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Marine bivalves are globally recognized as ecologically and commercially valuable species 

and, for over a century, researchers have been studying their feeding, digestion and other 

related physiological processes. These studies have shown that marine bivalves have complex 

feeding and particle processing behaviors to maximize growth in dynamic environmental 

conditions. Additionally, these studies have provided insights into the ecological roles that 

these animals can play in coastal waters. Suspension-feeding bivalves are commonly regarded 

as providing key ecosystem services through their feeding activities that improve water 

quality and clarity. However, marine bivalves are currently under threat from a variety of 

anthropogenic effects and there is concern about their future health under these new stresses. 

Here I examined several unexplored aspects of adult and larval bivalve feeding physiology in 

an attempt to better understand environmental effects on their feeding activity and ecosystem 

services. In Chapter 2, my co-authors and I examined the ecological feeding physiology of 

native Olympia oysters Ostrea lurida by determining their feeding and particle processing 

behavior in response to the effects of temperature, salinity, and total particulate matter. We 



	
	

examined and compared these processes to those of the non-native yet dominant commercial 

oyster species, the Pacific oyster Crassostrea gigas. From these studies, we describe the first 

modern detailed feeding behavior of O. lurida.  We found that, although markedly different in 

laboratory studies, in situ feeding rates were similar between these species seasonally. We 

concluded that bivalve filtration services are likely to be greater with the emergence of C. 

gigas as the now dominant species in many PNW estuaries and seasonally much greater than 

the services historically contributed by O. lurida. In Chapters 3, my co-authors and I 

examined the particle processing behavior of bivalve larvae. This study was novel in that it 

utilized methods of our own design to examine the rarely evaluated post-oral particle 

processing behavior of larvae that historically has been difficult to measure. Additionally, it 

represented the first attempt at modeling larval guts as chemical reactors to provide insights 

into their digestive strategies. In Chapter 4, we again applied these novel techniques to 

evaluate the effects of ocean acidification on ingestion rates and particle processing of larvae 

of the California mussel Mytilus californianus. These data were applied to a simple larval 

energy budget to understand how impacts of ocean acidification on initial larval development 

may affect their subsequent development rates. The outcomes of these experiments provide 

useful information on feeding and particle processing activities of the adult and larval life 

stages of marine bivalves and the effects of environmental factors, such as ocean acidification. 
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CHAPTER 1 GENERAL INTRODUCTION 
 

1. Background 
 

The Pacific oyster C. gigas is the primary farmed species of the PNW aquaculture 

industry, with harvests contributing >$76 million to the regional economy (USDA 2012). 

Nationally, oyster production revenue has risen rapidly in recent decades (NOAA 2014) 

due to improved water quality, breeding for disease-resistance, and market demand from 

“foodies” who crave varieties of oysters with different “meroir” or tastes that result from 

the influences of local growing sites, culture conditions and species (Green 2012). Since 

the mid-1980’s, rapid global human population growth, increased per capita consumption 

of seafood, and harvest limitations for wild stocks have fueled extraordinary expansion of 

aquaculture. As a result, production and demand for oysters is expected to increase well 

into the future (Gjedrem et al. 2012; FAO 2014).  

For millennia, bivalves have been harvested by coastal populations in the PNW for 

both subsistence food and cultural practices, representing an important resource for 

coastal Native American Indians (Elsasser and Heizer 1966; Erlandson et al. 2008; zu 

Ermgassen et al. 2012). The slow-growing native oyster Olympia oyster (Ostrea lurida 

Carpenter 1964) was once a dominant species in many PNW bays and estuaries (Baker 

1995). Upon arrival of Euro-American settlers in the West, O. lurida populations were 

rapidly decimated by overharvesting as well as by fishery and habitat mismanagement in 

the late 19th and early 20th centuries (Baker 1995; Groth and Rumrill 2009). Shortly 

thereafter, the Pacific oyster Crassostrea gigas Thunberg 1793 was imported from Japan 

to support the oyster industry as it struggled to adapt to the loss of O. lurida (Steele 
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1957). C. gigas was quickly adopted by the PNW industry as it was found to grow well 

and reach market size quickly, which led to a decline in farming O. lurida (White et al. 

2009).   

Ecologically, bivalves are commonly regarded as ecosystem engineers that provide 

numerous services which modify and transform the environments in which they reside 

(Gutiérrez et al. 2003; Coen et al. 2007). Filtration services of suspension-feeding 

bivalves are commonly regarded as beneficial to coastal environments and are frequently 

regarded as an important environmental benefit of both bivalve restoration and 

aquaculture. Like other native oyster species, historically dense populations of O. lurida 

may have once contributed important ecosystem services that improved water quality, 

local biodiversity, resiliency and resistance to environmental perturbations (Coen et al. 

2007; zu Ermgassen et al. 2012). It has been suggested that cultured C. gigas may now be 

more important in contributing beneficial services (Dumbauld et al. 2009), some of which 

were never offered by O. lurida (Ruesink et al. 2005; Sousa et al. 2009). For example, the 

large, complex reefs formed by C. gigas may confer greater epifaunal biodiversity than 

that found in the small shell aggregates created by O. lurida (Ruesink et al. 2005). C. 

gigas also often provides extensive benthic substrate for settlement of O. lurida larvae 

(Ruesink et al. 2005).  

It has been suggested that dense populations of farmed C. gigas may deplete seston 

resources, resulting in food competition with native species (Ruesink et al. 2006). Large 

suspension-feeding populations that clear water of suspended particles and phytoplankton 

may also play important roles in cycling nutrients and maintaining environmental quality 

(Dame and Prins 1997; Newell et al. 2005; Dame 2011). Considerable effort and funding 
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have been spent throughout the USA to restore native oyster populations often for the 

explicit purpose of improving water quality (White et al. 2009; NOAA 2015; PSRF 

2015);  however, the premise that oysters exert top-down control of phytoplankton is 

equivocal due to evidence of mismatches between seasonal maximum feeding rates and 

temporal and spatial variability of phytoplankton blooms (see Pomeroy et al. 2006; Mann 

and Powell 2007; Newell et al. 2007; Pomeroy et al. 2007). Second, many PNW estuaries 

are highly dynamic, with seasonal residence times that can be short (Bricker et al. 2007; 

Lemagie and Lerczak 2014), creating little opportunity for oysters to impact water 

quality. Third, as mentioned above, O. lurida has not been the subject of any modern 

detailed physiological feeding studies that could provide the fundamental information 

needed for estimates of their filtration services.  

Despite decades of feeding studies on marine bivalves, there remains a scarcity of 

information about the feeding behavior of these ecologically and commercially important 

taxa in the dynamic estuaries of the Pacific Northwest (PNW). Furthermore, there is little 

information about how feeding behavior of larval marine bivalves, the most sensitive life 

stage, will respond to the emerging threat of climates change, specifically ocean 

acidification (Orr et al. 2005; Pörtner 2008). In Chapter 2, we sought to address 

knowledge gaps on the feeding physiology of O. lurida. Experiments were specifically 

designed to examine the potential for competition between O. lurida and C. gigas as well 

as to provide information for models of filtration services provided by both species in 

PNW estuaries.  

Despite the expected demand for farmed Pacific oysters and attempts to restore native 

oysters, these animals face uncertain futures as many anthropogenic impacts jeopardize 
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their survival and the services they provide.  Threats vary by intensity and range from the 

introduction of novel diseases and predators to harmful algal blooms (Shumway 2011). 

Ocean acidification (OA), a term that describes the uptake of atmospheric CO2 by the 

global ocean and subsequent shift in carbonate chemistry equilibria towards a more acidic 

state, poses a particularly grave threat to bivalves and other calcifying organisms (Orr et 

al. 2005). Indeed, many studies have shown that bivalves, particularly during the larval 

life-stage, are highly vulnerable to the adverse effects of acidified conditions (Michaelidis 

et al. 2005; Kurihara 2008; Talmage and Gobler 2010). These and other similar studies 

have produced valuable information about the numerous ways OA may impact the 

growth, development, and survival of many bivalve species and the likelihood of their 

future viability.  

Despite the wealth of information provided by previous OA studies, the feeding 

physiology of larvae under OA stress has not been widely studied. Only recently have 

researchers begun to examine OA effects on larval feeding and digestive behavior (e.g. 

(Stumpp et al. 2013a; Vargas et al. 2013; Vargas et al. 2014). As many of the 

physiological traits that are commonly studied in OA studies are also energetically 

intensive (e.g. shell production), feeding studies may offer insight on how OA impacts 

bivalve growth and survival through food intake and utilization. 

Larval feeding and digestive studies can be difficult to perform due to the small size 

of these animals (50-400 µm) and the inaccuracies associated with the current indirect 

methods used to determine these physiological traits. Measuring the uptake of inert 

microbeads offers several methodological advantages compared with conventional 

studies with algae, including easy enumeration of ingested beads, uniformity of shape and 
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size, and negligible risk of interactions with the carbonate chemistries of OA treatments; 

however, post-oral sorting and processing behavior are rarely investigated despite 

potentially providing important information on the organism’s digestive processes and 

nutrient utilization. Therefore, prior to examining the particle processing behavior of 

larvae under OA conditions, we developed and examined methods for using microbeads 

to evaluate pre-oral and post-oral particle processing behavior of Mytilus 

galloprovincialis under experimental conditions (Chapter 3).  

In Chapter 4, we adapted our microbead method to examine the effects of OA on the 

feeding and particle processing of the native California mussel Mytilus californianus. 

Like O. lurida, M. californianus is considered a native keystone species in inter-tidal 

zones along the Pacific coast (Suchanek 1992). Nearly all OA studies to date have simply 

bubbled seawater with CO2 gas or spiked it with mineral acids to achieve experimental 

conditions. Increasing CO2 content of seawater decreases pH and aragonite saturation 

state (Ωar), which affect the thermodynamics of depositing calcium carbonate in larval 

shells. As it is possible that increasing seawater CO2, or lowering its pH or Ωar may each 

differentially impact the physiology and shell formation of marine bivalve larvae, routine 

approaches in creating experimental OA conditions do not permit an investigator to 

separate the effects of these parameters. In contrast to most previous OA experiments 

reported in the literature, we manipulated ratios of dissolved inorganic carbon to total 

alkalinity to create a suite of treatments that allowed CO2 to vary independently of Ωar 

and pseudo-independently of pH. Using these treatments, we examined the separate 

effects of CO2, Ωar and, to some degree, pH on several aspects of the feeding physiology 

of M. californianus larvae.  
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2. Purpose of Chapter 2 
 

Chapter 2 is entitled: “Comparative feeding physiologies of the Olympia oyster O. 

lurida and Pacific oyster C. gigas from laboratory and in situ studies: implications for 

competition, ecosystem services, and future modeling efforts of native and non-native 

oyster species in the Pacific Northwest.” The objectives of Chapter 2 were to 1) to 

compare the feeding physiologies of O. lurida and C. gigas and their clearance rates 

through laboratory and in situ studies, 2) to examine the natural feeding behavior of these 

species and potential for competition, based on the results of in situ experiments, and 3) 

to evaluate clearance rate models based on laboratory and in situ experiments. 

3. Purpose of Chapter 3 
 

Chapter 3 is entitled: “Particle processing and gut kinematics of planktotrophic 

bivalve larvae.” The intent this work was primarily to determine several aspects of larval 

feeding and digestive physiology, using a novel dual microbead method that we 

developed. For validation, ingestion rates determined using this novel method were 

compared to those reported for other larvae in the literature under similar experimental 

conditions. Secondly we modeled the digestive kinematics of larval guts as chemical 

reactors, which, to our knowledge, was the first attempt to model bivalve larval guts in 

this way.   

4. Purpose of Chapter 4 
 

The fourth chapter is entitled “A mechanistic understanding of ocean acidification 

impacts on the feeding physiology and larval energy budgets of the mussel M. 

californianus”. The objectives of Chapter 4 were 1) to investigate the independent effects 

of PCO2, Ωarg, and pH on the time of initiation of feeding (i.e. development time needed 
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for larvae to reach the planktotrophic stage), gut fullness, and ingestion rates of Mytilus 

californianus larvae and 2) to examine how seemingly small initial OA impacts on larval 

development, physiology, and energy budgets may result in different developmental 

trajectories. 

5. Purpose of Chapter 5 
 

In the final chapter of my dissertation, I summarize the major themes that have 

been addressed through this research including 1) the feeding physiology of O. lurida and 

C. gigas in PNW estuaries, 2) the historic and contemporary services that these species 

are likely to provide, 3) particle processing of larval marine bivalves, and 4) how OA 

threatens the vital feeding behavior of bivalve during their most sensitive life-stage. 

6. Summary 
 

 The overall aim of my dissertation is to experimentally evaluate the 

ecophysiology of marine bivalves to improve understanding of how the feeding behavior 

of adult and larval bivalves respond to various environmental conditions. Bivalve feeding 

is a vitally important function that may also substantially impact coastal ecosystems. 

These studies will help improve estimates of ecologically relevant functions of oyster 

species in PNW and shed light on their potential environmental role. This information 

could be very useful for stakeholders, resource managers, or academics as it can be 

applied to quantify ecological impacts of oysters that will, in turn, improve marine 

resource management and models of possible outcomes of different restoration practices 

and help identify meaningful metrics for restoration success for O. lurida.  Additionally, 

this work contributes new fundamental physiological information on larval bivalves and 
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the impacts that OA may have on vital functions of these keystone species. Such 

information is important to consider when predicting losers and winners in the acidified 

oceans anticipated in the future.  
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Abstract  
 

The native Olympia oyster, Ostrea lurida, was once abundant in many US Pacific 

Northwest (PNW) estuaries, but was decimated in the late 19th early 20th century largely 

as a result of overharvesting, habitat degradation, pollution, and neglect. In recent 

decades, there has emerged a renewed interest in restoring native oyster populations and 

the numerous ecosystem services they provide. However, there is a dearth of basic 

physiological information surrounding O. lurida and how it compares to the now 

dominant, non-native Pacific oyster Crassostrea gigas. Physiological data is needed to 

help resource managers identify habitat requirements and trophic interactions between 

both of these species and their environment. Utilizing laboratory studies and in situ 

experiments in Yaquina Bay, Oregon, we explored the feeding physiology of both species 

across a wide range of conditions. In both laboratory and in situ experiments, C. gigas 

displayed several physiological advantages over O. lurida, including greater maximal and 

seasonal clearance rates, greater absorption rates, and greater tolerance to salinity fluxes. 
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Clearance rate models were constructed separately from laboratory studies and 

environmental data from in situ studies for both species. Models were compared for their 

accuracy to predict actual clearance rates of oysters observed in Yaquina Bay. We found 

models constructed from environmental data better predicted oyster clearance rates for 

both species in Yaquina Bay than models based on laboratory data. Results suggest that 

the filtration services of these species are likely to be more similar than previously 

estimated and may have shifted with the decline of the native O. lurida and emergence of 

C. gigas as the now dominant oyster species in the US PNW. 

 
Keywords 
Clearance rates, ecosystem services, Ostrea lurida, particle processing, Crassostrea 
gigas, ecophysiology
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Introduction: 
 

Globally and within the USA, native oyster populations are imperiled primarily as 

a result of overfishing, habitat degradation, introduction of non-indigenous species, and 

climate change (Ruesink et al. 2005; Occhipinti-Ambrogi 2007; Brumbaugh et al. 2010; 

zu Ermgassen, et al. 2012). In the Pacific Northwest (PNW), populations of the native 

Olympia oyster, Ostrea lurida, (Carpenter 1864) have largely failed to recover in their 

native habitats despite negligible harvests since the mid-19th century and numerous 

restoration attempts in recent decades (McGraw 2009; White et al. 2009). The non-native 

Pacific oyster Crassostrea gigas (Thunberg, 1793), introduced in the early 20th century, is 

now the dominant oyster and primary aquaculture species in many PNW estuaries that 

were once home to O. lurida (PCSGA 2009; USDA 2012). Robust oyster populations can 

modify the physical environment and have large impacts on other organisms and overall 

ecosystem function. Currently there exists uncertainty as to how native species and their 

ecosystems respond after non-native oyster species are introduced and dominate benthic 

communities (Ruesink et al. 2005; Ruesink et al. 2006; Padilla 2010; Coen et al. 2011).  

Restoration of native oyster populations for the purpose of enhancing their 

ecosystem services (ESS) has increased in recent decades (Brumbaugh et al. 2000; Coen 

et al. 2007; Grabowski and Peterson 2007; Beck et al. 2011). ESS commonly associated 

with oysters include enhancement of habitat heterogeneity and structure provided by shell 

(Gutiérrez et al. 2003), shoreline stabilization by breakwater reefs (Scyphers et al. 2011), 

provision of nursery grounds for ecologically and commercially valuable taxa (Dumbauld 

et al. 1993; Beck et al. 2001; Grizzle et al. 2007), and filtration services derived from 

their suspension feeding activities (Newell 2004; zu Ermgassen et al. 2012). Oyster ESS 
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are likely to vary among species due to species-specific physiological, morphological, 

and behavioral characteristics; therefore, loss of native oyster ESS may not necessarily be 

replaced by another species of equal biomass (Ruesink et al. 2005); C. gigas, for 

example, is more likely to create large, complex reef systems while most descriptions of 

O. lurida beds indicate that they consist of loose or small clusters of individuals (Baker 

1995). Reef complexity, a driver of epifaunal community composition, is just one 

example of how C. gigas may influence PNW estuarine benthic communities differently 

from O. lurida (Ruesink et al. 2005; Ruesink et al. 2006). 

Filtration services (i.e. water filtration and deposition of biodeposits) may also 

differ between O. lurida and C. gigas as bivalve feeding behavior is species-specific 

(Bayne 1976; Riisgard 1988a; Hawkins et al. 1998; Ward and Shumway 2004; Velasco 

and Navarro 2005). However, there is a dearth of knowledge on the feeding physiology 

of O. lurida and it is not clear to what extent the feeding activity of this species 

historically influenced ecosystem processes. In fact, the only estimate of potential ESS of 

O. lurida reported in the literature is based upon some of our laboratory studies (zu 

Ermgassen et al. 2013). Despite the scarcity of data, there have been several claims about 

the ecological role of O. lurida and its relation to C. gigas; for instance, (Dinnel et al. 

2009) suggests important ESS, including water filtration, would return with restored 

populations of O. lurida. Similarly, Ruesink et al. (2006) suggested C. gigas currently 

provides greater filtration services in some PNW estuaries than historic populations of O. 

lurida, yet the feeding physiologies of these species have not been compared in any 

detailed study.  
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In addition to filtration services, C. gigas may directly and/or indirectly impact 

native oyster growth due to competition for suspended food (Molnar et al. 2008). 

Filtration by large non-native oyster populations nearing carrying capacity, particularly 

through aquaculture, may influence trophic dynamics and impact growth rates of 

neighboring conspecifics (NRC 2004). Competition for suspended particulate food has 

been proposed as one of the many possible factors hampering the recovery of O. lurida in 

the PNW (Trimble et al. 2009). Although plausible, claims about differences in ESS and 

possible food competition between these species are speculative due to lack of data. 

In order to compare the potential ecological role of the native O. lurida with that of the 

now dominant, non-native C. gigas, we conducted a series of detailed laboratory and in 

situ studies on the feeding physiology of both species. More specifically, we determined 

the separate effects of temperature, salinity, turbidity, and seston organic content on the 

clearance rates of these species through laboratory experiments to understand species-

specific sensitivities to these environmental parameters. To better understand the feeding 

behavior and potential competition for food resources between these species under 

natural conditions, clearance rates and particle processing behavior were evaluated in situ 

in Yaquina Bay, OR, across a wide range of environmental conditions spanning both dry 

and wet seasons.  

Laboratory and in situ feeding studies offer an opportunity to examine the relative 

value of these approaches in developing models to describe the feeding behavior of O. 

lurida and C. gigas under natural conditions. Bivalve filtration services have frequently 

been estimated solely based on the results of laboratory feeding studies (e.g. Newell 

1988; zu Ermgassen et al. 2013); however, laboratory studies may not reflect the complex 
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and highly variable feeding behavior of bivalves in natural, dynamic environments 

(Cranford and Hill 1999; Grizzle et al. 2008; Cranford et al. 2011). We created clearance 

rate models from laboratory studies and from environmental data collected while 

measuring in situ clearance rates of oysters in the field and compared their ability to 

accurately describe clearance rates of these species in Yaquina Bay. Data from laboratory 

and in situ studies and modeling efforts were used to make inferences concerning 

species-specific environmental sensitivities, potential for seston resource competition, 

and filtration services of these two oyster species in PNW estuaries.  

Methods: 
 

Determination of clearance rates 

 
Clearance rates were defined as the volume of water cleared of particles per unit 

time and were determined by measuring the exponential decrease of algae within aquaria 

using the formula:  

!" =
$
%& '%

!(
!&
												(+) 

where C0 and Ct are the algal concentrations at time 0 and at time t (min), respectively, V 

is the volume of the aquarium, and n is number of oysters per aquarium.  Declines in 

algal concentrations were evaluated after terminating inflow to aquaria. Settlement over 

time in control aquaria (containing no oysters) was determined to be negligible (<1%), 

thus it was not necessary to include a correction for settlement losses (Coughlan 1969). 

Algae concentrations were measured using an electronic particle counter (Beckman 

Coulter Counter Z-2 measurement range 3-9 µm; aperture 50 µm). Clearance rates were 

standardized to liters cleared hour-1 gram-1 of dry tissue weight (DTW).  
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Unless explicitly mentioned, DTW of experimental oysters were estimated using the 

species-specific allometric relationship between DTW and total wet weight (TWW) 

which were determined in preliminary analysis (O. lurida: DTW= 0.0044TWW-0.043, r2 

adj= 0.93, F1,32 = 78.80, p-value<0.0001; C. gigas: DTW = 0.039TWW-0.06, r2adj = 0.89, 

F1,29 = 225.97 p-value<0.0001). TWW were obtained from lightly, patted-dry whole 

oysters that were then weighed. DTW were obtained after excising and separately freeze-

drying tissue from each animal of known TWW, to constant weight (48 h).   

 
Biodeposit method 

Turbid environments with suspended particulate matter in the water column 

precluded us from using the clearance method as sedimentary particles were often 

concentrated and were present in the same size range as food items; therefore, during 

laboratory experiments to evaluate the effects of turbidity on clearance rates and in all in 

situ feeding experiments in Yaquina Bay, OR, we used the biodeposit method of 

Hawkins et al. (1996) to determine clearance rates and particle processing by oysters.  

The biodeposit method uses the following equation: 

-. =
(/01 + /03	)	/5678

[/0:;]
	(=) 

where IMF is the inorganic matter (mg) found in the feces, IMP is the inorganic matter 

found in pseudofeces (mg), and IMSW is the concentration of inorganic matter suspended 

in seawater (mg l-1). Fecal and pseudofecal samples were collected and each was 

homogenized separately within a standard volume (50 ml) of filtered seawater (0.22µm). 

Samples were then filtered onto separate pre-weighed and ashed Whatman GF/C filters. 

All samples were rinsed with 10ml of 0.5M ammonium formate to remove salts prior to 

drying. Filtered samples were dried at 60°C before weighing to determine total 
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particulate (TPM). Dried filters were ashed at 450°C for 4 h prior to final weighing to 

determine inorganic and organic content of samples (particulate inorganic matter (PIM) 

and particulate organic matter (POM), respectively). Clearance rates were standardized in 

terms of liters cleared hour-1 gram-1 of dry tissue weight-1 (DTW). In addition to clearance 

rate, other processes of feeding and absorption were calculated from filtered feces, 

pseudofeces and suspended material (Table 2.1).   

 
Laboratory Experiments: 

 
Adult O. lurida and C. gigas oysters for experiments were obtained from Oregon 

Oyster Farm (OOF; Yaquina Bay, Newport OR) or from Coos Bay, Oregon. 

Experimental oysters were held in an outdoor flow-through system under ambient 

seawater conditions at the Hatfield Marine Science Center (HMSC) Newport, Oregon, 

until used in lab studies. Seawater supplied to HMSC was collected from Yaquina Bay 

twice daily at high tide (temperature = 10±2°C, salinity 27-32 psu) and filtered <10µm. 

When held in outdoor troughs, oysters were fed on a continuous supply of mixed algal 

species (Isochrysis galbana Parke 1949, Tetraselmis chuii Butcher 1959, and 

Chaetocerous neogracillis Pantocsek 1982) at a total concentration of 15-30 cells µl-1.  

At initiation of laboratory feeding experiments, oysters were placed in 10 l 

aquaria at 10°C supplied with aeration and high seawater flow (60 l h-1) to promote 

mixing and to prevent oysters from depleting suspended algae. In all laboratory feeding 

experiments, a monoculture of I. galbana was supplied to the aquaria at a concentration 

of approximately 25 cell µl-1 which was below the threshold for pseudofecal production 

for both oyster species (Gray, personal observation). We assumed that both O. lurida and 
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C. gigas captured I. galbana with 100% efficiency during all laboratory experiments. 

Although we did not test this assumption, I. galbana has a spherical diameter of 4-6µm 

which is reported to be above the threshold for high particle retention efficiency (>90%) 

among most marine bivalve species (Riisgard 1988b; Gosling 2003). Additionally, we 

specifically selected an initial concentration of 25 cell µl-1 (C0) as it was in the range that 

elicits the greatest retention efficiency and greatest pumping rates for Ostrea edulis 

(Wilson 1983).  

 

DTW and temperature effects on laboratory clearance rates 

In this study we compared the effects of DTW and temperature on clearance rates 

of O. lurida and C. gigas tested simultaneously under the same experimental conditions. 

Groups of oysters of each species in defined weight classes (±2 g total wet weight, 

TWW; range: 1.1 – 24.2g; see Table A1.1 for dry tissue weight estimates, DTW) were 

placed in flow-through aquaria. We chose to make measurements on groups of animals 

instead of individuals to obtain more accurate estimates of average clearance rates which 

would otherwise have been difficult to measure due to the inclusion of small sized oysters 

with low individual filtration rates. Clearance rates of C. gigas were found to be higher 

and more easily measurable than for O. lurida; therefore grouping was not utilized as 

much for experiments with this species (see Supplementary Materials in Appendix 1 

Table A1.1 for grouping). To prevent thermal shock, water temperatures were increased 

from ambient levels at a rate of 1°C day-1 until experimental temperatures of 10, 15, 20 or 

25°C were reached. Salinity was held constant at 30 ± 2 psu. The order in which oysters 

were exposed to temperature treatments was randomized. The clearance rates of the 4-5 
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weight classes of oysters from each species were determined in order to estimate 

allometric relationships between size and clearance rate. After measurements were 

completed, oysters were removed, the system was reset, and new groups of oysters were 

placed in treatment aquaria. We modeled clearance rates as a function of both DTW and 

temperature using the following equation (Cerco and Noel 2005): 

 

!" = >?@×BC(D+EDF)=												(G) 

 

where a, b, and c are constants, W is the DTW of the test animal in grams, T1 is the 

experimental temperature and T0 is the temperature at which clearance rates are 

maximum.  

 

Salinity effects on laboratory clearance rates  

Individual adult O. lurida and C. gigas oysters (n= 3 individuals per salinity 

treatment) were weighed and measured, labeled with acrylic nail polish, and each placed 

individually in aquaria under flow-through conditions (T = 15± 1 °C, Sal. = 30 ± 2 psu) 

as mentioned above. DTW ranged from 0.39 to 0.87g and 0.59 to 1.61 g for O. lurida and 

C. gigas, respectively. Seawater was mixed in different proportions with dechlorinated 

freshwater to supply groups of oysters with seawater at salinities of 30±2, 25±2, 20±2, 

15±2, 10±2, 5 ±2 psu. Salinities were lowered at a rate of 2 psu day-1 until reaching the 

desired treatment condition. A mixed- algal ration of C. neogracile, I. galbana, and T. 

chui was also added with incoming seawater at concentrations between 20 and 30 cells 

µl-1. One day after reaching treatment salinity conditions, diets were switched to a 
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monoculture of I. galbana and clearance rates determined. Species-specific clearance 

rates at experimental salinities were modeled using non-linear regression.   

 

Turbidity effects on laboratory clearance rates 

Groups (n = 3 individuals per group) of adult O. lurida and C. gigas oysters (±2 g 

TWW) were placed into aquaria under flow-through conditions (T = 15± 1°C, Sal. = 30 ± 

2 psu). Within each aquaria, individual oysters were held in rings of PVC pipe (diameter: 

127 mm, height: 76 mm) with Nitex® screen (mesh size: 80µm) on the bottom to allow 

water passage but also to retain feces and pseudofeces needed for determination of 

clearance rates using the biodeposit method (see above). Kaolin powder (Sigma-

Aldrich®) was mixed with seawater in a 60-l reservoir and pumped via peristaltic pumps 

at varying rates into treatment head tanks to achieve target turbidity levels. Flow rates 

through aquaria ranged from 150 to 200ml min-1. Turbidity levels (concentrations of total 

particulate matter; TPM, mg l-1) were determined gravimetrically following filter 

sampling protocols outlined in the biodeposit method above. After feeding rate 

measurements were made, experimental oysters were replaced with new animals and 

kaolin suspensions were adjusted to achieve new levels of turbidity. As additions of 

kaolin powder changed the organic content of the seston (OC; fraction), we also 

determined the effects of OC of clearance and particle processing rates. Species-specific 

clearance rate responses to different turbidities and seston OC values were analyzed and 

compared using multiple non-linear regression.  
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Determination of particle size preferences 

 
In two separate experiments, we determined the particle size preferences of O. 

lurida and C. gigas under conditions in which oysters were fed on mixtures of different 

fluorescent polystyrene bead size classes (3µm, 6µm, 10µm, and 20µm beads, excitation 

maxima at 441nm and emission maxima at 485nm; Polysciences Inc., Warrington, PA) in 

bead proportions that were either equal with respect the volume or concentration of each 

bead size category. Similar sized adult Olympia and Pacific oysters (range: 50mm - 

70mm; n = 8 per species) were transferred to flow-through conditions in the lab and 

brought to experimental temperatures (15°C) at a rate of 1°C day-1. Oysters were starved 

for 1 day prior to experimentation. Upon commencement of experiments, oysters were 

transferred individually to separate beakers that were each submerged within a single 

11.25 liter aquarium receiving 0.22 µm-filtered seawater under flow-through conditions. 

Once oysters resumed filtering, water flow to the common aquarium was terminated and 

a suspension of fluorescent polystyrene beads (Polysciences, Warrington PA) was added. 

Appropriate volumes of suspension of each bead size were added to ensure that equal 

volumes or concentrations of each bead size was present in the mixed suspensions, 

depending on the experiment. The total volume of the beads was equal to that of a 

suspension of I. galbana at 25 cells µl-1. Aeration and a magnetic stirrer were used to 

keep beads circulating throughout the container. Samples of suspensions were obtained 

from beakers without oysters to verify particle concentrations and size-class distributions 

available to oysters. After feeding for one hour on beads, the beakers were flushed of 

beads with 0.22 µm-filtered seawater and all biodeposits were collected after 2 hours of 
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egestion. Control suspensions, feces, and pseudofeces were collected, homogenized, and 

filtered onto black GBPT 0.2 µm filters (Millipore). Filters were mounted and 

photographed using epifluorescence microscopy outfitted with an Endow GFP (EGFP) 

bandpass filter set (Chroma filter set #41017). Images were later analyzed using Image 

Pro. v 7.0 to determine particle size distributions among collected samples. To determine 

preference, we used analysis of variance (ANOVA) to determine if any particular bead 

size-class appeared more frequently in fecal samples compared with the proportion 

present in suspension.   

 

In situ measurements of feeding behavior and absorption rates 

In situ measurements of oyster feeding behavior were made during dry and wet 

seasons in Yaquina Bay, OR in 2013 and 2014, respectively. Previous studies have 

shown significant seasonal differences in environmental quality (e.g. salinity, [Chl-α], 

primary nutrient sources) in the Yaquina estuary (Brown et al. 2007; Brown and Ozretich 

2009) principally driven by strong seasonal rains during fall through winter as well as 

upwelling events that typically occur from late spring to late summer. During the wet 

season, the estuary becomes river-dominated, but after seasonal rains subside and riverine 

freshwater inflow declines, the estuary switches to a state of marine-dominance with 

nutrients and productivity driven by oceanic factors (Brown et al. 2007).  Following 

(Brown et al. 2007), we defined the wet season (November-April) as months when the 

median monthly discharge exceeded the long-term (30 year) median annual discharge 

and the dry season (May-October) as months in which the median discharge was below 

the long-term median. The dates of the in situ studies occurring during the 2013 dry 



24	
	

	
	

season were from September 18th to 30th and October 22th to 25th; trials during the wet 

season were conducted from February, 13th to 28th and March 3rd to 19th 2014.  

 

Two weeks prior to the beginning of field experiments, adult O. lurida and C. 

gigas oysters (shell height range 42-78 mm) were obtained and suspended from a floating 

pier at the OOF study site located approximately 14 km upstream from the river mouth. 

This region of the river is also the site of historic native oyster grounds (Fasten 1931). 

During the feeding trials, turbidity, salinity, chlorophyll (Chl-α), and temperature were 

continuously monitored using a YSI-6600 data logger. Individual oysters were placed in 

separate flow-through aquaria resting on a floating dock and feeding behavior assessed 

using the biodeposit method. Ambient seawater was supplied to aquaria (range 150-200 

ml min-1) by a submerged pump adjacent to the dock.  

In 1-4 hour intervals, all feces and pseudofeces were collected from six replicate 

animals per species to determine clearance rates and other physiological rate processes. 

Water samples were collected from a control aquarium containing no oysters to 

determine TPM and seston OC. Samples were only collected from individuals that were 

actively feeding. Biodeposits and seston samples were processed similarly to those for 

the turbidity experiments. Net organic ingestion rates, net organic selection efficiencies, 

and net organic absorption rates, biodeposition rates, and organic biodeposition rates 

were determined (Table 2.1). Additional samples of seston were collected, preserved with 

formalin, and particle size distributions were analyzed within 1 h of sampling at HMSC 

using an electronic particle counter (Coulter Counter Z-3). Following all fecal 

collections, animals were sacrificed, soft tissue excised and freeze-dried to obtain DTW. 
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Feeding responses were standardized for an equivalent individual of 1 g dry soft tissue 

weight. 

 

Predictive power of models based on laboratory and in situ data for oyster clearance 

rates 

To determine the ability of models based on data from laboratory experiments to 

predict oyster clearance rates in the field, we constructed the following model adapted 

from Cerco and Noel (2005, 2007) that utilized relationships between clearance rates and 

experimental conditions of laboratory studies:  

	!"H>@ = 	!"I>J×K(D)×K L ×K DMN ×K(O!)						(P) 

where CRmax is the maximum clearance rate predicted from allometric relationships 

between DTW and clearance rate (i.e. CR = aDTWb),  f(T) is effect of temperature (0 < 

f(T) < 1), f(S) is the effect of salinity (0 < f(S) <1), f(TPM) is the effect of TPM (0 < 

f(TPM) <1), and f(OC) is the effect of seston organic content (0 < f(OC) <1). Similar 

models have not included the effect of OC when attempting to describe filtration services 

of eastern oysters in the Chesapeake Bay (Cerco and Noel 2005; Cerco and Noel 2007; 

Fulford et al. 2007), but we decided to include it since it affected clearance rates of O. 

lurida  and C. gigas during in situ field experiments in this study and in several other 

bivalve studies (Cranford et al. 2011). Although previous bivalve feeding models have 

included the effects of dissolved oxygen (Cerco and Noel 2007), we did not include this 

parameter in our model because Yaquina Bay is a well mixed and oxygenated estuary (5 

year average = 4.71 mg O2 l-1, SD = 1.58 mg l-1; Land/Ocean Biogeochemical 

Observatory, Seabird Coastal, Bellevue WA; yaquina.loboviz.com) and it was considered 
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unlikely that these oxygen concentrations would impact adult feeding behavior (Bayne 

1971). Environmental (i.e. T, S, TPM, OC) and DTW data collected during in situ feeding 

studies were then entered into the lab-based clearance rate model (CRLab) and predicted 

rates compared with those measured during in situ trials.  

We also related measured feeding responses of each species to environmental 

parameters measured during the in situ feeding studies in order to develop an in situ 

predictive model (CRI). Multiple linear regressions were formulated to describe the 

separate effects of concentration of total particulate matter (TPM), organic content of the 

seston (OC), temperature, and salinity. Multiple regression models were developed in a 

forward-stepping mode that entered the most significant predictor first followed by 

adding or deleting subsequent variables until no further additions or deletions 

significantly improved the overall fit (lowest AICc value; Akaike 1973). Multi-co-

linearity among parameters was first examined with pairwise comparisons of linearity 

among all possible predictors to avoid including two or more predictors that were 

correlated within a single model. Secondly, after model creation, the variance inflation 

factors (VIF) among parameter estimates were examined to ensure predictor variables 

were not highly correlated to one another within a single model. Models of clearance 

rates derived from laboratory studies (CRLab) and in situ studies (CRI) were created for 

both species. CRLab and CRI for each species were then regressed separately against 

actual clearance rates measured during in situ studies to determine the predictive strength 

of each model.  
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Analysis and statistics 

All statistical tests and procedures used in the analyses and presentations of data 

were undertaken using JMP®v 12.0 (SAS). Relations between feeding responses and 

environmental parameters during laboratory tests were fitted using multiple linear and 

non-linear regression analyses. Model selection was based on minimum AIC values. 

Assumptions of normality and heteroscedasticity were checked with inspection of data 

and Shapiro-Wilk’s test, and Levene’s test, respectively, and were met unless noted 

otherwise.  

 
Results: 
 

Laboratory experiments 

 

DTW and temperature effects on laboratory clearance rates 

Clearance rate data were log transformed to meet the assumptions of multiple 

linear regression analysis. Both body size and temperature were found to be significant 

predictors of clearance rates for O. lurida and C. gigas in the laboratory (O. lurida: 

temperature, F1,18 = 196.81, P < 0.0001; DTW, F1,18= 28.16, P < 0.0001; C. gigas: 

temperature, F1, 18 = 21.85, P < 0.0003; DTW F1,18 = 29.16, P < 0.0001,).  Models 

(equation 3) for the effect of temperature and DTW on clearance rates explained 96% and 

89% of the variability in clearance rates for O. lurida and C. gigas, respectively (Fig.2.1; 

Table 2.2). Values for a, b, c and T0 for O. lurida were 3.60, 0.26,-0.009 and 25°C, 

respectively. In a similar order, we found a, b, c and T0 constant values of 8.67, 0.66, -
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0.023, and 20°C for C. gigas. Note that a values represent maximum clearance rates 

when animals are held at optimal temperatures that are species-specific (25 and 20˚C, for 

O. lurida and C. gigas, respectively). With overlapping 95% confidence intervals, values 

for the constant c, which describes the effect of temperature on clearance rates, were 

found to be similar between these species (O. lurida lower and upper 95% CI for c: -

0.011, -0.008; C. gigas lower and upper 95% CI for c: -0.029, -0.018). At each 

experimental temperature, the standardized clearance rates (l h-1 g-1 DTW) of C. gigas 

were consistently greater than those of O. lurida except at the highest temperature tested 

(25°C) when clearance rates were similar (t-test (8) = -0.01 p-value = 0.9916).  

 

Salinity effects on laboratory clearance rates 

The effects of salinity on weight-specific clearance rates of O. lurida and C. gigas 

were best described by the following three-parameter logistic function:  

!" =
C

+ + B E> LE@
				(Q) 

where a, b, c are constants, and S is the experimental salinity. Using this model, salinity 

was highly predictive of clearance rates for O. lurida (non-linear regression F1,7 = 33.69 

p-value = 0.0004, R2 = 0.89) and C. gigas (non-linear regression F1,8 = 121.52 p-value < 

0.0001, R2 = 0.93). Non-linear models explained 89% and 93% of the total variability in 

the clearance rates of O. lurida and C. gigas, respectively (Fig. 2.1; Table 2.2). Species-

specific values for the constants a and b, describing oyster clearance rates and salinity 

thresholds below which there is a precipitous drop in clearance rates, respectively, were 

found to be similar between O. lurida and C. gigas (analysis of means for a-values [-0.26 

and -0.29, respectively] p-value > 0.05; analysis of means for b-value [19.29 psu and 
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17.44 psu for O. lurida and C. gigas,  respectively] p-value > 0.05; Fig. 2.1, Table 2.2).  

Clearance rate asymptotes for O. lurida and C. gigas (c-values: 2.99 and 6.8 l h-1 g-1, 

respectively) found at the maximum salinities tested were significantly different (analysis 

of means p-value<0.05). Minimal clearance rates of 0.13 and 0.22 l h-1 g-1 for O. lurida 

and C. gigas, respectively, were reached at the lowest salinity level tested (6.1 psu). 

 

Turbidity effects on laboratory clearance rates 

In laboratory experiments with increasing additions of kaolin, seston organic 

content (OC; fraction) decreased from a maximum of 0.77 to 0.12, while total particulate 

matter increased (R2 = 0.50, non-linear regression, F1,80 = 79.47 p-value < 0.0001; see 

Fig. A2.1 for relationship between OC and TPM). The effect of total particulate matter 

(TPM) on the clearance rates of each species was found to be best expressed as the 

following exponential decay function: 

!"	 = > + @BCDMN	(R) 

where a, b, and c are constants. Values for a, b, and c were 0.144, 1.66, and -0.06, 

respectively, for O. lurida and 0.55, 5.34, and -0.18, respectively for C. gigas. Under 

these models, clearance rates dropped precipitously with both species in relation to TPM 

(Fig. 2.1; O. lurida: non-linear regression TPM F1, 16 = 6.015, p-value < 0.001; C. gigas: 

non-linear regression TPM F1, 14 =10.06 p-value < 0.0001). Values for the constant c, 

which describes the effect of TPM on oyster clearance rates, were found to be similar 

between species (analysis of means p-value > 0.05). Additionally, these models were 

found to explain 80 and 78% of the variability in clearance rates due to TPM in O. lurida 

and C. gigas, respectively.  
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Clearance rates increased linearly with OC for O. lurida (Fig. 2.1; F1, 22= 44.4312 

p-value < 0.0001) and C. gigas (linear regression F1,19 =18.4817 p-value = 0.0004) as 

given by the following equation: 

!" = > + @O!			(S) 

 

where a and b are constants with values of -0.21 and 2.73 for O. lurida and -0.57 and 

7.36 for C. gigas, respectively. Species-specific clearance rates response to changes in 

OC, as given by the b-values, were significantly different from one another (multiple 

linear regression species x OC F3, 42 = 18.97 p-value = 0.0072). 

 

Particle size preferences 

When volumes of each bead size-class were similar in the mixed bead suspension, 

there was no apparent selection of any particular bead size-class for either species (3 µm: 

ANOVA F2,16=0.221, p-value =0.804; 6 µm: ANOVA F2, 16= 1.554, p-value = 0.24;  10 

µm: ANOVA F2,16 = 1.132, p-value = 0.3469). In contrast, when bead size-classes were 

equal in concentration, O. lurida preferentially selected 20 µm beads for ingestion (20 

µm: ANOVA F2,16 = 7.47, p-value = 0.005), while there was not selection among all the 

other bead size-classes for both species (Fig. A2.3; 3 µm: ANOVA F2,16 = 1.555, p-value 

= 0.241; 6 µm: ANOVA F2,16 =1.555 p-value = 0.242; 10 µm: ANOVA F2,16 =1.132 p-

value=0.347).    
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In situ measurements of feeding behavior and absorption rates 

Environmental parameters 

Analysis of the particle-size spectrum of natural seston determined that ≥ 92% of 

the total seston volume was consistently comprised of particles with diameters > 4 µm 

during field trials, suggesting the vast majority of particles in suspension were available 

for capture by O. lurida and C. gigas.  The mean fraction of seston that was made up of 

organic matter (OC) in Yaquina Bay during the dry season (0.37) was significantly 

greater than during the wet season (0.23) (t-test (38) = 4.81 p-value < 0.0052); however, 

the relation between OC and TPM were similar between wet and dry seasons (non-linear 

regression, OC ~TPM*Season, F2, 16 =13.41, p-value > 0.05) and can be expressed in the 

following equation (Fig. 2.2):  

 

O!	 = 	(. == + (+. +(B(E(.+QDMN)			(U) 

 

Seasonal variations in other environmental conditions were significant (Fig. 2.2). 

Mean seawater temperature and mean salinity during the dry season (14.7˚C and 26.3 

psu, respectively) were significantly greater than those observed during the wet season 

(11.8˚C and 16.6 psu, respectively) (temperature, t(16) =7.55, p-value < 0.0001; salinity , 

t(16) = 7.82, p-value < 0.0001), while TPM during the dry season (19.69 mg l-1) was 

significantly lower than that found during the wet season (33.61 mg l-1, t(16) = 10.47, p-

value < 0.0001). Average seasonal algal concentrations (Chl-α) observed during the dry 

(3.94 mg-1) and wet seasons (2.87 mg l-1) were similar (p-value > 0.05).   
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In situ clearance related to environmental parameters 

The seasonal clearance rates for both species were presented by averaging all 

measured clearance rates within a given season. The dry season mean clearance rate for 

O. lurida (0.78 l h-1 g-1) was significantly greater (F1, 99 = 38.10 p-value < 0.0001) than 

that for the wet season (0.19 l h-1 g-1). However, seasonal clearance rates for C. gigas 

(dry: 0.95 l h-1 g-1, wet: 1.06 l h-1 g-1) were similar to one another (F1, 97 = 0.43 p-value = 

0.51). Between species, no significant difference in seasonal mean clearance rates was 

observed during the dry season (ANOVA F1, 126 = 3.0705 p-value = 0.0822); however, C. 

gigas had a greater mean clearance rate under wet season conditions (ANOVA F1, 126 = 

19.6582 p-value < 0.0001). 

In situ clearance rates were modeled and were best predicted by simple linear 

functions using environmental data collected during trials (CRI, Table 2.4). The dry 

season clearance rates of O. lurida ranged from 0.11 to 2.58 l h-1 g-1 and were best 

predicted by seston OC and salinity (R2 = 0.57, linear regression F2,64 = 42.41 p-value < 

0.0001). Wet season clearance rates for O. lurida ranged from 0 to 0.79 l h-1 g-1 and were 

weakly (R2 =0.29) predicted by temperature and turbidity (F2, 35 = 7.023 p-value = 

0.0029); however, after combining all observations, a more significant relationship was 

found between clearance rates and OC and temperature across both dry and wet seasons 

(R2 = 0.61; linear regression, F2, 98= 77.62 p-value < 0.0001). Clearance rates of C. gigas 

during the dry season ranged from 0.20 to 2.19 l h-1 g-1 and were best predicted by TPM 

and OC  (R2 = 0.49; linear regression, F2,61 = 28.04 p-value < 0.0001). Wet season 

clearance rates ranged from 0.0 to 4.62 l h-1 g-1 and were not predicted by any of the 



33	
	

	
	

measured parameters; however, after pooling all observations across seasons, a weak 

model (R2 = 0.19) using TPM, OC, and salinity as predictors emerged to significantly 

describe the clearance rates C. gigas (F3, 97 = 7.296 p-value = 0.0002).  

 

In situ filtration rates, particle selection and absorption rates 

All equations, parameters, and statistics describing the in situ particle processing 

of both species are presented in Table 2.3. Filtration rates (mg h-1 g-1) of both species 

were best predicted by their own clearance rates rather than by environmental data. O. 

lurida filtration rates varied from 2.74-53.74 mg h-1 g-1during the dry season and 0 to 

14.63 mg h-1 g-1during the wet season. O lurida clearance rates were predictive of 

filtration rates during the dry season (R2 = 0.28, F1, 57 =35.44 p-value<0.0001), wet season 

(R2 = 0.93, F1, 35 = 456.66 p-value<0.0001), and after combining data from all seasons  

(R2 = 0.61, F1, 35 =144.94 p-value<0.0001, Table 2.3). For C. gigas, filtration rates ranged 

from 4.4 to 49.13 mg h-1 g-1during the dry season and 0 to 88.84 mg h-1 g-1during the wet 

season. Clearance rates were also predictive of filtration rates for C. gigas during the dry 

season (R2= 0.49, F1, 60 =57.88, p-value < 0.0001), wet season (R2 = 0.67, F1, 31 = 62.09, 

p-value < 0.0001), and after combining data from all seasons  (R2 = 0.48, F1, 92 =84.60, p-

value < 0.0001, Table 2.3).  

Seasonal patterns of particle selection and absorption became evident when data 

from both wet and dry seasons were combined; for example, the proportion of filtered 

material rejected by C. gigas as pseudofeces (Fig. 2.3) showed a clear seasonal pattern 

with higher rejection rates occurring in the wet season.  Therefore, we examined the 
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proportion rejected, ingestion rates, and absorption rates among O. lurida and C. gigas 

within and between seasons to better understand these processes. 

The proportion of filtered material that was rejected (RR/FR) varied between 0-

91% for both species with the greatest rejected proportions occurring during the wet 

season (Fig. 2.3). The hyperbolic relationship between the proportion rejected and FR in 

laboratory experiments (Appendix Fig. A2.2) was apparent during in situ measurements; 

however, when OC was exceptionally high in the field on two separate occasions (OC = 

0.72 and 0.54), the proportion of filtered material rejected was low for both species 

(~20%). RR/FR was significantly predicted by FR (O. lurida: R2 = 0.51, F1,18 = 17.46, p-

value = 0.0006; C. gigas: R2= 0.68 F1,29 = 59.22, p-value < 0.0001) but not by other 

measured parameters.  

Net organic ingestion rates (NOIR) ranged 0 to18 mg h-1 for O. lurida and 0 to 33 

mg h-1 for C. gigas across all seasons (Fig. 2.3). Net organic selection efficiency (NOSE) 

varied between 0-98% for O. lurida and 0-96% for C. gigas. Net organic absorption rates 

(NOAR) ranged from 0 to 11 mg h-1 for O. lurida and 0 to19 mg h-1 for C. gigas, 

respectively. OC was found to predict NOIR (O. lurida: R2 = 0.69, F1,99 = 217.35, p-value 

< 0.0001; C. gigas: R2 = 0.82; F1,97 =443.55, p-value < 0.0001), NOSE (O. lurida: R2= 

0.19, F1,81= 19.37, p-value < 0.0001; C. gigas: R2 = 0.70, F1,92 = 209.15, p-value < 

0.0001), and NOAR (O. lurida: R2 = 0.68, F1,92 = 195.57, p-value < 0.0001; C. gigas: R2 

= 0.85, F1,96 = 558.44, p-value < 0.0001). Although slope estimates for NOIR and NOSE 

as a function of OC were similar between C. gigas and O. lurida (non-linear regression, 

analysis of means, p-value>0.05), C. gigas had significantly greater absorption rates than 
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O. lurida as a function of OC (multiple linear regression, species x OC F3,189 = 231.24, p-

value < 0.0001).  

 

In situ biodeposition rates 

In situ biodeposition rates (BDR) varied from 2.53-50.62 mg h-1 during the dry 

season and 0-8.53 mg h-1during the wet season for O. lurida. For C. gigas, in situ BDR 

varied for 3.5-26.16 mg h-1 during the dry season and 0-86.3 mg h-1 during the wet 

season. In situ organic biodeposition rates (OBDR) varied from 0.83-8.19 mg h-1 during 

the dry season and 0-2.11 mg h-1 during the wet season for O. lurida. In situ OBDR for C. 

gigas varied from 0.82-5.39 mg h-1 during the dry season and 0-13.41 mg h-1 during the 

wet season. 

In situ BDR and OBDR for O. lurida were best predicted by their filtration rates 

when measured across seasons (BDR: R2 = 0.73, F1,100 =271.61, p-value<0.0001; OBDR: 

R2 = 0.72, F1,99 = 246.48, p-value<0.0001). Similarly, filtration rates were also predictive 

of BDR and OBDR for C. gigas when measured across all seasons (BDR: R2=0.90 F1,97 

=827.45, p-value<0.0001; OBDR: R2 =0.89, F1,97=748.81, p-value<0.0001). The 

response of C. gigas was similar to that of O. lurida for BDR (multiple linear regression, 

FR x Species F3,196 = 153.54, p-value = 0.3602) and OBDR (multiple linear regression, 

FR x Species F3, 196 = 200.31, p-value = 0.1909) expressed as a function of FR, after 

pooling data across seasons (Fig. 2.5). 
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Predictive power of laboratory-based clearance rate models  

Estimates of in situ clearance rates based on laboratory measurements (CRLab) 

ranged from 0.0005 to 0.0894 l h-1 g-1 and 0.0004 to 0.79 l h-1 g-1 for O. lurida and C. 

gigas, respectively. Within the dry season, CRLab were predicted to range between 

0.00945 to 0.089 l h-1 g-1 (mean: 0.035 l h-1 g-1) and 0.028 to 0.7905 l h-1 g-1 (mean: 0.187 

l h-1 g-1) for O. lurida and C. gigas, respectively. Within the wet season, predicted CRLab 

ranged between 0.0006 to 0.006 l h-1 g-1 (mean: 0.0023 l h-1 g-1) and 0.0004 to 0.0382 l h-1 

g-1 (mean: 0.0107 l h-1 g-1) for O. lurida and C. gigas, respectively. CRLab was a 

significant predictor of in situ O. lurida clearance rates and could explain 42% of the 

variation during the dry season (F1, 63 = 48.41, p-value < 0.0001); however, the lab-based 

model failed to predict in situ clearance rates of O. lurida during the wet season (F1, 35 = 

0.09041 p-value = 0.3484). Similarly, CRLab was weakly predictive of in situ C. gigas 

clearance rates during dry season (R2 = 0.05, F1, 60 = 4.1674 p-value = 0.0456) but not 

during the wet season (R2 = 0.000, F1, 35 = 0.0405 p-value = 0.8416). Across all seasons, 

CRLab was a significant predictor of in situ oyster clearance rates for O. lurida (R2 = 0.56, 

F1, 100 = 125.96 p-value < 0.0001), but not for C. gigas (R2 = 0.004, F1, 97 = 0.4719 p-

value 0.4938).  

 

Discussion: 
 

The main objectives of this study were 1) to compare clearance rates of O. lurida 

and C. gigas under laboratory and in situ conditions; 2) to compare in situ filtration rates 

as well as absorption rates and efficiencies of these two species, and 3) to compare 

clearance rate models based on data from laboratory versus in situ studies. We used these 
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data and models to evaluate potential competition for food as well as to compare the two 

species capacities to remove particulate matter from the seston as in ESS. 

 

Clearance rates measured in laboratory and in situ studies 

O. lurida has been described as a species that is particularly sensitive to 

temperature and other environmental conditions (Steele 1957; White et al. 2009); 

however, little previous work has been conducted and the work presented here indicated 

that clearance rates of O. lurida responded similarly to those of C. gigas with respect to 

the effects of temperature, salinity, turbidity, and seston organic content during laboratory 

studies. The maximal clearance rate found under laboratory conditions for C. gigas (8.7 l 

h-1 g-1) was nearly twice that of O. lurida (3.5 l h-1 g-1), agreeing well with earlier direct 

comparisons between the clearance rates of Ostrea and Crassostrea species (Walne 1972; 

Mathers 1974; Rodhouse and O’Kelly 1981).  

The allometric exponent (b-value = 0.26; Table 2.2), which describes how 

clearance rates vary with dry tissue weight for O. lurida in the temperature effect studies, 

was less than the average value of 0.58 for bivalves that was reported by Cranford et al. 

(2011); however, it was similar to values reported for a limited number of other bivalve 

species, such as for Saccostrea commercialis (b = 0.32; Kesarcodi-Watson et al. 2001).   

Similar to previous investigations, in situ clearance rates of O. lurida and C. gigas  

(e.g. dry season average  = 0.78 and 0.95 l h-1 g-1, respectively) were less than those 

found in laboratory studies (Newell et al. 2005; Grizzle et al. 2008; Cranford et al 2011). 

Several factors may have contributed to these differences.  First, in laboratory studies, we 

utilized a unicellular diet that may have elicited maximal feeding rates. Bivalve feeding 
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behavior is highly responsive to diet quality (Navarro et al. 1996; Navarro et al. 2000), 

and meta-analyses of feeding studies have shown laboratory studies using algae-based 

diets result in feeding rates that are 60% greater than those when more complex dietary 

components of natural seston are used (Cranford et al. 2011 and references within).  

Second, acclimation to experimental conditions may have been a significant 

factor. Some researchers find that bivalves that are fully or partially acclimated to new 

environmental conditions, which may take several weeks to achieve, will have clearance 

rates that are similar to those observed prior to the environmental perturbation (Widdows 

and Bayne 1971; Bayne 1976). In contrast, others report that bivalves do not acclimate to 

changes in environmental conditions, particularly for temperature, even after being held 

in treatment conditions for several weeks (Jorgensen 1990; Petersen et al. 2003; Kittner 

and Riisgard 2005). Oysters in this study were held for a relatively short period of time 

(≤1 day) under new laboratory experimental conditions before their feeding responses 

were determined. In light of the ambiguity surrounding bivalve acclimation, it was 

uncertain if this factor could have been responsible for the differences between measured 

laboratory and in situ clearance rates.  

A third possibility is the manner in which environmental parameters varied in 

laboratory experiments. As we sought to determine the individual effects of specific 

environmental parameters, we held other parameters constant. In contrast, Yaquina Bay 

and other estuaries are highly dynamic systems where multiple chemical and physical 

environmental parameters co-vary simultaneously (Brown and Ozretich 2009). We 

acknowledge that laboratory feeding studies in which multiple experimental parameters 
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are co-varied could elicit more realistic feeding behavior from bivalves (Hutchinson and 

Hawkins 1992) but this experimental approach was beyond the scope of this study.  

Finally, methodologies for determining clearance rates differed between 

laboratory and in situ experiments, with the clearance method being used in most 

laboratory studies versus the biodeposition method in all the in situ studies. Although 

clearance rate estimates may be affected by methodological approach, particularly under 

high seston concentrations (Riisgard 2001; Cranford et al. 2011), comparisons between 

the clearance and biodeposit methods indicate general agreement (Iglesias et al. 1998; 

Navarro and Velasco 2003). Additionally, we found that both methods provided a similar 

result in our own comparative experiments (Appendix Chapter 2 Supplementary 

Materials)  

 

Synergies and competition between O. lurida and C. gigas  

Shells of C. gigas represent an important habitat for O. lurida in many PNW bays 

and estuaries; for example, O. lurida commonly settles on the shells of cultivated C. 

gigas in Yaquina Bay (Gray, pers. observation). This settlement behavior brings these 

two species in close proximity with each other and increases the potential for competition 

for food (Ruesink et al. 2005). Particle-size preferences examined here and by others 

suggest Crassostrea and Ostrea species utilize a similar size-range of food particles 

(Mathers 1974; Ward and Shumway 2004; Ruesink et al. 2005; Buhle and Ruesink 

2009). Competition for food resources by C. gigas may be hampering recovery of the 

native O. lurida in the PNW (Trimble et al. 2009). 
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In our laboratory and in situ feeding studies, we found several instances where C. 

gigas exhibited superior competitive advantages over O. lurida. First, C. gigas displayed 

greater clearance rates than O. lurida in nearly all laboratory studies (Fig. 2.1). The 

physiological basis for greater clearance rates of C. gigas may be due to the larger gill 

ostea of O. lurida (90-180 µm x 45-60 µm) which are approximately one-third larger 

than those of C. gigas (Elsey 1935). Larger ostia presumably increase gill porosity, 

reducing capture efficiency, and may promote capture of larger seston particles. The 

latter is supported by our particle-preference data that showed that O. lurida selectively 

cleared large particles (20 µm) from suspension (Appendix Fig. A 2.3). Furthermore, 

lateral, latero-frontal, and frontal cilia on the gill filaments of C. gigas are more 

developed than in O. lurida (Elsey 1935). These cilia are responsible for creating water 

movement through the gill and are directly involved with particle capture, retention and 

transport (Ward et al. 1997; Ward et al. 1998; Ward et al. 2000). The greater density of 

filaments found on the plicae of C. gigas likely plays a fundamental role in the 

differences in maximal clearance rates found between these species.  

Although bivalves were rarely observed to feed at maximal rates in our in situ 

studies, maximal clearance rates have been reported to occur at times when food is either 

highly available and/or superior quality, such as in response to phytoplankton blooms 

(Cranford et al. 2005). In support of this contention, we observed C. gigas cleared water 

at near-maximal rates during the wet season (Fig. 2.6) when suspended particles were 

abundant but low in quality (Fig. 2.3). Despite rapid particle processing, this feeding 

behavior did not lead to greater absorption rates as it appears only a small fraction of this 

food was ingested (Fig. 2.4). These data demonstrate that C. gigas is capable of clearing 
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much greater volumes of water, which at times may provide a physiological advantage 

over O. lurida in competition for seston food resources.  

C. gigas had greater in situ ingestion rates and absorption rates than O. lurida 

(Fig. 2.4). The greater absorption rates observed here help explain the greater growth 

rates of C. gigas compared with those reported for O. lurida  (Baker 1995; Ruesink et al. 

2005) and perhaps other Ostrea spp. (Askew 1972; Dean et al. 1979; Richardson et al. 

1993). The faster growth rate of C. gigas raises ecological concerns as it may out-

compete populations of O. lurida for space, available hard surfaces for settlement and 

food resources (Trimble et al. 2009).   

Finally, we observed that the shells of C. gigas remained open more often than for 

O. lurida at lower in situ salinities (Gray; pers. observation). As many other bays in the 

PNW likely experience similar salinity regimes to those of Yaquina Bay, these 

observations indicated that C. gigas may continue to feed and grow under low salinities 

conditions that prompt O. lurida to stop feeding and close its shell. Salinity tolerance has 

been recognized as one of the many factors which allow invasive bivalve species to 

outcompete native species (Mills et al. 1996; Braby and Somero 2006; Miller et al. 2007); 

however, C. gigas is not typically considered more tolerant of low salinities than native 

species (Grabowski et al. 2004; Lenz et al. 2011), making our findings particularly 

relevant for the highly euryhaline estuaries where O. lurida is commonly found in the 

PNW.  
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Native and non-native filtration services  

Hoping to recover lost native ESS and improve environmental quality, there has 

been renewed interest in restoring native oyster populations throughout the United States 

(Kroeger 2012; NOAA 2015). In light of the efforts devoted to restoration, models have 

become increasingly important to quantify predicted ESS from native oyster restoration 

or stock enhancements. Previously, zu Ermgassen et al. (2013) estimated filtration 

services O. lurida at historic and pristine population densities in Yaquina Bay to better 

understand its past ecological role. We concluded that O. lurida was unlikely to have ever 

impacted water quality at the ecosystem scale due to its low filtration rates and the 

relatively cold temperatures and short residence times of seawater in this estuary. 

Clearance rates of O. lurida used in the model developed by zu Ermgassen et al. (2013) 

were derived from our laboratory experiments reported in this study and much greater 

rates than we observed in situ. These low in situ clearance rates support our previous 

assertion of the limited historic effect of O. lurida on water quality at the ecosystem 

scale; however, the zu Ermgassen et al. (2013) model did not take into account the 

possibility of localized areas within Yaquina Bay with more limited water exchanges 

where these oysters could have more of an effect. Recent studies by Lemagie and 

Lerczak (2014) suggest that residence times in Yaquina Bay may vary temporally and 

spatially. Importantly, these authors found residence times of 10-15 days during the dry 

season in areas where large historic O. lurida populations occurred, in contrast to the 

short residence time of  ~1 day  used by zu Ermgassen et al. (2013) in their models. 

These greater residence times would have important implications in estimating filtration 

services of O. lurida and C. gigas. Detailed residence time estimates, such as these, are 
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rarely available for PNW estuaries but are critical components of models for estimating 

bivalve filtration services or carrying capacities of estuaries (Banas et al. 2007). Given 

these revised clearance rate estimates of O. lurida and C. gigas and the improved 

understanding of circulation and exchange rates for Yaquina Bay, re-evaluation of 

potential filtration services provided by both these species is warranted and would 

provide greater resolution of temporal and spatial variability of ESS provided by oysters 

in this system. 

Non-native species may provide new ESS and alter trophic dynamics when 

introduced into new environments (Crooks 2002; Sousa et al. 2009). Previous studies 

have suggested that estuaries that were once home to extensive populations of O. lurida 

but are now dominated by C. gigas, could benefit from the greater filtration services of C. 

gigas (Ruesink et al. 2005; zu Ermgassen et al. 2013). Our in situ clearance rates are 

similar to those estimated in models of the impacts of farmed C. gigas on primary 

production in Willapa Bay, WA (Banas et al. 2007). These authors suggested that C. 

gigas now plays a greater role than O. lurida could have historically. At the very least, 

the greater clearance rates of C. gigas during the wet season found in this study suggest 

this species provides novel seasonal filtration services not previously offered by O. 

lurida. 

Biodeposition of waste products is another way in which suspension-feeding 

bivalves may play important roles in nutrient cycling and benthic-pelagic coupling 

(Norkko et al. 2001; Newell et al. 2002; Norling and Kautsky 2008). Biodeposit 

production rates were often similar between these oyster species; however, during the wet 

season, the maximum total and organic biodeposition rates (>100 mg h-1 g-1 and >15 mg 
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h-1 g-1, respectively) of C. gigas were much greater than those for O. lurida (25 mg h-1 g-1 

and 7 mg h-1 g-1, respectively; Fig. 2.5). The greater deposition rates of C. gigas during 

the wet season were due to large proportions of low quality food being rejected prior to 

ingestion (~80%; Fig. 2.3). Delivery of nutrients to sediments via production of 

biodeposits can stimulate benthic microbial communities and aid in the sequestration and 

re-mineralization of organic compounds (Grenz et al. 1990; Kellogg et al. 2013; Hoellein 

et al. 2015). However, high deposition rates can also lead to greater microbial respiration 

and sediment anoxia, creating adverse conditions for benthic infauna (Rodhouse and 

Roden 1987). The ultimate fate of nutrients in biodeposits is difficult to predict and is 

dependent on a variety of factors, including the hydrodynamics of the system, burial rates 

and sediment porosity; therefore, the actual fate and impact of oyster biodeposits in 

Yaquina Bay and other PNW remains uncertain. 

 

Laboratory vs in situ clearance rate models (CRLab vs CRI) 

For decades, researchers have attempted to model feeding behavior of bivalves 

based on results of both laboratory and in situ feeding studies to understand the 

ecological role of bivalves. The appropriateness of using laboratory feeding rates is 

equivocal as laboratory conditions have been found to result in unnatural feeding 

behavior in test animals (as described above). To help guide future modeling efforts, we 

explicitly compared the accuracy of laboratory-based models versus those constructed 

from environmental data collected during in situ feeding experiments to predict the 

observed feeding rates of each species in Yaquina Bay. 
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By accounting for the effects of temperature, salinity, turbidity, and seston OC on 

oyster clearance rates measured in laboratory studies, we developed a lab-based clearance 

rate model (CRLab). We constructed the CRLab model in a manner that was similar to those 

used in previous estimates of the filtration services of Crassostrea virginica in the 

Chesapeake Bay (Cerco and Noel 2007; Fulford et al. 2007). We found that despite 

defined and often significant relationships between experimental parameters and 

clearance rates in the lab, the combined effects of environmental in situ parameters 

modeled in CRLab were not consistently reliable in predicting in situ clearance rates for 

either species. Furthermore, slope estimates from regressing modeled rates against 

observed clearance rates of oysters in Yaquina Bay (range: 0.02-0.07; Table 2.4) 

indicated that CRLab models drastically overestimated the impact of environmental 

variables (Fig 2.6., Table 2.4). Thus, we caution against the use of multifactor, 

laboratory-based models to estimate in situ bivalve filtration rates.   

After measuring oyster feeding in situ, we used environmental data to model the 

observed clearance rates (CRI). Significant models emerged from this analysis, but model 

quality varied by species, season, and time scale. Dry season models for O. lurida and C. 

gigas performed well in estimating clearance rates; however, only O. lurida’s clearance 

rates could be predicted from environmental conditions during the wet season, albeit 

weakly (R2 = 0.29). The strength of the CRI model improved when data from all seasons 

were combined for O. lurida but considerably weakened the model for C. gigas. The 

overall performance of significant CRI models to describe actual clearance rates of O. 

lurida and C. gigas (R2 range: 0.19-0.61) is similar to that of models for a variety of 

species, based solely on TMP and OC (R2 range: 0.33-0.88; Cranford et al. 2011). Even 
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though CRI often explained more of the observed variation in oyster clearance rates 

compared to CRLab models, slope estimates indicated that even these models 

underestimated actual feeding rates.  

There are several factors that can lead to mismatches between bivalve clearance 

rates and environmental measurements, including sampling schedules, animal history, 

and diet (Cranford et al. 2011). For example, we coarsely characterized food quality by 

the organic content of seston; however, studies have shown clearance rates and particle 

processing of bivalves to be affected by particle characteristics (Ward and Shumway 

2004; Rosa et al. 2015) which, if taken into account, may have improved model 

performance (Cranford and Hill 1999). Nonetheless, we agree with many previous 

investigators that models based on in situ data are likely to be more useful than lab-based 

models when estimating the ecological roles of bivalve filter-feeders.  

We attribute the loss of predictive power of CRI models during the wet season to 

our inability to adequately capture the erratic feeding response of these species to rapidly 

fluctuating salinity conditions in Yaquina Bay.  Along with other estuaries of the PNW, 

Yaquina Bay receives most of its precipitation (77%) during the wet season 

(http://www.wrcc.dri.edu). During this time, riverine inputs and salinity fluctuations in 

PNW estuaries dramatically increase (Lee and Brown 2009) and, by comparison, are 

several times greater than those for the Atlantic coast (Hickey and Banas 2003). Indeed, 

we observed several periods when salinities decreased to < 5 psu for several days during 

February and March during in situ trials. Under these conditions, no feeding by either 

species was observed i.e. no production of feces or pseudofeces. As rains ceased, large 

fluctuations in salinities occurred over short time periods (5 psu h-1, range: 5-25 psu) and 
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bivalve feeding became irregular. Salinity fluxes were also accompanied by significant 

changes in other environmental parameters known to affect bivalve feeding behavior, 

such as turbidity. Since our sampling frequency resulted in averaging feeding activity 

over multiple hours, we failed to address the effects of variable feeding patterns due to 

the highly variable environmental conditions. Also due to the erratic feeding behavior of 

both species under fluctuating environmental conditions, we were unable to precisely 

quantify environmental thresholds for feeding. We observed, however, that C. gigas and 

O. lurida appeared to feed when salinities remained ≥10 psu and ≥15 psu, respectively. 

Although C. gigas was observed to be gaping (presumably ventilating) at salinities ≤ 10 

psu, O. lurida remained shut, at times for many days, until fluctuations in salinity ceased 

and salinities were ≥ 10 psu. Other Ostrea species have been also been observed close 

their shells in response to periods of low salinity (Chaparro et al. 2009; Rödstrom and 

Jonsson 2000).   

Significant predictors used in the construction of CRI models varied by species 

and time scales. Organic content of the seston (OC) was found to be a dominant predictor 

of clearance rates (see regression coefficients in Table 2.4) for several of the models (4 of 

5), and was a common predictor for both species when modeling clearance rates across 

all seasons. Temperature was also significant predictor (when modeled with OC) for 

estimating clearance rates of O. lurida across all seasons and within the wet season. 

Changes in seawater viscosity due to temperature changes affect water processing and 

particle retention of bivalves and can account for a large proportion of the impact of 

temperature change on bivalve feeding rates (Podolsky 1994). Compensation responses 

of bivalves may not surmount mechanical impacts imposed by changes in viscosity 
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(Jorgensen 1990). During the dry season when temperatures were relatively high (mean = 

14.7 ± 2.3˚C) compared with multi-season season averages (11.8 ± 2.5 ˚C), salinity 

emerged as another significant predictor of O. lurida feeding rates.  

Investigations on the closely related European flat oyster O. edulis, showed that 

clearance rates declined when salinity was ≤ 22 psu, regardless of water temperature 

(Hutchinson and Hawkins 1992). During the dry season trial, O. lurida was exposed to 

salinities ≤ 22 psu and may have modified filtration rates in order to mitigate exposure to 

these reduced salinities. Although clearance rates of both species were influenced to 

some degree by extreme salinities during the wet season, C. gigas clearance rates were 

consistently predicted by TPM and OC but not salinity (Table 2.4). Other physiological 

studies with C. gigas have demonstrated its tolerance of temperature and salinity stress 

(Gagnaire et al. 2006); furthermore, metabolic functions of C. gigas (respiration rates of 

isolated gill tissues) have been reported to remain nearly constant over a salinity range of 

5-30 psu while other bivalve species found in the PNW are more sensitive (Bernard 

1983). 

Parameters used in models of bivalve feeding rates differ according to the length 

of the study, species examined, environmental conditions, and physical dynamics of the 

system. Short term (<1 month) in situ feeding studies have primarily examined the effects 

of food quantity (TPM) and food quality (OC) since physical environmental conditions 

were less likely to vary greatly over these short time frames (Hawkins et al. 1996; Barillé 

et al. 1997; Velasco and Navarro 2005). In such studies, bivalve clearance rates were 

reported to be correlated with TPM (Hawkins et al. 1996; Velasco and Navarro 2005). 

Over greater time periods and with greater environmental variability, predictors of 
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feeding behavior may not depend on simple relationships with TPM (Prins et al. 1994). 

Cranford and Hill (1999) reported that multi-seasonal ingestion rates of the scallop 

Placopecten magellanicus were best predicted by concentration of particles between 6-14 

µm and seawater temperature, while ingestion rates of the mussel Mytilus edulis were 

simply a function of OC. Presence of harmful algal species may also influence seasonal 

feeding rates. After monitoring environmental conditions and bivalve grazing rates over 

an entire year, (Prins et al. 1994) detected the inhibition of M. edulis clearance rates 

between April-June due to a bloom of Phaeocystis sp. Furthermore, lack of correlation 

between environmental conditions and feeding rates may stem from seasonal endogenous 

nutrient demands (e.g. gametogenesis) that induce compensatory feeding, independently 

of food quality and quantity (Cranford and Hill 1999). Data from this and previous 

studies suggest that to better characterize feeding responses of bivalves and make 

inferences on their ecological roles, long-term in situ feeding studies are required to 

account for system-specific variation in biotic and abiotic factors that may influence such 

physiological rate processes.   

In summary, we provided new data on the feeding physiology of the native O. 

lurida and non-native C. gigas in order to better understand the ecological role of each 

species and how the two species may interact in PNW estuaries. Feeding studies suggest 

that C. gigas has several physiological advantages over O. lurida that may lead to greater 

growth rates and a greater competitive advantage. Resource managers should be aware of 

these physiological traits and competition potential prior to restoration in habitats where 

both species reside and have overlapping distributions. Both species were observed to 

feed at much lower rates in situ than in laboratory studies. New ecosystem-level models 
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for PNW estuaries that incorporate in situ clearance rates as well as improved seawater 

circulation and residence patterns, will greatly improve our understanding on how 

filtration services may have been affected by the decline of the native O. lurida and the 

emergence of C. gigas as the dominant oyster species. 
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Figures and Tables: 
	
	
	
	
	
	
	
	
	
	
	
	
	

	
Figure 2.1 Laboratory studies on the effects of salinity, seston organic content, temperature, and 
turbidity on the clearance rates of O. lurida (diamond) and C. gigas (triangles). Clearance rates are 
standardized to the dry tissue weight of a 1 gram animal. For the effect of salinity, data are mean values 
for three individuals. For the effect of temperature, data are the means for groups of various size 
categories of oysters. For the effect of turbidity and seston organic content, data are measurements 
made on individual oysters. Note that experiments on the effects of salinity, turbidity, and organic 
content on clearance rates of both species were performed at 15˚C. Excluding the effect of salinity, all 
other experiments were conducted at 30 ± 2 psu. 

	
			
  

	
	
	
	
	
	
	
	
	
	
Figure 2.2 Relationships between seston organic content and total particulate 
matter (left) and temperature and salinity (right), each separated by season (dry 
= dots, wet = squares). Data are daily means from in situ trials in Yaquina Bay 
OR (44.6181° N, 124.0302° W). 

 

OC	=	0.22+1.10e(-0.15TPM),	R2	=0.71	 Temp	=	9.55+017e	(0.13Sal),	R2	=0.82	
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Figure 2.3 Proportion of filtered material rejected as a function of filtration rate 
of C. gigas and O. lurida in Yaquina Bay. Filtration rates are standardized to 
the dry tissue weight of a 1 gram animal. Organic content of filtered material is 
indicated by color scale. Data are divided by season, with dry season data 
shown in dots and wet season data shown in open squares. 
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Figure 2.4 Net organic ingestion rates, net organic selection efficiencies, and 
net organic absorption rates of C. gigas and O. lurida as a function of seston 
organic content in from in situ studies in Yaquina Bay. Note the different scales 
of the y-axes. Data represent measurements for individuals. Data are divided by 
season with dry season data shown in dots and wet season data shown in open 
squares. 
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Figure 2.5 Biodeposition rate and organic biodeposition rate as a function of 
filtration rate of O. lurida and C. gigas. Deposition rates and filtration rates are 
standardized to the dry tissue weight of a 1 gram animal. Data are divided by 
season with dry season data shown in dots and wet season data shown in open 
squares. 
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Figure 2.6 Predicted clearance rates of O. lurida and C. gigas based on either laboratory studies (CRLAB) 
or environmental data collected in situ (CRI) against actual clearance rates observed in situ in Yaquina Bay, 
OR, across all seasons. Clearance rates are standardized to the dry tissue weight of a 1 gram animal. Data 
are divided by season with dry season data shown in closed circles and wet season data shown in open 
squares. 
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Table 2.1 Processes of feeding, particle processing, and absorption as determined by the biodeposition 
method. Note that clearance rates and filtration rates are standardized to the dry tissue weight of a 1 gram 
animal. 

 
Parameter	 Formula	

Clearance	Rates	(CR;	L	h-1g-1)	
(mg	inorganic	matter	egested	(feces	and	pseudofeces)	h-1)	)/	(mg	
inorganic	matter	available	l-1	in	seawater)	

Filtration	Rate	(FR;	total	mg	h-1g-1)	
(mg	inorganic	matter	egested	-1)	x	[(mg	total	particle	l-1	seawater)/	
(mg	inorganic	matter	l-1	seawater)]	

Rejection	Rate	(RR;	total	mg	h-1)	 mg	total	pseudofeces	egested	h-1	

Net	Organic	Selection	Efficiency	(NOSE;	fraction)	 [1-(organic	fraction	in	pseudofeces)	/	(organic	fraction	within	total	
particulates	available	is	seawater)]	

Net	Organic	Ingestion	Rate	(NOIR;	mg	h-	1)	
[FR	x	(organic	fraction	in	total	particulates	available	in	seawater)]	-	
[RR	x	(organic	fraction	in	pseudofeces)]	

Net	Organic	Absorption	Rate	(NOAR;	mg	h-1)	
NOIR	-	[(mg	total	feces	egested	h-1	)	x	(organic	fraction	within	
feces)]	

Biodeposition	Rate	(BDR;	total	mg	h-1)	 (mg	total	feces	egested	h-1	)	+	(	mg	total	pseudofeces	h-1)	

Organic	Biodeposition	Rate	(OBDR;	total	mg	h-1)	
((mg	total	feces	egested	h-1	)	x	(organic	fraction	of	feces))	+	(	mg	
total	pseudofeces	h-1)	x	(organic	fraction	of	pseudofeces))	
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Table 2.2 Effects of various environmental conditions on clearance rates (l h-1g-1) of O. lurida and C. gigas in laboratory experiments. Clearance rates are 
standardized to the dry tissue weight of a 1 gram animal. Parameters measured include temperature (T), salinity (S), turbidity (TPM, mg l-1), and seston 
organic content (OC, fraction). For temperature effects, T1 is the experimental temperature and T0 is the optimal that elicits the maximal clearance rate. 
Standard errors of parameter estimates are given in brackets. Allometric relationships between total wet weight (TWW) and dry tissue wet (DTW) are also 
listed.  

Species Effect Model Formula Parameter Estimates [S.E.] F df 
p-

value 
R2 
Adj 

O. 
lurida 

DTW DTW = aTWWb a = 0.0044 [ 
0.001] 

b = -0.043  
[0.01] 

    78.80 1,44 <0.0001 0.65 

T  CR = aWbec(T1-

To)^2 
a = 3.60[1.31] b = 0.26 [-

0.13] 
c =-0.009 
[0.001]  

T0 
=25 

14.69 2,18 <0.0001 0.96 

S  CR = c/(1+e(a(S-b)))  a = -0.26[0.11] b = 18.78 
[2.75] 

c = 2.99 [0.52]  33.69 1,7 0.0004 0.89 

TPM  CR = a +be(cTPM) a = 0.144[0.09] b = 1.66 [0.22] c = -0.06 [0.02]  6.02 1,16 <0.0001 0.80 

OC CR = a +bOC a = -0.21 [0.12] b = 2.74 [0.41]   44.43 1,22 <0.0001 0.68 

C. 
gigas 

DTW DTW = aTWWb a = 0.039 [0.01] b = -0.06 
[0.01] 

    225.97 1,29 <0.0001 0.89 

T  CR = aWbec(T1-

To)^2 
a = 8.67[1.21] b = 0.66 [0.07] c = -0.023 

[0.002] 
T0=20 76.35 2,15 <0.0001 0.89 

S  CR = c/(1+e(a(S-b)))  a = -0.25[0.06] b = 17.62 
[2.96] 

c = 6.80 [0.42]  121.52 1,8 <0.0001 0.93 

TPM  CR = a +be(cTPM) a = 0.55[0.18] b = 4.26 [3.65] c=-0.18 [0.18]  10.06 1,14 <0.0001 0.82 

OC CR = a +bOC a = -0.57 [0.49] b = 7.37 [1.71]   18.48 1,19 0.0004 0.51 
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Table 2.3 Clearance rate and particle processing of O. lurida and C. gigas from in situ experiments after pooling data across all seasons. Physiological 
metrics and units include clearance rate (CR; L h-1), filtration rate (FR; total mg h-1), net organic ingestion rate (NOIR; mg h- 1), net organic selection 
efficiency (NOSE; fraction), net organic absorption rate (NOAR; mg h-1), biodeposition rate (BDR; total mg h-1), organic biodeposition rate (OBDR; total mg 
h-1)  

Species  Effect Model Formula Parameter Estimate [S.E.] F df p-value R2 

O. lurida  

CR CR = a+bTemp +cOC 
a = -
0.95[0.35] 

b = 0.06 
[0.03] 

c = 2.49 
[0.26]   77.62 2,98 <0.0001 0.61 

FR FR = a+bCR 
a = 0.50 
[0.89] 

b = 22.20 
[1.15] 

  
372.11 1,99 <0.0001 0.79 

NOIR NOIR = a+be(cOC) a = -1.93 
[2.07] 

b = 1.85 
[1.39]  

c = 2.88 
[0.87] 

 
217.35 1,99 <0.0001 0.69 

NOSE NOSE = a+be(cOC) a = 0.69 
[0.04]  

b = -1.71 
[1.32]  

c = -9.81 
[4.85] 

 
19.37 1,92 <0.0001 0.20 

NOAR NOAR = a+bOC 
a = -2.26 
[0.32]  

b = 14.94 
[0.92] 

  
264.58 1,92 <0.0001 0.74 

BDR BDR = a+bFR a = 1.96 
[0.59]  

b = 0.50 
[0.03]  

 
271.61 1,100 <0.0001 0.73 

OBDR OBDR = a+bFR a = 0.57 
[0.11] 

b = 0.09 
[0.01]     246.48 1,99 <0.0001 0.72 

C. gigas 
  

  

CR CRI=a+bS+ cTPM+dOC 
a = 2.31 
[0.45] 

b = -0.05 
[0.02] 

c = -0.02 
[0.01] 

d = 1.47 
[0.61] 7.296 3,97 0.0002 0.19 

FR CR = a+bFR 
a= 2.5 
[2.06] 

b = 20.08 
[1.60] 

  
156.65 1,97 <0.0001 0.62 

NOIR NOIR = a+be(cOC) a = -0.82 
[1.423] 

b = 1.22 
[0.69] 

c = 4.213 
[0.701] 

 
443.56 1,97 <0.0001 0.82 

NOSE NOSE = a+be(cOC) a = 0.71 
[0.04] 

 b = -2.48 
[0.53] 

c =-8.28 
[1.44] 

 
209.15 1,92 <0.0001 0.69 

NOAR NOAR = a+bOC 
a = -4.60 
[0.45] 

b = 25.88 
[1.33] 

  
375.91 1,96 <0.0001 0.80 

BDR BDR = a+bFR a = -0.36 
[0.91]  

b = 0.86 
[0.03]  

 
827.45 1,97 <0.0001 0.90 

OBDR OBDR = a+bFR a = 0.61 
[0.14] 

b = 0.13 
[0.01]     748.81 1,99 <0.0001 0.89 
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Table 2.4 Comparisons between actual oyster mean clearance rates observed during in situ experiments and those predicted from laboratory studies (CRLab) 
and predicted from environmental parameters measured during in situ studies (CRI). Environmental parameters considered during CRI model creation 
included temperature (temp), salinity (S), temperature (T), salinity (S), total particulate matter (TPM) and seston organic content (OC). Blanks in rows or 
rows marked not available N.S. in wet seasons indicate no environmental parameter emerged as a predictor of actual clearance rates in the in situ studies 
and; therefore, no CRI model could be constructed. Standard error of parameter estimates for CRI models are given in brackets.  

Species	 Data	
Source	

Model		
Parameters	 Resultant	Model	[S.E]	

Modeled	Clearance	Rates	vs.	Actual	Clearance	Rate	

Season	 					F	 df	 R2	 p-value	

O.	
lurida	

Lab	
!"#$% =	!"'$(×
*(,)×* . ×* ,/0 	×
*(2!)	

CRLab	=	 3. 56789.:5 	× ;<9.99= 7><:? : ×
>

>@;A9.:5 BA>C.DC 	× 9.>EE@>.55;A9.957FG

9.>EE@>.55
	×

9.?D@D.3DHI
9.?D@D.3D

	

All	 125.9	 1,100	 0.56	 <0.0001	

Dry	 48.41	 1,63	 0.43	 <0.0001	

Wet	 0.090	 1,35	 0.03	 0.3484	

In	
situ	

As	selected	by	step-wise	
regression	analysis	of	
Temp,	S,	TPM,	OC	

CRI	=	-0.95[0.35]+2.49[0.26]OC	+0.06[0.03]T	 All	 77.62	 2,98	 0.61	 <0.0001	
CRI	=	-2.25[0.94]+2.97[0.68]OC	+0.07[0.03]S	 Dry	 42.41	 2,64	 0.57	 <0.0001	
CRI		=	-1.02	[0.67]+0.13[0.06]T-0.006[0.002]TMP	 Wet	 7.023	 2,35	 0.29	 0.0029	

C.	gigas	

Lab	
!"#$% =	!"'$(×
*(,)×* . ×* ,/0 	×
*(2!)	

CRLab	=	 C. 5D6789.55 	× ;<9.J:3 7><:9 : ×
>

>@;A9.:? BA>D.5: 	× 9.??@E.:5;A9.>C7FG

9.??@E.:5
	×

9.?D@D.3DHI
9.?D@D.3D

	

All	 0.471	 1,97	 0.004	 0.4938	

Dry	 4.167	 1,60	 0.06	 0.0456	

Wet	 0.040	 1,35	 0.001	 0.8416	

In	
situ	

As	selected	by	step-wise	
regression	analysis	of	
Temp,	S,	TPM,	OC	

CRI=2.31[0.45]-0.05[0.02]S-
0.02[0.01]TPM+1.47[0.61]OC	 All	 7.296	 3,97	 0.19	 	0.0002	

CRI	=0.76[0.19]-0.027[0.006]TPM+2.06[0.35]OC	 Dry	 28.04	 2,61	 0.49	 <0.001	
N.S.	 Wet	 	 	 	 	
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Abstract 
 
Although the clearance rates of planktotrophic bivalve larvae have been widely reported, 

post-oral particle processing is less well understood. Using a series of exposures to 

differently colored fluorescent polystyrene microbeads, we quantify several post-oral 

process in the larval gut, including gut fullness, gut passage time, and degree of mixing 

by modeling larval guts as a continuously-stirred tank reactor (CSTR), plug-flow reactor 

(PFR) or combinations of the two in series. We also varied several experimental 

conditions to understand how these affected estimates of gut kinematic parameters. We 

found the larval guts of M. galloprovincialis aged 2 and 7 days post-fertilization, had gut 

exchange time > 1h and were best described either as a CSTR or CSTR in series with a 

PFR. Mixing stomach contents likely aids post-oral particle selection, physical 

breakdown of ingested material, and accelerates the diffusion of digestive enzymes in the 
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gut volume. Reactor models also provided estimates of ingestion rates, which were 

compared to those obtained by other authors who measured rates of bead accumulation.  

In accordance with reactor theory, ingestion rates were negatively and nonlinearly 

correlated with gut passage times and positively related to maximal gut fullness. 

Collectively, these studies provide new insight on the digestive strategy of planktotrophic 

bivalve larvae. 

 

Keywords: Kinematics, gut passage time, larva, planktotrophic, bivalve, ingestion 
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Introduction: 
 

Numerous studies have focused on the feeding behavior of suspension-feeding 

bivalve larvae (Bayne 1965; Bayne 1972; Gerdes 1983; Sprung 1984a; Widdows et al. 

1989a; Widdows 1991; Baldwin and Newell 1995a) as well as other invertebrates, 

including appendicularians (López-Urrutia et al. 2003) rotifers, polychaetes, 

echinoderms, gastropods, and barnacles (Almeda et al. 2011); however, post-oral particle 

processing by larvae have received less attention as it can be difficult to assess due to the 

small size of these animals and the structural complexity of their feeding and digestive 

organs. When possible to observe, post-oral particle processing can reveal important 

information such as sorting of ingested material and passage rate of this material through 

the lumen.  

Gut content analysis and gut passage times of marine bivalve larvae and other 

planktotrophic invertebrates have commonly been evaluated using rates of change in gut 

fluorescence or tracers (e.g. radioisotopes) over time. These methods sometimes require 

collection of fecal material that is difficult for very small organisms, such as bivalve 

larvae, and often require transfer of animals between different feeding conditions to allow 

for exchange of gut contents (Wang and Conover 1986; Reinfelder and Fisher 1994; W.-

Wang and Fisher 1996; Wang and Fisher 1999; Tirelli and Mayzaud 2005; Chen et al. 

2015); however, physical disturbance and alterations in food concentrations can each 

significantly affect gut evacuation rates (Penry and Frost 1990). Additionally, changes in 

ingested phytoplankton pigments (e.g. Chl a) can only be used to qualitatively assess 

feeding and gut kinematic processes as changes in pigment content will covary with both 
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ingestion rates and rates of pigment breakdown due to digestion (Hawkins et al. 1986; 

Penry and Frost 1991). 

Alternatively, microbeads have been shown to be an effective tool for directly 

evaluating particle processing by numerous suspension-feeding organisms, including 

bivalve larvae (Widdows et al. 1989a; Solow and Gallager 1990; Thompson et al. 1994), 

ciliates (Pace and Bailiff 1987), tunicates (Sutherland et al. 2010) freshwater and marine 

copepods (DeMott 1988), echinoderm larvae (Hart 1991), mosquito larvae (Dadd 1971), 

and rotifers (Armengol et al. 2001). Fluorescent polystyrene microbeads possess qualities 

useful for larval invertebrate feeding studies because: 1) they are inert and will not react 

chemically under ambient experimental conditions; 2) they have a specific gravity (1.02) 

close to that of living cells (Milke and Ward 2003); 3) they have a uniform shape and 

size; 4) they are easy to count within translucent larvae using epifluorescent microscopy; 

5) samples do not need to be analyzed immediately and can be stored indefinitely.  

Importantly, previous studies have also shown that bivalve larvae capture and ingest 

microbeads and algal cells at similar rates (Widdows et al. 1989a; Thompson et al. 1994).  

In this study, we determined several aspects of larval digestive physiology, such 

as gut fullness and gut passage time, using a novel dual-bead method. We also examined 

several treatments that were designed to explore the effects of experimental conditions on 

parameter estimates. Microbeads may also be used to assess digestive kinematics after 

modeling guts as chemical reactors (Penry 2000). Reactors types commonly used in 

modeling gut processes include plug flow reactors (PFR) and continuously-stirred tank 

reactors (CTSR). These reactors differ in the degree and geometry of mixing and rate of 

product formation. For bivalves, the extent of mixing within the gut affects digestive 
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efficiencies and energy balance (Penry & Jumars 1986). We are unaware of any previous 

attempts to model larval guts as chemical reactors even though such information could 

shed light on gut processes and the digestive strategies of this life stage. Reactor models 

also provide estimates of ingestion rate. To help validate models, we compared ingestion 

rate generated from models and compared them to estimates based on methods reported 

in previous feeding studies that simply determined the accumulation of beads in the gut 

over time. As larval feeding behavior likely changes during development, we compared 

gut mechanics of Mytilus galloprovincialis larvae at the onset of feeding (day 2 post-

fertilization) and 7 d post-fertilization to demonstrate application of the method.  

 
Methods: 
	
General methods: 

Mussel larvae culture 

Adult Mytilus galloprovincialis (Lamarck, 1817) were obtained from Carlsbad 

Aquafarm® (Santa Monica, CA) and held in flow-through troughs in ambient water 

conditions at the Hatfield Marine Science Center (HMSC; Newport, OR). Mussels (n = 

20) were induced to release gametes by thermal stimulation (Phibbs 1969). Gametes from 

two females and two males were combined. Eggs were rinsed of sperm after 10 min and 

then checked 40 min later for fertilization. Fertilized eggs were then stocked (10 eggs ml-

1) in static 30 l aquaria containing 0.22 µm filtered seawater 20°C (salinity = 30 ±1 psu). 

Aquaria received daily rations of Isochrysis galbana (60 cell µl-1) and Nanochloropsis 

oculata (240 cell µl-1) and culture water was changed every other day. Larvae were 

collected for feeding behavior experiments by sieving them onto a 37.0 µm Nitex® nylon 

screen, followed by resuspension in 0.22 µm filtered seawater in 30 ml vials.   



76	
	

	
	

Microbead preparation  

Bead stock suspensions were prepared in distilled water and then held in a 

sonication bath (Setting = 10; Crest Ultrasonics, Trenton, NJ) for 1 h to reduce particle 

aggregation. Dilutions of microbeads were prepared, resulting in between 10 and 20 µl of 

stock suspension added to vials to achieve desired bead concentrations.  

Determination of beads accumulated in larvae: Preserved larvae were transferred to 

microscope slides, crushed under a cover slip, and observed under a epifluorescence 

microscope (Leica DM 1000) with a GFP filter set (470 nm absorption and 525 nm 

emission) and a DiI filter set (absorption = 535 nm emission = 610 nm; Chroma, Bellows 

Falls, VT) to distinguish between Y and R microbeads, respectively. Beads in a minimum 

of 20 larvae per replicate were counted. 

Experiments 

Experiment 1: Evaluation of experimental conditions 

The following treatments were tested to elucidate the effect of experimental 

conditions on parameter estimates of gut processes and feeding rates: 

Dual-bead assay with an increase in total bead concentration (IBC method):  Following 

the 1 h acclimation to vials, larvae were exposed to 2 µm “yellow green” polystyrene 

fluorescent microbeads (Y; Polysciences, Warrington, PA.) at a concentration of 20 beads 

µl-1. Previous studies have indicated that 2 µm particles are within the preferred particle-

size range of bivalves across all larval stages (Baldwin & Newell 1995). Once stocked 

with microbeads, vials were capped and immediately inverted 3x to ensure mixing. 

Starved larvae have been shown to feed at accelerated rates upon first exposure to food 

(Sprung 1984a); therefore, larvae were allowed to feed on Y microbeads for 1 h prior to 
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measuring bead processing rates.  After 1 h of exposure to Y microbeads, 2 µm 

“polychromatic red” fluorescent polystyrene microbeads (R; Polysciences, Warrington, 

PA.) were added to vials at a concentration of 20 microspheres µl-1, capped, and inverted 

3x to ensure mixing. The order in which fluorescent beads were presented to larvae was 

arbitrary as preliminary studies indicated larvae processed R and Y equally. The addition 

of the R beads doubled the total bead concentration (increased bead concentration, IBC, 

treatment). Larvae in a single set of triplicate vials were preserved by addition of 10% 

buffered formalin (pH = 8.2) at each of five discrete sampling periods of 0, 10, 30, 50, 

120 min after addition of R beads. Controls, consisting of vials without larvae, were also 

set up to account for any changes in concentrations or ratios of suspended Y and R 

microspheres. In Experiment 2 (see below), larvae at 2 and 7 d post-fertilization were 

exposed to the IBC treatment (2D IBC and 7D IBC, respectively).  

 

Dual-bead assay using a constant total bead concentration (CBC method):  

We also exposed two-day old M. galloprovincialis larvae to a constant total bead 

concentration (CBC) of 20 beads µl-1 during the whole dual-bead assay. In this assay we 

stocked larvae in 10 ml of 20°C seawater and allowed them to acclimate for 1 h, then fed 

them on Y beads at 20 beads µl-1. After feeding on Y beads for 1 h, the volume of the 

suspension was doubled to 20 ml (halving the Y bead concentration to 10 beads µl-1) and 

R beads were added at a concentration of 10 beads µl-1, resulting in a total bead 

concentration of 20 beads µl-1. Larvae were sampled at 0, 10, 30, 50, 120 min after 

addition of R beads.  
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Addition of algae (Nannochloropsis oculata) with beads  

We also tested how feeding rates and gut processes, as determined in the IBC 

method, were affected by additions of algae. In this experiment, suspensions of 10 larvae 

ml-1 were acclimated to 20°C. After 1 h of acclimation, Y beads and N. oculata were 

added at a density of 10 beads µl-1 and 10 cells µl-1, respectively. Using an electronic 

particle counter (Coulter Counter Z-2, aperture 50 µm), we found that the average size of 

N. oculata was approximately 2 µm in diameter; therefore, suspensions of beads and 

algae at similar concentrations would have similar total particle volumes. After a 1 h of 

feeding on Y beads and algae, similar concentrations of R breads and algae were added to 

vials (doubling the total bead concentration to 20 beads µl-1 and algal concentration to 20 

cells µl-1) and the larvae sampled as described above for the IBC method. Gut processes 

and feeding rates of larvae fed both beads and algae (B+A) were then compared to larvae 

fed on beads alone (IBC) at similar total particle concentration and volumes, to test the 

effect of algal additions on bead ingestion and gut processing. 

 

Experiment 2:  Effects of larval developmental stage 

To demonstrate the application of our dual-bead approach, we compared the gut 

processes and feeding rates of two- and seven-day-old (post egg fertilization) M. 

galloprovincialis larvae using the IBC method as we thought this method, which was 

easiest to administer of all our methods, is more likely to be used by other researchers in 

the future. Shell lengths (measured at the widest dimension of the shell parallel to the 

hinge) were 105 µm (std dev = 7.47 µm) and 140 µm (std dev = 8.65) for the two- and 

seven-day-old larvae, respectively.  
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Estimates of larval particle processing  

Gut fullness 

 Analysis of variance (ANOVA, α = 0.05) indicated that the total number of beads 

larva-1 varied significantly over time for all treatments after exposure to R beads (even 

when controlling for bead concentration; Supplementary Materials Table 3.1). Therefore, 

we defined gut fullness as the mean total number of beads (Y + R beads) larva-1 at 

‘steady state’. Steady state was defined as three consecutive sampling periods with no 

significant change in average total beads larva-1. Steady state was consistently achieved 

for all treatments between 10 and 50 min sampling periods.  Maximal gut fullness, the 

greatest average number of beads larva-1 sampling period-1, was also recorded and was 

consistently found at the final sampling period at 120 min.  

 

Gut passage time  

Gut passage time (GPT) was defined as the time required for larval gut contents to 

be fully exchanged. GPT was determined by measuring the change the ratio of R:Y beads 

in larvae over time.  As larvae consumed the R beads, the ratio of R:Y in the gut (R:YG) 

was expected to eventually equal the ratio of R:Y beads in suspension (R:YS). The time 

needed for the ratio of beads in the gut to equal the ratio in suspension was considered 

equal to the full GPT. R:YS were not perfectly replicated among experiments; therefore, 

we standardized R:YG by R:YS to make comparisons among experiments possible. We 

found the relationship between R:YG/ R:YS over time to be asymptotic, and this made 

accurate estimates of 100% GPT difficult; therefore, to improve accuracy of GPT 
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estimates, we also determined the time needed for half of the gut to be exchanged (50% 

GPT) and this usually occurred well before the asymptote of the curve describing 

changes in bead ratios over time.  

 

Gut Kinematics  

Modeling larval guts as chemical reactors 

 Using measurements of changes in ratios of colored beads, we modeled the guts 

of M. galloprovincialis larvae as chemical reactors, following the work of (Penry and 

Jumars 1987). Our models sought to describe the processing of beads within larval guts 

based on the observed changes in R:YG/ R:YS over time. In our models, the number of Y 

beads per larva was held constant over time based on the observation that there was no 

significant increase in these beads in larvae after R beads were added to suspension over 

the period from 10 to 50 min. However, this was not true for larvae from the CBC 

treatment as we observed a significant initial decrease in Y beads per larva after addition 

of R beads, followed by a constant concentration of Y beads. This initial decrease was 

likely due to halving Y bead concentration after doubling the total bead volume with the 

addition of an equal volume of R bead suspension.  

We estimated expected R:YG/R:YS ratios in the larval guts based on the modeled 

accumulation and processing of R beads, using either PFR or CSTR reactor models or 

combinations of both. Then we compared modeled R:YG/R:YS ratios to observed bead 

ratios in larval experiments using least squares analysis and an adjusted coefficient of 

determination (Adj R2) in order to evaluate model performance.  
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We formulated the reactor models by first writing a general mass balance equation over 

an arbitrary volume element in the reactor as, 

! = # − % − &		,  (1) 

where W is accumulation of R beads in units per time, I is the flow rate into the animal 

(input), E is the flow rate out  (output), and R is the loss due to reaction (Penry and 

Jumars 1987). In differential form we rewrote the general mass balance as, 

)*

)+
, = *-./ − *01+/ + 3),		, (2) 

where C is the concentration of R beads ((µl 3)-1) within the animal and the integral is 

taken over the gut (reactor) volume (V) as given by the value for gut fullness (number of 

beads at steady state). On the right side of the equation, F is the flow rate through the 

digestive system (reactor) (µl 3 min-1), Cin is the concentration of R beads in suspension 

((µl 3)-1) that entered larvae, Cout is the concentration of R beads exiting larvae ((µl 3)-1), 

and r is the reaction rate term. The reaction term refers to the rate at which ingested items 

are transformed to digestible end products. Note that ingestion rates (as numbers of beads 

larva-1) are derived by taking the product of F and Cin 

Previous attempts at modeling the guts of invertebrates treated these systems as 

ideal reactors, i.e., reactors that were operating in steady state (Penry and Jumars 1986, 

Penry and Frost 1990, Penry 2000, Jumars 2000). Our trials include transient conditions 

prior to the larvae reaching a steady state ingestion and egestion after addition of the 

second bead type. Therefore, we modeled larvae as non-ideal reactors that, in theory, 

asymptotically behave as ideal reactors.  
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Plug flow reactor (PFR)  

The PFR can be imagined as a straight but turbulent material flow through a pipe 

with perfect radial mixing and no axial mixing. A PFR will admit concentration gradients 

in the axial direction (along flow) only; thus material concentrations vary along the 

direction of flow, and are commonly reduced as reactions occur during throughput.  

Since we were monitoring the movement of non-reactive microspheres, we eliminated the 

reaction term for equation (3) above,  

)*

)+
, = *-./ − *01+/ , (3) 

A concentration gradient existed in the axial direction; therefore we analyze a PFR by 

considering an arbitrary volume element,  

4*

4+
), = * 5 / − * 5 + )5 /		,   (4) 

Then dividing by ),, noting that ), = 6)5, where A is the cross-sectional area of the 

PFR, we found 

4*
4+

=
/
7

* 5 − * 5 + )5
)5

	, 

4*

4+
= /

7

4*

45
= 	/ 4*

,
   ,    (5) 

We arrived at a partial differential equation for the unsteady PFR to describe transients in 

the reactor where I is the ingestion rate (beads h-1), C is the concentration of R beads in 

the larvae (beads (µl 3)-1), and V is the volume of the gut modeled a tube. Given a step 

increase in concentration at the inlet, this equation describes how the concentration will 

move through the PFR until the concentration at the exit is equal to the inlet, at which 

point the PFR is in steady state operation. Note that as F increases, throughput time 

decreases. 
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Additionally, we account for the initial time-step decrease in Y concentration in 

CBC larvae by allowing the previously fixed concentration of Y beads to vary over time. 

The initial concentration of Y beads is halved; therefore the total number Y beads in the 

gut declines linearly over the throughput time before stabilizing. 

In summary, this model permits us to estimate the accumulation of R beads per 

larva as if the digestive system of M. galloprovincialis larvae behaves as a PFR.  

 

Continuously-stirred tank reactor (CSTR):  

The CSTR is a mixing reactor in the sense that once R beads are ingested by the 

larvae, it is assumed that they are immediately and thoroughly mixed such that spatial 

concentration gradients do not exist.  Since a CSTR is spatially homogeneous, we took 

the mass balance equation over a control volume including the entire reactor,  

)*

)+
, = *-./ − *01+/ + 3, ,(6) 

and again eliminated the reaction term,  

)*

)+
, = *-./ − *01+/ , (7) 

The equation governing material concentration in the CSTR was then 

)*

)+
= /

,
(*-. − *01+) , (8) 

The CSTR was initialized when larvae began to feed on a certain concentration of R 

beads added to the suspension (inflow). We expected to see continuous change in the 

ratio of R:YG/R:YS in larvae (reactor) before reaching steady state in which this ratio 

would equal 1. We solved the differential equation above for this situation by noting that 

*-. was fixed, while *01+(+) varied with time. Integrating we found that 
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− :; *-. − *01+ = <=

,
+ >,	(9) 

Finally, given initial concentrations *01+ ? = ? and solving for *01+(+) explicitly,  

*01+(+) = *-.(@ − AB/+ ,) , (10) 

We arrived at an explicit solution to represent the transient material concentrations in a 

CSTR where Cout is the concentration of R beads ((µl 3)-1) egested by larvae, Cin is the 

concentration of R beads available in suspension ((µl 3)-1), F is flow rate (beads h-1 ), t is 

time, and V is the gut volume (reactor volume). Predicted ratios of R:YG/R:YS for the 

CSTR model were created similarly to that for the PFR model and compared against 

observed changes in bead ratios for larvae in the different treatments.  

For CBC larvae, we accounted for the time-step decrease in Y beads by allowing 

the concentration entering the gut to decrease. This again amounts to changing the 

previously fixed concentration of Y beads to depend on time.  

The theoretical reactor models for larvae exposed to the IBC dual-bead method are 

solved in Fig. 3.1, where the predicted ratio of bead colors in larval guts over the ratio in 

suspension is plotted over time.  

 

Modeled ingestion rates  

Ingestion rates were estimated through the process of optimizing plug-flow 

reactor and continuously-stirred tank reactor models, using equations 5 and 10 

respectively. Optimization was accomplished by using least squares between model 

outputs and observed changes in bead color ratios (R:YG/ R:YS) in larval guts. Ingestion 

rates were determined both at the treatment level for reactor model construction (Table 

3.3 and Appendix Table 3.4 and 3.5) as well as among replicates within treatments to 
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better understand relationships between ingestion rates and other particle processing 

activities by larvae (Table 3.1).  

 

Statistics  

JMP v. 11.0 statistical software (SAS Institute Inc.) was used for statistical 

analysis of physiological parameters and models. Outliers were removed before analysis 

and all assumptions of normality and heteroscedasticity were met prior to reporting. 

Models for linear and nonlinear regression were selected based upon Akaike’s 

information criterion (Akaike 1973).  Under the JMP nonlinear regression platform, 

comparisons of parameter estimates among treatments were performed using analysis of 

means (Nelson et al. 2005). Gut reactor modeling was conducted using Matlab v 2014b 

(MathWorks Inc). 

 

Results: 
 

Modeling guts as chemical reactors 

Seeking to describe bead processing patterns of bivalve larvae as chemical 

reactors, we modeled the ratio of R:YG/R:YS as CSTR, PFR, and combinations of the two 

across all treatments. For brevity, we reported and ranked the 4 top-performing models 

(based on Adj R2) that best described the observed changes in the ratios of R:YGR:YS in 

larvae over time for each treatment (see Appendix Table A 3.5 for output from all 

models). The CSTR model was consistently the top-performing model across all 

treatments (see Table 3.2 for model error and ranking); PFR models were never found to 

have greater explanatory power compared with CSTR models. Overall, top-performing 
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reactor models frequently (4 out of 5 treatments) explained much of the variation (> 84%) 

in the ratios of R:YG/R:YS over time; %); however, top-models for CBC larvae were 

poorer (49%).  

 

Experiment 1: Effects of a constant (CBC) versus increase (IBC) in total bead 

concentration  

Accumulation of beads was rapid and nonlinear among some larval treatments 

upon exposure to red beads. Among IBC treatments, within 10 min of exposure to R 

beads, total bead concentrations in larvae increased significantly over the 120 min 

experimental period (Fig. 3.2). Despite rapid initial changes in gut bead content, gut 

fullness remained in steady state (as defined above) over the 10-50 min larval sampling 

period (Tukey-Kramer HSD); however, for larvae in the CBC treatment, which did not 

experience changes in bead concentration, gut filling was linear.  At steady state, IBC 

larvae had significantly greater gut fullness (28 beads larva-1) values than CBC larvae (19 

beads larva-1) (t test (16) = 5.17, p-value < 0.01) (Table 3.1), but maximal gut fullness 

values were similar at 120 min (~30 beads larva-1) (t test (5) = 0.559 p-value = 0.58). 

To estimate the gut passage time (GPT), we measured the ratio of R:Y beads in larval 

guts (R:YG) and standardized this ratio by the ratio of R:Y beads in suspension (R:YS) 

over time. The change in the ratio of R:YG beads in larvae over time was found to be 

nonlinear across all treatments (Fig. 3.3) and was best described (based on AIC values; 

Appendix Table A3.2) by the exponential function: 

&CD
&CE

= F + G×AI×+-JA		,			 (11) 
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where a is the asymptote, b is the scale, c is the curve’s growth rate, and time is in 

minutes – (see Appendix Table A 3.3 for parameter estimates of exponential models for 

each treatment). Using JMP’s inverse prediction function, which used equation 11 to 

estimate the time needed to reach at given value of R:YG/R:YS, we estimated that CBC 

larvae had a 50% GPT (22 min) that was similar to that of IBC larvae (23 min; ANOM; α 

= 0.05; Table 3.1). Ingestion rates optimized for CSTR models produced similar 

estimates of 64.8 and 47.2 beads h-1 for larvae from CBC and IBC treatments, 

respectively (t test (4) = -2.47 p-value = 0.07). If the gut was modeled and optimized as a 

PFR, modeled ingestion rates were also similar and estimated to be 37.8 and 29.6 beads 

h-1 for CBC and IBC treatments, respectively (Tables 3.1; t test (4) = -2.32  p-value = 

0.10). For both IBC and CBC, CSTR models were found to better describe gut 

kinematics than PFR models.   

 

Effect of addition of algae (Nannochloropsis oculata) with beads 

IBC larvae fed on beads alone had significantly greater gut fullness values (28 

beads larva-1) than those of larvae fed on beads and algae (B+A IBC) during the steady 

state period (22 beads larva-1) (t test (13) = 2.77 p-value = 0.02); however, maximal gut 

fullness values of IBC and B+A IBC larvae were similar (~30 beads larva-1) (t test (5) = 

0.8 p-value = 0.43; Table 3.1). The 50% GPT for B+A IBC larvae was significantly 

longer (48 min) than that of IBC larvae (ANOM, p-value < 0.05; Table 3.1). Ingestion 

rates of B+A larvae predicted from optimized models of PFR or CSTR guts were 25 

beads h-1 and 39 beads h-1, respectively (Tables 3.1 and 3.2) and significantly lower than 
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that of IBC larvae (IR-PFR: t test (4) = 3.53 p-value = 0.02 ; IR-CSTR: t test (4) = 3.25 p-

value = 0.03). 

Experiment 2: Gut processes of 2 and 7-day-old larvae using the IBC method 

At steady state, mean gut fullness of 2day-old larvae (2D IBC) of 39 beads larva-1 was 

significantly less than that of 7-day-old larvae (7D IBC) at 112 beads larva-1 (t test (16) = 

13.80 p-value < 0.01) (Table 3.1). Maximal gut fullness values for 2D IBC and 7D IBC 

larvae at 40 bead larva-1 and 141 beads larva-1, respectively, were also significantly 

different (t test (5) = 3.317 p-value = 0.008). We estimated 7D IBC larvae had a GPT of 

56 min, but larvae from all other treatments had GPT that were >120 min and couldn’t be 

estimated due to the asymptotic nature of the data. However, 50% GPT times for 2D IBC 

and 7D IBC were 19 and 24 min, respectively, and were not significantly different 

(ANOM, α = 0.05). Ingestion rates estimated when modeling the gut as a PFR were 43.2 

and 132 beads h-1, compared with 84.8 and 252.8 beads h-1 using the CSTR model, for 2D 

IBC and 7D IBC larvae, respectively (Tables 3.1 and 3.2). Ingestion rates of 7D IBC 

were significantly greater than 2D IBC larvae when modeled as a PFRs (PFR: t test(4) = 

3.04 p-value = 0.046) or as a CSTRs (t test(4) = 2.87 p-value = 0.041). 

 

Discussion 
	
 

Gut fullness and gut passage times  

We observed that M. galloprovincialis larvae readily ingested beads and passed 

them through their digestive system. Similar to the findings of (Widdows et al. 1989a), 

we observed bivalve larvae ingest beads and mix them in the stomach before passing 
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them to the intestine (see video files in Supplementary Material). Although post-oral 

particle selection is not well understood during the larval life stage, adult bivalves are 

reported to direct nutritious particles, such as algae, to the digestive gland while less 

nutritious particles are passed directly to the intestinal tract (Defossez and Hawkins 1997; 

Brillant and MacDonald 2000; Penry 2000; Brillant and MacDonald 2002;. Brillant and 

MacDonald 2003; Ward and Shumway 2004). Thus, movement of beads in the lumens of 

the stomach and intestine of larvae observed in this study may be similar to that described 

for less nutritious particles in adults.     

Larval gut fullness was found to increase over the initial 10 min period after 

doubling the concentration of suspended beads by addition of R beads in the IBC dual-

bead method. In contrast, increase in gut fullness of larvae in the CBC treatment was less 

pronounced up to 50 min after addition of the R beads, although there was a significant 

increase in gut fullness at 120 min (Fig. 3.2). Apart from the effects of increasing bead 

concentration, we suspect that increases in gut fullness of developing 2-day-old larvae 

may also be due to growth or increased functionality of larval feeding and digestive 

systems during the assay period. (Thompson et al. 1994) observed similar gut filling 

behavior for 6- to 12-day-old Crassostrea gigas larvae, leading us to believe that larval 

gut development was in a transient state throughout our study. Despite continuous filling 

over the 120 min measurement period, statistically constant gut fullness values over a 10 

to 50 min period after addition of R beads, provided information on reactor volume used 

in the gut models. 

Gut passage times (GPT) in marine invertebrates may vary in response to a 

variety of factors such as temperature (Kiørboe et al. 1982; Dam and Peterson 1988), 
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food quality and quantity (Dagg and Walser Jr 1987; Mayzaud et al. 1998; Tirelli and 

Mayzaud 2005), particle size (Penry 2000), and ingestion rates (Jumars et al. 1989). 

Among adult mytilids, GPT may vary between ~3-14.5 h, depending on animals size 

(Hawkins et al. 1990). However, much less information on bivalve larval GPT is 

available as it is rarely evaluated during feeding studies. Thompson et al. (1994) 

estimated that >120 min was needed for ingestion to equilibrate with egestion, which may 

be used to estimate GPT. In preliminary studies, (Reinfelder and Fisher 1994) determined 

that bivalve larval (Mercenaria mercenaria and Crassostrea virginica) gut passage time 

was within 1 h. Although we observed 7-day-old larvae to have GPT of 56 min, the full 

GPT of 2-day-old larvae for all treatments were found to be >120 min, and exchange of 

stomach contents was asymptotic (Fig. 3.3). Despite the long duration for full exchange 

of gut contents, we observed that 50% of gut contents were exchanged in < 25 min for 2-

day-old larvae fed on beads alone and 48 min for larvae fed on a mixture of beads and 

algae. The rapid exchange of gut contents was not due to the change in gut fullness after 

doubling the food concentration because the same response was also observed among 

CBC larvae that maintained a similar level of gut fullness prior to the final sampling 

period.  

As predicted by gut reactor theory (Jumars and Penry 1989), we found 50% GPT 

decreased nonlinearly with increasing ingestion rates after pooling all data from 2-day-

old larval treatments (Fig. 3.4). Interestingly, declines in 50% GPT appeared to 

asymptote near 19 min even as ingestion rates continued to increase. The asymptotic 

decline of 50% GPT with increasing ingestion rates results in a compensatory increase in 

gut fullness until reaching the stomach’s capacity. At greater ingestion rates less food 
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seems to be retained and possibly shunted to intestinal tracts, reducing the total number 

of particles in the stomach (Fig. 3.4). Differential gut filling behavior by larvae may 

explain why larvae with significantly different ingestion rates can have similar 50% GPT.  

Maintaining GPT within a limited range by adjusting gut fullness may help ensure 

optimal digestion and assimilation rates for larvae consuming particulate food under a 

wide range of environmental conditions. 

 

Modeling guts as chemical reactors 

Gut models that use chemical reactor theory have been useful to describe 

important digestive features and integrate them for deeper understanding of whole-animal 

feeding rates and assimilation efficiency (Karasov et al. 2011).  Adult bivalve guts have 

previously been found to more closely resemble CSTRs than PFRs (Penry and Jumars 

1987; Jumars and Penry 1989; Penry 2000); however, to our knowledge, no attempts at 

modeling larval guts have been made. After ranking all models for their performance 

(Table 3.2), it was apparent that the CSTR model was best at describing the observed 

particle-processing patterns of M. galloprovincialis larvae. In other words, the highly 

nonlinear, asymptotic change in R:YG/R:YS more closely resembled the pattern predicted 

by the CSTR model as opposed to the linear change and shorter GPT predicted by the 

PFR model (Fig. 3.5). Top-performing models were also found to explain much of the 

variation in R:YG/R:YS over time (>84%); however, top models for CBC larvae were 

poorer (49%) although the reason for the weak fit is unclear. Even with the poorer fit of 

models among CBC larvae, CSTR models (49%) were much better the PFR (4%; 

Appendix Table A 3.5).  
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For larval bivalve guts to resemble CSTR models, mechanical mixing of stomach 

contents must occur. Mechanical mixing of beads within the larval guts was likely 

provided by a rotating crystalline style or the beating of cilia lining stomach walls (Millar 

1955; Widdows et al. 1989a; R. I. E. Newell and Langdon 1996). As mentioned above, 

we and previous investigators have observed bivalve larvae to ingest beads and mix them 

in the stomach before passing them to the intestine (Widdows et al. 1989a). Other areas 

of the digestive system (i.e. esophagus and intestines) are tubular and likely do not 

contribute substantially to axial particle mixing (Penry and Jumars 1987). 

Mixing gut contents is an energetically costly trait that does not improve 

digestive-reaction kinetics if digestive enzymes are well mixed into food (Jumars and 

Penry 1989). As digestive enzymes should be diluted with mixing of recently ingested 

and partially digested material, a plug-flow gut will always yield greater end products per 

unit time and volume than one that operates as a CSTR (Penry and Jumars 1987). On the 

other hand, the energetic cost associated with style rotation and mixing of stomach 

contents may be outweighed by the benefits of overcoming diffusional limitations in the 

supply of digestive enzymes or by mechanical breakdown of ingested particles or both 

(Penry and Jumars 1987). Live algal cells may be broken apart at the interface between 

the style and gastric shield of the larval gut (Millar 1955), liberating algal cell contents 

and accelerating digestion. Such mechanical breakdown may greatly aid the digestion of 

algal species with indigestible cell walls, such as the silica frustules of diatoms, as well as 

agglomerated detrital material composed of bacteria and more refractory material 

(Mackintosh 1925; Morton 1955). The style itself may contain several digestive proteins 

(e.g. amylase, cellulose, etc) that are released as it dissolves and mixed with stomach 
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contents (Ibarrola et al. 1998; Newell and Langdon 1996). Secondly, mixing itself may 

also increase digestive efficiencies by aiding sorting of stomach contents, directing 

nutritious particles to the digestive gland while passing less nutritious particles to the 

intestine (Penry 2000). Since bivalve larvae may ingest particles that vary in size (0.5-30 

µm) and quality (Baldwin and Newell 1991; Baldwin and Newell 1995a), mixing and 

sorting of stomach contents may be of critical importance in maintaining optimal larval 

digestion efficiencies. Lastly, temporary accumulation of ingested material in the 

stomach may result in more constant digestion rates during periods when ingestion rates 

vary due to environmental factors, such as patchiness of phytoplankton concentrations. 

Overall, a CSTR digestive system may help larvae adapt to dynamic environments that 

vary temporally and spatially for food abundance and quality. 

 

Ingestion rates and clearance rates 

 Ingestion rates estimates (IR) for bivalve larvae are influenced by numerous 

factors including methods used to assess them, animal age, size, species, and food quality 

and abundance (Widdows 1991; Baldwin and Newell 1995; Rico-Villa et al. 2009), 

making comparisons among studies challenging. Previous investigations of bivalve 

ingestion rates that used beads simply monitored accumulation of beads over time, and 

assumed a linear increase in bead accumulation that is characteristic of a PFR digestive 

system. We report ingestion rates as determined by chemical reactor models as well as 

those using methods of Thompson et al (1994) and Widdows et al. (1989) who measured 

larval uptake of beads 10 and 60 min after first feeding, respectively. Following these two 

authors’ methods, we report on the accumulation of beads over time by multiplying the 



94	
	

	
	

accumulation rate for R beads by a factor of two as larvae should be ingesting both R and 

Y beads equally (Table 3.3). Additionally for comparison, we also listed previously 

reported ingestion in studies that utilized live algal cells. Furthermore, to facilitate 

comparisons among studies, we calculated post hoc clearance rates for our treatments 

using the following equation: 

*& =
#&

KF3+-ILA
						(@M) 

where IR is the ingestion rate in particles h-1 and [particle] is the concentration of 

particles µl-1 in suspension. Many IR determined in this study fell well within the range 

reported in previous feeding studies for M. galloprovincialis and other mytilid species. 

Clearance rates also indicated that our results were largely in agreement with previous 

studies, adding confidence in the reliability of our approach; however, there were some 

discrepancies in feeding rate estimates. Specifically, the mean IR of 85 beads h-1 for 2 d 

old larvae in Experiment 2 (2D IBC) was greater than that of similarly aged larvae (IBC) 

at 47 beads h-1 in Experiment 1, perhaps due to factors not accounted for in this study, 

such as maternal effects on larval development ((Bertram and Strathmann 1998) or 

genetic factors. 

Estimated IR for both two- (2D IBC) and seven-day-old (7D IBC) larvae in 

Experiment 2 were greater than those reported for similar sized larvae by other 

investigators. Methodological differences likely contributed to discrepancies. Estimates 

of IR based on declines in particulate concentrations measured with electronic counters 

could be underestimated due to resuspension of particles of similar size to algal cells 

from the breakdown of feces and pseudofeces (Baldwin and Newell 1995a). One of the 
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many advantages of the dual-bead method is that IR estimates are based on direct 

observation of particles ingested by larvae, hence avoiding such potential errors.   

We found that ingestion rate estimates depend upon the experimental method. In sided-

by-side comparisons (Appendix Table A3.4), we see large differences between and 

within modeled ingestion rates based on bead accumulation data. Some of these 

discrepancies may be due directly to the kinematics of the larval gut. Due to mixing of 

stomach contents, we found 50% of stomach contents to be exchanged in < 25 min for 

larvae in most treatments. Mixing and 50% GPT data suggests that ingestion rates 

derived from Thompson et al. (1994) may have been underestimated since the method 

relied on determining the gross accumulation of R beads without accounting for any 

losses due to egestion; however, these methods should work well for animals with PFR-

like digestive systems and if the monitoring period is shorter than the GPT, but this 

approach now seems less appropriate for bivalve larvae with CSTR-like guts. Ingestion 

rate estimates derived from CSTR models and Widdows et al (1989) were in much 

greater agreement. Methods of Widdows et al (1989) reduced the effects of R bead 

egestion by only monitoring R bead accumulation for the first 10 min after exposure to 

beads. Bivalve larval gut content mixing is a new and important factor that should be 

considered when evaluating particle processing by these animals.  

 

Effects of larval age and size  

We quantified the feeding behavior of M. galloprovincialis larvae at two and 

seven days after fertilization using the IBC dual-bead method. As expected and observed 

in previous studies (Rico-Villa et al. 2009), significant differences in IR between age 
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classes were detected. Seven-day-old larvae had significantly greater ingestion rates and 

greater gut fullness values than two-day-old larvae (Fig. 3.2; Table 3.1). Although gut 

passage times have been found to be positively correlated with body size among adult 

marine bivalves (Hawkins et al. 1990), we did not observe differences in GPT or 50% 

GPT with larval age or size. Interestingly, ingestion rates increased proportionately with 

gut fullness values between the two larval age classes, resulting in similar GPT values 

and suggesting that larvae may maintain a similar period for digestion and absorption of 

ingested material through at least this portion of development. 

 

IBC versus CBC dual-bead methods 

 Larvae held in a constant total concentration of 20 beads µl-1 (CBC) were 

observed to more gradually fill their guts and to have significantly lower gut fullness 

values over the 10 to 50 min measurement period compared with IBC larvae exposed to a 

doubling of bead concentration (from 20 to 40 beads µl-1) with the addition of R beads 

(Table 3.1); however, by the end of the 120 observational period, both IBC and CBC 

were found to have similar values for maximal gut fullness, suggesting that larvae from 

each treatment were approaching full satiation by the end of the assay. 

 

Effects of additions of algae (Nannochloropsis oculata) with beads  

Larvae fed on a 1:1 v/v ratio of beads and algae (B+A; 20 beads µl-1 and 20 cell 

µl-1, respectively) had significantly lower IR of 39.6 beads h-1 and twice as long 50% 

GPT of 48 min compared with control larvae (fed on beads alone at 40 beads µl-1) with 

an IR of 98.4 beads h-1 and 50% GPT of 23 min. As we were unable to determine 
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concentrations of ingested algal cells in B+A larvae due to cell digestion and breakdown, 

we can only speculate as to how the presence of algae influenced total particulate 

ingestion and gut processing rates. B+A larvae may have disproportionally ingested algae 

over beads as bivalve larvae have been shown to discriminate between particulate diets of 

different quality (Baldwin 1995). If true, bead processing rates likely underestimated 

particle ingestion and gut processing rates; however, polystyrene beads have been shown 

to be a suitable analog for algal cells in feeding studies with bivalve larvae, and beads 

have been shown to be ingested at similar rates to algal cells (Widdows et al. 1989a; 

Thompson et al. 1994). Furthermore, in adult bivalves, beads and natural food items are 

captured and transported by the gills in a similar fashion, appearing in both ventral and 

dorsal tracts. If we assume that M. galloprovincialis larvae ingested beads and N. oculata 

equally, then ingestion rates for both beads and algal cells combined ought to be double 

that for beads alone, since beads represented half of available particles in suspension. 

Doubling particle ingestion rates of B+A larvae would result in ingestion rates that 

resemble those of larvae fed on beads alone (Table 3.1). Note that clearance rates are 

similar for the two treatment groups without the need for correction for the presence of 

algal cells (Table 3.3).  

Gut fullness values must also be doubled for larvae fed on beads and algae if one 

assumes that beads and algae are ingested and processed in the gut lumen in the same 

way, resulting in gut fullness values that are about twice that of larvae fed on beads alone. 

Therefore, under these assumptions, the significantly longer 50% GPT of larvae fed on 

beads and algae would be due to their guts being nearly twice as full, while exhibiting 

similar ingestion rates to those of larvae fed on beads alone. Detailed studies examining 



98	
	

	
	

how larval post-oral processing of beads compared to live prey items are needed to help 

verify assumptions associated with B+A IBC data.  

Polystyrene beads have been used as analogs for algal cells to examine post-oral 

selection and gut residence times in adult bivalves (Cranford et al. 1998; Brillant and 

MacDonald 2000; Penry 2000). However, although beads and algae may be processed 

similarly in the lumen of the bivalve’s digestive system, it is unlikely that they are treated 

similarly by intracellular digestive processes. Other investigations have shown that bead 

ingestion and passage times can vary depending on the availability of more nutritious 

food items (Paffenhöfer and Van Sant 1985) and bead types or coatings (Solow and 

Gallager 1990; Thompson et al. 1994). Like previous investigators, we suggest that beads 

can be used as a relative, rather than absolute, indicator of feeding and extracellular 

digestion processes for suspension-feeding invertebrates. As such, beads can be used as a 

tool to estimate the effects of water quality and other environmental and biological 

factors on these particle processes (Ward and Kach 2009; Seebaugh et al. 2011; Croxton 

et al. 2012; Kaposi et al. 2014).  

In summary, the dual-bead method has advantages over the other methods for 

determination of gut passage times in that fecal collection is not necessary, animal 

transfers are not required, food concentrations can be maintained throughout the 

experiment (e.g., CBC treatment), and beads are not digested and can be accurately 

quantified. In addition, changes in the ratios of the two colored beads in larvae permitted 

us to model bivalve larval guts as chemical reactors, providing new insights into feeding 

kinematics during this critical life stage.  
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Figures and Tables  
 

	
Figure 3.1 Hypothetical patterns for changes in the ratios of red: yellow beads in larval guts (R:YG) 
standardized by the bead ratio in suspension (R:YS) when modeled as plug-flow (PFR) or continuously-
stirred (CSTR) chemical reactors alone and in series. 
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Figure 3.2 Semi-log plot of accumulations of beads over time of larvae fed on yellow beads followed by 
addition of red beads. Experiment 1 (left panel): 2-day-old larvae exposed to a doubling of particle 
concentration with addition of red beads, with algae (B+A IBC) or without algae (IBC). Larvae were also 
exposed to a constant total bead concentration during the feeding period by addition of red beads at a 
similar concentration and volume to that of the initial yellow bead suspension (CBC). Experiment 2 (right 
panel): 2 and 7-day-old (post-fertilization) larvae exposed to a doubling of bead concentration as a result of 
addition of red beads to yellow beads with little change in the volume of the total bead suspension (2D IBC 
and 7D IBC, respectively). Each bar represents 1 standard deviation. 
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Figure 3.3 Change in mean ratio of red:yellow beads in larval guts standardized by the red:yellow bead 
ratio found in suspension (R:YG/R:YS) over time. Experiment 1 (left panel): 2-day-old larvae exposed to a 
doubling of particle concentration with addition of red beads, with algae (B+A IBC) or without algae 
(IBC). Larvae were also exposed to a constant total bead concentration during the feeding period by 
addition of red beads at a similar concentration and volume to that of the initial yellow bead suspension 
(CBC). Experiment 2 (right panel): 2- and 7-day-old (post-fertilization) larvae exposed to a doubling of 
bead concentration as a result of addition of red beads to yellow beads with little change in the volume of 
the total bead suspension (2D IBC and 7D IBC, respectively). Each error bar represents 1 standard 
deviation. Dashed lines at bead suspension ratios of 1 and 0.5 indicate 100% and 50% gut passage times, 
respectively.  
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Figure 3. 4 Relationship between ingestion rate and (top) maximal gut fullness and (bottom) 50% gut 
passage time for two day-old larvae exposed to either increased bead concentration (IBC), bead and algae 
increased bead concentration (B+A IBC), or constant bead concentration (CBC) feeding treatments. 
Ingestion rates were estimated from CSTR models (IR-CSTR). Each data point is the replicate mean of 
each treatment. 
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Figure 3. 5 Predicted changes in mean ratio of red:yellow beads in  2D IBC (a) and 7D 
IBC (b) larval guts standardized by red:yellow bead ratio found in suspension 
(R:YG/R:YS) over time, based on overall top-performing continuously-stirred tank 
reactor and plug-flow reactor models.  Measured bead ratio data shown as red squares 
(standard deviations among replicates are triangles).  
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Table 3.1 Larval size, and physiological and particle processing metrics from feeding experiments: size (µm), gut fullness at steady state and max gut fullness are 
represented as the total # beads larvae-1, gut passage time (GPT) is in minutes. Ingestion rate estimates determined by modeling larval guts as PFR (IR-PFR) and 
CSTR (IR-CSTR) are reported as beads ingested larva-1 h-1. Metrics that could not be determined are reported as not available (na). Experiment 2 treatments: 
two-day-old larvae exposed to IBC, increased bead concentration with algal additions (B+A IBC), and constant bead concentration (CBC). Experiment 2 
treatments: two- and seven-day-old larvae exposed to increased bead concentration (2D IBC and 7D IBC; respectively).  

Treatment	
Larval	Age	
(Days	Post-

Fert)	
Size		 Std	

dev	
Gut	

Fullness	
Std	
Dev	

Max	
Gut	

Fullness	

Std	
Dev	 GPT	 Std	

Err	
50%	
GPT	

Std	
Err	

Mean	
IR-PFR	

Std	
Err	

Mean								
IR-CSTR	

Std	
Err	

Experiment	1	
CBC	 2	 106	 4.7	 19.00	 0.9	 30.19	 1.9	 na	 na	 22.54	 3.0	 37.8	 3.00	 64.8	 0.00	
IBC	 2	 106	 4.7	 28.18	 2.6	 32.67	 2.3	 na	 na	 23.29	 2.7	 29.6	 2.99	 47.2	 9.26	

B+A	IBC	 2	 106	 4.7	 22.97	 2.8	 30.06	 2.68	 na	 na	 48.48	 3.1	 15.2	 4.93	 24.8	 2.99	
	 Experiment	2	 	

2D	IBC	 2	 105	 7.5	 39.05	 1.4	 40.18	 3.4	 na	 na	 19.23	 2.2	 43.2	 1.96	 84.8	 5.98	
7D	IBC	 7	 140	 8.7	 112.83	 14.9	 141.39	 15.2	 56.2	 27.3	 24.59	 2.5	 132.8	 41.58	 252.8	 82.50	
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Table 3. 2 Ranking of top-performing models across all treatments. Models are listed in order of treatment followed by 
adjusted R2 and ranked accordingly. Ingestion rates (beads larva-1 h-1) included in models are either derived from modeled 
ingestion rates optimized for CSTR (IR-CSTR) and PFR (IR-PFR) model forms. Ingestion rates are constructed from models 
after pooling all data.  Units for ingestion rate are beads larva-1. Experiment 1 treatments: two-day-old larvae exposed to IBC, 
increased bead concentration with algal additions (B+A IBC), and constant bead concentration (CBC). Experiment 2 
treatments: two- and seven-day-old larvae exposed to increased bead concentration (2D IBC and 7D IBC; respectively). 

Treatment Model 
Ingestion 

Rate 
Method 

Ingestion 
Rate [Particle] 

Rel. Least 
Squared 

Error 
R2 Adj 

R2 Rank 

Experiment 1 
CBC CSTR IR-CSTR 66.0 20 0.30 0.62 0.49 1 
CBC PFR-CSTR-PFR IR-PFR 30.0 20 0.32 0.56 0.41 2 
CBC CSTR-PFR IR-PFR 30.0 20 0.33 0.54 0.39 3 
CBC CSTR-PFR IR-CSTR 66.0 20 0.39 0.33 0.11 4 
IBC CSTR IR-CSTR 45.6 40 0.18 0.88 0.84 1 
IBC CSTR-PFR IR-PFR 28.8 40 0.24 0.78 0.70 2 
IBC CSTR IR-PFR 28.8 40 0.26 0.74 0.65 3 
IBC PFR-CSTR-PFR IR-PFR 28.8 40 0.27 0.72 0.63 4 

B+A IBC CSTR IR-CSTR 24.0 20 0.11 0.96 0.95 1 
B+A IBC CSTR-PFR IR-CSTR 24.0 20 0.27 0.78 0.71 2 
B+A IBC CSTR-PFR IR-PFR 12.0 20 0.27 0.78 0.70 3 
B+A IBC PFR-CSTR-PFR IR-PFR 12.0 20 0.27 0.77 0.70 4 

Experiment 2 
2D IBC CSTR IR-CSTR 84.0 40 0.10 0.96 0.94 1 
2D IBC CSTR-PFR IR-PFR 43.2 40 0.18 0.88 0.84 2 
2D IBC PFR-CSTR-PFR IR-PFR 43.2 40 0.18 0.88 0.84 3 
2D IBC PFR IR-PFR 43.2 40 0.18 0.87 0.83 4 
7D IBC CSTR IR-CSTR 252 40 0.13 0.95 0.93 1 
7D IBC PFR IR-PFR 132 40 0.19 0.88 0.88 2 
7D IBC CSTR-PFR IR-PFR 132 40 0.20 0.87 0.83 3 
7D IBC CSTR-PFR IR-CSTR 132 40 0.20 0.86 0.82 4 
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Table 3. 3 Ingestion and clearance rates of M. galloprovincialis and M. edulis larvae from this study and previous published studies. Metrics 
that could not be determined are reported as not available (na). Experiment 1 treatments: two-day-old larvae exposed to IBC (IBC), increased 
bead concentration with algal additions (B+A IBC), and constant bead concentration (CBC). Experiment 2 treatments: two- and seven-day-old 
larvae exposed to increased bead concentration (2D IBC and 7D IBC; respectively). Units for shell lengths are in µm, particle concentration 
([Particle]) is given in particles µl-1, mean Ingestion rates are given in particles h-1, and clearance rates are given in µl h-1.  

Species	 Shell	
Length		

Particle	
Type	 Treatment	 [Particle]		 Temp						

Mean	
Ingestion			
Rate		

Clearance	
Rate		 Author	 Method	

used	

M.	
galloprovincialis		 106	 Microbeads	 CBC		 20	 20	 64.8	 3.24	 This	

Study	 IR-CSTR	

M.	
galloprovincialis		 106	 Microbeads	 IBC	 40	 20	 47.2	 1.18	 This	

Study	 IR-CSTR	

M.	
galloprovincialis		 106	 Microbeads	

+	N.	oculata	 B+A	IBC	 20	 20	 24.8	 1.24	 This	
Study	 IR-CSTR	

M.	
galloprovincialis		 105	 Microbeads	 2D	IBC	 40	 20	 84.8	 2.12	 This	

Study	 IR-CSTR	

M.	
galloprovincialis		 140	 Microbeads	 7D	IBC	 40	 20	 252.8	 6.32	 This	

Study	 IR-CSTR	

M.	
galloprovincialis		 106	 Microbeads	 CBC		 20	 20	 37.8	 1.89	 This	

Study	 IR-PFR	

M.	
galloprovincialis		 106	 Microbeads	 IBC	 40	 20	 29.6	 0.74	 This	

Study	 IR-PFR	

M.	
galloprovincialis		 106	 Microbeads	

+	N.	oculata	 B+A	IBC	 20	 20	 15.2	 0.76	 This	
Study	 IR-PFR	

M.	
galloprovincialis		 105	 Microbeads	 2D	IBC	 40	 20	 43.2	 1.06	 This	

Study	 IR-PFR	

M.	
galloprovincialis		 140	 Microbeads	 7D	IBC	 40	 20	 132.8	 3.32	 This	

Study	 IR-PFR	

M.	
galloprovincialis		 106	 Microbeads	

+	N.	oculata	 B+A	IBC	 20	 20	 24.3	 1.22	 This	
Study	

Thompson	
et	al.	
(1994)	

M.	
galloprovincialis		 106	 Microbeads	 CBC		 20	 20	 25.6	 1.28	 This	

Study	
Thompson	
et	al.	
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(1994)	

M.	
galloprovincialis		 106	 Microbeads	 IBC	 40	 20	 37.3	 0.93	 This	

Study	

Thompson	
et	al.	
(1994)	

M.	
galloprovincialis		 105	 Microbeads	 2D	IBC	 40	 20	 55.5	 1.38	 This	

Study	

Thompson	
et	al.	
(1994)	

M.	
galloprovincialis		 140	 Microbeads	 7D	IBC	 40	 20	 126.2	 3.16	 This	

Study	

Thompson	
et	al.	
(1994)	

M.	
galloprovincialis		 106	 Microbeads	

+	N.	oculata	 B+A	IBC	 20	 20	 46.7	 2.33	 This	
Study	

Widdows	
et	al.	
(1989)	

M.	
galloprovincialis		 106	 Microbeads	 CBC		 20	 20	 74.6	 3.75	 This	

Study	

Widdows	
et	al.	
(1989)	

M.	
galloprovincialis		 106	 Microbeads	 IBC	 40	 20	 80.4	 2.00	 This	

Study	

Widdows	
et	al.	
(1989)	

M.	
galloprovincialis		 105	 Microbeads	 2D	IBC	 40	 20	 151.1	 3.78	 This	

Study	

Widdows	
et	al.	
(1989)	

M.	
galloprovincialis		 140	 Microbeads	 7D	IBC	 40	 20	 239.7	 6.00	 This	

Study	

Widdows	
et	al.	
(1989)	

M.	
galloprovincialis		 na	 I.	galbana	 na	 72-84	 25	 65	 4.00	 Jeong	et	

al	(2004)	

Steady-
State	
method	

M.	edulis	 150	 I.	galbana	 na	 	na	 12	 33	 11.40	 Riisgard	
1980	

Clearance	
method	

M.	edulis	 156	 I.	galbana	 na	 20	 18	 84	 4.20	 Sprung	
1984b	

Clearance	
method	
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Abstract 
Continued uptake of atmospheric CO2 by the global ocean is expected to result in an increase in 

dissolved carbon dioxide (PCO2) and a reduction in pH and aragonite saturation state (Ωar) – a 

process referred to as ocean acidification (OA). Marine calcifiers, particularly in their larval life 

stages, are considered to be among the most vulnerable organisms. To date, research has focused 

on the effects of OA on larval shell calcification and growth rates, while other physiological 

processes have been relatively unexplored. Here we represent findings on the effects of OA on 

the feeding physiology (initiation of feeding, gut fullness, and ingestion rates) of early 

developing larvae (after the first 48 h) of the California mussel M. californianus. Additionally, 

our approach utilized a unique suite of seawater treatments that allowed us to determine the 

separate effects of PCO2, Ωar, and pH on larval feeding physiology. We found initiation of 
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feeding to be a function of PCO2, while gut fullness and ingestion rates were best predicted by 

Ωar; however, pH was not found to have a significant effect on the feeding behavior of larvae 

under the range of OA conditions tested in this study. We also modeled how initial impacts of 

OA on shell development, respiration, and feeding physiology might subsequently affect larval 

growth and development to the pediveliger stage (260 µm). Low Ωar impacts on initial shell size 

and ingestion rates were predicted to result in a ~2 day delay in larvae reaching the pediveliger 

stage, relative to larvae under supersaturated conditions (Ωar >> 1). 

 
Introduction 
 

Uptake of anthropogenic carbon dioxide is expected to alter the ocean’s carbonate 

chemistry, shifting the chemical environment towards more acidic conditions – a process known 

as ocean acidification (OA; Doney et al. 2009). There is increasing concern about how 

ecologically and commercially important bivalves and other shellfish will respond as oceans shift 

toward more acidified states (Branch et al. 2013; Ekstrom et al. 2015). Bivalves and other 

calcifying organisms are considered particularly vulnerable to OA due to the corrosive action of 

this seawater on their carbonate exoskeletons (Feely et al. 2008; Kurihara 2008). Furthermore, 

early-stage larvae are believed to be the most susceptible life stage to OA stress (Kurihara 2008; 

F. Gazeau et al. 2010), which may be due to their limited ability to isolate shell-forming extra-

pallial fluid from acidified seawater ( Kurihara et al. 2007; Kurihara et al. 2009; Talmage and 

Gobler 2010; Waldbusser et al. 2013).  

Studies of the effects of OA on bivalve larvae have largely focused on shell production, 

growth, and survival (Talmage 2011; Gazeau et al. 2013), while feeding and other vital processes 

have received much less attention. In recent years, studies have emerged that suggest OA can 

also impact larval invertebrate feeding and digestive physiology (Vargas et al. 2013; Stumpp et 
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al. 2013b), providing important information on how OA may affect other physiological processes 

that determine larval performance. Disturbances to the feeding physiology of planktotrophic 

larvae will likely affect energy budgets, limiting scope for growth and success at later life stages 

(Pechenik et al. 1998). 

To provide a mechanistic understanding of the impacts that OA may have on larval 

feeding physiology, we hatched and exposed larvae in a set of seawater treatments designed to 

separate the effects of two individual components of acidified seawater, namely the partial 

pressure of dissolved CO2 (PCO2) and aragonite saturation state (Ωar). This was accomplished by 

chemically manipulating the ratio of total dissolved inorganic carbon and alkalinity, allowing 

PCO2 and Ωar to vary independently of one another (Table 4.1), an approach which was 

previously described in greater detail by Waldbusser et al. (2015). Responses to pH could be 

evaluated pseudo-independently by examining left-to-right diagonal treatments and by pH values 

within each PCO2 and Ωarg treatment level. Using this approach, we determined which carbonate 

system parameter was the primary driver of measured larval feeding responses. Larval feeding 

activities were examined using methods of Gray et al. (2015), which quantify ingestion and post-

oral processing rates of bivalve larvae using fluorescent microspheres.  

The aim of this study was to investigate the separate effects of PCO2, Ωarg, and pH on the 

time of initiation of feeding (i.e. development time needed for larvae to reach the planktotrophic 

stage), gut fullness, and ingestion rates of Mytilus californianus larvae during the first 48 h of 

development, which was thought to be the most sensitive portion of the larval life stage 

(Kurihara 2008). We also examined how seemingly small initial OA impacts on larval 

development, physiology, and energy budgets may result in different growth and developmental 

trajectories. 
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Methods: 
 

We examined several physiological traits of M. californianus larvae in response to 

different seawater carbonate chemistry parameters in August 2013. During all experiments, we 

utilized a unique chemistry framework to fully separate the effects of PCO2 and Ωarg. The effects 

of pH were pseudo-independent of these two variables because the necessary combinations of 

DIC and alkalinity required to generate pH orthogonality were nearly impossible, within the 

experimental ranges of PCO2 and Ωar.  

 

Chemical manipulations 

We utilized a complete factorial design to determine the effects of PCO2 and aragonite 

saturation state (Ωar) on development and shell size, with four treatment levels for each factor 

encompassing a range of Ωar from ~0.5 to 5 and a range of PCO2 from ~200 to 3000 µatm. 

Although we did not include a complete 3rd factorial in our experiment for pH, we produced a 

range of pH values from ~ 7.4 to 8.4, with similar values across several PCO2 and Ωar levels 

(Table 4.1). Greater details of our manipulations can be found in Waldbusser et al. (2015); 

however, a brief overview is provided here: seawater was pumped at high-tide to the Hatfield 

Marine Science Center (HMSC) from Yaquina Bay, Oregon, and then filtered to 1µm.  Trace 

metal grade HCL (34-37%) was added to the collected water at near alkalinity equivalence, and 

then the treated seawater was bubbled with outside aid for three days to remove dissolved 

inorganic carbon (DIC). Next, the treated seawater was 0.22 µm filtered, carefully transferred to 

sterile 20 l polycarbonate carboys, pasteurized at 90˚C for 3 h, cooled, and then refrigerated at 2-

5˚C until we were ready to complete seawater manipulations (2-3 days later). At that time, the 



118	
	

	
	

seawater was warmed to room temperature while aerating with filtered (0.22 µm) outside air to 

equilibrium PCO2 for at least 24 h. DIC and PCO2 were then determined for a discrete sample of 

the decarbonated seawater (DIC~135 µmol kg-1) to determine DIC and total alkalinity to enable 

adjustment of carbonate chemistry parameters to target levels. 

 
Target DIC and alkalinity concentrations were computed for 16 treatment combinations 

of PCO2 and Ωar under experimental conditions of temperature (18˚C) and salinity (~30 psu). 

Treatment combinations were generated by adding mineral acids and bases to the decarbonated 

seawater described above. To ensure accurate additions, we added liquid reagents 

gravimetrically to customized 5 L gas-impermeable bags (EVOH-lined, Sholle Packaging Inc., 

Merced, CA) by adding first the DIC reagent to achieve target DIC concentration, followed by 

reagent grade, certified 0.1N HCl to adjust alkalinity. We created the liquid DIC reagent by 

adding NaHCO3 and Na2CO3 to deionized water in proportions to achieve an alkalinity of ~3.3 × 

105 µeq kg-1 and DIC ~2 × 105 µmol kg-1, with an estimated PCO2 of 400 µatm. Reagents were 

added rapidly to decarbonated water contained in the gas-impermeable bags while rapidly 

stirring with a magnetic stir-bar. Bags were immediately sealed with no head-space, and stored at 

2–5°C for one week prior to the experiment, when the modified seawater types were used to fill 

experimental containers. Pilot studies indicated the carbonate chemistries of these seawater 

preparations were stable for over a one-month period when stored in sealed bags prior to 

experiments. Prior to stocking experimental chambers with larvae, the seawater bags were 

warmed to experimental temperature (18°C), 500 ml were added to each of three replicate BOD 

bottles per treatment, and antibiotics added (10 ppm ampicillin and 2 ppm chloramphenicol) to 

control bacterial contamination. Preliminary experiments had shown that this antibiotic mix had 

no adverse effect on larval development. 
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We utilized two controls in these experiments: 1) seawater collected at the same time as 

the seawater collected for decarbonation, which was 1-µm filtered and stored at 2-5°C, to control 

for the effects of handling and chemical manipulations associated with the seawater treatments, 

and 2) 1-µm filtered seawater that was collected 24 h before the mussels were spawned and was 

then aerated with CO2-stripped (soda lime) air as a control for gamete quality and larval 

development in freshly collected seawater. Larvae in non-decarbonated seawater (control #1) 

were reared in BOD bottles set up in parallel with seawater treatments while larvae in freshly 

collected seawater (control #2) were reared in open 10 L polyethylene buckets that are 

commonly used for rearing bivalve larvae at the Hatfield Marine Science Center (HMSC). 

Control data shown in the figures are for larvae reared in the freshly collected seawater. 

 
Larval Rearing 

Broodstock of M. californianus were collected from intertidal rocks of Seal Rock on the 

central Oregon Coast and brought back to HMSC. While at HMSC, M. californianus broodstock 

were held under ambient conditions (10-14˚C), fed continuously on an algal diet (Chatoceros spp 

and Isochrysis galbana), and spawned within one week of collection.  

Broodstock were stimulated to spawn by placing them in 10˚C water-baths and rapidly 

increasing water temperature to 25˚C. Gametes were collected from two male and two female 

parents. Eggs were fertilized in ambient seawater. After polar bodies were observed, embryos 

were stocked in culture vessels in triplicate for each seawater treatment. For initiation of feeding 

experiments, larvae were cultured in air-tight vials designed for volatile organic analysis (VOA). 

For all other feeding experiments, larvae were stocked in biological oxygen demand (BOD) 

bottles, capped, and placed on their sides for 48 h at a culture temperature of 18˚C. After 48 h of 

incubation, three subsamples were taken from each BOD bottle for determination of larval 
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development and size and preserved in 20 ml vials with addition of 10% buffered formalin (pH 

8.1-8.2). The remaining larvae were concentrated for both respiration measurements 

(Waldbusser et al. 2015) and particle processing studies presented here.  

 
Feeding experiments 

 
Initiation of feeding 

To assess the impact of water treatments on the development and functionality of feeding 

organs, we determined the proportion of mussel larvae from each treatment that ingested 

fluorescent beads at 44 h post-fertilization (initiation of feeding, IF). Preliminary tests 

demonstrated that 44 h after fertilization was the time required for ≥50% of M. californianus 

larvae reared under optimal conditions to begin feeding. To conduct these experiments, fertilized 

eggs were stocked at 10 ml-1 in triplicate 20 ml VOA vials across all water treatments. VOA vials 

were then stocked with 2 µm Fluorescbrite® yellow beads (Y) (excitation maxima at 441 nm and 

emission maxima at 485 nm; Polysciences Inc., Warrington, PA) at a concentration of 20 beads 

µl-1. After 44 h of development post-fertilization, IF experiments were terminated by adding 40 

µl (0.2% v/v) of 10% buffered formalin (pH >8.0) to VOA vials. Later, a minimum of 20 larvae 

per replicate vial were examined using an epifluorescent microscope to determine the presence 

or absence of beads within their guts.  

The bead size chosen for these experiments was based on findings of Baldwin & Newell 

(1995), who determined the particle-size preference of early oyster larvae (Crassostrea 

virginica) to be from 1-3 µm. Fluorescent beads have been used to as prey analogs for 

microalgae in studies with a wide range of aquatic invertebrate taxa, including bivalve larvae, 

ciliates, freshwater and marine copepods, echinoderm larvae, mosquito larvae, and rotifers. 
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Fluorescent beads also possess useful qualities absent in natural algal diets because they are: 1) 

inert and will not react chemically with experimental conditions, 2) uniform in shape, size, and 

surface characteristics, 3) easily visible and can be enumerated in the translucent larvae under an 

epifluorescent microscope, 4) can be stored without long-term loss of fluorescence, 5) and have 

the same specific gravity as algal cells (Milke and Ward 2003).  

 
Particle processing 

We evaluated the effects of Ωarg, PCO2, and pH on ingestion rates and gut fullness of M. 

californianus larvae from our treatments after sampling larvae for shell size measurements and 

respiration studies after 48 h of development. Sampling procedures and results of the effect of 

treatment water chemistry on shell size and respiration rates can be found in Waldbusser et al. 

(2015). To assess the effects of OA on particle processing behavior, 48 h old larvae from each 

treatment were first stocked in nine 25 ml VOA vials (10 larvae ml-1) containing the same water 

treatment in which they developed from fertilized eggs, to allow triplicate samples to be taken at 

three different sample time periods per seawater treatment. After an acclimation period of an 

hour, larvae were exposed to 2 µm Y beads  at a concentration of 20 beads µl-1 and allowed to 

feed on these beads for one hour. A second dose of 2 µm Fluorescbrite® Polychromatic Red (R) 

beads (Polysciences Inc., Warrington, PA; excitation maxima of 491nm and 512nm and emission 

maxima at 554nm) were then added to the vials at a concentration of 20 beads µl-1. Triplicate 

vials were assigned to one of three exposure groups (10, 30, 50 min). To terminate feeding 

activity at the prescribed exposure time and preserve larvae for later analysis, 40 µl (0.2% v/v) of 

10% buffered formalin (pH = 8.1-8.2) were added to vials. Later, all beads within larval guts 

were counted under an epifluorescent microscope (Leica DM 1000).  

 



122	
	

	
	

Gut fullness  

Gut fullness was defined as the mean total number of ingested beads (Y+R beads) larva-1 

over 10, 30, and 50 min sampling periods. This metric is meant to provide information on filling 

activity and gut filling capacity. Note that this also included Y beads accumulated during the 

hour prior to when monitoring started.  

 
Ingestion rates 

Ingestion rates were estimated by determining the uptake of R beads after the first 10 min 

of exposure to this bead type. Ingestion rate methods used here are adapted from Widdows et al. 

(1989b).  

 
Shell lengths and feeding activities 

After obtaining results from gut fullness and ingestion rate experiments, we examined the 

effects of shell length on larval ingestion rates from a subset of treatments spanning the range of 

experimental Ωar categories. Shell lengths, defined as longest axis parallel to the shell hinge, 

were obtained by first photographing larvae under a light microscope (50x). Later, shell lengths 

were determined using Image-pro (v.7). Larvae were then crushed and the number of beads in 

their stomachs enumerated to determine gut fullness and ingestion rates as described above. For 

this analysis we examined larva form 10 different vials (≥10 larvae replicate-1) spanning the 

range of Ωar treatments as this carbonate parameter was found to predict larval shell lengths 

among water treatments (Waldbusser et al. 2015). 

  
Modeling the effects of exposure to OA during the initial 48 h developmental period on 
subsequent larval energy budgets, growth and development 
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To estimate the effects of OA treatments on the energy budgets of M. californianus 

larvae, we begun by estimating the energy content of larvae across treatments at 44 h post-

fertilization by using the relationship between estimated total body energy content (!′; mJoule) 

and larval shell size reported for Mytilus edulis larvae by Sprung (1984a) and summarized by the 

following equation: 

 
!′ = $. $&×()*+×,-..($			(() 

 
where SL is the shell length (µm). To our knowledge, this is the only known such reported 

relationship for Mytilus species at the larval stage. Additionally, the relationship provided by 

Sprung (1984a) seemed appropriate to use here as these species are similar with respect to egg 

size and, presumably, energy contents (Strathmann 1987).  

The total energy contents of larvae (TEC) at 48 h post-fertilization (i.e. after a 4 h period 

when larvae could be feeding on algal cells) were then estimated to evaluate the energy budgets 

of larvae among OA treatments.  TEC was estimated by accounting for !′and other potential 

energy gains and losses using the following equation:  

 

!23 = !′ +
5672
8 	6	(9 − ;) − <			($) 

  
 

where TEC is the estimated energetic content of larvae in treatments at 48 h, I / h is the ingestion 

rate per hour, AE is the assimilation efficiency and describes the conversion of ingested food to 

energy available to larvae, R is the energy loss due to respiration over the 4 h period, and D is the 

energy gains or costs to TEC as a result in developmental advancement or delay in feeding 

activity. Physiological rate processes were converted to energy units under the following 

assumptions: 1) growth or change in T’ was negligible between initiation of feeding experiments 
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(44 h) and when the sizes of larvae were measured at 48 h; 2) bead ingestion rates for feeding 

larvae were constant over the period from 44 to 48 h and were equivalent to algal ingestion rates 

with an algal cell energetic content of 1.75 µJoules/cell (Kiørboe et al. 1985); 3) total time for 

potential gains from ingestion was 4 h ± any advancement/delay in the initiation of feeding 

among early larvae; 3) assimilation efficiencies of larvae were estimated at 0.38 (Sprung 1982); 

4) respiration rates were constant and similar across all treatments except for those of larvae in 

the lowest pH treatment (Waldbusser et al. 2015);  and 5) for the transformation of respiration to 

energy units, 1 nl O2 was considered equivalent to 20.1 µJoule of respiration energy (Crisp 

1971).  

To estimate how OA impacts on larval development and energy budgets over the initial 

48 h period potentially affected subsequent larval growth, we modeled the time needed by larvae 

to reach a shell length of 260 µm - the approximate size of Mytilid larva at the pediveliger stage 

(Sprung 1984) under normal conditions. To make these extrapolations, we first estimated energy 

content gains of larvae in 24 h intervals (∆!) using the following equation: 

  
∆! = !′ + (5672	×	>?2)			(.) 

 
where !′ is the estimated total energy content of the larvae at 48 post-fertilization, I is the 

ingestion rate, AE is the assimilation efficiency, NGE  is the net growth efficiency. !′and I in this 

study were assumed constant between 48 and 72 h post-fertilization and were similar to those 

found for each treatment that were used above in equation 2. After this initial 24 h period (i.e. 

48-72 h post-fertilization), modeled gains in larval energy contents were then added to larvae 

from each treatment and larval shell lengths were adjusted by rearranging equation 1. From 72 h 

post-fertilization onward, we modified larval ingestion rates and larval respiration rates in 

accordance with allometric equations for M. edulis as given by Sprung (1984a, 1984b). 
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Assimilation efficiencies were 0.38, 0.29, and 0.27 for larvae <200 µm, between 200-250 µm, 

and >250 µm, respectively  (Bayne 1983). NGE were also adjusted for changes in larval size and 

estimated at 0.78, 0.67, 0.65 for larva <200 µm, between 200-250 µm, and >250 µm (Bayne 

1983). Conversions of physiological rates to energy units were similar to those in equation 2. 

The impacts of differences in initiation of feeding, initial feeding rates and shell size after 48 h of 

development on subsequent larval growth to 260 µm were estimated by regression analysis.  

 
Data analysis 

Our experimental seawater treatment design was a 4x4 factorial with Ωar and PCO2 as the 

primary factors, with four treatment levels of each with three replicates per treatment. Our initial 

data analysis for all measured responses was a 2-way analysis of variance (ANOVA) followed 

by regression analyses to examine linear and non-linear relationships among carbonate chemistry 

parameters including possible pH effects within treatment levels of the primary factors. 

Assumptions of normality and heteroscedasticity were checked by inspection of data and 

Shapiro-Wilk’s test, and Levene’s test, respectively. Initial data analysis found unequal variance 

across treatment groups in the proportion of mussel larvae feeding; therefore, treatment means 

were used to reduce heteroscedasticity. During feeding experiments, larvae from the control 

treatment (unaltered, filtered seawater) fed at unusually low rates and were identified as outliers; 

therefore, these control groups were removed prior to analysis. Larvae across all MedLow PCO2 

treatments also had unusually low ingestion rates. We attribute this to human error due to either 

bead stocking error or improper handling of vials after introducing beads; therefore, we removed 

these samples prior to regressing ingestion rate data against carbonate chemistry and gut fullness 

data. All statistical analysis was conducted using JMP v. 12 (SAS Institute Inc., Cary, NC).  
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Results: 
 
Chemistry manipulations 

We were able to create distinct seawater treatment levels and decouple PCO2, and Ωar by 

altering the concentrations and ratios of DIC:Alkalinity. It is important to note that pH was 

pseudo-independent to the two primary factors in our design. Although there was some 

variability in carbonate chemistry parameters within treatment levels, the variability was 

generally far less than the differences among treatments. Two treatments deviated from targets: 

Low Ωar / MedLow PCO2 and MedHigh Ωar / Low PCO2. In the former, a preservation issue 

appears to have caused PCO2 to be 3x higher than expected with a concomitant decrease in Ωar. In 

the latter deviation, we suspected precipitation to be the source of missing alkalinity (82 µmol 

kg-1), resulting in the PCO2 of this treatment to be greater (excess of 41 µatm) than for other low 

PCO2 treatments.  

 
Initiation of feeding 

We previously reported the proportion of mussel larvae feeding after 44 h of 

development in Waldbusser et al. (2015); however, here we expand upon our previous analysis. 

As reported previously, PCO2 was found to be the greatest predictor of proportion of larvae 

feeding after 44 h of development (Fig. 4.1; F3,41 = 15.05, p-value < 0.0001) while Ωar was not 

(F3, 44 = 1.89, p-value = 0.1469). The proportion of mussel larvae feeding declined significantly 

with increasing PCO2 (Fig. 4.1a; F1,14 = 43.73, R2 = 0.76, p-value < 0.0001). We also noted that 

pH was significantly and positively related with proportion of larvae feeding (F1,14 = 11.66, R2 = 

0.45, p = 0.0042); however, this effect was driven entirely by the effect of pH in the High PCO2 

treatment which was significant (F1,2 = 108.83, R2 = 0.98, p = 0.0091). If the High PCO2 

treatment was removed for the full regression analysis and the analysis rerun, pH was no longer 
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found to be a significant predictor of the proportion of larvae feeding (F1,10 = 1.76, R2 = 0.15, p = 

0.5798).  

Although the proportion of larvae feeding varied primarily by treatment PCO2 at the time 

larvae were sampled (44 h post fertilization), a vast majority (>90%) of larvae across all 

treatments were observed to be feeding during the particle processing experiments that started at 

48 h post-fertilization; therefore, PCO2 appeared to have created a developmental delay in the 

onset of feeding activity. To quantify this delay, we used data from preliminary studies in which 

we determined the relationship between the proportion of larvae feeding under optimal 

conditions and time (h) since fertilization (Fig. 4.2). This relationship was best described by the 

following three parameter logistic equations (F1,11= 675.72 p-value < 0.0001, R2 = 0.99): 

 
%	ABBCDEF = 	

G
(1 + IJK(−L	× ℎ − N ))			(4) 

 
where a is the function’s “growth” rate, b is the inflection point, and c is the asymptote, and h is 

the hour post-fertilization. This model was found to explain 99% of the variation in proportion of 

larvae feeding over developmental time for M. californianus (see Table 4.2 for parameter 

estimates). The logistic equation was then rearranged and linearized, enabling us to estimate a 

functional age (based on the proportion of larvae feeding under normal conditions) of larvae 

feeding in each OA treatment (Fig. 4.2). We next regressed the larval age estimates against their 

respective PCO2 values and found a significant predictive linear relationship (F1,14 = 34.55 p-

value < 0.0001 R2 = 0.70). From this analysis we estimated a five minute age delay in initiation 

of feeding for every 100 µatm increase in PCO2 in treatment seawater, relative to larvae reared 

under optimal conditions (Table 4.2). 
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Particle processing 

Gut fullness 

Gut fullness varied significantly due to Ωar (F15,47 = 17.5135  p-value <0.0001) and PCO2 

(F15,47 = 1.3047 p-value < 0.0001) with also a significant interaction term (F15,47 = 3.0576 p-value 

= 0.0093; Figure 4.1b, Table 4.2). Gut fullness was not predicted by pH (F1, 15 = 0.0964 p-value = 

0.7608). A three-parameter logistic equation similar to equation 4 was found best to describe 

how gut fullness varied as a function of Ωar. This model was found to explain 48% of the 

variance in gut fullness for M. californianus larvae (F1,14 = 13.37 p-value 0.0026). Gut fullness 

was also found to weakly, yet significantly, respond positively to increasing PCO2 (F1,14 = 4.73, p-

value = 0.0472) but this parameter explained less of the variation in gut fullness (R2 = 0.25) than 

Ωar (Fig. 4.1b).  

To explore the interaction between Ωar and PCO2 on gut fullness, we constructed a 

multiple linear regression with PCO2 among Ωar treatment categories (Appendix: Fig. A 4.1). In a 

full multiple linear regression model, slopes estimates of regressed Ωar categories were found to 

be similar (F7,15 = 4.917 PCO2x Ωar p-value = 0.538). Under a reduced multiple linear regression 

model, PCO2 was still a significant predictor of gut fullness (F4,15 = 13.3118 p-value = 0.0038) 

and significant differences were observed between the intercepts of some Ωar treatments (F4,15 = 

7.5679, Ωar category p-value = 0.0051). Larvae from the low Ωar category had significantly 

lower gut fullness values as a function of PCO2 relative to all other Ωar categories (Tukey HSD α 

= 0.05).  

 
Ingestion Rates 

Two-way ANOVA revealed that larval ingestion rates did not vary significantly by PCO2 (F11,35 = 

2.2806, p-value 0.1239), but were significantly predicted by Ωar (Fig. 4.1c; F11,35 = 15.2217, p-
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value<0.0001). The interaction term between PCO2 and Ωar was not found to be a significant 

predictor (F11,35 = 2.0877, p-value = 0.0925). Using non-linear regression, we regressed ingestion 

rates against Ωar (Fig. 4.1b; F1,11 = 28.0258, p-value = 0.0004) and ingestion rates were best 

described by the following three parameter exponential model: 

 
PEFBQRDSE = L + NIJK(T	×	ΩVW)	(5) 

 
where a is the asymptote, b is the scale, and c is the curve’s growth rate (see Table 4.2 for 

parameter estimates). This relationship explained 74% of the variation in M. californianus larval 

ingestion rates. 

 
Standardizing physiological traits for differences in shell lengths 

Ingestion rates were positively correlated with larval shell length (Fig. 4.3b; F1,9 = 10.52  

p-value = 0.0018, R2 = 0.56) among the subset of treatments that we examined. We previously 

found in Waldbusser et al. (2015) that shell lengths (SL) of M. californianus larvae after 48 h of 

development during this experiment were correlated with Ωar and could be described by the 

following equation: 

 

YZ =
884.378	×	ΩL^	
1 + 7.691	×	ΩL^				(6) 

 
From this relationship, we estimated the shell lengths of larvae among treatments in our feeding 

experiment, standardized their ingestion rates by their estimated shell length, and re-examined 

the effects of Ωar on larval gut fullness and ingestion rates. After standardizing physiological 

processes, Ωar was found no longer be a significant predictor of gut fullness (F1,15 = 4.0292 p-

value = 0.0644 R2 = 0.019) but, conversely, still explained 61% of larval ingestion rates (F1,11 = 

27.5577 p-value = 0.0004). A highly significant and positive relationship between ingestion rates 
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and gut fullness measured across the full spectrum of Ωar treatments (F1,11 = 187.207  p-value < 

0.001, R2 = 0.95; Fig. 4.3c). 

 
Models of effects of carbonate chemistry parameters on larval energy budgets and growth 

Larval energy content based on shell length (a′) and total larval energy content (TEC) for 

48 h old larvae were both strongly correlated with Ωar (a′: F1,16 = 235.76, p-value < 0.0001 R2 = 

0.94; TEC: F1,16 = 268.39, p-value < 0.0001 R2 = 0.95), while treatment PCO2 and pH were not 

significant predictors of T or TEC (p-value > 0.05). a′ ranged from 304-708 µJoules larva-1 and 

was a function of Ωar (Fig. 4.4, Appendix Table A 4.2). After adding the potential gains from 

ingestion and subtracting expenditures of respiration and delay in the initiation of feeding, TEC 

at 48 h post fertilization ranged from 316-743 µJoules larva-1. By subtracting a′ from TEC, we 

estimated the net metabolic energy gains or losses during the 4 h period between 44 and 48 h 

(Fig. 4.4). We found mean TEC-	a′was significantly lower (5.52 µJoules larvae-1) for larvae 

incubated in undersaturated conditions (t (15) = -6.44, p-value <0.0070) than for larvae in 

supersaturated treatments (33.91 µJoules larvae-1). Additionally, larvae from treatment MedLow 

PCO2-Low Ωar had a negative TEC-	a′value (-7.23 µJoules larvae-1) (Appendix Table A 4.3), 

meaning larvae were reliant on maternal energy stores after 48 h of development. 

Non-linear regression analysis was used to model shell growth of M. californianus larvae 

over time to the pediveliger stage by Ωar category. We chose to model larval shell growth 

according to Ωar category because Ωar alone predicted larval M. californianus shell length (see 

above for relationship). Furthermore, a′ was the most important factor determining larval energy 

content at 48 h that was a function of shell size which was, in turn, significantly affected by Ωar. 

Development time of larvae to reach the pediveliger stage (260 µm; (Widdows 1991)) was 

estimated to range from 9.2 to 11.1 days among  Ωar categories (Fig. 4.5, Table 4.3). Larvae from 
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undersaturated (Ωar < 1) treatments, were predicted to grow at a significantly slower rate than 

those under supersaturated conditions (Ωar ≥ 1; ANOM, α = 0.05). We estimated the mean 

development times to reach the pediveliger stage were 11.1 days, 9.5, 9.2, 9.2 days for Low, 

MedLow, MedHigh, and High Ωar categories, respectively.  

We also sought to model the potential effects of differences in larval size, initiation of 

feeding, and ingestion rates due to omega treatments during the first 48 hours of development on 

subsequent development time to the pediveliger stage. To separate the effects of initiation of 

feeding, we started by removing the energetic impacts of delay of feeding so that larvae from all 

OA treatments were modeled to begin feeding exactly at 44 h of development. We then 

compared the time for larvae to grow to 260 µm under each omega treatment and control. To 

estimate the impacts of OA on ingestion rates, shell size, and respiration on larval development 

time, we first applied the average values for each metric (15 beads h-1 larva-1, 104 µm, 0.15 nl O2 

h-1 larva-1, respectively) across treatments for the first 48 h of development. These average 

physiological rates were approximately equal to values found for larvae at Ωar = 1. We then 

modeled development times for larvae to reach 260 µm and subtracted development times from 

full models containing all impacts. Therefore, we report on the hours gained or lost by larvae as a 

result OA impacts relative to larvae held at Ω ≈ 1. We used 95% confidence intervals for 

estimates of development time to determine the significance of factors that might impact 

development (Table 4.3).  

Ωar impacts on initial shell length and ingestion rates during the first 48 h of development 

were significant factors in determining subsequent larval developmental times; however, the 

intensity of their impacts varied by Ωar category (Table 4.3). The impact of Ωar on initial shell 

length was the primary determinant of developmental delay and it was approximately twice that 
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for the effect of Ωar on ingestion rates when both factors were significant. The effect of Ωar on 

initial shell length delayed or advanced larval development to 260 µm by 23.9 h and -19.84 h, 

respectively. Ωar effects on larval ingestion rates resulted in 12.9 h to -30.9 h in developmental 

delay or advancement, respectively. As these effects were essentially standardized to larvae held 

at Ωar ≈1, the greatest impacts were observed at both extremes of our Ωar spectrum. 

 
Discussion: 
 
Mechanistic understanding of OA impacts on larval feeding physiology 

Our study focused on the prodissoconch I larval life stage (PDI), a time when maternal 

energy reserves are used to meet the energetic costs of rapid shell production within the first 48 h 

of development (Waldbusser et al. 2013). Under OA stress, energy costs of shell production are 

hypothesized to be greater due to the increased kinetic constraints on larval calcification rates 

(Waldbusser et al. 2013; Waldbusser et al. 2015). In addition to increased costs of shell 

production, OA stress may force allocation of more energy towards maintenance of cellular 

homeostasis in order to accommodate growth (Stumpp et al. 2011; Timmins-Schiffman et al. 

2013; Pan et al. 2015). Therefore, investigations on energy acquisition and budgets during early 

larval development are important in assessing potential larval success under OA conditions.  

To mechanistically determine the impact of OA on larval energy budgets, we began by 

examining the effects of various carbonate chemistry parameters on development and onset of 

feeding in early larvae of M. californianus. Although the effects of PCO2 on this trait were 

previously discussed in Waldbusser et al. (2015), in this study we estimated a 5 min functional 

age delay for every increase in 100 µatm PCO2 (Fig. 4.2); however, when incorporated into larval 

growth models this delay in feeding was found to have a negligible effect, suggesting that not all 

measured OA physiological impacts on PDI larvae have significant long-term effects (Table 4.3).  
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PCO2 was also found to be weakly and positively correlated with gut fullness (R2 = 0.25), 

suggesting that increasing PCO2 slowed bead passage through the lumen and allowed beads to 

accumulate more readily (Fig. 4.1b). Stumpp et al. (2013) reported that sea urchin larval guts 

were relatively alkaline (pH 9.5) but urchins were unable to effectively regulate gastric pH when 

held in acidified environments (pH = 7.2). While the guts of adult M. edulis have found to range 

from pH 5 to 8 (Kristensen 1972; Brock and Kennedy 1992; Griscom et al. 2002), we are 

unaware of any measurements made on the pH of larval guts. Even so, engulfed water with high 

PCO2 may have impacted digestive organs responsible for particle movement by reducing 

intracellular pH by diffusing across cellular membranes (Vandenberg et al. 1994). Internal 

organs and digestive mechanisms involved with particle processing (e.g. cilia activity, peristalsis 

or crystalline style rotation) may be sensitive to PCO2, especially if intracellular pH is not 

maintained. 

Differences in experimental Ωar states resulted in 49% of the variation in gut fullness 

(Fig. 4.1b). Standardizing gut fullness for differences in larval shell length led to the finding that 

Ωar affects gut fullness based on effects on larval size alone. Gut fullness is a factor that is rarely 

evaluated during larval or adult bivalve digestive studies and is usually assumed constant in 

feeding experiments; however, the volume of material in the gut can be predictive of gut passage 

time and particle processing (Penry 2000; Gray et al. 2015). Additionally, adjustment of gut 

filling rates may also be ecologically relevant in allowing larvae to maintain digestion and 

assimilation rates when food availability varies in nature due to, for example, patchy 

distributions of phytoplankton. 

Ωar effects on larval ingestion rates (Fig. 4.1c) was partially an effect of Ωar on shell size 

(13%; Fig. 4.3a and 4.3b), likely due to the relationships between body size, development of pre-
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oral ciliary tracts of the velum and resulting clearance rates (Strathmann 1971; Strathmann et al. 

1972). In contrast to gut fullness, however, Ωar also had a substantial physiological impact on 

ingestion rates (61% of the 74% of explained variance) after standardization for differences in 

larval shell length. As an exoskelatal structure, shells form the framework for the attachment of 

feeding organs and could play and key role in their functioning (Simkiss and Wilbur 1989); for 

example, in poor attachment of velar retractor muscles to the interior of the shell may have 

affected velar extension and feeding activities. Alternatively, shell abnormalities may have 

interfered with performance of feeding organs; for example, the shell hinge of Mercenaria 

mercenaria larvae is eroded under highly acidified conditions and this likely would impact shell 

movement and related processes, including feeding (Talmage and Gobler 2010).  

 
Models of effects of carbonate chemistry parameters on larval energy budgets and growth 

We estimated large differences in the energy content of larvae based on shell length (a′), 

the total energy content (TEC), available energy for growth (TEC-	a′) among 48 h-old PDI 

larvae in our experiment (Fig. 4.4, Appendix Table A4.3). The estimate of a′ based on data of 

Sprung (1984) provided a coarse, yet valuable estimate for the effect of OA on larval growth to 

the PDI stage and enabled us to estimate larval energy content (Fig 4.4a). Differences in a′ 

estimates were substantial across the Ωar spectrum. In general, we estimated larvae from Ωar < 1 

treatments had about half the energy content of larvae in Ωar ≥ 1 treatments. Differences in a′ 

among treatments were far greater, in terms of total energetic impacts, than other observed 

physiological impacts (i.e. ingestion and respiration) imposed by OA stress during early 

development. As we note below, a′ estimates did not account for variation in shell depth or 

tissue content and composition across OA treatments; however, more precise estimates of a′, 
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after accounting for these effects, would be a useful tool in estimating effects of OA stress on 

larval energy budgets. 

TEC-a′ estimates indicated that larvae held in seawater Ωar ≥ 1 seawater acquired ~30-35 

µjoules in 4 hours of feeding while larvae from Ωar < 1 seawater showed a change of between -7 

to 11.58 µjoules in the same time period (Fig. 4.4b). TEC-	a′differences were primarily driven 

by the effects of Ωar on larval ingestion rates, as respiration rates were similar across similar 

across all treatments (excluding those in pH treatment = 7.4 which were greater). Impacts due to 

delays in initiation of feeding by PCO2 were orders of magnitude below those of other energy 

budget components estimated in this study. To put TEC-	a′differences into a developmental 

context, Waldbusser et al. (2013) estimated a total energetic cost of ~24 µjoules for a PDI larva 

of Crassostrea gigas to produce its shell. Although larvae must allocate some of the energy in 

the TEC-	a′estimate towards other energetic demands besides shell formation (e.g. tissue 

growth), clearly, larvae from Ωar ≥ 1 treatments had large and meaningful energetic advantage 

over those from Ωar < 1 treatments soon after exogenous energy inputs could be utilized.  

TEC-	a′ (a function of Ωar effect on ingestion rates) certainly influenced the total energy 

content of larvae, but differences in TEC were largely driven by larval shell length and, 

consequently, also a function of Ωar. Note the smaller larvae with similar metabolic rates 

(measured as respiration rates) from Ωar < 1 treatments either allocated energy away from shell 

growth or were less efficient at growing shell due to energetic constraints for shell synthesis or 

both, as previously observed for M. californianus and other bivalve larval species (Kurihara 

2008; Gaylord et al. 2011; Waldbusser et al. 2013).  

We were able to model M. californianus larval development over time by utilizing 

established allometric relationships between Mytilus larval shell length, energy content, and 
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ingestion rates. We estimated the average time for larvae initially exposed to Ωar ≥ 1 conditions 

for 48 h to reach the pediveliger stage (260 µm) was approximately 9 days post fertilization, 

agreeing well with previous estimates for M. californianus larvae (Strathmann 1987; Gaylord et 

al. 2011). After accounting for the physiological and morphological impacts of OA on PDI M. 

californianus larvae, we estimated that larvae from Ωar < 1 treatments would incur a 

developmental delay of nearly 2 days in reaching the pediveliger stage compared to larvae 

initially exposed to supersaturated conditions (Ωar > >1; Fig. 4.5).  

Larval developmental delays due to OA stress have been reported previously for bivalves 

(Kurihara et al. 2007; Talmage and Gobler 2009; Gazeau et al. 2010; Gaylord et al. 2011; 

Timmins-Schiffman et al. 2013), urchins (Dupont and Thorndyke 2008; Stumpp et al. 2011), 

krill (Kawaguchi et al. 2013), crabs (Walther et al. 2010), and other species taxa. Delays in 

metamorphosis may have significant ecological implications. A prolonged planktonic stage may 

reduce survival as it increases exposure time to predators (Rumrill 1990) and other stresses such 

as ultraviolet radiation (Peachey 2005). Greater time spent in the pelagic zone also increases 

potential for larval advection away from favorable habitats (Strathmann 1985). Furthermore, 

delaying the arrival time of pediveliger larvae may put M. californianus at a competitive 

disadvantage compared with earlier arriving species, when available substrates for settlement are 

limiting (Kennedy 1996). 

There are several assumptions and limitations in our approach in estimating a′, TEC-	a′, 

TEC, and development of the model for larval growth. First, we estimated larval energy content 

at 48 h (a′) based on the relationship between ash free dry tissue weights (AFDW) and larval 

shell length reported  by (Sprung 1984). This relationship did not account for possible 

differences in shell depth and volume of larvae across our experimental conditions. Furthermore, 
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we assumed similar biochemical compositions of larvae across treatments. Previous studies have 

shown larval invertebrates under environmental stress will reduce feeding and consume energy 

stores to fuel metabolism (Fraser 1989). Similarly, larvae from Ωar < 1 treatments with reduced 

feeding rates may have utilized maternal energy stores to a greater extent than less stressed 

larvae in Ωar ≥ 1 treatments. Indeed, recent studies have found some adult bivalves species will 

exploit primary (lipids) and secondary (glycogen) energy reserves in response to OA stress 

(Ivanina et al. 2013). Such differential catabolism of metabolic substrates may only slightly 

impact the AFDW of OA-stressed species, but it could disproportionately impact energy contents 

due to energetic differences among these substrates (Brey et al. 1988).  

Second, estimates of ∆a did not account for possible differences in growth efficiencies of 

larvae in OA treatments that have been observed for M. californianus larvae (Gaylord et al. 

2011). For instance, we assumed similar digestive and assimilation efficiencies across 

treatments; however, other investigations have found digestive efficiencies and digestive rates of 

larval urchins to be impacted by OA (Stumpp et al. 2013b). Third, we were unable to account for 

other subcellular, energetically intensive processes that occur in invertebrates under OA stress, 

such as protein turnover and ion transport activity, that cannot be measured simply as a function 

of respiration rates (Pan et al. 2015).  

In summary, OA impacts on the feeding physiology of bivalve larvae may limit their 

ability to efficiently acquire and assimilate food. Indeed, detailed studies have now shown OA to 

physiologically disrupt particle selection (Vargas et al. 2013), ingestion (Vargas et al. 2014), gut 

fullness (this study), and digestion ( Stumpp et al. 2013b) of invertebrate marine larvae. 

Importantly, we identified PCO2 and Ωar, in particular, as two of the carbonate chemistry 

parameters that are driving some of these feeding responses. Our model in this study also shows 
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that initial OA impacts on larvae shell development and feeding physiology in the first 48 h of 

development could delay subsequent larval growth to the pediveliger stage.   
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Figures and Tables  
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 a) Proportion of M. californianus larvae feeding at 44 h post-fertilization (initiation of feeding), b) larval 
gut fullness at 48 h, c) and larval ingestion rates at 48 h over treatment carbonate chemistries. PCO2 is in µatm and 
pH is expressed in the total scale. Significant relationships between physiological parameters and carbonate 
chemistry parameters are shown by linear and non-linear functions (lines). Larvae responses in control treatments 
(shown by asterisks) were not included in data analyses. Each error bar represents 1 standard deviation from the 
mean. 

 

 
 
	
 

b)	

a)	

c)	
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Figure 4.2 Relative age of larvae from PCO2 treatments as a 
function of the proportion of larvae feeding at 44 h. Age 
estimates are relative to larvae from preliminary studies 
during which 50% of larvae were observed to be feeding at 
44 h post-fertilization (crosses). The relationship between 
% feeding over time as larvae develop can be found in 
Table 2. Colored circles represent actual PCO2 values in 
treatments (µatm) with their actual % feeding values 
superimposed on the age function. Control treatments 
shown as asterisks. 

 
 
	
	
	
  
 
 
 
 
 
 
 
 
 
Figure 4.3 Relationships between experimental conditions and morphological and physiological metrics: a) shell 
size versus aragonite saturation state (dots are this study and fit with equation 6 from Waldbusser et al. (2015)), b) 
ingestion rate versus shell length c) gut fullness versus ingestion rate. For panels a and b, dots represent single 
replicate means within treatments from the subset of data analyzed for the effect of shell size (see shell lengths and 
feeding activities), while dots in panel c represent treatment means. Values for each Ω cat can be found in Table 4.1.  

 

b)	a)	 c)	
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Figure 4.4  a) estimated total energy content (TEC) and b) 
available energy for growth (TEC-!′) of 48 h old (post-
fertilization) M. californianus larvae plotted against aragonite 
saturation state (Ωar) – see equation (2). Data points represent 
treatment means. 

 

	
Figure 4.5 Modeled shell growth of M. californianus larvae over time after 
exposure to various aragonite saturation state categories (Ω cat) during the 
first 48 h of development. Inter-sections between the colored lines and the 
dashed horizontal line indicate the estimated age of Mytilus larvae reaching 
the pediveliger stage (260 µm). Error bars represent standard deviations. 
Values for each Ω cat can be found in Table 4.1.  

a)	

b)	
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Table 4.1 Carbonate chemistry of experimental treatments. Aragonite saturation state 
(Ωar) is reported over partial pressure of dissolved carbon dioxide (PCO2) in µatm. 
Treatment pH is in the total scale and given in parentheses.  The control treatment 
consisting of freshly collected seawater that was bubbled with CO2-reduced air for 24 
hours, had values of Ωar = 3.25, PCO2 = 272, pH = 8.19. The asterix indicate a 
preservation problem which caused PCO2 to be greatly elevated relative to the initial 
treatment.  

  Ωar 
Low MedLow MedHigh High 

P C
O

2 
 

Low 0.50 / 219.0 
(7.84) 

1.09 / 197.4 
(8.03) 

1.87 / 241.5 
(8.11) 

4.58 / 191.1 
(8.35) 

MedLow *0.31 / 715.7  
(7.48) 

1.03 / 437.4 
(7.84) 

2.36/396.3 
(8.04) 

4.82 / 385.4 
(8.21) 

MedHig
h 

0.51 / 873.8 
(7.54) 

1.17 / 773.7 
(7.75) 

2.33/ 803.5 
(7.88) 

4.69 / 767.6 
(8.05) 

High 0.65 / 2228 
(7.39) 

1.31/ 2175 
(7.55) 

2.18 / 2457 
(7.64) 

5.21/ 2063 
(7.86) 
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Table 4.2 Linear and non-linear effects of seawater carbonate chemistry on initiation of feeding (% larvae feeding), relative age (hours), gut 
fullness (GF; beads larva-1), and ingestion rates (IR, beads h-1 larva-1) of M. californianus larva. Standard errors for parameter estimates given in 
parentheses. “Relative age of larvae” is expressed as relative to the age of larvae when 50% were found to feed under normal conditions (44 h). 

 
 
 
 
 
 
 
  

Metric Effect Model Parameter Estimates df F-ratio p-value R2 

Initiation 
of 
Feeding 

PCO2  % Feeding = a+bPCO2 
a = 0.84 (0.03), b = -0.0001 
(0.00000) 

1,14 43.73 < 0.0001 0.73 

Initiation 
of 
Feeding 

Time % Feeding = c/(1+e(-a(h-b))) 
a = 0.74 (0.09), b = 45.45 
(0.18), c = 94.08 (2.50), h = 
hours 

1,11 675.72 < 0.0001 0.99 

Relative 
Age PCO2 

Age = a+bPCO2 a = 46.33 (0.16), b = -
0.0008 (0.0001) 

1,14 42.42 < 0.0001 0.75 

Gut 
Fullness Ωar 

GF =  c/(1+e(-a(Ωar -b))) a = 2.32 (1.47), b = 0.08 
(0.28), c = 16.59 (0.84) 

1,14 13.37 0.0026 0.49 

Gut 
Fullness  PCO2 

GF = a +bPCO2 a = 13.42 (0.99) b = 0.002 
(8.1e-4) 

1, 14 4.73 0.0472 0.25 

Gut 
Fullness Ωar x PCO2 

GF a + b PCO2 by Ωar See supplemental material 
table 1 for intercept 
estimates. 

4,15 8.52 0.0022 0.75 

Ingestion 
rates Ωar 

IR  =  a + be(c* Ωar ) a = 17.74 (1.00), b = -39.74 
(36.10), c = -2.95 (1.78) 

1, 47 28.03 0.0004 0.74 

Ingestion 
rates 

Shell 
length 

IR = a + bSL a = -53.06 (20.46), b = 0.62 
(0.19) 

1,9 10.52 0.0018 0.57 

Gut 
Fullness 

Ingestion 
rates 

GF =  a + bIR a = 2.57 (0.88), b = 0.75 
(0.06) 

1,11 187.21 <0.0001 0.95 
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Table 4.3  Modeled development times of M. californianus larvae to reach the pediveliger stage (260 µm) across aragonite saturation state categories (Ωar cat). 
Factors influencing developmental time among Ωar categories are initiation of feeding (IF, % larvae feeding at 44 h post fertilization), ingestion rates (beads h-1 
larva-1), and shell length (µm) at 48 h. Developmental time advancement (negative values) or delay (positive values) are expressed in hours with significant 
impacts denoted by asterisks (*). Upper and lower 95% confidence interval (CI) are for development times to the pediveliger stage.  Delay and advancement of 
developmental times are relative to larvae held at approximately Ωar = 1 and similar to Ωar category MedLow. Values for each Ωar cat can be found in Table 4.1. 
The control treatment is freshly seawater bubbled with CO2-reduced air for 24 hours. 

 

Ωar Cat 

Mean  
Initiation of 

Feeding 
Among 44 h 
Old Larvae 
(% feeding) 

Mean Ingestion 
Rates 

Among 48 h Old 
Larvae 

(beads h-1 larva-1) 

Mean Shell 
Length 

Among 48 h 
Old Larvae 

(µm) 

Developme
nt Time To 
Pediveliger 

Stage  
(days) 

Lower  
CI 

95% 

Upper  
CI 

95% 

IF Delay 
Effect 
(hours) 

Ingestion 
Rates 
Effect 
(hours) 

Shell 
Length 
Effect 
(hours) 

Control 0.62 17.73 110.57 9.77 9.52 10.03 -0.01 1.68 -5.51 
High 0.56 17.74 111.68 9.69 9.56 9.82 0.00 -30.87* -19.84* 

MedHigh 0.56 17.66 109.14 9.68 9.55 9.81 0.00 -2.76 -7.83* 
MedLow 0.55 16.34 104.94 10.00 9.87 10.12 0.00 -1.69 -1.93 

Low 0.55 7.82 87.99 11.51 11.39 11.63 0.00 12.86* 23.90* 
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CHAPTER 5 GENERAL DISCUSSION 
	

	
For over a century, researchers have studied the feeding behavior of marine 

bivalves and their responses to various environmental conditions. Much of this research 

has focused on understanding how environmental requirements affect growth, 

reproduction and feeding physiology of these animals. More recently, a better 

understanding of the ecological importance of suspension-feeding marine bivalves on 

water quality and clarity has emerged and this knowledge is considered an important 

factor in shellfish restoration and conservation (Dame 1996; Beck et al. 2001; Coen et al. 

2011). In this dissertation, I studied feeding and other particle handling processes of 

several bivalve species and life stages in response to a variety of environmental variables. 

These experiments were specifically designed to fill longstanding knowledge gaps as 

well as provide new experimental approaches and insights for future research.  

 At the outset of this project, we specifically recognized the dearth of knowledge 

surrounding the feeding physiology of the Olympia oyster Ostrea lurida. Since its steep 

decline in many Pacific Northwest (PNW) estuaries in the late 19th early 20th centuries, 

this species has received very little attention from the research community. More 

information on the basic biology and ecology of O. lurida should aid restoration activities 

and improve our understanding of their ecological consequences. Hence, to better 

understand the environmental requirements of O. lurida and its potential for provision of 

ecosystem services, we conducted a series of laboratory and in situ feeding trials (Chapter 

2). Importantly, these studies were conducted in tandem with similar studies on Pacific 

oysters, Crassostrea gigas. This latter species is non-native yet now dominates many 

PNW estuaries and is the primary product of the regional oyster aquaculture industry. 
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Such side-by-side comparisons are rare, but this approach was taken to better understand 

the ecosystem services (ESS) resulting from the feeding activities of these two species 

and to assess potential competition for seston food resources 

 Laboratory results from Chapter 2 revealed O. lurida and C. gigas to have similar 

environmental sensitivities to environmental temperature, salinity, turbidity, and seston 

organic content, with respective to clearance rates. On the other hand, we observed C. 

gigas exhibited much greater clearance rates than O. lurida under most experimental 

conditions (e.g. 4 l h-1 g-1 to 2 l h-1 g-1 at 20 psu, respectively), which has been noted in 

other laboratory comparisons between Ostrea and Crassostrea species (Askew 1972; 

Dean et al. 1979; Richardson et al. 1993). In contrast, experiments conducted seasonally 

in situ in Yaquina Bay found these species fed at similar rates with mean clearance rates 

differing only during the wet season. Additionally, overall clearance rates were much 

lower in situ than those observed in laboratory conditions. There are several possible 

causes for discrepancies between clearance rates obtained in laboratory and in situ 

studies, including diet complexity, methodological approach, stability of environmental 

conditions (Cranford et al. 2011). Therefore, we agree with other researchers that 

laboratory experiments are useful for exploring species sensitivity to specific 

environmental parameters, but in situ experiments are required to better understand the 

ecological effects of clearance and particle processing rates of marine bivalves in coastal 

waters (Grizzle et al. 2008; Cranford et al. 2011).  

 For the past several decades there has been a substantial and growing interest to 

restore native oysters throughout the USA, often with the specific goal of enhancing the 

potential ESS of bivalve populations (Brumbaugh and Coen 2009). Without detailed 



151	
	

	
	

knowledge of the physiological processes that determine ESS, it is difficult to predict the 

outcomes of restoration of O. lurida populations (White et al. 2009; Coen et al. 2011). In 

a previous study (zu Ermgassen et al. 2013), laboratory data on the effects of temperature 

and body size on clearance rates of O. lurida were modeled to predict the filtration 

services of pristine and historic populations of this species in the PNW. Model estimates 

suggested O. lurida historically filtered small proportions of the volumes of most 

estuaries (range 1-17% total bay volume) within a single residence time, contributing 

little towards water quality at the ecosystem scale. We now suggest that for some 

systems, specifically Yaquina Bay OR, new models are warranted, given new 

information that has come to light since 2013. For instance, it would be more accurate to 

model clearance rates based on results from in situ experiments rather than laboratory 

experiments in order to predict filtration services of O. lurida in this highly dynamic 

system. Furthermore, the approach used to estimate the residence times of Yaquina Bay 

by zu Ermgassen et al. (2013) may have drastically underestimated the temporal and 

spatial complexity of the hydrodynamics of this system (Lemagie and Lerczak 2014).  

In addition to estimated of potential ESS, other data from Chapter 2 should be of 

interest to resource managers that wish to restore O. lurida in habitats shared by C. gigas. 

Competition for space and food between these species has been suspected to hamper the 

recovery of O. lurida (Trimble et al. 2009).  We found O. lurida and C. gigas ingest 

similar sized particles suggesting these species share similar niches as suspension-

feeders; however, the greater clearance rates, greater salinity tolerances and overall 

greater absorption rates of C. gigas found in this study suggest that this species is a 

superior competitor. These results also support the well-recognized greater growth rates 
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of C. gigas compared with O. lurida, which may lead to the competitive exclusion of the 

latter (Baker 1995; Ruesink et al. 2005; Trimble et al. 2009) and perhaps other Ostrea 

species elsewhere in the world (Askew 1972; Dean et al. 1979; Richardson et al. 1993).  

In Chapters 3 and 4, the focus of this dissertation research shifted from adult 

oysters to the feeding physiology and digestive kinematics of marine mussel larvae. Prior 

to this work, studies of gut passage times of planktotrophic invertebrates typically used 

rates of change in either gut fluorescence or tracers (e.g. radioisotopes) over time; 

however, these methods sometimes require collection of fecal material or transfer of 

animals between different feeding conditions to allow for exchange of gut contents 

(Wang and Conover 1986; Reinfelder and Fisher 1994; Wang and Fisher 1996; Wang 

and Fisher 1999; Tirelli and Mayzaud 2005; Chen et al. 2015). Collection of feces from 

small organisms, such as bivalve larvae, can be very difficult and physical disturbance 

and alterations in food concentrations can each significantly affect gut evacuation rates ( 

Penry and Frost 1990). Additionally, changes in ingested phytoplankton pigments (e.g. 

Chl a) can only be used to qualitatively assess feeding and gut kinematic processes as 

changes in pigment content will co-vary with both ingestion rates and rates of pigment 

breakdown due to digestion (Hawkins et al. 1986; Penry and Frost 1991). Because of 

these methodological difficulties, most parameters of larval bivalve post-oral processing 

were largely unknown.  

In Chapter 3, we developed and evaluated methods for determining several 

particle-processing mechanisms of Mytilus galloprovincialis larvae, including ingestion 

rates, gut fullness, and gut passage time, after exposing larvae consecutively to two 

differently colored, fluorescent microbead suspensions. Microbeads are useful for larval 
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feeding experiments because 1) they do not react chemically with ambient experimental 

conditions; 2) they have a specific gravity (1.02) close to that of living cells (Milke and 

Ward 2003); 3) they are uniform in shape and size; 4) they are easy to enumerate within 

translucent larvae using epifluorescent microscopy; 5) bivalve larvae capture and ingest 

microbeads and algal cells at similar rates (Widdows et al. 1989a; Thompson et al. 1994), 

and 6) microbeads may allow digestive kinematics of bivalves to be evaluated after 

modeling their guts of chemical reactors (Penry 2000).  Reactor types that are typically 

modeled to simulate animal digestive systems are the plug-flow reactor (PFR) and 

continuously stirred tank reactor (CSTR); however, to our knowledge, this modeling 

approach has not been applied to digestive processes of bivalve larvae.  

We found beads were consumed by larvae at comparable rates to those reported 

for other similar sized larvae and experimental conditions. In agreement with other 

zooplankton and adult mussel studies (Murtaugh 1984; Jumars et al. 1989; Jumars and 

Penry 1989), we found ingestion rates influenced gut fullness and gut passage times.  

Interestingly, bead uptake and processing was dependent on larval age and size, bead 

concentration, and whether or not live algae were also included in the bead suspension. 

We adapted these methods to subsequent studies on the effects of ocean acidification on 

larval feeding processes (Chapter 4).  

We found that the CSTR model consistently outperformed the PFR model in 

describing particle processing patterns of M. galloprovincialis larvae. Additionally, top-

performing CSTR models explained much of the variation (>84%) in observed bead 

patterns in larval guts over time. PFR and CSTR models differ in the degree of mixing 

and digestion rates (Penry & Jumars 1986). The good fit of CSTR models indicated 
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mixing of larval stomach contents, likely provided by a rotating crystalline style or the 

beating of cilia lining stomach walls (Millar 1955; Widdows et al. 1989a; Newell and 

Langdon 1996). Mixing stomach contents is a energetically demanding process that does 

not improve digestive-reaction kinetics (Jumars and Penry 1989). On the other hand, the 

energetic cost of this digestive strategy may be outweighed by the benefits of a more 

efficient supply of digestive enzymes or by mechanical breakdown of ingested particles 

or both (Penry and Jumars 1987). Collectively, these new methods will be very useful in 

examining unexplored post-oral particle processing and digestive strategies in 

planktotrophic larvae in a wide range of taxa.  

In Chapter 4 we applied the methods we developed in Chapter 3 to assess larvae 

feeding and particle processing to examine the effects of ocean acidification on the 

feeding physiology of larval Mytilus californianus. Ocean acidification (OA) is a 

recognized threat to marine bivalves and other marine invertebrates, especially during 

their larvae stage (Orr et al. 2005; Kurihara 2008). Studies over the past decade have 

elucidated numerous ways in which OA may impact growth, development, and survival 

of larvae. Meanwhile, effects of OA on larval feeding physiology have been a relatively 

unexplored area of OA research. Feeding studies are important because they offer 

insights as to how OA could impact energy acquisition that may, in turn, constrain other 

energetically intensive processes, such as shell production.  

In this dissertation research, a unique set of chemically manipulated seawater 

treatments were employed to tease apart the separate effects of the partial pressure of CO2 

(PCO2), aragonite saturation state (Ωar), and pH of acidified seawater. Routinely in OA 

experiments, experimental treatments are created by bubbling seawater with CO2 or by 
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adding mineral acids, both of which increase PCO2 while simultaneously reducing 

seawater pH and Ωar. Although simulating OA conditions in this manner allows 

measurements of the organism’s overall responses to acidified seawater, it does enable 

determination of the effects of separate carbonate parameters on observed responses. By 

allowing PCO2 and Ωar to vary independently and pH pseudo-independently, our research 

group has been able to determine the separate effects of these parameters on larval shell 

size, normal larval development, and larval respiration rates of several species held in OA 

conditions (Waldbusser et al. 2014; Waldbusser et al. 2015). This novel approach allows 

for a much more detailed understanding of mechanisms underlying OA stress responses.   

Similar to many other larval physiological processes, we found larval feeding 

behavior to be directly impacted by OA. Interestingly, different parameters of acidified 

seawater had different effects on feeding responses. Initiation of feeding, which describes 

the transition between the lecithotrophic and the planktotrophic phase of larval 

development, was best predicted by PCO2.  Gut fullness and ingestion rates varied 

primarily as a function of Ωar. pH was not a significant predictor of any physiological 

metric in this study.  

Combining the impacts of OA on larval feeding physiology in this study with 

results on the impact of Ωar on shell size reported by (Waldbusser et al. 2015), we 

constructed a simple energetic model describing how initial impacts of OA during the 

first 48 h of development may affect subsequent development of M. californianus 

throughout the remaining planktonic larval life-stage. After accounting for the initial OA 

impacts on larval ingestion and growth in the first 48 h of development, we modeled the 

energy balance of larvae exposed to four separate Ωar categories (i.e. Low, MedLow, 
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MedHigh, and High) to predict effects on development time to the pediveliger stage (260 

µm shell length). We chose to examine the effect of Ωar on larval development because 

Ωar was the predominant predictor of the most energetically significant processes that 

were studied, namely shell growth and ingestion. Modeling larval growth relied upon 

established allometric relationships between larval ingestion rates, respiration rates, and 

energy contents of developing larvae as described by Sprung (1984,1984a,1984b) 

The model predicted that the average time for larvae, initially exposed to Ωar ≥ 1 

conditions for 48 h, to reach 260 µm was approximately 9 days post-fertilization, 

agreeing with other reports for growth and development of M. californianus larvae under 

normal (non-acidified) conditions (Strathmann 1987; Gaylord et al. 2011). After 

accounting for the physiological and morphological impacts of OA on 48 h old M. 

californianus larvae, we predicted that larvae initially exposed to Ωar < 1 seawater 

conditions for 48 h incurred a developmental delay of nearly 2 days before reaching the 

pediveliger stage, compared with larvae initially exposed to supersaturated conditions 

(Ωar >> 1). Although initial impacts on ingestion rates played a significant role in 

determining development time to the pediveliger stage, smaller shells and estimated 

lower energy contents of 48 h old larvae exposed to low Ωar treatments were the 

predominant factors in delaying modeled development to the pediveliger stage.   

From the results of Chapter 4, we learned carbonate parameters may differentially 

impact various aspects larval feeding physiology. This work compliments other studies 

that have shown OA to physiologically disrupt particle selection (Vargas et al. 2013), 

ingestion (Vargas et al. 2014), and digestion (Stumpp et al. 2013b) of invertebrate marine 

larvae. Importantly, we identified PCO2 and Ωar, in particular, as important carbonate 
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chemistry parameters that affected larval feeding responses in these studies. Model 

results suggest that initial OA impacts on larvae shell development and feeding 

physiology in the first 48 h of development could delay growth and development to the 

pediveliger stage. Development delays have significant ecological implications. 

Prolonging the duration of the planktonic stage can reduce survival by increasing 

exposure time to predators (Rumrill 1990) and other environmental stressors e.g. 

ultraviolet radiation (Peachey 2005). Model predictions should be tested in long-term 

laboratory growth experiments with larvae exposed to seawater treatments of defined 

carbonate chemistries.  

In summary, the overall goal of this research was to address some unexplored 

areas surrounding the ecophysiology of marine bivalves. These results have important 

implications for the restoration and conservation of marine bivalves native to the PNW as 

well as production of valuable commercial species. Additionally, data and findings from 

these studies provide new avenues for future research including modeling of oyster ESS 

and feeding and digestive larval processes in response to environmental perturbations  
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APPENDIX 1 SUPPLEMENTAL MATERIAL FROM CHAPTERS 2, 3, and 4 
	
CHAPTER 2 SUPPLEMENTARY MATERIAL  
 

Laboratory studies of particle processing from turbidity experiments 

The following results stem from turbidity experiments when seawater was mixed 

with varying amounts of kaolin clay to achieve treatment conditions. What follows is 

particle processing, absorption, and deposition of seston mixed with kaolin.  

Filtration rates (FR) increased non-linearly and significantly with total particulate 

matter (TPM) for O. lurida (non-linear regression F1,21 =70.51 p-value<0.0001) and C. 

gigas (F1,17 =219.68 p-value<0.0001) with the relationship best described by the 

following three parameter logistic equation (Fig. A2.2a): 

FR = c
(1 +	e((*+,-.)*0))	 

 

Where a is the function’s growth rate, b is the inflection point, and c is the asymptote. 

Values for a, b, and c were 0.029, 107.89, and 58.41, respectively, for O. lurida and 

0.048, 74.64, and 130.05, respectively for C. gigas. There were no significant differences 

in a-values (analysis of means, p-value>0.05), which estimates the effect that TPM on 

FR. These logistic models explained 77% and 93% of the observed variation in FR as a 

function of TPM for O. lurida and C. gigas, respectively. 

 
The proportion of filtered material that was rejected (RR/FR) increased 

significantly non-linearly with filtration rates for O. lurida (Fig. A2.2b) (F1,21 = 26.04 p-

value<0.0001) and C. gigas (F1,17 = 47.65 p-value<0.0001) as given by the following 

exponential function: 
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RR
FR = a + be345			 

 

Where a is the asymptote, b is the scale, and c is the function’s growth rate.  There were 

no significant differences among any of the modeled parameters for RR/FR of O. lurida 

and C. gigas (analysis of means p-value>0.05); therefore, we report parameter estimates 

after pooling data between species. Values for a, b, and c were 0.721, -0.783, and -0.102, 

respectively, for both species. This model explained 68% of the variation in the 

proportion rejected as a function of FR.  

 
Ingestion rate increased linearly and significantly in relation to TPM for O. lurida 

(F1,21 = 12.33 p-value<0.0001) and C. gigas (F1,17 = 17.36 p-value<0.0001). As the 

change in ingestion rate in response to TPM was similar between species (multiple linear 

regression, Species*TPM, F3,38 =17.43 p-value =0.2029 ), we again display ingestion of 

TPM after pooling data from both species (Fig A 2.2c; linear regression  F1,39 = 6.16 p-

value<0.0001) which can also be expressed in the following equation: 

 
Ingestion	Rate = a + bTPM 

 
Where a and b are constants. After pooling data, we arrived at estimates of 1.544 and 

0.12 for a and b, respectively, for both species; however, we note that this relationship 

between ingestion rate and TPM was rather weak (R2 =0.44). 

 

Net organic absorption rate (NOAR) also increased significantly with TPM for O. lurida 

(F1,21=10.30 p-value = 0.0044) and C. gigas (F1,17 =64.33 p-value<0.0001) with the 
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relationship best described by the following three parameter logistic equation (Fig. A 

2.2d): 

NOAR = a + bTPM 
 
Where a and b are constants. Values for a and b were 0.261 and 0.019, respectively, for 

O. lurida and -0.352 and 0.004, respectively for C. gigas. Slope estimates, b-values, 

which describe the effect of TMP on NOAR were significantly greater for C. gigas 

(multiple linear regression, species x TPM F3,39 =24.03 p-value<0.0001) and indicated 

this species had a greater absorption rate at tested concentrations of TPM.  

  
Biodeposition rates from laboratory studies with Kaolin. 

 
Biodeposition rates were not predicted by clearance rates for either species (p-

value>0.05), but they were positively and linearly related to filtration rates for O. lurida 

(F1,22 = 95.16 p-value<0.0001) and C. gigas (F1,19 = 424.7 p-value<0.0001) as follows: 

 
BDR = a + bFR 

 
Where a and b are constants and FR is the filtration rate. Values for a and b were 0.006 

and 0.564, respectively, for O. lurida and -1.89 and 1.045, respectively, for C. gigas. 

Significant differences were found for b-values between species (multiple linear 

regression, species x FR F3,42 =329.43 p-value<0.0001), that indicated that C. gigas 

deposited greater proportions of material then O. lurida when both species had similar 

filtration rates. These linear models explained 82% and 95% of all BDR for O. lurida and 

C. gigas, respectively.  BDR ranged from 0-29.8 mg hr-1 for O. lurida 0-131 mg hr-1 for 

C. gigas.			 
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Similar to BRD, biodeposition rate of organic matter (OBDR) were positively 

associated with FR for O. lurida (F1,22 = 56.11 p-value<0.0001) and C. gigas (F1,19 

=59.55 p-value<0.0001) and expressed by the following linear equation: 

 
OBDR = a + bFR 

 
where a and b are constants and FR was filtration rate. Values for of a and b were 0.44 

and 0.05, respectively, for O. lurida and 0.96 and 0.11, respectively for C. gigas. These 

models explained 73% and 77% of the variation in OBDR for O. lurida and C. gigas, 

respectively. The b-values, which describe the proportion of organic material deposited 

from that which was filtered by the animal, were similar between O. lurida and C. gigas 

(multiple linear regression, species x FR F3,42 =58.52 p-value 0.09). OBDR ranged from 

0.17-3.4 mg hr-1 g-1 for O. lurida and 0.24-15.81 mg hr-1 for C. gigas.  

 

Comparison of clearance vs biodeposit method for determination of clearance rates in 
laboratory studies 
	

Prior to turbidity experiments, the clearance rates of O. lurida and C. gigas were 

determined at 15 ±2 °C  and 30 ± 2 psu by simultaneously using the biodeposit and 

clearance methods. No additions of kaolin were used during this comparison; rather, 

inorganic material used as the tracer in the biodeposit method came from the naturally 

occurring minerals in the seawater. Biodeposit and clearance methods produced similar 

CR estimates for O. lurida (mean= 1.99 l h-1 g-1, SE =0.055) (t-test (23) = 1.809, p-value 

=0.084) and for C. gigas (mean =6.61 l h-1 g-1, SE = 0.61) (t-test (19) =-0.114, p-value = 

0.9106). 
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Figure A2.1. Relationship between organic content (OC) and total particulate matter (TPM) created with 
additions of kaolin during laboratory experiments.  
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Figure A2.2. Particle processing of O. lurida (red circles) and C. gigas (blue squares) from laboratory 
turbidity experiments. Feeding responses that were statistically similar between species were pooled to 
create a common response function (black lines). Responses include a) species-specific filtration rates 
against TPM, b) pooled proportions of filtered material rejected over filtration rates of O. lurida and C. 
gigas, c) pooled ingestion rates over TPM, and d) the species-specific net organic absorption rates over 
TPM. Data are for measurements on individual oysters.  
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Figure A2.3. Frequency distribution of bead size-classes found in feces samples O. lurida and C. gigas as 
well as from samples of the bead suspension. Asterisk above the 20 µm bar for O. lurida indicates that the 
proportion of this bead size in the feces was significantly greater than in suspension and indicated a 
preference for this size of bead.  
 
  

	*	
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Table A2.1. Oyster grouping during laboratory experiments on the effects of temperature on clearance rates 
of O. lurida and C. gigas. Dry tissue weight estimates were generated from allometric equations between 
total wet weight and dry tissue weight described in the main text.  

Species	 n	
(gaping	in	tank)	

Dry	Tissue	Weight	
estimates	(g)	

Actual	
Temperature	(°C)	

Temperature	
Category	
(±	0.8	°C)	

C.	gigas	 1	 0.07	 9.5	 10	
C.	gigas	 1	 0.10	 9.5	 10	
C.	gigas	 1	 0.43	 9.5	 10	
C.	gigas	 1	 0.81	 9.5	 10	
C.	gigas	 1	 1.36	 9.4	 10	
C.	gigas	 2	 0.06	 14.8	 15	
C.	gigas	 3	 0.01	 14.9	 15	
C.	gigas	 1	 0.21	 14.9	 15	
C.	gigas	 1	 1.00	 14.9	 15	
C.	gigas	 2	 0.43	 15	 15	
C.	gigas	 1	 0.22	 19.8	 20	
C.	gigas	 3	 0.01	 19.8	 20	
C.	gigas	 1	 0.94	 20.1	 20	
C.	gigas	 2	 0.06	 20.7	 20	
C.	gigas	 3	 0.68	 18.6	 20	
C.	gigas	 1	 0.66	 24.9	 25	
C.	gigas	 1	 1.11	 24.9	 25	
C.	gigas	 1	 0.10	 24.9	 25	
C.	gigas	 1	 0.23	 24.9	 25	
O.	lurida	 3	 0.89	 9.4	 10	
O.	lurida	 3	 0.64	 9.4	 10	
O.	lurida	 3	 0.49	 9.4	 10	
O.	lurida	 3	 0.33	 9.4	 10	
O.	lurida	 3	 0.06	 9.4	 10	
O.	lurida	 5	 0.08	 14.8	 15	
O.	lurida	 3	 0.04	 14.9	 15	
O.	lurida	 3	 0.21	 14.9	 15	
O.	lurida	 3	 0.93	 14.9	 15	
O.	lurida	 5	 0.49	 15	 15	
O.	lurida	 3	 0.18	 19.2	 20	
O.	lurida	 3	 0.04	 19.8	 20	
O.	lurida	 4	 0.53	 20	 20	
O.	lurida	 3	 0.84	 20.1	 20	
O.	lurida	 1	 0.07	 24.9	 25	
O.	lurida	 1	 0.23	 24.9	 25	
O.	lurida	 1	 0.68	 24.9	 25	
O.	lurida	 1	 0.25	 24.9	 25	
O.	lurida	 1	 0.44	 24.9	 25	
O.	lurida	 1	 0.21	 24.9	 25	
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CHAPTER 3 SUPPLEMENTARY MATERIAL 
	
	
Table A3.1. Mean total beads counted per larva by sample period across all treatments. Bead counts per 
sample time not shared by letters are significantly different (Tukey HSD, α = 0.05) 

Treatment Rep. Time 
(min) 

Mean Total 
Beads/Larva Std Err 

Connected-
Letters 

Columns Source DF F Ratio Prob> F 

A B C 

Experiment 1 

IBC 3 0 20.55 2.62 A   Time 4 3.02 0.0411 

IBC 3 10 26.09 2.62 A B  Error 10   

IBC 3 30 29.18 2.62 A B  C. Total 14   

IBC 3 50 29.30 2.62 A B      

IBC 3 120 32.67 2.62  B      

B+A IBC 3 0 17.72 1.45 A   Time 4 11.07 0.0010 

B+A IBC 3 10 19.74 1.45 A B  Error 10   

B+A IBC 3 30 24.89 1.45 A B C C. Total 14   

B+A IBC 3 50 24.30 1.45 A B C     

B+A IBC 3 120 30.07 1.45   C     

CBC 3 0 16.75 2.10 A   Time 4 6.79 0.0083 

CBC 2 10 16.44 2.10 A   Error 10   

CBC 3 30 19.42 2.10 A   C. Total 13   

CBC 3 50 20.30 2.57 A B      

CBC 3 120 30.19 2.10  B      

Experiment 2 

2D IBC 3 0 20.42 1.22 A   Time 4 48.96 >0.0001 

2D IBC 3 10 39.73 1.22  B  Error 10   

2D IBC 3 30 39.32 1.22  B  C. Total 14   

2D IBC 3 50 37.25 1.22  B      

2D IBC 3 120 40.80 1.22  B      

7D IBC 3 0 59.12 15.12 A   Time 4 4.18 0.0303 

7D IBC 3 10 100.07 15.12 A B  Error 10   

7D IBC 3 30 113.67 15.12 A B  C. Total 14   

7D IBC 3 50 122.92 15.12 A B      

7D IBC 3 120 141.40 15.12  B      

	
	
	
	
	



172	
	

	
	

	

Table A3.2. Model comparison of R:YG/R:YS over time. Akaike information criterion (AIC). Other 
measures of model quality include sum of squares due to error (SSE), mean squared error (MSE), root-
mean-square error (RMSE), and the coefficient of determination (R2). 

Model AIC SSE MSE RMSE R2 
Exponential 3P -141.361 0.366 0.006 0.079 0.949 
Cubic -139.437 0.294 0.005 0.074 0.959 
Logistic 4P -123.136 0.366 0.007 0.082 0.949 
Quadratic -114.938 0.523 0.009 0.094 0.927 
Logistic 3P -92.028 0.713 0.012 0.110 0.900 
Gaussian Peak -73.071 0.921 0.016 0.125 0.871 
Lorentzian Peak -50.815 1.244 0.021 0.145 0.826 
Linear -44.911 1.656 0.026 0.161 0.768 
Exponential 2P -17.918 2.385 0.037 0.193 0.666 
Gompertz 4P 126.928 10.737 0.199 0.446 -0.504 
	
Table A3.3. Three parameter exponential models of R:YG/R:YS  and their parameter estimates of over time 
with standard errors (Std Err)  as given by the formula: R:YG/R:YS = a + b x EXP(c x Time). Other 
measures of model quality include lower and upper 95% confidence intervals, root-mean-square error 
(RMSE), and the coefficient of determination (R2) 

Treatment Parameter Term Estimate Std Err Lower 
95% 

Upper 
95% 

RMSE R2 

Experiment 1 

IBC Asymptote a 0.769398 0.042567 0.685969 0.852828 0.075826 0.944102 

IBC Scale b -0.7571 0.054806 -0.86452 -0.64968   

IBC Growth Rate c -0.04435 0.008345 -0.06071 -0.028   

B+A IBC Asymptote a 0.83407 0.06934 0.698166 0.969975 0.05398 0.964197 

B+A IBC Scale b -0.80313 0.065838 -0.93217 -0.67409   

B+A IBC Growth Rate c -0.01796 0.003539 -0.0249 -0.01103   

CBC Asymptote a 0.736707 0.040193 0.657931 0.815484 0.074056 0.943465 

CBC Scale b -0.70772 0.054115 -0.81379 -0.60166   

CBC Growth Rate c -0.04859 0.009928 -0.06805 -0.02913   

Experiment 2 

2D IBC Asymptote a 0.960459 0.049156 0.864115 1.056804 0.077112 0.957628 

2D IBC Scale b -0.9125 0.058588 -1.02733 -0.79767     
2D IBC Growth 

Rate c -0.03557 0.005804 -0.04695 -0.0242     

7D IBC Asymptote a 1.087801 0.100479 0.890866 1.284736 0.10417 0.928861 

7D IBC Scale b -1.01769 0.100773 -1.2152 -0.82017     
7D IBC Growth 

Rate c -0.02232 0.005527 -0.03315 -0.01149     
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Table A3.4. Ingestion rates estimates and standard errors (Std Err) of estimates from those calculated by 
(IR-HB), Thompson et al (1994) (IR-T), Widdows et al (1989) (IR-W), and those derived from optimizing 
models of larval guts as plug-flow reactors (IR-PFR) or continuously-stirred tank reactors (IR-CSTR) 

Year Treatment IR- T Std 
Err 

IR-W Std 
Err 

Mean 
IR-PFR 

Std 
Err 

Mean IR- 
CSTR 

Std 
Err 

Experiment 1 CBC 24.97 2.4 66.3 3.6 37.8 3.00 64.8 13.85 
IBC 37.25 4.4 80.42 9.6 29.6 2.99 47.2 9.26 

B+A IBC 24.26 1.9 46.66 2.13 15.2 4.93 24.8 2.99 
Experiment 2 2D IBC 55.47 13.6 151.12 14.4 43.2 1.96 84.8 5.98 

7D IBC 126.62 13.6 239.65 14.4 132.8 41.58 252.8 82.50 
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Table A3.5. Evaluation of top-performing continuously-stirred tank reactor (CSRT) and plug-flow reactors 
(PFR) models and PFR across all treatments. Models are listed in order of bead treatment, followed by 
coefficient of determination adjusted for model size (Adj R2) and ranked accordingly. Ingestion rates (bead 
larvae-1 hr-1) included in models listed below are either derived from models of ingestion optimized for 
CSTR (IR-CSTR) and PFR (IR-PFR) model forms. Ingestion rate are constructed from models after 
pooling all data. Particle concentration ([Particle]) is given in particles µl-1. 
 

 Treatment Model 
Ingestion 

Rate 
Method 

Ingestion 
Rate [Particle] 

Rel. Least 
Squared 

Error 
R2 Adj R2 Rank 

Experiment 1 
CBC CSTR IR-

CSTR 66 20 0.3 0.62 0.49 1 

CBC PFR-CSTR-PFR IR-PFR 30 20 0.32 0.56 0.41 2 
CBC CSTR-PFR IR-PFR 30 20 0.33 0.54 0.39 3 

CBC CSTR-PFR IR-
CSTR 66 20 0.39 0.33 0.11 4 

CBC PFR IR-PFR 30 20 0.41 0.28 0.04 5 
CBC CSTR IR-PFR 30 20 0.43 0.19 -0.08 6 

CBC PFR-CSTR-PFR IR-
CSTR 66 20 0.44 0.16 -0.12 7 

CBC PFR IR-
CSTR 66 20 0.55 -0.32 -0.76 8 

IBC CSTR IR-
CSTR 45.6 40 0.18 0.88 0.84 1 

IBC CSTR-PFR IR-PFR 28.8 40 0.24 0.78 0.7 2 
IBC CSTR IR-PFR 28.8 40 0.26 0.74 0.65 3 
IBC PFR-CSTR-PFR IR-PFR 28.8 40 0.27 0.72 0.63 4 
IBC PFR IR-PFR 28.8 40 0.28 0.72 0.62 5 

IBC CSTR-PFR IR-
CSTR 45.6 40 0.28 0.7 0.6 6 

IBC PFR-CSTR-PFR IR-
CSTR 45.6 40 0.34 0.56 0.41 7 

IBC PFR IR-
CSTR 45.6 40 0.38 0.47 0.3 8 

B+A IBC CSTR IR-
CSTR 24 40 0.11 0.96 0.95 1 

B+A IBC CSTR-PFR IR-
CSTR 24 40 0.27 0.78 0.71 2 

B+A IBC  CSTR-PFR IR-PFR 12 40 0.27 0.78 0.7 3 
B+A IBC PFR-CSTR-PFR IR-PFR 12 40 0.27 0.77 0.7 4 
B+A IBC PFR IR-PFR 12 40 0.27 0.77 0.69 5 

B+A IBC PFR-CSTR-PFR IR-
CSTR 24 40 0.32 0.68 0.58 6 

B+A IBC PFR IR-
CSTR 24 40 0.33 0.67 0.56 7 

B+A IBC CSTR IR-PFR 12 40 0.37 0.58 0.43 8 
Experiment 2 

2D IBC CSTR IR-
CSTR 84 40 0.1 0.96 0.94 1 

2D IBC CSTR-PFR IR-PFR 43.2 40 0.18 0.88 0.84 2 
2D IBC PFR-CSTR-PFR IR-PFR 43.2 40 0.18 0.88 0.84 3 
2D IBC PFR IR-PFR 43.2 40 0.18 0.87 0.83 4 

2D IBC CSTR-PFR IR-
CSTR 84 40 0.21 0.84 0.78 5 

2D IBC CSTR IR-PFR 43.2 40 0.27 0.73 0.64 6 

2D IBC PFR-CSTR-PFR IR-
CSTR 84 40 0.28 0.71 0.62 7 

2D IBC PFR IR-
CSTR 84 40 0.33 0.59 0.46 8 
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7D IBC CSTR IR-
CSTR 252 40 0.13 0.95 0.93 1 

7D IBC CSTR-PFR IR-PFR 132 40 0.19 0.88 0.83 2 
7D IBC PFR IR-PFR 132 40 0.2 0.87 0.82 3 
7D IBC PFR-CSTR-PFR IR-PFR 132 40 0.2 0.86 0.82 4 

7D IBC CSTR-PFR IR-
CSTR 252 40 0.23 0.81 0.75 5 

7D IBC CSTR IR-PFR 132 40 0.28 0.73 0.64 6 

7D IBC PFR-CSTR-PFR IR-
CSTR 252 40 0.3 0.69 0.58 7 

7D IBC PFR IR-
CSTR 252 40 0.32 0.64 0.52 8 
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CHAPTER 4 SUPPLEMENTARY MATERIAL 
	

	
	
Figure A4.1. Gut fullness of M. californianus larvae over PCO2 for each aragonite saturation state (Ωar) 
category. Larvae from the control treatment were not included in analysis. Bars represent standard 
deviations.  
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Table A4.1.  Intercept estimates for the effects PCO2 on gut fullness by Ωar category. Values for each Ω category can be found in Table 4.1. 
 

Term  Estimate Std Error t Ratio Prob>|t| Connecting 
Letter Report 

Mean Gut 
Fullness 

Intercept (Ωar MedLow)  13.283692 0.637085 20.85 <.0001 A  15.84 
PCO2  0.0019091 0.000523 3.65 0.0038    
Ωar category [High]  1.4746925 0.710443 2.08 0.0622 A  16.38 
Ωar category [Low]   -3.361904 0.7103  -4.73 0.0006  B 11.85 
Ωar category [MedHigh]  1.0441942 0.709509 1.47 0.1691 A  16.19 
 
 
 
Table A4.2. Parameter estimates for larval energy content (!′) and total energy content (TEC) of M. californianus larvae against aragonite saturation state (Ωar).  
 

Model Parameter Estimate Std Error Lower 
95% 

Upper 
95% R-squared 

#′ vs Ωar Asymptote 169.1 16.37 137.0 201.2 0.94 
#′ vs Ωar Scale -617.9 63.71 -742.7 -493.0  
#′ vs Ωar Growth Rate -1.269 0.207 -1.675 -0.863  
TEC vs 
Ωar 

Asymptote 174.1 16.31 142.2 206.1 0.95 

TEC vs 
Ωar 

Scale -692.2 69.25 -827.9 -556.5  

TEC vs 
Ωar 

Growth Rate -1.339 0.203 -1.738 -0.940  
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Table A 4.3. M. californianus larval energy budget components affected by carbonate chemistry seawater treatments. Energy gains (ingestion) and losses (respiration and delay in 
initiation of feeding) as well as larval energy content (!′) total larval energy content (TEC), and available energy for growth (TEC-	!′) are estimated for larvae between the hours 
of 48-72 h post-fertilization. Asterisk denotes a preservation problem with this sample, and therefore PCO2 was greatly elevated relative to the initial treatment.  

Treatment	
PCO2		

(µatm)	 Ωar	 pHtotal	

Feeding	
Delay	
Impact	
(µJoule)	

Ingestion	
(µjoules)	

Respiration	
Cost	(µjoules)	

#′  
(µjoules/larva)	

TEC	
(µjoules/larva)	

TEC-	#′ 
(µjoules/larva)	

PCO2	
Cat 

Ωar	
Cat 

Low	 Low	 219	 0.5	 7.84	 0.05	 23.0	 12.06	 336.23	 347.12	 10.89	
Low	 MedLow	 197	 1.09	 8.03	 0.10	 42.9	 12.06	 571.19	 601.97	 30.78	
Low	 MedHigh	 241	 1.87	 8.11	 0.11	 46.8	 12.06	 635.92	 670.52	 34.60	
Low	 High	 191	 4.58	 8.35	 0.11	 47.2	 12.06	 685.27	 720.28	 35.01	
MedLow*	 Low	 715	 0.31	 7.48	 0.00	 4.8	 12.06	 343.21	 335.98	 -7.23	
MedLow	 MedLow	 437	 1.03	 7.84	 0.07	 42.1	 12.06	 574.72	 604.72	 30.00	
MedLow	 MedHigh	 396	 2.36	 8.04	 0.08	 47.1	 12.06	 645.38	 680.32	 34.95	
MedLow	 High	 365	 4.82	 8.21	 0.09	 47.2	 12.06	 693.70	 728.75	 35.04	
MedHigh	 Low	 8.73	 0.51	 7.54	 0.07	 23.7	 12.06	 304.81	 316.39	 11.58	
MedHigh	 MedLow	 773	 1.17	 7.75	 0.02	 43.8	 12.06	 587.37	 619.13	 31.76	
MedHigh	 MedHigh	 803	 2.33	 7.88	 0.02	 47.1	 12.06	 651.88	 686.88	 35.00	
MedHigh	 High	 767	 4.69	 8.05	 0.02	 47.2	 12.06	 680.85	 715.96	 35.10	
High	 Low	 2228	 0.65	 7.39	 -0.14	 31.7	 24.92	 364.56	 371.42	 6.87	
High	 MedLow	 2175	 1.31	 7.55	 -0.19	 45.0	 12.06	 560.40	 593.50	 33.10	
High	 MedHigh	 2457	 2.18	 7.64	 -0.24	 47.0	 12.06	 648.90	 684.10	 35.20	
High	 High	 2063	 5.21	 7.86	 -0.18	 47.2	 12.06	 708.05	 743.36	 35.31	
Control	 Control	 272	 3.25	 8.19	 0.10	 47.2	 12.06	 671.22	 706.24	 35.02	
	
	


