. 

Results show both intra- and interindividual variability in feeding rates, with pumping rates 

varying within individuals over 4-days, and some individuals pumping on average at high 

rates (~5 Lh-1 individual-1) and some at low (~1 Lh-1 individual-1), despite being held in 

similar conditions. Further, experiment population-level pumping rate was generally not 
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related to changes in food availability (fluorescence concentration, µgL-1), and instead 

population-level ingestion rates were driven by food availability. These results suggest that 

for this population of M. edulis, feeding rates may not vary with the available diet to 

produce constant energy uptake over time.  

 

5.2 INTRODUCTION   

Suspension-feeding marine bivalves play important ecological roles by filtering 

plankton and detritus that are suspended in the water column, and subsequently producing 

faeces and pseudofaeces that sink to the ocean floor. This top-down control on planktonic 

communities, as well as bottom-up control from bivalve excretion, can affect planktonic 

community structure and functioning (Prins et al. 1998, Newell 2004, Trottet et al. 2008). 

Concomitantly, the quantity and quality of food (seston) available to suspension-feeding 

bivalves affects their performance in terms of growth and survival (Smaal et al. 1986, 

2013). Many coastal marine environments are characterized by large fluctuations in seston 

composition and concentration, over both long (seasonal) and short (diel) timeframes 

(Bratbak et al. 2011).Understanding the relationships between food availability and bivalve 

feeding behaviour is crucial to predicting both bivalve growth, and bivalve-ecosystem 

interactions.  

Suspension-feeding bivalves have several mechanisms by which the quantity and 

composition of ingested food can be regulated. Pumping rate, the volume of water moved 

over the gills per unit time (PR) is a metric of feeding activity and may change by several 

litres/hour in an individual exposed to diets of differing concentration and composition 

(Foster-Smith 1975, Shumway et al. 1985, Velasco & Navarro 2002). Generally, the 

initiation of pumping is triggered when food concentration surpasses a minimum threshold 

level, which may vary both  by species and population (Foster-Smith 1975, Bayne et al. 

1993, Smaal et al. 1997, Strohmeier et al. 2009) As food levels continue to increase beyond 

the minimum threshold, PR may remain at a constant maximum, or increase with food 

concentration (Foster-Smith 1975, Riisgard 1991, Clausen & Riisgård 1996, Hawkins et 

al. 1996). When food levels become very high,  PR may decline or become intermittent to 

avoid overloading the gills (Navarro et al. 1992, Velasco & Navarro 2005) or the digestive 
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system (Willows 1992, Rueda & Smaal 2002), suggesting that the maximum ingestion rate 

has been reached. Bivalves may also regulate ingestion rates through the rejection of 

pseudofaces, a process which is usually not observed in low seston environments (< ~ 2.5-

5 mgL-1) (Widdows et al. 1979). Although bivalve PR in response to diets of varying 

composition has been extensively studied, a mechanistic understanding of this process is 

still relatively unknown (Jøsrgensen 1996, Riisgård et al. 2011). 

For primarily sessile species exposed to high levels of variation in the available 

diet, the ability to regulate the amount and quality of ingested food, through the processes 

described above, is an important mechanism in energy acquisition in bivalves. Although 

bivalves are exposed to frequently changing diets, these pre-ingestive mechanisms may 

help to maintain a relatively stable ingestion rate (IR) over time (Winter 1976). In the 

absence of pseudofaeces production, IR may be estimated as a function of PR and food 

concentration. For situations when food concentration is increasing and PR is decreasing, 

a relatively stable IR may be observed  (Navarro & Winter 1982, Navarro & Widdows 

1997). It has been theorized that this relationship between PR and food availability that can 

produce stable IRs may also contribute to constant energy uptake by bivalves in a 

fluctuating food environment (Winter 1976). In bivalves, the relationship between IR and 

food concentration is often modelled using Holling functional responses, which describe 

the relationship between prey density and predator consumption rates (Holling 1966, 

Picoche et al. 2014, Montalto et al. 2017). Holling functional responses may describe a 

linear increase (Type I) or asymptotic increases (Type II and III) in consumption rate with 

increasing prey density. The ability to accurately predict bivalve IRs in variable 

environmental conditions is a foundational step in predicting how bivalves acquire energy 

for growth.  

The goal of this study was to examine the levels of intra- and inter-individual 

variability in PR and IR, and to explore the relationships between PR and IR in response 

to fluctuations in natural diets. Often, the relationships between feeding, ingestion, and the 

food environment are studied using artificial diets (or natural seawater supplemented with 

artificial diets) in laboratory experiments (Bayne et al. 1993, Strohmeier et al. 2009, 

Vajedsamiei et al. 2021). However, experiments with natural diets are needed to understand 

the physiological responses of bivalves to the complexities of naturally occurring 
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planktonic communities. Further, the current knowledge on the physiological responses in 

feeding activity to variability in diet comes primarily from environments with high seston 

concentration (> 4µgL-1), either in laboratory studies, or in sites where bivalves are 

cultivated (Prins et al. 1998, Figueiras et al. 2002). However, many bivalves reside in 

environments that usually have lower seston concentrations, which become more 

commonly used for aquaculture farms due to space limitations in high seston environments.  

Metrics of feeding and ingestion rates are often reported as an average of a group (e.g., one 

measurement on each individual), or by taking repeated measurements on the same 

individuals over the course of several hours (Cranford & Grant 1990, Velasco & Navarro 

2005). These studies may overlook the short-term fluctuations in PR that can be captured 

with methodologies that allow high-frequency physiological measurements (e.g., 

Vajedsamiei et al. 2021). This study uses a novel methodology to estimate feeding and 

ingestion rates of M. edulis with a high temporal resolution (every 18 minutes, for 4 days), 

using natural seawater under flow-through conditions. As seston concentration may change 

over the course of hours and days, this study aims to capture the functional feeding response 

of M. edulis over short timescales. M. edulis was selected as a model species as it is widely 

distributed, commercially important, and its feeding behaviour has been extensively 

studied. It was hypothesized that as the concentration and composition of the seston varied, 

M. edulis would vary PR to maintain constant IRs, above a minimum threshold of food 

concentration, following Winter (1976).  

5.3 METHODS   

5.3.1 Experimental design 

 

Three independent 4-day experiments were conducted to measure Mytilus edulis 

pumping rates (PR), ingestion rates (IR), and environmental conditions (Table 5.1). 

Dockside experiments were conducted in the spring of 2019 and 2020 in Austevoll, 

Norway at the Institute of Marine Research station (60°05'12.9"N 5°15'51.5"E) 

Experiment 1 and 2 (Exp. 1, 2) were conducted in May and June of 2019, respectively. 

Experiment 3 (Exp. 3) was conducted in April of 2020. Blue mussels (M. edulis) (30-

60mm) were collected from a local population and held at 3m depth from a dock at the 
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research station in hanging lantern nets for acclimation prior to all experiments. M. edulis 

were collected in February of 2019 (Exp 1. and 2.), and February 2020 (Exp. 3). All 

experiments used the same experimental set-up, in the same location. At least 24h prior to 

each experiment, 10 experimental mussels were removed from the lantern, cleared of 

epibionts, and measured for shell length. Mussels were then placed in individual flow-

through chambers (See Strohmeier et al. 2009 for chamber design). The individual 

chambers were designed to ensure direct flow of water over the mussels and to avoid 

recirculation, preventing refiltration (Palmer and Williams 1980). The size of the 

rectangular chambers (internal measurements) are as follows: width of 3.8 cm, a length of 

19.5 cm and a height of 8.1 cm. Two chambers had water flowing through them with no 

mussels, to serve as controls.  

 

 

Table 5.1 Summary of environmental and M. edulis physiology data from all experiments. 

Values represent mean for environmental data and median for physiological data. ± 

indicates standard deviation, and the coefficient of variation (%) is shown in parentheses. 

 

 
Exp.1 Exp. 2  Exp. 3 

Dates May 07 – 11 June 04 – 08   April 06-13 

Temperature (°C) 8.31 ± 0.16 (2) 10.51 ± 0.63 (6)  6.85 ± 0.14 (2) 

Fluorescence (µg L-1) 0.67 ± 0.44 (66) 1.47 ± 0.47 (32)  2.99 ± 0.89 

(30) 

Suspended particulate matter 

(mg L-1) 

1.68 ± 0.31 (18) 2.64 ± 0.52 (20) 1.92 ± 0.57 

(30) 

Energy (J L-1) 5.83 ± 1.74 (30) 11.00 ± 2.83 (26) 9.00 ± 1.87 

(21) 

Shell length (mm) 55.9 ± 1.6 (3) 59.5 ± 1.4 (2)  35.0 ± 2.5 (7) 

Median pumping rate (L h-1) 2.0 ± 0.7 (35) 3.2 ± 0.4 (13)  3.1 ± 1.1 (35)  

Median ingestion rate (µg h-1) 0.8 ± 1.2 (150) 4.4 ± 2.3 (52)  8.9 ± 4.1 (46)  
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Ambient, unfiltered seawater was pumped using an air pump (PlusAir: PA.15FVT) 

directly from the dock where mussels were being held to a water reservoir (600 L). From 

the water reservoir, seawater was gravity fed to a header tank located directly above the 

individual flow-through chambers. From the header tank, water was flowed through 12 

individual chambers. Following (Filgueira et al. 2006) and Strohmeier et al. (2009), flow-

rates were regulated to aim for 20-30% particle depletion of particles that are completely 

captured by mussels. Flow-rate through each chamber was measured a minimum of 4 times 

per day, and flow-rates were corrected as needed. 

 

5.3.2  Water quality measurements 

 

Water temperature (°C) and fluorescence (µgL-1) measurements were taken every 

30 minutes in the experimental water reservoir using a CTD (SAIV A/S Model 204). Water 

from the header tank was also filtered for suspended particulate matter (SPM; mgL-1) and 

energy density (JL-1). To do this, water filtered from a pressurized tank through pre-

combusted and washed 1.2 μm 90mm filters (Whatman GF/D 2.0 µm pore width). 

Volumes filtered varied between 30-50L, depending on filtration rate. The timing of SPM 

and energy density measurements was similar for Exp. 1 and 2 and changed for Exp. 3 due 

to availability of filters. For Exp. 1 and 2, water from the header tank was filtered for SPM 

and energy density measurements once every 12h, with six replicates for each 

measurement. For Exp. 3, SPM and energy density were measured before and after the 

experiment (April 2 and 20, 2020) in replicates of 10 and 5, respectively. All filters were 

rinsed twice with 50mL of 0.5M ammonium formate to remove any salts and kept frozen 

until analyzed. To measure SPM concentration, filters were dried in a 60℃ oven until 

weights were stable. Energy density measurements were estimated from filters as outlined 

in Strohmeier et al. in prep, using a bomb calorimeter (BC, IKA model C6000). Filters 

were dried at 60℃ until stable weights were recorded, after which 500 mg of combustion 

aid (paraffin oil) was added to the filters to aid with complete combustion. Filters were 

combusted, and the measurement of temperature change (to the nearest 0.0001 K) was used 

to estimate energy density (JL-1). Energy produced by the combustion aid and filter itself 
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were subtracted from overall energy density to report values of energy from the water 

column only.  

 

5.3.3 Mussel physiology measurements  

 

 Feeding activity of M. edulis was measured as both PR and IR using the flow-

through method (Palmer & Williams 1980, Filgueira et al. 2006, Strohmeier et al. 2009). 

This method relies on the accurate characterization of particles in the outflow of flow-

through chambers (both from those containing a mussel, and empty control chambers). In 

this experiment, the outflow of each chamber was connected to a normally closed solenoid 

valve. When a valve was closed, the outflow from that chamber would be directed to a 

drain. When opened, the outflow from that chamber was directed to an electronic laser 

particle counter (PAMAS S4031GO, GmbH), through silicone tubing. The solenoid valves 

from each individual chamber were opened sequentially, to ensure that the outflow from 

only one chamber at a time was delivered to the PAMAS. Solenoid valves were controlled 

by an Arduino Nano (3.X) connected to a relay board. The outflow of each chamber was 

sampled by the PAMAS for 60 seconds (volumetric equivalent of 10mL), and then the 

particle counter was flushed for 30 seconds with the outflow of the following chamber 

before the next sample was recorded. This flushing period was employed to clean the 

PAMAS between samples. For Exp. 1 and 2, PR and IR measurements were taken on each 

individual and control every 18 minutes, and for Exp. 3 measurements were taken on each 

individual every hour.  

The PAMAS estimates particle size as equivalent spherical diameter (ESD, µm), 

and uses light scattering to count particles by size class at predefined intervals (0.5 µm in 

this study). From the estimates of particle counts for distinct size classes, both PR and IR 

were estimated. Pumping rate was estimated as: 

 

        

 
𝑃𝑅 = (

𝑃𝑐 −  𝑃𝑏

𝑃𝑐
) × 𝐹𝑅 

5.1 
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Where PR is pumping rate (Lh-1), Pc is the count of particles exiting the control chamber, 

and Pb is the number of particles exiting the experimental chamber containing a bivalve, 

and FR is flow-rate through the chamber (Lh-1) (Strohmeier et al. 2015). Pc and Pb were 

calculated using only particles understood to be completely captured on the gills (7.25, 

7.75, and 8.25 µm ESD) (Steeves et al. 2022 in press). Three size classes were used to 

minimize the potential error from a single particle size count. Although larger particles 

(>8.25 µm ESD) are also expected to be completely captured, the abundance of these 

particles in the natural seston was low and were excluded to avoid introducing error into 

the calculation of PR. Chambers were monitored for pseudofaeces production during all 

experiments, and none was observed at any time.  

Pumping rates of individual mussels were standardized to gill area following 

(Steeves et al. 2020): 

                                                   

 
𝑃𝑅𝑠𝑡𝑑 = 𝑃𝑅 × (

𝐺𝐴𝑠𝑡𝑑

𝐺𝐴𝑖𝑛𝑑
) 

5.2 

 

 

Where PRstd is the standardized PR, GAstd is the gill area for the averaged size mussel from 

all experiments (46 mm, 22.38 cm2) and GAind is the gill area for the individual mussel 

being standardized. Gill area was measured for all mussels in Exp. 1 and 2. Mussels were 

dissected by severing the anterior and posterior adductor muscles with a scalpel and 

separating both shell halves. In one half shell, gills were exposed by removing inner organs 

and mantel (Sunde 2013). The gills were then floated in seawater to avoid contraction, and 

a photograph was taken from a top-down view. The area of one gill was then measured in 

ImageJ (v. 1.52 f), and multiplied by 8 (accounting for 4 gills, with 2 sides each), resulting 

in a total gill area of cm2. For Exp. 3, no gill area pictures were taken, and gill area estimates 

were made from shell length following the relationship between length and gill area 

previously established for the same population of mussels: Gill Area [cm2] = 0.0004 x 

length [mm]2.85, r2 = 0.79, n = 27 (Steeves et al. 2020). 

PRstd measurements were subsequently corrected for variations in temperature 

using an Arrhenius function (Kooijman 2010): 
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𝑃𝑅(𝑇)𝑠𝑡𝑑 =  𝑃𝑅1  × exp (

𝑇𝐴

𝑇𝐴𝐿
−

𝑇𝐴

𝑇
) ×

𝑠(𝑇)

𝑠(𝑇1)
 

 

𝑠(𝑇) =  (1 + exp (
𝑇𝐴𝐿

𝑇
−  

𝑇𝐴𝐿

𝑇𝐿
) + exp (

𝑇𝐴𝐻

𝑇𝐻
−  

𝑇𝐴𝐻

𝑇
))−1 

 

5.3 

 

 

Where PR(T)std is the PRstd corrected to temperature T, T is the absolute temperature 

(218.15K or 8°C), T1 is the reference temperature (K), PR1 is the uncorrected PR at T1, TA 

is the Arrhenius temperature (5800K), and TAL (45430K) and TAH (31376K) are the rates 

of PR decrease at the lower and upper temperature boundaries, respectively. TL (275K) and 

TH (296K) are the upper and lower temperature tolerance range, respectively. All Arrhenius 

parameters were obtained from van der Veer et al. (2006).  

Ingestion rate was estimated from both PR and F values from the CTD as: 

 

 𝐼𝑅 = 𝑃𝑅(𝑇)𝑠𝑡𝑑 × 𝐹 5.4 

 

                                                           

Where IR is ingestion rate (µgh-1) calculated using PR standardized to both gill area and 

temperature, and F is fluorescence (proxy for chlorophyll a) in µgL-1. This calculation of 

IR is valid for conditions in which there is no production of pseudofaeces. 

 

5.3.4 Statistical Analyses  

 

 All statistical analyses were performed in R version 3.6.2 (RStudio version 

1.4.1717). For periods during experiments where two control measurements were not 

reliably collected (e.g., if water was not sufficiently sampled from the outflow of the 

control chamber and air was introduced into the PAMAS, artificially reducing particle 

counts), all PR data were removed. If PR values for an individual mussel were 

unreasonably high (e.g., Pb counts ~0) it was assumed that no outflow water was being 

sampled by the PAMAS and PR data for that individual was removed. For one sampling 
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period (Exp. 1 and 2: 18 minutes, Exp.3: 1 hour) if fewer than 6 mussels were successfully 

sampled, all data were removed. Due to limitations in the precision of the particle counter, 

if PR(T)std was <0.2 Lh-1
, values were considered indistinguishable from 0 and the data 

were replaced with 0 but included in the data set.  

 Within each experiment, median PR, IR, and chlorophyll a concentration 

(fluorescence) was visualized by fitting a locally estimated scatterplot smoothing (LOESS) 

regression (Cleveland & Devlin 1988). For this regression, low-degree polynomials are fit 

to subsets of the data using weighted least squares. The size of the subsets of the data are 

determined using a smoothing parameter (α), which is a fraction of the number of 

datapoints. In this study, α =0.1, resulting in low-degree polynomials being fit to the data 

every ~10h. For the LOESS regression, PR, IR and chlorophyll a datasets were interpolated 

with a linear function.  

5.4 RESULTS 

5.4.1 Environmental Conditions 

 

 Environmental conditions varied between all experiments from April to June 

following a seasonal trend (Table 5.1). Mean temperature values ranged between 6.9 and 

10.5 ℃, with values being lowest in April (Exp. 3) and highest in June (Exp. 2). Mean 

chlorophyll a  concentrations varied from 0.7 (Exp. 1) to 3.0 µgL-1 (Exp. 3; Table 5.1). 

Suspended particulate matter (mgL-1), and energy density (JL-1) had similar trends with 

lowest values in Exp. 1 (1.7 and 5.8, respectively) and highest values in Exp. 2 (2.6 and 

11.0, respectively; Table 5.1).  

 

5.4.2 Pumping Rate 

 

 M. edulis in Exp. 1 had the lowest median population-level PR (2.0Lh-1), with values 

ranging between 0.1 and 3.6Lh-1 (Table 5.1, Figure 5.1A). Notably, the population median 

PR was lowest between May 9 and 10 (Figure 5.1A). To further examine the variability in 

the population PR, examples of mussels with mussels high and low interquartile range 

(IQR) in PR were analyzed (Figure 5.1B). At the same point in time, the PR between two 
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mussels varied as much as ~3Lh-1, which was particularly noticeable at the end of the 

experiment (May 11) (Figure 1B). Although both mussels periodically stopped pumping 

(PR=0), the timing and frequency of closures varied between individuals (Figure 5.1B). 

Additionally, some individuals had relatively stable PRs compared to others (Figure 5.1C), 

with the coefficient of variation in PR ranging from 28 to 162%. Overall, some individuals 

pumped at higher rates than others, with average PRs ranging from 0.8 to 2.8Lh-1 (Figure 

5.1C). Further, the degree of variability in PR, as shown by interquartile range in Figure 

5.1C, was different between individuals.  
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Figure 5.1 Summary of pumping rate (PR) (Lh-1) data from Exp.1: A. Median PR of all 

individuals ± SD over 4 days; B. Individual PR of two mussels with lowest (blue) and 

highest (red) interquartile range in PR; C. Boxplots of PR of each individual averaged for 

the entire duration of Exp. 1.  
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 M. edulis in Exp. 2 had the highest population-level median PR (3.2Lh-1), which was 

also the most stable of all experiments, ranging between 1.2 and 4.0Lh-1 (Table 5.1, Figure 

5.2A). In Exp. 2, one individual was excluded from the population median PR calculation, 

as PR was often not distinguishable from zero (Figure 5.2C, indicated with an asterisk). In 

general, there was no extended period of time (e.g., days) over which the median 

population PR was generally higher or lower (Figure 5.2A). In examining the PR of the 

individuals with high and low IQR in PR (Figure 5.2B), it was observed that the individual 

with the low IQR had a highly stable PR over 4 days. This mussel pumped consistently at 

an intermediate rate of ~ 3Lh-1, with few interruptions, until the end of the experiment. 

Contrastingly, the individual with the high IQR showed generally high PRs for the first 3 

days of the experiment (~5Lh-1), and low around the 4th day (~2Lh-1). This mussel abruptly 

stopped pumping several times during the first two days of the experiment for short periods 

of time, before returning to a relatively high PR (~4 Lh-1) (Figure 5.2). Towards the end of 

the experiment, this mussel had more gradual changes in PR, occurring over the course of 

several hours. Similar to Exp. 1, at a single point in time there was at times a ~3 Lh-1 

difference in PR between two individuals (Figure 5.2B). Variability in PR within 

individuals was generally lower than Exp. 1, with coefficient of variation in PR ranging 

from 11 to 91% (Figure 5.2C). Some individuals pumped at higher rates than others, with 

average PRs for each individual ranging from 2.0 to 3.7Lh-1 (Figure 5.2C).  
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Figure 5.2 Summary of pumping rate (PR) (Lh-1) data from Exp.2: A. Median PR of all 

individuals ± SD over 4 days; B. Individual PR of two mussels with low (blue) and high 

(red) interquartile range in PR; C. Boxplots of PR of each individual from the entire 

duration of Exp. 2. 
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 M. edulis in Exp. 3 had a similar median population-level PR to Exp. 2 (3.1Lh-1); 

however, the variability in PR was markedly higher than the first two experiments, both 

between and within individuals (Table 5.1, Figure 5.3A). The median population PR 

ranged from 1.0 to 7.5Lh-1 (Figure 5.3A). Similar to Exp. 2, there was no extended periods 

of high or low median population PRs, but PRs were generally variable over the 4 days. 

When examining the individuals with high and low IQR in PR, there was a marked 

difference between their PRs during the experiment. Although there were three mussels 

with lower IQR in PR (Figure 5.3C), the fourth lowest individual was selected to highlight 

in Figure 5.3B as this individual had a more complete PR dataset during the experiment. 

The mussel with the low IQR in PR pumped at low rates over the course of the experiment 

(1.3 ± 0.9Lh-1), compared to the mussel with the highest IQR in PR (6.1 ± 2.4Lh-1) (Figure 

5.3B, C). The high level of variability in the mussel pumping at 6.1 Lh-1 was driven by a 

decrease in PR over the last several days of the experiment (Figure 5.3B). Further, at a 

single point in time there was a difference ~7 Lh-1 in PR between two individuals (Figure 

5.3B). Variability in PR within individuals was generally lower than Exp. 1, with 

coefficient of variation in PR ranging from 31 to 135% (Figure 5.3C). Similar to the first 

two experiments, some individuals pumped at higher rates than others, with average PRs 

ranging from 0.5 to 6.1Lh-1 (Figure 5.3C).  
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Figure 5.3 Summary of pumping rate (PR) (Lh-1) data from Exp.3: A. Median PR of all 

individuals ± SD over 4 days; B. Individual PR of two mussels with low (blue) and high 

(red) interquartile range in PR C. Although the mussel wit the low interquartile range (blue) 

in PR is not the lowest, it did have a more complete PR dataset and was selected for 

visualization purposes. Boxplots of PR of each individual from the entire duration of Exp. 

3. 
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5.4.3 Ingestion Rate 

 

 In Exp. 1, the population-level median IRs of M. edulis were the lowest of all 

experiments (0.8 µgh-1) (Table 5.1, Figure 5.4A). Ingestion rate in Exp. 1 closely followed 

the pattern of median PR over time, with low rates between May 9 and 10, and rising on 

May 11, matching the increase in PR (Figure 5.4A). The variability in population IR was 

highest in Exp.1, with a coefficient of variation of 85%; however, the range was lowest 

(4.3 µgh-1) (Table 5.1, Figure 5.4A). Exp. 2 had the second highest population level median 

IR (4.4 µgh-1), lowest variability (coefficient of variation: 36%), and doubled the range of 

Exp. 1 (8.8 µgh-1) (Table 5.1, Figure 5.4A). In Exp. 2, IR more closely followed the trend 

of fluorescence compared to PR over time, with a marked decrease in IR at the end of June 

6, and an increase early on June 7, matching the pattern of fluorescence (Figure 5.4B). In 

Exp. 3, population level median IR was the highest (8.9 µgh-1), the second most variable 

(coefficient of variation: 45%) and had the highest range (17.4 µgh-1) (Table 5.1, Figure 

5.4C). Additionally, IR did not follow the pattern of either PR or fluorescence for the entire 

duration of the experiment (Figure 5.4C). Between April 8-9, IR closely followed the 

fluctuating pattern of PR; however, during the beginning and end of the experiment, IR 

closely followed the patterns in fluorescence (Figure 5.4C).  
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Figure 5.4 Pumping rate (PR) (Lh-1) (black), chlorophyll a (F) (µgL-1) (green), and 

ingestion rate (IR) (µgh-1) (gray) for A. Exp. 1, B. Exp. 2. C. Exp. 3. The gray shaded 

area is the standard deviation for IR. 

 

5.4.4 Functional responses to food availability  

 

To examine the relationships between PR, IR, and food availability (chlorophyll a), 

the population-level results from all experiments were combined (Figure 5.5). When 

considering the population level response in PR to chlorophyll a in all the experiments, no 

consistent trends were observed (Figure 5.5A). PR generally did not increase with 

increasing chlorophyll a; however, interindividual variability in PR increased at higher 

fluorescence levels (>2µgL-1) (Figure 5.5A).  For all experiments, population-level IR 
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generally increased with increasing fluorescence (Figure 5.5B). At low concentrations of 

chlorophyll a (<2 µgL-1), IR increases were highly linear with chlorophyll a; however, as 

chlorophyll a concentration increased beyond 2 µgL-1, the increase in IR became less linear 

(Figure 5.5B). Further, interindividual variability in IR increased in each subsequent 

experiment with increasing concentrations of chlorophyll a (particularly when chlorophyll 

a was >2 µgL-1) (Figure 5.5B). The relationship between IR and increasing chlorophyll a 

was visualized with Holling functional responses (Type I, II, and III) to illustrate the 

potential response in IR being either linear or asymptotic. 

 

 

 

 

 



 117 

 

 

Figure 5.5 Relationships between (A) pumping rate (PR) (Lh-1) and (B) ingestion rate 

(IR) (µgh-1) and chlorophyll a (µgL-1) for all experiments. Drawn lines on (B) represent 

Holling functional responses (Type I, II, and III, solid, dashed, and dotted, respectively) 

to indicate potential relationships between chlorophyll a and IR. 

5.5 DISCUSSION  

 This study used a novel flow-through methodology to measure feeding (pumping and 

ingestion rates) in M. edulis in response to natural fluctuations in diet. Although it has 

previously been hypothesized that bivalves alter pumping rates to maintain relatively 

constant ingestion rates, these compensatory processes were not observed in this study. 

Pumping rates displayed no consistent response to changes in food availability, as 

measured by chlorophyll a. Subsequently, ingestion rate generally increased with 
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increasing food availability. The high frequency of pumping and ingestion rate calculation 

made in this study permitted the exploration of both intra- and interindividual variability 

on a much finer temporal scale (minutes) compared to previous studies (hours/days/weeks). 

High levels of variability in pumping and ingestion rates were observed both between and 

within individuals during these 4-day experiments.  

 

5.5.1 Feeding activity in response to natural fluctuations in diet  

 

The range of PRs recorded in this experiment (mean ± standard deviation: 3.0 ± 1.8 

Lh-1) are similar to those reported for M. edulis in similar environmental conditions 

(Strohmeier et al. 2009, 2012, Cranford et al. 2016, Steeves et al. 2020b). Food 

concentration (or diet quantity) was characterized by chlorophyll a concentration and 

increased with each subsequent experiment from ~1 to ~3 µgL-1, which is within the range 

of values commonly reported during spring in this region (Erga 1989, Frette et al. 2004, 

Strohmeier et al. 2015). In all experiments, PR generally was not related to changes in food 

concentration. Food concentration is understood to be a primary determinant of feeding 

rates in bivalves, where feeding is initiated at a minimum food concentration and continues 

to increase to a maximum rate as food concentration increases (Bayne et al., 1993); finally, 

at food levels above a saturation threshold, feeding rates often decline, to avoid overloading 

the gills, or because maximum ingestion rate may have been reached (Filgueira et al., 2009; 

Navarro et al., 1992). Although a cessation in PR of mussels has been observed at low food 

concentrations (<0.5 µg L-1, Pascoe et al., 2009), a previous study on the same population 

of M. edulis used in this study observed PRs between 2.5-4.7 Lh-1 at very low chlorophyll 

a concentrations (0.1-0.6 µgL-1) (Strohmeier et al. 2009). Further, a decline in PR was not 

expected as food concentrations (< 3µgL-1) did not reach the saturation threshold expected 

to trigger a reduction in feeding rates (Filgueira et al. 2009, Riisgård et al. 2011). Therefore, 

the lack of relationship between population-level PR and chlorophyll a in any of the 4-day 

experiments is not unexpected for the low levels of fluorescence observed in this study. 

 In this population of M. edulis, relatively stable PRs have also been observed 

despite changes in a diet of similar quantities (chlorophyll a concentration) (Strohmeier et 

al., 2009). It is possible that the lack of relationship between PR and chlorophyll a observed 
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in this experiment indicates that for individuals adapted to maximize ingestion rates in low 

seston environments, PR is initiated at very low food concentration, and remains high as 

food concentration increases (Strohmeier et al. 2009). Bivalves inhabiting low-seston 

environments have often been observed to have very high feeding rates in field studies 

(Hawkins et al. 1998, Pouvreau et al. 1999, 2000, Strohmeier et al. 2009).  At chlorophyll 

a levels much higher than those observed in this study (> 3 µgL-1) PR of M. edulis may 

decline; however, these conditions are not frequent in this region (Erga 1989, Frette et al. 

2004, Strohmeier et al. 2015). It has previously been recognized by Cranford et al. (2011) 

that the strategy of bivalves to regulate the amount of ingested material may vary by 

species, wherein M. edulis has often been observed to regulate ingestion through 

pseudofaeces production, while continuing to pump at high rates (Foster-Smith 1975, 

Smaal et al. 1997, Hawkins et al. 1998). As the range in diet observed in this study 

remained under the threshold for the production of pseudofaeces, it is likely that the 

mussels were continuing to pump at high rates. The lack of relationship between PR and 

chlorophyll a levels observed in this experiment may also indicate that for short-term 

fluctuations in diet quantity, a physiological response in PR may not be elicited. This “time-

averaged” behaviour may be an explanation for why PRs do not change in response to diet 

changes that only last on the scale of minutes to hours (Cranford et al. 2011).   

 Aspects of diet composition (or diet quality) that may affect feeding rates include 

seston load, and fraction of non-digestible inorganic material (Filgueira et al., 2010; 

Hawkins et al., 1999; Iglesias et al., 1992; Montalto et al., 2017; Rueda and Smaal, 2002). 

By characterizing the diet using chlorophyll a, some qualitative aspects of the diet known 

to influence PR may not be captured (Velasco & Navarro 2002, 2005). Although 

chlorophyll a concentration increased from Exp. 1 to Exp. 3, the highest concentrations of 

suspended particulate matter and energy were observed in Exp. 2, indicating that diet 

quality was also changing between experiments. Although chlorophyll a concentration 

does not comprehensively describe the available diet, it is easily measured with high 

temporal frequency, compared to the more time-intensive methods required for the 

filtration of water for SPM and energy concentration (Vajedsamiei et al. 2021). 

Resultingly, high temporal resolution measurements of chlorophyll a concentration may 
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provide one of the best available methods to take measurements of diet and feeding 

physiology on similar temporal scales.   

 The functional response of ingestion rate (IR) to food concentration in bivalves has 

been previously described using different Holling functional responses. Most commonly 

used are the Type II and III functional responses which are characterized by stable IRs at 

high food concentrations (Picoche et al. 2014, Montalto et al. 2017). The population-level 

IR in this experiment generally increased with increasing chlorophyll a concentration; 

however, this relationship had the highest slope when food concentration was low (<2 µgL-

1). The population-level response in IR to increasing food concentrations in this study 

suggests that any of the Holling functional responses may statistically represent the 

observed relationship. However, the data collected in this study is heavily concentrated 

with observations at low food concentrations (<2 µgL-1), compared to higher 

concentrations (~2-5 µgL-1), which limits the ability to estimate an asymptotic relationship. 

Although a stable ingestion rate at high food levels has been previously hypothesized 

(Holling Type II and III) (Winter 1976, Navarro & Winter 1982, Bayne et al. 1989, Navarro 

& Widdows 1997), it is likely that food levels in this experiment did not reach high enough 

concentrations to observe maximum and constant ingestion rates. As previously described, 

it is possible that the strategy of individuals adapted to low-seston environments may be to 

continuously pump at a high rate, resulting in increasing ingestion rates with increasing 

food concentration (Strohmeier et al. 2009).  

 Despite the lack of clear stabilization of ingestion rates at high food concentrations, 

the observations revealed increasing levels of inter-individual variability in both ingestion 

and pumping rates at high chlorophyll a concentrations. This variability in feeding 

physiology at increasing food concentrations may indicate the periodic stopping or slowing 

of feeding driven by digestive processes (e.g., gut capacity being reached, maximum 

ingestion rate being reached) (Holling 1966, Hawkins & Bayne 1984, Bayne et al. 1987, 

Willows 1992). Accordingly, it is possible that an asymptote in ingestion rates reflective 

of a Holling Type II or III response may emerge at higher food concentrations (e.g., > 3 

µgL-1) if periodic slowing or stopping of PR becomes more frequent at the population-

level. 
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5.5.2 Intra- and interindividual variability in feeding activity  

 

 The high temporal resolution of the methodology used in this experiment was 

selected to be able to examine both intra- and interindividual variability in pumping and 

ingestion rates in response to real-time fluctuations in diet. By observing the range of 

physiological rates within an individual over the scale of hours and days, it is possible to 

more accurately observe short-term fluctuations in feeding physiology in response to 

environmental variability in terms of food quantity and quality (Frechette & Bourget 1987, 

Cranford et al. 1998). In previous studies, when physiological rates have been measured 

only one time per individual, or repeatedly on an individual with coarse temporal 

resolution, it is possible to overlook the full range of intra- and interindividual variability 

over short timescales (Vajedsamiei et al. 2021).  

 Inter-individual variability was observed during each 4-day experiment between the 

PRs of individual mussels. Despite being exposed to the same conditions, the average PR 

of the mussels ranged ~3Lh-1 between individuals. Inter-individual variability in 

physiological rates, including feeding rates, has been explored as a potential explanation 

for different growth rates between fast- and slow-growing individuals (Bayne et al. 1999b), 

and similar inter-individual variability in feeding rates of bivalves exposed to the same 

conditions has been observed in other studies (Tamayo et al. 2011, Fuentes-Santos et al. 

2018). In this experiment, differences between experimental individuals were minimized 

by selecting M. edulis of the same size and age-class from the same location. The goal in 

selecting similar individuals was to minimize differences in inter-individual variability 

driven by factors not examined in this study. However, it is possible that there were 

differences between the M. edulis used in this study that were not accounted for, including 

sex (potentially influencing energetic requirements), genetic differences, and maternal 

effects (Hawkins et al. 2000, Fernández-Reiriz et al. 2015, Griffith & Gobler 2017, Zhang 

et al. 2019). Future experiments may consider further minimizing differences between 

individuals by rearing first generation offspring together in a common conditions (e.g., de 

Villemereuil et al., 2016), or by increasing the duration of the experiments to observe if 

average physiological rates between individuals are similar across longer periods of time 

(e.g., seasonally, or annually).  
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 Intraindividual variability was observed in all experiments, where PR and IR varied 

within individuals over the 4-day periods. Variability in the feeding physiology of bivalves 

may be driven by changes in environmental conditions, including those previously 

discussed (e.g., temperature, diet) (Jørgensen 1990, Clausen & Riisgård 1996, Hawkins et 

al. 1996). However, the periodic cessation of feeding in M. edulis observed in this study 

was unsynchronized between individuals, suggesting that feeding rates may have been 

regulated by internal drivers rather than external environmental conditions. For example, 

if gut capacity is reached, feeding rates may slow down; however, gut capacity may not be 

reached at the same time for all individuals (Rueda and Smaal, 2002; Willows 1992). The 

high temporal resolution of the PR data presented here indicates that PR activity varies 

between individuals in terms of how consistent PR is over time, and how quickly PR may 

increase or decrease (e.g., on the scale of minutes to hours). These results suggest that there 

is a broad range of PR activity between individuals exposed to the same conditions, and 

that for these conditions, may not be driven by environmental factors. Further, these data 

do not suggest that there is a consistent or synchronized on/off response in PR in all 

individuals. Observing intraindividual variability in the feeding physiology of M. edulis, 

and characteristics of the natural diet at high temporal resolution provides insights into the 

drivers of feeding physiology of bivalves.    

 

5.5.3 Energy acquisition    

 

 Fluorescence is used in this study to estimate chlorophyll a as a proxy for food 

concentration; however, chlorophyll a is limited as a proxy for the amount of food that is 

captured and ingested from the seston by M. edulis. Chlorophyll a alone is not able to 

capture the complexity of the seston in terms of particle sizes and surface properties, which 

both may affect particle capture efficiency. Capture efficiency describes the proportion of 

particles captured on the gill, compared to those in the water (Rosa et al. 2018), and is often 

described according to particle size, where capture efficiency increases with increasing 

particle size to some maximum, beyond which all particles are captured (Coughlan 1969, 

Møhlenberg & Riisgård 1978). However, capture efficiency has also been related to other 

particle characteristics including hydrophobicity (Rosa et al. 2017), lectin-carbohydrate 
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interactions (Pales Espinosa et al. 2009), and fluorescence (Yahel et al. 2009). 

Additionally, capture efficiency has been observed to vary in M. edulis across seasons in 

response to natural seston composition (Strohmeier et al. 2012, Steeves et al. 2020). As IR 

is described in this experiment using chlorophyll a, if changes in capture efficiency 

occurred, it would not be accounted for in estimates of ingestion. Further, estimation of 

ingestion rate using chlorophyll a instead of the total volume of ingested material, may not 

be used to estimate gut capacity, which may limit maximum ingestion rates (Rueda and 

Smaal, 2002; Willows 1992). 

 It has been theorized that as the quality and quantity of their diet changes, bivalves 

will make use of behavioural and physiological mechanisms to maintain constant energy 

uptake (Bayne et al., 1993; Widdows et al., 1979; Willows, 1992; Winter, 1976). Although 

in this study constant ingestion rates were not observed as food concentration changed, it 

is possible that other mechanisms were employed to maximize energy uptake. Specifically, 

changes in digestive processes may contribute to constant levels of energy absorption 

despite variability in the quantity and quality of diet in the digestive system (Bayne et al. 

1987, 1988, Navarro et al. 1994, Ibarrola et al. 1998a). For example, changing in digestive 

enzyme activity may increase absorption efficiency of bivalves acclimated to low quality 

diets (Ibarrola et al. 1998b). In addition, gut passage time may increase in response to diets 

of low quality to prolong the time available for digestion and absorption of nutrients 

(Ibarrola et al., 1998a). The relationships between digestive processes and diet quantity and 

quality are complex, particularly as natural diets may fluctuate on both short- and long-

term timescale; however, they have been empirically modelled (Willows 1992, Scholten & 

Smaal 1998, 1999). Changes in digestive processes may contribute to stable energy uptake, 

despite variations in ingestion rate.  

 

5.5.4 Conclusions 

 

 This study examined the functional relationships between pumping and ingestion 

rate in M. edulis in response to changes in the diet concentration in a low-seston 

environment. Results indicated that there were no clear relationships between population-

level pumping rate and food concentration, measured as chlorophyll a, and resultingly, 
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ingestion rate increased with increasing food concentration. Using novel methodology that 

permitted the measurement of feeding activity with high temporal resolution, 

approximately every 20 minutes, this study highlights the variability in physiological rates 

both between and within individuals exposed to the same environmental conditions. Both 

intra- and interindividual variability in pumping and ingestion rates were observed in all 

experiments. Understanding the range of both intra- and interindividual variability in 

physiological rates is beneficial when scaling physiological rates from the individual to 

population level, and for estimating interactions between suspension-feeders and food 

source.   
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CHAPTER 6  DISCUSSION  

6.1 MAJOR FINDINGS 

This thesis examined plasticity in the feeding physiology of suspension-feeding 

marine bivalves. The focus of interspecific plasticity was examined both broadly in terms 

of energy acquisition and expenditure processes (Chapter 2) and specifically in terms the 

relationships between pumping rate and capture efficiency (Chapter 3). In the examination 

of intra-specific plasticity, specific focus was given to the blue mussel Mytilus edulis in 

low-seston environments (Chapter 3 and 4).  

Chapter 2 examined the contributions of plasticity and adaptation to the 

fundamental physiological processes that determine how suspension feeding marine 

bivalves acquire (feeding, digestion, absorption) and use (metabolic rate) energy to 

determine growth potential. This chapter synthesized the limits of plasticity in the 

physiology of these highly plastic species and made recommendations about how to design 

experiments to appropriately assess the role of plasticity and adaptation. Experiments that 

make use of reciprocal transplants, or common garden experiments, in combination with 

genetic analyses are the best experimental tools available to assess plasticity and adaption 

in the physiology of marine bivalves. Chapter 3 more specifically examined inter-specific 

plasticity in two primary metrics feeding physiology: pumping rate and capture efficiency. 

Primary findings from this chapter indicate that the relationship between pumping rate and 

capture efficiency is dependent upon species and particle size. Increases in pumping rate 

increased particle capture efficiency only in the oyster Crassostrea virginica, for small 

particles between ~2-8 µm ESD. However, no relationship was observed between pumping 

rate and capture efficiency in either the mussel Mytilus edulis or the scallop Placopecten 

magellanicus. These diverse species were selected as they belong to three distinct families 

of bivalves, with different characteristic gill morphology. This finding implies that both 

how bivalves acquire food, and how bivalves interact with the seston, may in some cases 

be dependent on pumping rate and gill structure.  

Chapter 4 examined how primary metrics of feeding physiology (pumping rate, 

capture efficiency, and ingestion rate) varied both between and within populations of M. 

edulis. Between three populations of M. edulis, and within two populations along a fjord 
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gradient, differences in pumping rate, capture efficiency, and ingestion rate were observed. 

To further determine if these differences were driven by short-term (plastic) or long-term 

(adaptive processes), a single population of mussels was transplanted in a fully-crossed 

experiment along a fjord gradient and feeding physiology was re-measured. We observed 

that capture efficiency of small particles (~ < 5 µm) changed within populations of mussels 

when moved along a fjord gradient on a short-term time-scale (3 weeks). This finding 

suggests that capture efficiency may change in the short term, and be driven by 

environmental conditions, rather than adaptations between populations. On the same time-

scale, less clear acclimation in pumping and ingestion rates were observed, suggesting that 

perhaps these processes require more time for a plastic response to be observed, or are also 

driven by adaptive processes.  Chapter 5 further examined the feeding physiology of M. 

edulis with a focus on inter- and intra-individual variability of the relationships between 

food concentration, pumping rate, and ingestion rate. Observations of feeding physiology 

in this chapter were taken at a very high temporal resolution (every 20 minutes) providing 

novel observations of individual feeding rates with high frequency. Results indicated that 

for the population of mussels used in this experiment in low-seston environments, there 

was no apparent relationship between pumping rate and food concentration, and 

resultingly, ingestion rate increased with increasing food concentration. Differences in 

pumping rates were observed both between individuals exposed to the same environmental 

conditions, and within individuals over the duration of 4-day experiments. Further, the 

level of inter-individual variability increased with increasing food concentration.  

The mechanisms of suspension-feeding examined in this thesis contributes to the 

understanding of how economically and ecologically important bivalve species acquire 

energy and interact with their ecosystems. The feeding physiology of bivalves, and the 

extent to which it varies both between and within species is important to understand to be 

able to identify the ecological roles that bivalves play, and to avoid detrimental impacts 

from farming and fishing bivalves. Bivalve fisheries and aquaculture contribute to the 

economy of coastal communities while providing a source of sustainable low-tropic 

protein. The feeding physiology of bivalves (pumping rate, capture efficiency, and 

ingestion rate) is cornerstone to understanding both the condition of wild populations as 

natural food availability changes, and the carrying capacity of bivalves grown in 
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aquaculture farms. Ecologically, bivalves may act as fundamental links between the pelagic 

and benthic environments, a process dependent upon the capture, selection, and ingestion 

of seston from the water column. The findings from this thesis contribute to our knowledge 

of how the primary components of feeding physiology, including pumping rate, capture, 

efficiency, and ingestion rate, may vary between and within bivalve species, and also 

between and within individuals, in response to different environmental conditions.  

6.2 FUTURE DIRECTIONS  

6.2.1 On Laboratory and Field Experiments  

Laboratory and field studies provide different conditions in which the feeding 

physiology of bivalves can be observed. The controlled conditions of laboratory 

experiments are well suited to isolating single cause- and effect relationships that are 

required to inform field studies. However, laboratory studies are also more limited in their 

ability to draw broad ecological conclusions. Cultured diets do not permit observations of 

feeding physiology in response to the natural diversity of the seston in terms of particle 

shape, size, concentration, and surface properties. Resultingly, observations of bivalve 

physiology in these conditions may not reflect true variability, of either diet or 

physiological rates, in natural settings. Although natural diets and in situ studies may 

provide more ecologically relevant observations of feeding physiology in terms of pumping 

and ingestion rates and capture efficiency, field studies are subject to uncontrolled changes 

in environmental conditions. Field experiments may be limited by the confounding effects 

of multiple environmental variables fluctuating simultaneously. For example, salinity and 

temperature may both influence feeding physiology of bivalves and are often influenced 

by weather and diel cycles and may fluctuate on short-term scales. If temperature and 

salinity vary widely during an experiment, it may be difficult to isolate the feeding response 

of bivalves to diet characteristics without the confounding effects of temperature and 

salinity. Although in some cases these confounding effects can be controlled for (e.g., 

temperature corrected pumping rates in Chapter 5), highly variable environmental 

conditions may make it difficult to observe specific physiological relationships. In addition, 

if only diet quantity is being measured, confounding effects of changing diet quality may 

also make it difficult to characterize bivalve feeding relationships. Relying solely on 
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natural diets also limits the ability to make observations of feeding physiology over a 

specific range of food concentrations. For example, in Chapter 5  ̧field experiments were 

replicated over three months to capture different concentrations of food both between and 

within experiments. However, the recorded data is biased towards low food concentrations, 

and maximum concentrations are still relatively low compared to many lab studies. By 

making observations of feeding physiology over the course of seasons using natural seston, 

future studies may aim to record higher variability in natural diets. Similarity, a field 

experiment in Chapter 3 used a natural diet with high levels of suspended material, and 

the breakdown of flocs make feeding physiology difficult to observe and interpret. To 

isolate specific drivers of feeding physiology, and maintain ecological relevance, future 

studies should consider the combination of both laboratory and field studies on bivalve 

feeding physiology, including pumping rate and capture efficiency.    

 

6.2.2 On Assessing Plasticity & Adaptation 

 

There are several ways in which the design of experiments can be improved to 

better assess plasticity in bivalve feeding physiology. To begin, genetic information, 

including genome sequencing and mapping, for bivalve species provide a basis on which 

adaptation may be measured. Despite advances in the fields of genomics, and its 

application in mapping bivalve genomes, many ecologically and economically important 

species remain understudied. Baseline genetic information is required to establish 

genetically distinct populations on which experiments can be conducted to assess plastic 

and adaptive processes. Relatedly, a better understanding of bivalve larval transport is 

required to better characterize geographically and genetically distinct bivalve populations. 

With foundational genetic knowledge, experiments to assess plasticity and adaptation, 

including reciprocal transplant and common garden experiments become more powerful 

experimental tools. For example, in Chapter 4, differences in feeding physiology were 

observed between three geographically separate “populations” of M. edulis; however, 

without genetic information about mussels in each location, the extent to which these 

mussels are distinct populations may only be speculated based on hydrodynamics of larval 

transport. Further, the transplant experiment in Chapter 4 was conducted along a fjord 



 129 

gradient, where larval transport may permit genetic mixing between the two transport 

locations. With genome sequencing, it is possible to observe both different populations on 

a genetic level (e.g., local adaptation), and also to relate genetic differences to 

environmental conditions, genetic drift, and natural selection. Reciprocal transplant studies 

benefit from the ecological relevance of field experiments, and the use of natural diets; 

however, they are limited in practicality in terms of moving bivalves over large geographic 

scales. Beyond field transplant studies, laboratory common garden studies may also be 

used to assess plasticity and adaptation and are best performed on the first-generation 

offspring of bivalves reared in common conditions, to remove any maternal effects. Studies 

assessing plasticity and adaptation should aim to incorporate aspects of physiology, 

ecology, and genetics to provide a holistic understanding of the changes in feeding 

physiology of bivalves.  

 

6.2.3 On the mechanisms of filter-feeding  

 

 Research on the mechanisms of bivalve suspension-feeding has been advanced by 

technology including electronic particle counters, scanning electron microscopy, and in 

vivo endoscopy. In this thesis, feeding physiology was investigated using an electronic 

particle counter designed for portable use in both field and laboratory experiments. The 

benefits of this methodology are that it is mobile and permits high-throughput 

measurements using both the static (Chapter 3 and 4) or flow-through (Chapter 5) 

methods. Using the static method, high frequency measurements of particle counts (every 

30s) permit measuring particle decline over time with high temporal resolution. This 

methodology is able to ensure that the bivalve was pumping at a constant rate while the 

measurement was being taken, an assumption required to calculate pumping rate. This 

portable methodology allows for fast measurements of feeding physiology, without the 

need to preserve and transport water samples to a laboratory for further analysis.  

Particle counting methodologies are limited in their ability to describe the seston 

beyond particle size. The electronic particle counter used in this thesis described particles 

as estimated spheres, at 0.5 µm intervals, with no qualitative description of particle 

characteristics. The size, shape, and surface properties of plankton species may not always 
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be correctly estimated as a sphere, particularly for species with high aspect ratios. Future 

studies may combine the use electronic particle counter, and high temporal resolution 

measurements, with tools that permit more descriptive measurements of the diet. As factors 

beyond particle size are understood to influence capture efficiency, the diet may be further 

characterized by filtering water samples to determine the organic fraction of the diet, size-

fractioned chlorophyll a, and energetic content (Chapter 5). Visual analysis of water 

samples, including microscopy, fluid imaging technologies, or flow cytometry may be used 

to identify plankton species groups that are present in the diet, and may be captured with 

higher efficiencies, or preferentially ingested. Finally, as particle surface characteristics are 

known to influence capture efficiency of particles in some species of bivalves, particles 

present in the diet may further be characterized by wettability and surface charge.  

In addition to describing the available diet, in vivo visual techniques including video 

endoscopy provide a way to observe the mechanisms of particle capture on the gill surfaces. 

In vivo techniques would permit the direct observation of suspension-feeding activity and 

would allow for the differentiation between capture efficiency and retention efficiency, 

contributing to the understanding of particle capture, and rejection mechanisms. Video 

endoscopy has previously been used to record the capture of particles on the gill surfaces, 

and the movement of particles along marginal grooves for ingestion or rejection. 

Microscopy can also be used to make observations of gill cilia shape and size, both between 

and within species, and this information may be related to the characteristics of fluid 

movement at the gill surface, and particle capture (e.g., scanning electron microscopy in 

Chapter 3). A combination of techniques making use of the best available technologies in 

particle counting, particle characterization, and in vivo observations would provide the 

most complete observations of particle capture mechanisms in suspension-feeding 

bivalves.  

 

6.2.4 On variability in feeding physiology 

  

Interspecifically, the variability in the feeding physiology of marine bivalves has 

important implications in the ecosystem interactions of these diverse species. As observed 

from the literature in Chapter 2, and experimentally in Chapter 3, there exist interspecific 
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differences in the rates at which bivalves feed (pumping rate) and the particles that they 

capture (capture efficiency). For example, in Chapter 3, M. edulis is more efficient than 

C. virginica and P. magellanicus at capturing small particles (< 4 µm ESD), indicating that 

these species will interact with plankton communities in different ways. Resultingly, there 

exist species-specific ecosystem interactions in terms of the rates of biodeposition, water 

filtration, and plankton community pressures. These ecosystem interactions are important 

to consider for anthropogenic activities including the establishment of aquaculture farms, 

the design of “living shorelines” for coastal protection, and the restoration of populations 

of threatened species. Although in-depth knowledge on commercially important species is 

often the priority of research programmes, the breadth of knowledge that can be provided 

by interspecific studies can provide information about the diverse ecological roles of 

bivalves. Future studies may consider more comparative studies on different species of 

bivalves in terms of pumping rate and capture efficiency for both ecological and 

management implications.  

Intraspecifically, feeding physiology may vary both between individuals in 

different environmental conditions (Chapter 4) and between individuals held in the same 

environmental conditions (Chapter 5). Variation in feeding physiology between 

individuals in different environments provides information about the environmental drivers 

of feeding physiology. These relationships have been explored in this thesis primarily in 

terms of natural diets (food quantity and quality) but may also be related to the abiotic 

environment (e.g., temperature, salinity), and has been extensively explored. However, this 

thesis highlights that the expected functional relationships between physiological rates 

(pumping and ingestion) may vary within species, depending on the specific environment 

of a population of individuals. This thesis dealt extensively with the blue mussel, M. edulis, 

which is a widely distributed species, and inhabits a variety of environments. For the 

population of mussels used in Chapter 4 and 5, the environment consistently contains low 

levels of food, and as such, the relationships between feeding physiology and 

environmental conditions may reflect local adaptation of this population. Chapter 5 also 

observed high levels of variability in physiological rates in M. edulis, despite individuals 

being acclimated to the same conditions. Future studies may consider further examining 

the drivers of interindividual variability in feeding physiology by using common garden 
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experiments on first generation offspring to minimize extraneous differences between 

individuals (e.g., maternal effects, parasite load).  

High levels of intra-individual variability were also observed in this thesis in the 

feeding physiology of M. edulis in Chapter 5. Over the course of 4 days, despite relatively 

stable environmental conditions, the pumping rates of individuals varied several litres per 

hour.  This variability suggests that instead of being driven by environmental cues, that 

rates of feeding physiology are instead being driven by internal feedbacks. For example, 

pumping rate may slow when maximum ingestion rate, or gut capacity has been reached. 

Similarly, if diet quality is high lower pumping rates may be needed to maintain high rates 

of organic ingestion. Future studies may consider incorporating aspects of digestive 

physiology including gut volume, gut passage time, and absorption efficiency to examine 

the potential feedbacks between feeding and digestive physiology that may be driving 

intra-individual variability in feeding rates.  

6.3 CONCLUSIONS 

 Understanding how bivalves acquire energy through feeding is a foundational step 

in predicting the growth, survival, and distribution of these ecologically and economically 

important species. This thesis has contributed to our understanding of the variability in 

bivalve suspension-feeding physiology, as explored through inter- and intraspecific 

plasticity. Bivalves have highly plastic physiology that allows them to vary their rates of 

energy acquisition and expenditure. This plasticity varies between species, and in some 

cases, may be limited by adaptative processes. Specifically, the process that mediate 

particle capture was observed to vary interspecifically in this thesis, where particle capture 

efficiency was influenced by pumping rate in C. virginica, but not M. edulis or P. 

magellanicus. Intraspecifically, it was found that primary components on feeding 

physiology (pumping rate, capture efficiency, and ingestion rate) may vary between M. 

edulis from different populations, but that the primary driver of this variability may be 

environmental conditions and not local adaptation. High temporal resolution measurements 

of pumping and ingestion rates in this species also suggested that despite being held in 

common conditions, there may be high levels of inter- and intraindividual variability in 

feeding and ingestion rates in M. edulis. The combination of laboratory and field 
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experiments, and their application to various bivalve species has provided information 

about the drivers of variability in the feeding physiology of bivalves. In light of rapidly 

changing marine environments, understanding the mechanisms, and extent of plasticity, in 

the feeding physiology of bivalves is crucial to predicting their ability to grow and survive.  
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