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ABSTRACT 

 

 Overharvesting of pinto abalone (Haliotis kamtschatkana) in the Salish Sea between 

1959 and 1994 caused severe population declines. This led to the Washington Department of 

Fish and Wildlife classifying pinto abalone as a “species of concern.” The Puget Sound 

Restoration Fund (PSRF) is committed to help pinto abalone recover by outplanting juveniles at 

specific sites around the Salish Sea. Survival of outplanted individuals is different at each site, 

but it is not clear why. Differences in water chemistry parameters, such as temperature and pH, 

could explain the differences in survival, either through differences in the mean conditions or 

through short term exposure to more extreme conditions. Future ocean warming and acidification 

could make fluctuations in water chemistry parameters more severe.  

 The goal of my thesis was to simulate in lab the outplanting of abalone post-sets in 

fluctuating temperature and elevated CO2 conditions. I utilized an ocean acidification system to 

create atmospheres that affect seawater pH. I hypothesized that temperature fluctuations and high 

dissolved CO2 (low pH) will negatively affect survival, growth, and shell and radula 

morphology. Fluctuating temperatures yielded lower survival and greater growth, determined by 

mean shell length, compared to constant temperature. High CO2 yielded comparable survival and 

smaller growth than low CO2. Traditional morphological analysis of the radula found that 

fluctuating temperatures caused the radula to grow in a more compact manner, with smaller teeth 

formed closer together. Geometric morphological analysis found that radula tooth orientation 

was not affected by any of the treatments. This is the first study to find any effects of water 

chemistry on abalone radula morphology. Overall, the presence of a single stressor was 

detrimental to pinto abalone post-sets. However, the combination of stressors performed 

similarly to the absence of stressors. This indicates that fluctuating temperature can mitigate the 

negative effects of high CO2, possibly by increasing metabolic rate.  

 In support of pinto abalone recovery efforts, PSRF can utilize my findings to evaluate 

water chemistry parameters at their outplant sites. I recommend that pinto abalone be outplanted 

in areas around the Salish Sea that are characterized by near constant temperatures, around 10°C, 

and low dissolved CO2 (high pH around 8.2). Due to yearly, seasonal, and weekly changes in 

water chemistry conditions, constant conditions do not exist. Outplant sites with the smallest 

fluctuations in water chemistry parameters should be used. In addition, ocean warming and 

acidification are expected to occur in concert. My findings indicate pinto abalone post-sets 

should be able to survive and grow under future climate scenarios, when outplanted into both 

temperatures that fluctuate on weekly scales, from 10°C up to 14°C, and acidification within 0.2 

pH units when these conditions occur together, not separately.  
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INTRODUCTION 

 Over the past several decades there has been an increase in anthropogenic atmospheric 

carbon dioxide (CO2) (IPCC 2014, Orr et al. 2005). The increase in atmospheric CO2 has several 

negative impacts on the ocean and marine life. First, excess CO2 is trapping more heat in the 

atmosphere causing ocean temperatures to rise (IPCC 2014). Second, excess CO2 is dissolving 

into the ocean where it is changing seawater chemistry, making the ocean more acidic in a 

process called ocean acidification (OA) (Orr et al. 2005).  

 The Salish Sea, off the northwest coast of Washington State, has experienced an overall 

increase in OA, with an average pH decline of 0.22 units over the past 25 years (Lowe et al. 

2019). Considerable fluctuations in temperature and pH occur due to changing tides, rain, runoff, 

and other influences. Seasonal fluctuations of pH in the Salish Sea ranged on average 0.43 units 

from summer to winter (Lowe et al. 2019). These seasonal fluctuations were strongly correlated 

with changes in dissolved oxygen, temperature, and salinity. However, pH was not strongly 

correlated with atmospheric CO2, indicating that seasonal changes in pH were associated with 

net changes in respiration (Lowe et al. 2019). Increasing atmospheric CO2 can alter normal 

seasonal and weekly fluctuations in pH and make them more extreme, either through causing 

fluctuations to reach more extreme values or by increasing the duration of extreme events 

(Cummings et al. 2019, Evans et al. 2019, Lowe et al. 2019).  

 

 

Ocean warming and acidification on molluscs 

 Calcifying organisms, such as molluscs, are disproportionally impacted by ocean 

warming and acidification compared to non-calcifying organisms (Kroeker et al. 2013). This is 
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due to acidification lowering the saturation of calcium carbonate in seawater which makes the 

process of shell building more energetically costly (Keppel et al. 2015, Kroeker et al. 2010, 

Kroeker et al. 2014). Seasonal fluctuations in pH can also affect when calcifying organisms are 

able to make their shells. Aragonite and calcite are two forms of calcium carbonate important for 

shell formation. The likelihood of supersaturation of aragonite (aragonite saturation state 

[Ωaragonite] > 1) in the Salish Sea is less than 20% in the winter and more than 80% in the summer 

(Lowe et al. 2019). This means that it is potentially easier for calcifying organisms to build shells 

in the warmer summer months, when there is a greater amount of aragonite available and 

seawater pH is more basic.  

 Ocean warming and acidification have the greatest impact on the early developmental 

stages of molluscs when the process of calcification is most important, causing a decrease in 

larval abundance and recruitment (Byrne et al. 2011, Keppel et al. 2015, Li et al. 2013, Petraitis 

and Dudgeon, 2020). For example, recruitment of blue mussel (Mytilus edulis) larvae declined 

on average 15.7% per year over a fifteen year study time. The average recruitment of 158 

individuals per 40 cm2 in 2000, fell to an average of 21 individuals per 40 cm2 in 2015 (Petraitis 

and Dudgeon, 2020, Supplementary Data). These findings were correlated with an increase in 

summer ocean temperatures, from 14.67°C in 2001 to 15.92°C in 2015, an average increase of 

0.085°C per year (Petraitis and Dudgeon, 2020, Supplementary Data). During the summer 

months blue mussels are in their pelagic larval stage, indicating that ocean warming has a 

significant negative correlation with survivorship of this early life stage. 

 Increasing the energetic cost of calcification is not the only effect that ocean warming and 

acidification can have on shells. Shells can also dissolve back into low pH water in a process 

called dissolution. Shells from four species of South African mussels were exposed to crossed 
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temperature (14°C and 20°C) and pH (7.5 and 8.0) conditions for 39 days (Emanuel et al. 2020). 

The amount of shell dissolution was determined by measuring the dry weight of the shells 

weekly. Three out of four species saw increased shell dissolution (up to 3% shell weight lost) 

under increased temperature and low pH conditions (Emanuel et al. 2020). This makes molluscs 

more susceptible to predation under ocean warming and acidification as shell dissolution makes 

it easier for predators to break open thinner shells (Kroeker et al. 2014).  

 Other biological processes such as reproduction and foraging are also affected by OA. 

Severe acidification (pH of 7.1 and 6.7) negatively affected gametogenesis in oysters 

(Crassostrea virginica) such that their reproduction was unsuccessful (Boulais et al. 2017). 

Under a combination of ocean warming and acidification treatments, the sea hare (Stylocheilus 

striatus) exhibited changes in foraging behaviors such as a reduction in the ability to detect food 

and a reduction in speed to find food (Horwitz et al. 2020). Additionally, the metabolic rate of 

the sea hare was elevated by the combination of low pH and high temperature.  

 These impacts are important to understand not only because of the ecological importance 

of mollusc species, but the economic importance as well. Mollusc species make up several 

important fisheries around the world and in the Salish Sea (Barton et al. 2015). For example, 

upwelling events along the Washington-Oregon coast brought seawater with a pH of 7.6 and low 

aragonite saturation to the surface in the summers of 2007 and 2008. This caused a mass die-off 

of oyster larvae at the Whiskey Creek Shellfish Hatchery, leading to a 75% decrease in 

commercial shellfish larvae production (Barton et al. 2015). This greatly affected the ability of 

shellfish growers in the Pacific Northwest to pursue their livelihoods. Extensive monitoring of 

seawater carbonate chemistry at the hatchery in subsequent years provided evidence that natural 

fluctuations in carbonate chemistry are magnified by OA which can detrimentally affect the 
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survival and development of commercial shellfish larvae (Barton et al. 2015). Shellfish growers 

continue to invest in methods to mitigate current and future ocean acidification in their 

hatcheries, however, wild populations of several important fisheries species cannot be monitored 

and cared for in this way. This makes the continued investigation of how wild fisheries are 

responding to ocean warming and acidification paramount.  

 

 

Ocean warming and acidification on abalone species 

 Abalone (genus Haliotis) are a group of molluscs that are susceptible to ocean warming 

and acidification due to these conditions impairing their ability to form and maintain shells 

(Morash and Alter, 2016). To build shells, abalone take up calcium carbonate ions from the 

environment and then excrete them as aragonite and/or calcite (depending on life history stage 

and the particular layer of shell) using specialized cells in the ectoderm tissue of the outer mantel 

(Byrne et al. 2011, Gaume et al. 2011). Abalone have the ability to manipulate their internal 

metabolic processes to alter the pH at the site of calcification (Cummings et al. 2019). This 

process becomes increasingly energetically costly as the difference between the internal and 

external pH widens. Investing more energy in shell formation could negatively affect the 

efficiency of other metabolic processes (Cummings et al. 2019). A thin organic layer called the 

periostracum protects the shell from the surrounding seawater, preventing dissolution. Damage 

to this layer by predation or wave action could cause the shell under it to become exposed and 

dissolve in corrosive water (Cummings et al. 2019).  

 Almost all abalone species are experiencing severe declines in their population due to 

stressors including climate change, habitat destruction, and overharvesting. This has spurred 
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research into the effects of climate change on abalone. The European abalone (Haliotis 

tuberculata) has been extensively studied in relation to future ocean warming and acidification 

conditions expected for the end of the 21st century (Auzoux-Bordenave et al. 2020, Avignon et 

al. 2020, Wessel et al. 2018). Ocean pH is predicted to fall approximately 0.3 units, dropping 

from 8.0 to 7.7 or lower by 2100 (IPCC 2014). European abalone larvae exposed to predicted pH 

values had lower survival, smaller size, delayed development, shell abnormalities, and decreased 

shell mineralization (Wessel et al. 2018). European abalone juveniles also exhibited reduced 

shell length, weight, and strength when exposed to a pH of 7.6 and Ωaragonite < 1 for three months 

(Auzoux-Bordenave et al. 2020). The reduced shell length observed was a result of slower 

growth of new shell area under the low pH treatment and loss of existing shell as it was corroded 

and dissolved away (Auzoux-Bordenave et al. 2020). European abalone adults exposed to a pH 

of 7.7 for four months experienced reduced shell strength and calcification due to partial 

dissolution of outer shell layers (Avignon et al. 2020). This comprehensive picture of the 

European abalone indicates that all life stages of this species are negatively affected by OA.  

 Similar to the European abalone, reddish-rayed abalone (Haliotis coccoradiata) larva 

exposed to increased warming (22°C and 24°C) and acidification (pH of 7.8 and 7.6) until 21 

hours post-fertilization exhibited lower percentage of calcified individuals due to low Ωaragonite 

(Byrne et al. 2011). Mean percentage of calcified larvae was 60% at normal temperature (20°C) 

and pH (8.2) but fell to less than 20% at the elevated temperatures and low pH conditions (Byrne 

et al. 2011). Additionally, red abalone (Haliotis rufescens) larva exposed to high temperature and 

low pH had lower survivorship (Zippay and Hofmann, 2010). In the late veliger stage, 

survivorship was > 95% at normal temperature (15.5°C) and pH (8.05), but significantly fell to < 

90% at 23.6°C and a pH of 7.87 (Zippay and Hofmann, 2010).  
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 Other species of abalone have exhibited resilience to ocean warming and acidification. 

Green abalone (Haliotis fulgens) juveniles were able to recover from short term (hours-days) 

high temperature (18°C), and pH (6.6) stressors, such that respiration rate matched those 

individuals unexposed to the stressors (Calderón-Liévanos et al. 2019). Similarly, juvenile New 

Zealand pāua (Haliotis iris) kept for four months in crossed temperature and pH treatments 

(temperatures of 13°C and 15°C, pH of 8.00 and 7.66) exhibited phenotypic plasticity, adapting 

to their change in conditions (Cummings et al. 2019). Individuals in this experiment kept at 13°C 

and a pH of 7.66 experienced an Ωaragonite < 1, leading to older surface shell layers dissolving 

away (Cummings et al. 2019). However, new internal shell layers grew thicker, demonstrating a 

plastic response to dissolution, such that overall shell thickness was not significantly different 

between treatment groups (Cummings et al. 2019). These results indicate that different species of 

abalone react to ocean warming and acidification in different ways.  

 These differences in responses could be due to different adaptations. Upwelling events 

along the west coast of North America have regularly exposed specific populations of red 

abalone (H. rufescens) to low pH (Swezey et al. 2020). Over time, consistent exposure may have 

led to resiliency. In a study exposing red abalone from embryo to three months post-settlement to 

OA conditions, those individuals from populations in locations that experienced regular 

upwelling had a higher amount of lipid reserve to feed off of during the pelagic larval stage 

(Swezey et al. 2020). In addition, they had a slower reduction of their lipid reserve, leading to 

greater survival (Swezey et al. 2020). Those individuals from populations that were not exposed 

to regular upwelling had a smaller lipid reserve and faster metabolism, leading to decreased 

survival (Swezey et al. 2020). Thus, consistent exposure to water chemistry differences that are 
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characteristic of specific locations can have a big impact on how those populations react to ocean 

warming and acidification.  

 

 

Ocean warming and acidification on radulae 

 The radula is a feeding apparatus that allows many species of molluscs, including 

abalone, to scrape their food off of rocks. Radulae are made out of chitin that is mineralized with 

calcium, iron, and/or phosphorous (Marchant et al. 2010, Sigwart and Carey, 2014). Radula 

morphology is an important factor for abalone survival, development, and recruitment because it 

impacts the ability to consume and digest food, especially in early life stages such as the post-set 

stage (Kawamura et al. 2001, Kuehl and Donovan, 2020, Onitsuka et al. 2004). As abalone age 

and grow their diet shifts from benthic diatoms to macroalgae (Neuman et al. 2018). The shape 

of the radula changes to help facilitate the change in diet. For example, the angle of radula teeth 

changes as they grow to aid in rupturing diatom frustules during consumption which improves 

digestion (Kawamura et al. 2001). Similarly, as radula tooth number and size increases, diatom 

species of larger size and increasing adhesion strength become easier to ingest (Kuehl and 

Donovan, 2020). The prevalence of serrations on the radula teeth also decreases as abalone age, 

indicating a transition in feeding from diatoms to macroalgae (Kawamura et al. 2001, Onitsuka et 

al. 2004). The action of the radula, scraping diatoms or macroalgae off of surfaces, clears the 

area for other organisms to colonize. Thus, radula morphology is not only important for abalone 

feeding, it is also important to the ability of abalone to fulfil their ecological niche as a grazer.  

 The biomineralization processes that form radulae could be affected by ocean warming 

and acidification in three ways. First, increased temperature tends to increase organism activity 
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levels and thus the need to consume food. This could increase damage to and wear on radula 

teeth, potentially wearing teeth down faster than they can be replaced (Marchant et al. 2010, 

Sigwart and Carey, 2014). Second, increased activity levels also require more energy to go 

towards respiration which could decrease the amount of energy that can go towards growth 

(Donovan and Carefoot, 1998). Radula growth specifically is energetically expensive (Marchant 

et al. 2010). Third, ocean acidification could affect the biomineralization of new radula teeth by 

removing building blocks from the water, resulting in growth of weaker teeth that could break 

more easily (Sigwart and Carey, 2014). Direct dissolution of the radula is unlikely because they 

are not a purely calcium carbonate structure (Marchant et al. 2010). Several studies have 

examined the impacts of feeding and food type on abalone radula morphology (Kawamura et al. 

2001, Kuehl and Donovan, 2020, Onitsuka et al. 2004), however, research into the effects of 

ocean warming and acidification on the abalone radula is greatly lacking.  

 Radulae from a few other species of molluscs have been examined in relation to ocean 

warming and acidification. The chiton Leptochiton asellus has a radula that is mineralized with 

iron magnetite (Sigwart and Carey, 2014). Individuals were added to fully crossed temperature 

(10°C, 15°C, and 20°C) and CO2 (400 ppm and 2000 ppm) conditions for four weeks (Sigwart 

and Carey, 2014). No difference in the mineralization of teeth, total number of rows, or instance 

of cracks or holes in the radula were found between treatment groups (Sigwart and Carey, 2014). 

This is a surprising finding considering that the elevated CO2 conditions had a pH of 7.5 and 

were undersaturated in aragonite, compared to the control conditions with a pH of 8.0 and 

supersaturation of aragonite (Sigwart and Carey, 2014). These findings provide evidence that 

ocean warming and acidification conditions did not disrupt the radula biomineralization pathway, 

or these stressors were somehow compensated for, perhaps by increased radula growth (Sigwart 



9 
 

and Carey, 2014). Chitons are thus expected to be able to persist under ocean warming and 

acidification conditions (Sigwart and Cary, 2014).  

 In contrast to those findings, common limpets (Patella vulgata) exposed to short-term (5 

days) low pH (7.6) had more broken radula teeth and more wear on teeth measured by area than 

limpets exposed to normal pH (8.2) (Marchant et al. 2010). Limpet radulae are not mineralized 

with iron magnetite like chitons, but with calcium and phosphate in hydroxyapatite (Marchant et 

al. 2010). The exact mechanism behind the observed increase in wear is unknown due to the 

ability of limpets to maintain internal acid-base balance, metabolism, and feeding rate under the 

low pH conditions (Marchant et al. 2010). The long term effects of such damage to the radula 

could result in reduced feeding efficiency and thus reduced survival (Marchant et al. 2010), 

indicating that limpets may have a difficult time persisting under ocean warming and 

acidification.  

 The above studies demonstrate that radulae from different mollusc species are responding 

differently to ocean warming and acidification. Abalone radulae are likely to be more similar to 

limpet radulae than to chiton radulae. All three of these species are molluscs, but chitons belong 

to class Polyplacophora, while limpets and abalone are both in class Gastropoda, indicating that 

limpets and abalone have more in common with one another. If abalone radula development, 

growth, or function is compromised by ocean warming and acidification in a similar way to 

limpets, the ability to eat and graze could be affected, diminishing the ability of abalone to 

survive and perform their ecosystem functions. This makes understanding the effects of ocean 

warming and acidification on abalone radula morphology paramount.  
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Pinto abalone 

 The pinto abalone (Haliotis kamtschatkana) is the only abalone species native to the 

Salish Sea. Pinto abalone are ecologically important because they are ecosystem engineers, 

clearing algae from hard surfaces to make way for other organisms to live there. This species has 

a “low to moderate” risk of extinction due to decreased abundance and has been designated as a 

“species of concern” by the Washington Department of Fish and Wildlife (WDFW) (Carson and 

Ulrich, 2019, Neuman et al. 2018). The main cause of historic declines in abundance is 

overharvesting. The WDFW closed all recreational pinto abalone harvesting in 1994, however, 

pinto abalone populations have continued to decrease (Carson and Ulrich, 2019).  

 Surveys of population abundance have been conducted for pinto abalone in the Salish Sea 

in response to the observed decline. Rogers-Bennett et al. (2011) counted only seventeen total 

adult pinto abalone, and no juveniles, at ten dive survey sites in 2005, compared to a similar 

survey in 1979 that found 242 individuals, including juveniles, at fewer sites in less time. 

Rothaus et al. (2008) found continuous declines in pinto abalone abundance over a time span of 

fourteen years, from 0.18 individual abalone per square meter in 1992 to 0.04 individual abalone 

per square meter in 2006, a decline of 77%. Young emergent abalone (shell length of less than 

90 mm) comprised 16% of all individuals observed in the early years of their study (1992, 1994, 

and 1996). In the later years (2003 to 2006), the number of observed young emergent abalone 

had fallen to less than 6% of observed individuals (Rothaus et al. 2008). There was also an 

increase in mean shell length over the course of this survey, further indicating that young abalone 

were absent from the population (Rothaus et al. 2008).  

 These findings support recruitment failure, where no young individuals are growing up to 

replace older individuals, in wild pinto abalone populations (Bouma et al. 2012, Petraitis and 
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Dudgeon, 2020, Rogers-Bennett et al. 2011, Rothaus et al. 2008). This places the pinto abalone 

in a precarious position because abalone are density dependent for reproduction and require a 

certain number of individuals in an area (hypothesized density of 0.15 abalone per square meter) 

for broadcast spawning reproduction to be successful (Babcock and Keesing 1999, Rothaus et al. 

2008). Even with long term closure of the recreational fishery, population collapse is still 

possible due to low population density. Without intervention, the pinto abalone population is 

unlikely to recover on its own (Rothaus et al. 2008).  

 The Puget Sound Restoration Fund (PSRF) has answered this need by creating an 

aquaculture rearing and hatchery facility. Here, pinto abalone are spawned and raised for 

outplanting, the process of releasing young individuals out into the wild. Outplant efforts have 

been successful with a one year average survival of 10.2% (Carson et al. 2019). Outplant sites 

have similar habitat parameters with rocky outcroppings for abalone to hide in and access to the 

different types of food that abalone eat throughout their life cycle. Temperatures at depth at these 

outplant sites typically average 9.9-11.0°C during the summer (Carson et al. 2019). Additionally, 

hatchery individuals have not been observed emigrating from the outplant sites into which they 

were released, promoting aggregation densities that support successful natural spawning (Carson 

et al. 2019). However, survival varies greatly between the outplant sites. This variation cannot be 

explained by lineage or size at outplanting, indicating that survival must be site specific (Carson 

et al. 2019). Each of the outplanting sites likely vary in their water chemistry conditions, such as 

temperature range and pH.  

 Currently, PSRF is outplanting juveniles that are one to two years old, which is 

successful but also costly. The process of spawning, rearing, and outplanting is costly because of 

the large amount of resources and time put into each individual. Outplanting abalone as larvae or 
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post-sets (the intermediate life stage between larva and juvenile beginning after metamorphosis 

and lasting approximately three months until the first gill opening in the shell is formed and there 

is a shift in diet from diatoms to macroalgae) could reduce cost and increase success. Mills-

Orcutt et al. (2020) investigated this when they experimented with outplanting larvae given a 

settlement cue into tented and open larval abalone modules in the field. Tented larval abalone 

modules have 125µm Nitex mesh screen around them to help retain the larvae in the immediate 

area. They found that using tented modules increased larval settlement over open modules and is 

a plausible avenue for future, lower cost, outplanting methods (Mills-Orcutt et al. 2020). 

However, this outplanting method will only be effective if the tented larval abalone modules are 

deployed in areas where the water chemistry conditions, such as temperature and pH, will also 

promote survival and proper development.  

 Few studies have directly investigated the impacts of ocean warming and acidification on 

pinto abalone. Crim et al. (2011) exposed pinto abalone larvae to lower pH conditions created by 

bubbling specific amounts of CO2 through treatment tanks. In the lower pH conditions (800 and 

1800 ppm of CO2) only 40% of the larvae survived, compared to 65% survival in the control 

treatment (400 ppm). Shell deformities increased under lower pH, higher CO2 levels. Under 

control conditions, 98% of larvae developed normal shells, while only 60% and 1% of larvae 

developed normal shells under the 800 ppm and 1800 ppm treatments respectively. Larval shell 

size was reduced by 5% for the 800 ppm treatment, and could not be determined for the 1800 

ppm treatment as there were not enough larvae with shells for the calculation. Surprisingly, the 

percent settlement, the proportion of larvae that successfully go through metamorphosis, was not 

impacted by the CO2 treatments (Crim et al. 2011).  
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 Very little research has been conducted on the pinto abalone radula. Kuehl and Donovan 

(2020) examined the pinto abalone radula in relation to diet by conducting feeding trials with six 

different species of diatoms for 61 days post-settlement. They found that Amphora salina, 

yielded the highest survival and Cylindrotheca closterium yielded the highest growth (Kuehl and 

Donovan, 2020). There was no relationship between diet and radula morphology, indicating that 

pinto abalone do not display morphological plasticity in their radula when presented with 

different food types. However, overall radula development was similar to other abalone species 

(Kuehl and Donovan, 2020). No current studies have examined how the pinto abalone radula 

could be affected by varying ocean warming and acidification conditions.  

 For my thesis project, I investigated the effects of fluctuating temperature and elevated 

CO2 levels on the survival, growth, and shell and radula morphology of post-set pinto abalone. 

My research helps support the recovery of pinto abalone in the Salish Sea in three ways: (1) by 

providing a possible explanation for the difference in survivorship noted between the current 

outplant sites, (2) determining temperature and CO2 conditions that larval abalone given a 

settlement cue can be outplanted into, and (3) by examining an understudied life stage and body 

structure. The results of my study will aid PSRF in the evaluation and selection of outplant sites 

by recommending temperature and CO2 conditions which promote pinto abalone survival and 

proper development. My overarching research question was; how does temperature variation and 

elevated CO2 affect the survival, growth, and shell and radula morphology of post-set pinto 

abalone? My hypothesis was; pinto abalone post-sets reared under fluctuating temperatures (10-

14°C) and elevated CO2 (1200 ppm) will be negatively affected such that there will be lower 

survival, less growth (lower mean shell length), higher percentage of abnormal shell 

morphologies, and differences in radula morphology.  
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METHODS 

Organisms 

 I obtained approximately 4,000 Haliotis kamtschatkana larvae at seven days post-

fertilization from the Kenneth K. Chew Center for Shellfish Research and Restoration at 

NOAA’s Research Station run by the Puget Sound Restoration Fund in Manchester, Washington. 

The larvae were produced in a mixed family of one female crossed with three males so the larvae 

were either full or half siblings. I transported the larvae in an aerated four liter plastic jar in a 

cooler to the Shannon Point Marine Center in Anacortes, Washington. Larvae were in transit for 

four hours and upon arrival were acclimated to 10°C for 20 hours (12:12 light cycle).  

 To inoculate the larval abalone into the experimental wells, I poured the larvae over a 100 

µm Nitex mesh screen. Then, I pipetted thirteen individuals into each well of thirty-two six-well 

plates and added filtered seawater (FSW) to a final volume of 10 mL. FSW used in this 

experiment was filtered to 2 µm. I added gamma aminobutyric acid (GABA) to each well at a 

final concentration of 4 μM to induce the larvae to metamorphose into the post-set stage and 

settle at the bottom of the wells. After approximately an hour and a half of exposure to GABA, I 

conducted two 80% water changes in succession to remove GABA.  

 I fed the post-larvae a combination diet of three species of diatoms; Amphora salina, 

Cylindrotheca closterium, and Navicula salinicola which promotes survival and growth and is 

the diet used by PSRF at their hatchery (Kuehl and Donovan, 2020). I added the diatom food to 

each well of each six well plate by pipetting in approximately 2 mL of concentrated diatom 

solution once a week during week one and week two of my experiment. After this time, the 

diatom films were established and growing on their own, so no additional diatoms were added.  
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Experimental Design 

 Two temperature regimens (constant and fluctuating) were crossed fully with two levels 

of CO2 (400 ppm and 1200 ppm). The constant temperature regimen was 10°C. The fluctuating 

temperature regimen changed from 10°C to 14°C and back to 10°C with one degree increments 

of change per day so a full cycle took eight days. To create the temperature regimens, I utilized 

four incubators total: three free-standing incubators and one walk-in incubator. I assigned two 

incubators to each temperature regimen: one free-standing incubator and the walk-in incubator at 

constant temperature (Incubators 1 and 4) and two free-standing incubators for fluctuating 

temperature (Incubators 2 and 3) (Figure 1). The fluctuating temperature regimen required 

reprograming the temperature on the appropriate free-standing incubators daily.  

 The CO2 levels were created using the system described by Love et al. (2017). Ambient 

air from the laboratory room was drawn into a CO2 scrubber. Precise amounts of research grade 

CO2 gas (99% CO2, AirGas) were then combined with the CO2 stripped air to create both the 400 

ppm CO2 (low CO2) and 1200 ppm CO2 (high CO2) treatments. Treated air was bubbled through 

a small beaker in each environmental chamber to reduce evaporation and salinity changes in the 

six-well plates. Treated air was also bubbled into carboys for use during weekly water changes. 

Four hundred ppm of CO2 produced a higher pH of approximately 8.24. Twelve hundred ppm of 

CO2 produced a lower pH of approximately 8.00.  

 Two six-well plates were randomly placed into each of sixteen experimental chambers. 

Four chambers were placed into each incubator where half the chambers received 400 ppm CO2 

and half received 1200 ppm CO2 (Figure 1). Unless otherwise specified, the experimental unit 

was the six-well plate and there were eight plates per treatment.  
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Figure 1. Experimental design. Incubators numbered 1 and 4 were held at the constant 

temperature of 10°C. Incubators 2 and 3 underwent the temperature fluctuation, between 10°C 

and 14°C. Each incubator housed four experimental chambers (colored rectangles). Half of the 

chambers received 400 ppm of CO2 (low CO2) and the other half received 1200 ppm CO2 (high 

CO2). Blue chambers indicate the constant temperature low CO2 treatment. Green indicates the 

constant temperature high CO2 treatment. Yellow indicates the fluctuating temperature low CO2 

treatment. Red indicates the fluctuating temperature high CO2 treatment. This color scheme will 

be consistent throughout the paper. Each experimental chamber held two six-well plates (small 

black rectangles).  

  

Low Low 

High High 
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Water Chemistry 

 Once a week after collecting survival data (below), I conducted a water change. Five mL 

of water were removed from each well and replaced with enough FSW, pre-treated at 10°C with 

the appropriate CO2 treatment, to fill the wells back up to 10 mL. Water removed from each well 

was combined for each six-well plate to ensure the water sample would be large enough for later 

pH, dissolved inorganic carbon (DIC), and salinity analysis. I transferred 20 mL of the combined 

water to a scintillation vial and fixed it with 10 µL mercuric chloride. Samples were stored at 

2°C before analysis which occurred within three weeks from collection. I measured pH using an 

Ocean Optics S-UV-VIS flame spectrophotometer. Water samples were warmed in a 25°C water 

bath before being transferred to a 5 cm jacketed cuvette. Samples then received two additions of 

20 µL m-cresol dye to determine absorbance at 730 nm, 578 nm, and 434 nm wavelengths. I 

measured DIC with an Apollo SciTech AS-C3 DIC Analyzer. I measured salinity using a 

refractometer. I input measured pH, DIC, and salinity values into CO2SYS (Pelletier et al. 2012) 

to calculate pH (total scale), pCO2, and aragonite saturation state (Ωaragonite). These methods are 

consistent with Lawlor and Arellano (2020).  

 I collected temperature data using iButtons (iButtonLink) set to record temperature every 

15 minutes at 0.5°C accuracy. I placed one iButton in a small glass dish in each incubator on the 

same level as the experimental chambers.  

 

 

Survival 

 Once a week for five weeks I removed each six-well plate from its environmental 

chamber and viewed it under a dissecting light microscope (Leica Microsystems, Buffalo Grove, 
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IL). I counted every living post-set abalone in each well and compared the new count with the 

initial count to determine the percent survival. I analyzed percent survival using a general linear 

mixed model with binomial error function.  

 

 

Shell length 

 At the end of the five-week experimental time, I gently dislodged all living post-set 

abalone from the sides of the well and positioned them on their foot at the bottom of each well. I 

photographed the post-set abalone alongside a 1 cm scale bar using a stereoscope equipped with 

a camera (Leica Microsystems, Buffalo Grove, IL). I used ImageJ (Rasband, 1997) to measure 

the greatest shell length (µm) of each individual (Figure 2A). Then, I took the mean shell length 

(µm) per six-well plate. During a four day period between the final survival data collection and 

the shell length photographing, a high mortality event occurred in Incubator 4, resulting in 0% 

survival in this incubator. Thus, Incubator 4 was excluded from this data collection. I analyzed 

shell length using a general linear mixed model. I captured images over three days, but day was 

not a significant predictor of shell length.  

 

 

Shell morphology 

 I acquired photos of each individual at the same time as the scale bar photos used for the 

above shell length (µm) data collection. I visually assessed the shell morphology of each 

individual as being “normal,” “abnormal,” or “unknown,” using the procedures outlined by Crim 

et al. (2011). “Normal” shell morphology was defined as the shell appearing smooth, round, and   
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Figure 2. Microscopy images of forty day old post-set pinto abalone. (A) “Normal” shell 

morphology with greatest shell length measurement. The shell length of this individual was 800 

µm. (B) “Abnormal” shell morphology. White circle highlights where the shell does not 

adequately cover abalone body. The shell length of this individual was 434 µm. (C) “Abnormal” 

shell morphology. White circle highlights where the shell appears rough in texture with several 

ridges. The shell length of this individual was 568 µm.  
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covering a majority of the abalone body (Figure 2A). “Abnormal” shells did not adequately 

cover the abalone body or appeared rough in texture (Figure 2 B and C). I analyzed the 

proportion of normal individuals for each six-well plate for each treatment using a general linear 

mixed model with binomial error function. 

 

 

Radula morphology 

 After the above photos were collected, I preserved all remaining living post-set abalone 

in deionized water and froze them in a -4°C freezer. To extract each radula for imaging, I thawed 

each post-set abalone and added it to a 6% sodium hypochlorite (bleach) solution to dissolve soft 

tissues. I then moved the radula through a series of washes in deionized water to remove any 

remaining tissue. When thoroughly rinsed, I placed each radula on a thin plastic sheet to dry. I 

then transferred each radula to an aluminum scanning electron microscope stub using double-

stick carbon tape. The stubs were coated in gold sputter before I placed them into a scanning 

electron microscope (Vega TS 5136 MM, TESCAN, Kohoutovice, Czech Republic) to obtain 

images. These methods are consistent with Kuehl and Donovan (2020).  

 I conducted two different types of morphometric analyses: traditional and geometric. For 

the traditional analysis, I took ten descriptive measurements for each radula: (1) rachidian tooth 

cusp length (fold to tip), (2) rachidian tooth height (base to fold), (3) rachidian tooth base width 

(across the widest part of the base), (4) gap length (distance between rows measured from 

rachidian tooth base to rachidian tooth base), (5) number of lateral teeth per row, (6) number of 

marginal teeth per row, (7) total number of rows in full length of the radula, (8) buccal cartilage 

position (row number at which the posterior ends of buccal cartilages terminate), (9) full length 
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of the radula (distance from the top of the radula to the base of the last formed row), and (10) full 

width of the radula (Figure 3). For all of the above measurements (except for 7, 8, and 9), I 

measured multiple rows and averaged them to create a single datum for each measurement per 

radula (Kuehl and Donovan, 2020). I collected measurements from 110 total radulae (the 

constant temperature low CO2 treatment had 26 individuals, the constant temperature high CO2 

treatment had 17 individuals, the fluctuating temperature low CO2 treatment had 35 individuals, 

and the fluctuating temperature high CO2 treatment had 32 individuals) using ImageJ (Rasband, 

1997). 

 The statistical analysis of the traditional measurements included shell length as a 

predictor to help eliminate and explain any variation which overall size of the individual, not the 

treatments, could cause. I collected shell length data as described above but could not confidently 

connect shell lengths to radula measurements for each individual. In order to recreate that 

connection, I used the regression equations created by Kuehl and Donovan (2020). I selected 

their equations for radula length, radula width, rachidian tooth height, and gap length due to their 

high R2 values. I averaged the predicted shell lengths determined by these equations together and 

compared them with the actual shell lengths I had previously collected. I assigned an actual shell 

length to each radula, choosing the value which most closely matched the prediction. I conducted 

this process for each plate so that the pool from which I was selecting shell length measurements 

corresponded closely to the pool of radula measurements. For example, I collected from plate 

labeled “AF,” eight actual shell length measurements and seven sets of radula measurements. I 

used the average estimated shell lengths determined by the regression equations to help 

reconnect each set of radula measurements to an actual shell length. I am confident that this 

process successfully matched shell lengths and radula measurements correctly such that shell  
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Figure 3. Radula measurements (1-6 and 10) for traditional analysis. R indicates the rachidian 

tooth. L1 and L2 indicate lateral teeth one and two respectively.  
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length can be used as a fixed factor in the regression analysis to help explain variation due to the 

overall size of the individual, not the treatments. If I were to do this experiment again, I would 

preserve individuals separately and collect shell length data on the same day as dissections.  

 I used simple linear regressions to determine if the treatments had any effect on each of 

the traditional descriptive measurements. I used a model selection procedure recommended by 

Zuur et al. (2009). This procedure began with the most complex model that included only fixed 

factors. Then, random factors were added and tested for parsimony using AIC values. Lastly, 

fixed factors were removed from the models to determine the most parsimonious model that 

contains both fixed and random effects. I treated each radula as an individual due to the limited 

number of successful dissections and the small amount of variation which the random variables 

(incubator, box, and plate) explained. All of the radulae had the same number of lateral teeth so I 

did not conduct a regression analysis for this descriptive measurement.  

 I based the geometric analysis on a set of thirteen two-dimensional landmarks which 

describe the relative positions of the middle five teeth in each row of the radula (Figure 4). The 

first step in this analysis was an extensive elimination process to ensure that the radulae could be 

properly compared. I based the first elimination on shell length, removing the smallest ten and 

largest thirty individuals. The overall size of the individual could potentially influence the 

geometric analysis by artificially causing landmarks to be further apart. This elimination has the 

same overall effect as adding shell length did to the traditional regression. I based the second 

round of eliminations on the flexibility of the radula, examining the SEM images to see if they 

were in a flat and straight orientation in the image or if they were bent, mangled, or upside down. 

Bending of the radula would artificially cause some landmarks to be further away than others, 

obscuring the possible effects of the treatments. I based the third elimination on imaged row  
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Figure 4. Landmarks for geometric analysis. (A) Thirteen landmarks describing the middle five 

teeth, L2-L1-rachidian tooth-L1-L2, for geometric analysis. (B) A wirefreame connects the 

thirteen landmarks to help visualize the orientation of teeth in each row. 
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numbers. The overall width of the radula generally changes from being broader at the top to 

skinnier at the bottom. Placing landmarks on the same set of rows for each radula avoids any 

effect that row number, and not the treatments, would have on the geometric analysis. I chose to 

landmark row numbers three through eight. I landmarked a total of 73 rows from 28 radulae (the 

constant temperature low CO2 treatment had 18 rows from 8 radulae, the constant temperature 

high CO2 treatment had 11 rows from 4 radulae, the fluctuating temperature low CO2 treatment 

had 18 rows from 7 radulae, and the fluctuating temperature high CO2 treatment had 26 rows 

from 9 radulae). Landmarks were created using the program StereoMorph (Olsen and Westneat, 

2015). 

 After I completed landmarking, I conducted a Generalized Procrustes Analysis on each 

row to align the landmarks. Then, I averaged the aligned landmarks for each row per radula so 

there were one set of landmarks for each radula. Bilateral symmetry was not assumed for the 

radulae. I then conducted a Procrustes ANOVA using the Geomorph package (Adams and 

Otarola-Castillo, 2013) in R on the averaged landmarks to compare the orientation of the middle 

five radula teeth between treatments. I also conducted a principal components analysis (PCA) 

and created the descriptive figures in the results section using MorphoJ (Klingenberg, 2011).  
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RESULTS 

Water Chemistry 

 Water chemistry varied over this experiment in expected and unexpected ways. The 

temperature treatments generally followed the planned treatment regimens (constant at 10°C and 

fluctuating between 10-14°C, Figure 5). There were differences in temperature, occasionally up 

to 2°C, between day and night caused by the lighting cycle heating the incubators during the day. 

The maximum temperature recorded was 14.96°C. The minimum temperature recorded was 

9.51°C. The temperature fluctuation affected pH through an increase of energy in the system: 

more H+ ions dissociate at higher temperatures, corresponding with a lower pH (Table 1, Figure 

6A). 

 An unexpected variation in water chemistry was the amount of pCO2 measured. The 

planned CO2 treatments were 400 ppm CO2 for the low CO2 treatment and 1200 ppm CO2 for the 

high CO2 treatment. I monitored the CO2 gas concentrations bubbled into the beakers in the 

environmental chambers and the carboys using a LI-820 CO2 Gas Analyzer embedded in the 

ocean acidification system (Love et al. 2017). The pCO2 leaving the ocean acidification system 

consistently met desired levels. However, the photosynthetic diatom food and water changes 

affected the amount of pCO2 post-set abalone were exposed to during this experiment (this will 

be expanded on later in the Discussion section). These sources of modification led to the 

measured pCO2 values being much lower than predicted, around 289 ppm for the low CO2 

treatment and 608 ppm for the high CO2 treatment (Table 1). However, pH still appears to be 

affected as a result of the CO2 treatment with the high CO2 treatment groups having a 

corresponding lower pH (Table 1, Figure 6).  
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Figure 5. Temperature (°C) which post-set abalone experienced on experimental days 18-36, 

showing two and a half fluctuations. Temperatures are daily means for both incubators in the 

constant or fluctuating treatment groups. Error bars are ± standard deviation.  
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Table 1. Water chemistry parameters for each treatment group over the forty day experimental 

time. DIC indicates dissolved inorganic carbon. Ωaragonite denotes the saturation state for 

aragonite. Numbers represent mean ± standard deviation.  

Treatment name: pH: pCO2 (µatm): DIC (µmol/kg): Ωaragonite: Salinity (ppt): 

Constant temperature  

low CO2 

8.32 ± 0.20 238.37 ± 127.34 2078.59 ± 344.56 3.43 ± 1.06 32.38 ± 1.19 

Constant temperature 

high CO2 

8.03 ± 0.25 556.93 ± 348.72 2321.13 ± 417.89 2.24 ± 1.26 32.13 ± 2.10 

Fluctuating temperature 

low CO2  

8.16 ± 0.14 332.94 ± 131.16 2123.44 ± 232.97 2.81 ± 0.64 32.60 ± 2.12 

Fluctuating temperature 

high CO2 

7.97 ± 0.22 646.69 ± 388.92 2339.26 ± 355.79 2.14 ± 0.91 33.20 ± 2.94 
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Figure 6: (A) pH, (B) pCO2, (C) DIC, and (D) Ωaragonite at different temperatures. Columns are 

means, colored by treatment as consistent with Figure 1. Error bars are ± standard deviation. 

Within the fluctuating treatments (yellow and red), pH and Ωaragonite tended to decrease at higher 

temperatures, where the DIC and pCO2 were increasing. The high CO2 treatments (green and 

red) tended to have lower pH and Ωaragonite and higher DIC and pCO2 than the low CO2 

treatments (blue and yellow).  
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 Another unexpected variation in water chemistry was a general increase in salinity 

throughout the experiment. Treated air added to experimental chambers was bubbled through a 

beaker of water to attempt to prevent evaporation, and thus an increase in salinity, from 

occurring in the wells. However, water used during weekly water changes was pre-treated with 

CO2 by constantly bubbling the CO2 treatments into two different carboys. This likely caused 

evaporation to occur and salinity to increase in the carboy water reserves. The replacement water 

used during weekly water changes that should have helped control the salinity contributed to the 

unexpected increase. Salinity in this experiment did not exceed abalone tolerance range of 25-45 

ppt and also mostly stayed in the optimal rage of 30-35 ppt (Morash and Alter, 2016). The 

minimum salinity measured in this experiment was 30 ppt and the maximum salinity measured 

was 39 ppt. All of the treatment groups experienced similar changes in salinity over the course of 

the experiment (Table 1), so any effects of salinity should be felt by all the treatment groups. 

 Aragonite was supersaturated over the course of the experiment with Ωaragonite > 1 in all 

treatment groups (Table 1). Ωaragonite was affected by pH with lower Ωaragonite corresponding to 

lower pH measurements (Table 1). Ωaragonite should also be affected by temperature such that 

higher temperatures increase Ωaragonite by increasing precipitation (Kroeker et al. 2013), however, 

higher temperatures corresponded to lower Ωaragonite within the fluctuating temperature treatments 

(Figure 6D). The effect of pH on Ωaragonite thus appears stronger than that of temperature within 

the ranges of this study.  

 Solubility of gases decreases at higher temperatures, so the concentration of CO2 in the 

six-well plates at the “top,” (14°C) of the fluctuating temperature regimen was expected to be 

less than at the “bottom,” (10°C). However, this was not directly observed in my experiment due 

to higher amounts of DIC corresponding to higher temperatures within the fluctuating 
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temperature treatment groups (Figure 6C), though there was little overall difference. This could 

indicate that there is a lag between the temperature change and the change in CO2 concentration 

due to the process of diffusion happening slowly. 

 

 

Survival 

 The fluctuating temperature treatment groups (yellow and red lines) had higher survival, 

(> 85%) than the constant temperature treatment groups (blue and green lines, < 85%) during the 

first three weeks of the experiment (Figure 7). During week four, however, the average percent 

survival of the fluctuating temperature treatment groups dropped to < 70%, becoming similar to 

the constant temperature treatment groups. Both the constant temperature treatment groups (blue 

and green lines) and the fluctuating temperature high CO2 treatment group (red line) ended the 

experiment with ~33% survival (Figure 7). The fluctuating temperature low CO2 treatment 

(yellow line) had significantly lower, 12%, survival (Figure 7). Survival of post-set abalones at 

week five was best predicted by the interaction of temperature regimen and CO2 treatment as 

fixed factors, and box as a random factor (Table 2). Under constant temperature conditions, CO2 

had little effect. However, under fluctuating temperature conditions, CO2 did affect survival with 

the low CO2 treatment having lower average percent survival at week five (Figure 7, p < 0.001). 

 

 

Shell Length 

 Shell length of post-sets was best predicted by temperature regimen and CO2 treatment as 

fixed factors with no interaction (Table 2, R2 = 0.70). AIC was not improved by adding incubator  
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Figure 7. Percent survival of post-set abalone in the four treatment groups over the five week 

experimental time. The points are mean percent survival and error bars are ± standard deviation. 
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Table 2. Regression outputs from best-fit models for survival, shell length, shell morphology, 

and all radula morphology traditional analyses. The binomial error structure used with glmer and 

glm analyses for percent survival and shell morphology respectively generated z values. All other 

values in this column are t values from lm analysis for shell length and glm analyses for most 

traditional radula morphology parameters. I analyzed full radula length using an lmer analysis, 

which does not include p values in its output. In this case, t values > 1.96 are considered 

significant.  
  Estimate ± SE t or z value  p value  

Percent Survival End, Start ~ Temperature * CO2 + (Box) 

 Intercept -1.10 ± 0.12 -9.12 < 0.001  

 Temperature (ref: Constant)  -1.01 ± 0.19 -5.25 < 0.001  

 CO2 (ref: low)  -0.05 ± 0.17 -0.32 0.75 

 Interaction 1.04 ± 0.26 4.03 < 0.001  

     

Shell Length Mean Shell Length ~ Temperature + CO2 

 Intercept 560.70 ± 18.62 30.12 < 0.001  

 Temperature (ref: Constant)  136.25 ± 19.75 6.90 < 0.001  

 CO2 (ref: low) -56.72 ± 18.62 -3.05 0.006 

     

Shell Morphology  Normal, Total ~ Temperature + CO2 

 Intercept -0.61 ± 0.21 -2.90 0.00377  

 Temperature (ref: Constant) 0.28 ± 0.23 1.21 0.23 

  CO2 (ref: low) -0.038 ± 0.22 -0.17 0.87 

     

Traditional Radula Morphological Analysis   

Cusp Length Cusp Length ~ CO2 + Shell Length 

 Intercept 0.721 ± 0.293 2.456 0.015 

 CO2 (ref: low) -0.207 ± 0.083 -2.494 0.014  

 Shell Length 0.004 ± < 0.001 9.988 < 0.001  

  

Rachidian Tooth 

Height   

Rachidian Tooth Height ~ Temperature + Shell Length 

Intercept 2.586 ± 0.307 8.415 < 0.001  

 Temperature (ref: Constant) -0.419 ± 0.101 -4.145 < 0.001  

 Shell Length 0.007 ± 0.001 12.658 < 0.001  

  

Rachidian Tooth Base 

Width 

Base Width ~ Shell Length 

Intercept 3.206 ± 0.415 7.728 <0.001  

 Shell Length 0.010 ± 0.001 15.210 < 0.001  

  

Gap Length  Gap Length ~ Temperature + Shell Length 

 Intercept 0.552 ± 0.356 1.550 0.124 

 Temperature (ref: Constant) -0.711 ± 0.117 -6.069 < 0.001  

 Shell Length 0.012 ± 0.001 19.504 < 0.001  
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Number of Marginal 

Teeth  

Marginal Teeth ~ Temperature + CO2 + Shell Length 

Intercept 1.965 ± 1.333 1.474 0.144 

 Temperature (ref: Constant) 1.533 ± 0.414 3.700 < 0.001  

 CO2 (ref: low) -1.727 ± 0.353 -4.892 < 0.001  

 Shell Length 0.016 ± 0.002 7.413 < 0.001  

  

Total Rows  Total Rows ~ Temperature + Shell Length 

 Intercept 7.051 ± 1.963 3.592 < 0.001  

 Temperature (ref: Constant) 1.487 ± 0.686 2.169 0.033  

 Shell Length 0.018 ± 0.003 5.375 < 0.001  

  

Buccal Cartilage 

Position  

Buccal Cartilage ~ Shell Length 

Intercept 6.197 ± 1.396 4.439 < 0.001  

 Shell Length 0.008 ± 0.002 3.665 < 0.001  

  

Full Length  Full Length ~ Temperature + CO2 + Shell Length + (Box) 

 Intercept -40.791 ± 20.167 -2.023 
 

 Temperature (ref: Constant) 2.809 ± 8.796 0.319 
 

 CO2 (ref: low) -8.715 ± 8.029 -1.086 
 

 Shell Length 0.310 ± 0.031 9.971 
 

  

Full Width  Full Width ~ Temperature + Shell Length 

 Intercept 1.306 ± 1.773 0.737 0.463 

 Temperature (ref: Constant) -1.375 ± 0.602 -2.286 0.024  

 Shell Length 0.051 ± 0.003 16.912 < 0.001  
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and/or box as random factors. The fluctuating temperature treatment groups (yellow and red 

columns) yielded a greater mean shell length by 136 µm (26%) compared to the constant 

temperature treatment groups (blue and green columns) (t = 6.90, p < 0.001, Figure 8). The low 

CO2 treatment groups (blue and yellow columns) yielded greater mean shell length by 56 µm 

(9%) than the high CO2 treatment groups (green and red columns) (t = 3.05, p = 0.006, Figure 8). 

 

 

Shell Morphology 

 High CO2 appeared to lower the proportion of normal shelled individuals, exhibited by 

the constant temperature high CO2 group (green column) having a lower average percent normal 

(49%) than the other treatment groups (~71%) (Figure 9). However, shell morphology of post-set 

abalone was not significantly affected by either temperature regimen or CO2 treatment (Table 2).  

 

 

Radula Morphology 

Traditional Analysis 

 Shell length significantly impacted all the descriptive radula measurements as predicted: 

larger radula measurements belonged to larger abalone (Table 2). Different descriptive 

measurements were affected in different ways by the treatments. Overall, temperature fluctuation 

caused more teeth to be formed closer together. Specifically, fluctuating temperature decreased 

rachidian tooth height (Figure 10), gap length, and full width of the radula (Table 2). Fluctuating 

temperature also increased the total number of rows and the number of marginal teeth (Figure 

11). Overall, the high CO2 treatment yielded smaller teeth with decreased cusp length (Figure 12)  
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Figure 8. Mean shell length (µm) of post-set abalone in the four treatments. Columns represent 

mean. Error bars are ± standard deviation. Numbers in parentheses indicate sample size (n).  
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Figure 9. Percent normal shelled pinto abalone in the four treatments. Columns represent mean. 

Error bars are ± standard deviation. Numbers in parentheses indicate sample size (n). 
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Figure 10. Rachidian tooth height (µm) as a function of estimated shell length (µm) for the four 

treatment groups. The red and yellow lines are below the blue and green lines, indicating 

rachidian tooth height is negatively affected by fluctuating temperature (Table 3).  
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Figure 11. Number of marginal teeth (count) as a function of estimated shell length (µm) for the 

four treatment groups. Fluctuating temperature increased the number of marginal teeth, 

illustrated by the yellow line on top. High CO2 decreased the number of marginal teeth, 

illustrated by the green line on bottom (Table 3). 

  

2 

2 

2 

2 



40 
 

 

 

 

 

 

 

 

 

 

Figure 12. Cusp Length (µm) as a function of estimated shell length (µm) for the four treatment 

groups. The red and green lines are generally below the blue and yellow lines, indicating cusp 

length was negatively affected by high CO2 (Table 3).  
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Table 3. Linear equations for trend lines in Figures 10, 11, and 12.   

 Treatment: Linear Equation: R2: 

Rachidian tooth height 

as a function of 

estimated shell length 

(Figure 10)  

Constant temperature low CO2 y = 0.0072x + 2.19 0.58 

Constant temperature high CO2 y = 0.0071x + 2.35 0.46 

Fluctuating temperature low CO2 y = 0.0066x + 2.05 0.68 

Fluctuating temperature high CO2 y = 0.0068x + 2.10 0.66 

    

Number of marginal 

teeth as a function of 

estimated shell length 

(Figure 11)  

Constant temperature low CO2 y = 0.015x + 2.19 0.40 

Constant temperature high CO2 y = 0.019x - 0.96 0.33 

Fluctuating temperature low CO2 y = 0.016x + 3.75 0.46 

Fluctuating temperature high CO2 y = 0.014x + 2.61 0.30 

    

Cusp length as a 

function of estimated 

shell length (Figure 

12)  

Constant temperature low CO2 y = 0.0062x - 0.23 0.71 

Constant temperature high CO2 y = 0.0029x + 1.30 0.17 

Fluctuating temperature low CO2 y = 0.0059x - 0.50 0.72 

Fluctuating temperature high CO2 y = 0.0031x + 1.35 0.18 
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and number of marginal teeth (Figure 11), but high CO2 did not affect as many parameters as 

fluctuating temperature did (Table 2). Neither of the treatments significantly affected the 

rachidian tooth base width, buccal cartilage position, or full length of the radula (Table 2).  

 

 

Geometric Analysis 

 A principal components analysis (PCA) determined the major differences in radula 

orientation between the treatments (Figure 13). Principal component one explained 37.3% of the 

shape variance and captured the differences in vertical orientation (Figure 13, x-axis). Principal 

component two explained 16.9% of the shape variance and captured differences in the horizontal 

orientation of the teeth, most notably in the rachidian tooth being to the left or the right of 

average (Figure 13, y-axis).  

 The orientation of the middle five teeth was not significantly affected by either 

temperature regimen or CO2, or the interaction between them (Procrustes ANOVA, F= 0.83, 

p=0.52, Table 4). To determine the relationship between the four treatment groups, I plotted the 

groups on a phylogenetic tree as if they were species groups (Figure 14). Treatment groups with 

similar regimens (for example, both high CO2 groups) do not have similar principal component 

scores. This demonstrates that the treatments did not affect principal component scores, and thus 

did not affect the orientation of the middle five radula teeth (Figure 15). 
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Figure 13. Results of a principal components analysis (PCA) for radula shape. Graph is a PCA score plot with points of PCA scores 

for each radula. Colors are consistent with Figure 1. On the x-axis, wireframe of principal component one (PC1). Light blue is the 

radula orientation for a PC1 of 0.0. Dark blue shows a high PC1 score, with the outer dark blue lines on the inside and the rachidian 

tooth positioned lower than the light blue lines, illustrating a row that is flat. On the y-axis, wireframe of principal component two 

(PC2). Light blue is the radula orientation for a PC2 of 0.0. Dark blue shows a high PC2 score, with the rachidian tooth to the right.  
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Table 4. Procrustes ANOVA output for geometric radula morphological analysis.  

Procrustes ANOVA shape ~ Temperature + CO2 + Temperature*CO2 
 

Df SS MS Rsq F Z p value 

Temperature  1 0.007 0.007 0.028 0.736 -0.321 0.621 

CO2  1 0.005 0.005 0.022 0.580 -0.802 0.795 

Temperature:CO2 1 0.008 0.008 0.032 0.835 -0.062 0.521 

Residuals 24 0.226 0.009 0.918 
   

Total 27 0.246 
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Figure 14. A phylogenetic tree illustrating the relatedness between the four treatment groups for 

principal component one (PC1) and principal component two (PC2). Similar treatment regimens 

do not have similar scores, indicating that the treatments did not affect radula orientation.  
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Figure 15. Overlapping wireframes demonstrate the differences in orientation of the middle five 

radula teeth for each treatment. Light blue is the average orientation for all of the treatments 

(PC1 and PC2 scores are 0.0). Other colors represent the average orientation of the treatment 

group as consistent with Figure 1. Constant temperature low CO2 (dark blue) has a flat vertical 

orientation with the rachidian tooth to the right. Constant temperature high CO2 treatment (green) 

has a vertical orientation near the middle, between flat and arched (PC1 score near 0.0) and the 

rachidian tooth is far to the left. Fluctuating temperature low CO2 treatment (yellow) has a more 

flat vertical orientation and the rachidian tooth is slightly to the left. Fluctuating temperature high 

CO2 treatment (red) has an arched vertical orientation with the rachidian tooth to the right. 
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DISCUSSION 

 I investigated the impact of fluctuating temperature and high CO2 on the survival, 

growth, and shell and radula morphology of pinto abalone (Haliotis kamtschatkana) post-sets. I 

predicted that both fluctuating temperature and high CO2 would negatively affect post-sets. I 

found that high CO2 conditions were overall detrimental to pinto abalone, but fluctuating 

temperatures did not have consistently negative consequences.  

 

 

Fluctuating Temperature 

 Survival was negatively affected by fluctuating temperature, as demonstrated by the 

fluctuating temperature low CO2 treatment group having the lowest overall percent survival 

(12%). This finding is supported by observations at the PSRF hatchery where fluctuating 

temperatures in rearing tanks led to high mortality of pinto abalone larvae and post-sets (Caitlin 

O’Brien, personal communication).  

 Although survival decreased under fluctuating temperature, shell length appeared to be 

positively affected. The positive effect observed on growth is most likely associated with the 

higher temperatures that the fluctuating temperature regimen reached, compared to the constant 

temperature, not the fluctuation itself. For example, if the fluctuation had spanned 4°C in the 

opposite direction, going from 10°C down to 6°C and back again, the growth in this treatment 

likely would have been less than the constant 10°C treatment, due to individuals in this 

hypothetical treatment spending more time at lower temperatures. My findings are supported by 

Cummings et al. (2019) who also found greater growth at higher temperatures. Under 15°C, New 

Zealand pāua (Haliotis iris) juvenile shell length increased by 34% in four months, compared to 



48 
 

only a 22% increase in shell length under 13°C. Similarly, wild pinto abalone growth is observed 

to be greatest during the summer months when temperature at depth is higher (Neuman et al. 

2018). 

 The appearing conflicting findings between survival and shell length could be explained 

by three mechanisms. First, within the preferred temperature range of pinto abalone, increases in 

temperature are associated with increases in growth (Morash and Alter, 2016). Higher 

temperature can also lower survival for smaller individuals (Searle et al. 2006) making it more 

likely for larger individuals to survive to be measured. However, temperature increases are also 

associated with increased respiration (Morash and Alter, 2016), which could decrease the amount 

of energy allocated to growth, negatively affecting growth. The balance between respiration and 

growth in post-set pinto abalone warrants further investigation.  

 Second, higher temperature makes precipitation of aragonite out of seawater more 

efficient (Kroeker et al. 2013), making the building blocks for shell formation easier to obtain. 

This was not observed in my experiment due to the fluctuating temperature treatments having 

lower average aragonite saturation than the corresponding constant temperature treatments. 

Aragonite was supersaturated in all of my treatment groups, though proper shell calcification 

could require even greater saturation states. For example, proper development of oyster larvae 

requires Ωaragonite > 1.7, especially during the first 48 hours post fertilization (Barton et al. 2015). 

Calcification was not directly measured in my study, so the mechanism behind the relationship 

between observed growth and aragonite saturation state is unclear.  

 Third, competition between individuals within the wells of the six-well plate could also 

potentially explain why only the largest post-set abalone survived. This mechanism is extremely 

unlikely due to observations of well-established diatom films in all the six-well plates. Diatom 
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films grew well in all the free-standing incubators, but took longer to become established in the 

walk-in incubator. I observed that six-well plates in the high CO2 treatments, with potentially 

greater access to CO2, often had diatom films that appeared darker and thicker. The difference in 

CO2 between my treatment groups could have resulted in differences in the carbon to nitrogen 

ratio in the diatoms, affecting the nutritional content, but no data on diatoms was collected. In 

addition, Kuehl and Donovan (2020) did not see any competitive effects of keeping ten post-set 

abalone in each well of a six-well plate. However, the traditional radula morphology analysis 

indicated that the fluctuating temperature treatment resulted in more, smaller teeth formed closer 

together. Radula rows that are closer together facilitate eating small food items, such as diatoms 

(Kawamura et al. 2001). The individuals in the fluctuating temperature treatments were possibly 

better at eating diatoms than those in the constant temperature treatments, contributing to greater 

growth. This mechanism does not, however, also support the low survival demonstrated by this 

treatment.  

 Overall, my findings indicate that higher temperatures, the fluctuations of which could be 

made more severe by ocean warming, are detrimental to post-set pinto abalone survival, though 

those that survive may have larger shells that will aid in protection from predators.  

 

 

Elevated CO2  

 There was a large difference between expected and actual pCO2 measured in this 

experiment, making interpretation of results difficult. The overgrowth of photosynthetic diatom 

food in the wells with the post-set abalone likely removed much of the CO2 from the water. FSW 

from the carboys used in weekly water changes was likely closer to the desired 400 ppm or 1200 
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ppm treatment. When adding FSW, the pCO2 in the six-well plate probably increased. Then the 

CO2 was utilized by diatoms throughout the week which lowered the pCO2 until the next week’s 

water change when pCO2 increased again. Water samples were only collected at the end of the 

week, right before the water change, at which point the pCO2 was probably at its lowest. In this 

way, the pCO2 was also fluctuating in this experiment, not being held at two different constant 

amounts. There appeared to be greater growth of diatoms in the high CO2 treatment groups, 

which could have contributed to the greater difference between expected and actual pCO2 

measurements in the high CO2 treatments over the low CO2 treatments, although the growth of 

diatoms was not measured. In addition, water chemistry analysis was not conducted on water 

from the carboys used in weekly water changes. It is unknown if this water was actually in 

equilibrium with the CO2 mixture bubbled into it, likely further contributing to the difference 

between expected and observed pCO2.  

 Post-set pinto abalone treated with high CO2 were negatively affected such that shell 

length was 5% smaller under high CO2 compared to low CO2. These findings are consistent with 

Crim et al. (2011) who also found a 5% decrease in shell size for their 800 ppm CO2 treatment, 

compared to their 400 ppm CO2 treatment. This finding supports high CO2 related ocean 

acidification negatively impacting calcification of the shell, although calcification was not 

directly measured in my study. The aragonite saturation state was greater than one throughout 

my experiment, indicating that the building blocks for successful calcification should have been 

available. However, successful calcification might require an even greater saturation state. In 

addition, lower pH created by elevated CO2 makes other processes like respiration more 

stressful, leading to less energy going towards growth (Morash and Alter, 2016). Whether 
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through decreasing calcification, influencing the allocation of energy resources, or both, elevated 

CO2 had a negative impact on shell length.  

 An initially surprising finding to me, given the significant difference in shell length, was 

the similarity in percent survival between the high and low CO2 treatments under constant 

temperature. Consistent with this finding, European abalone (Haliotis tuberculata) juveniles 

exposed for three months to lower pH (7.6) exhibited significantly smaller shell length (grew 

only 1.8 mm) compared to ambient pH (7.8, grew 2.7 mm), but had no significant difference in 

percent survival (ranging between 90.9 ± 10.3% and 96 ± 3.3%) (Auzoux-Bordenave et al. 

2020). The negative effects of high CO2 on shell length did not lead directly to lower survival. 

However, under natural environmental conditions, a post-set abalone with a smaller sized shell 

could be less fit for survival from predation.  

 Though differences in shell morphology between high and low CO2 would be anticipated, 

they were not observed in this study. This could be due to the unexpected fluctuations in pCO2 

modifying my planned treatment regimens. My findings are in contrast to Crim et al. (2011) who 

did find significant differences in the percent normal shelled larval pinto abalone between CO2 

treatments. Under 400 ppm CO2, 2% of pinto abalone larvae developed abnormal shells, while 

under 800 ppm CO2, 40% of larva developed abnormal shells and under 1800 ppm CO2, 99% of 

larva developed abnormal shells (Crim et al. 2011). Similarly, Auzoux-Bordenave et al. (2020) 

found that shell mineralization of European abalone (H. tuberculata) juveniles was negatively 

affected by low pH such that their shells formed irregular edges and had several small holes as a 

result of corrosion. Both these sources of evidence suggest that abalone larvae and abalone 

juveniles exhibit abnormal shell morphologies when developing under low pH conditions. Thus, 

the post-set life stage, which lies between the larvae and juvenile life stages, is assumed to 
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exhibit abnormalities in shell morphology as well. In the constant temperature high CO2 

treatment in my experiment, I observed that 43% of post-set pinto abalone had abnormal shells, 

consistent with the above evidence. However, this finding was not significant due to the other 

high CO2 treatment group, with fluctuating temperature, performing similarly to both low CO2 

treatment groups, with only 27% of post-set pinto abalone exhibiting abnormal shells. This 

demonstrates that fluctuating temperature can possibly mitigate the negative effects of elevated 

CO2 on the shell. This is possible due to, as discussed earlier, higher temperatures increasing 

precipitation of aragonite out of solution, making shell formation easier.  

 

 

Interaction between temperature and CO2 

 An overall surprising finding in this study were the results of the fluctuating temperature 

high CO2 treatment group. I hypothesized that this treatment group would perform the worst but 

it did not. Fluctuating temperature and high CO2 had the second highest percent survival 

(32.6%), second greatest mean shell length (641 ± 91 µm), and the second highest mean 

proportion of normal shelled individuals (70%). When comparing this treatment group with the 

constant temperature high CO2 treatment, there is similar survival (~32%), but the fluctuating 

temperature yields a greater mean shell length (a difference of 133 µm) and greater percent 

normal shelled individuals. This is evidence of fluctuating temperature mitigating the negative 

effects of high CO2 on the shell. This is likely due to higher temperatures either increasing 

aragonite precipitation or increasing the metabolic rate of the post-set abalone, both of which can 

increase shell building and repair. These findings are supported by a recent study on European 

abalone (H. tuberculata) larvae which also found a higher proportion of normal shelled 
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individuals at higher temperatures under low pH conditions (Kavousi et al. 2022). European 

abalone larvae reared to 72 hours post-fertilization in a pH of 7.7 resulted in 58% of larvae fully 

shelled at 17°C and a higher, 62% of larvae fully shelled at 19°C (Kavousi et al. 2022, 

Supplementary Data). The higher temperature mitigated the negative effects of high CO2, 

allowing shells to fully develop even in low pH conditions. The mitigation observed in my 

experiment indicates that pinto abalone post-sets could be successfully outplanted under 

predicted ocean warming and acidification conditions as both the temperature and amount of 

dissolved CO2 in the Salish Sea are predicted to rise in concert. Further research is paramount to 

determine the extent of the mitigating effects and if these effects are observed in this life stage 

only or can be applied across all life stages.  

 

 

Radula 

 The traditional radula analysis showed that five descriptive radula parameters were 

affected, either positively (total number of rows and the number of marginal teeth) or negatively 

(rachidian tooth height, gap length, and radula width) by the fluctuating temperature treatment, 

leading to a more compact radula with a greater number of rows formed closer together. This 

could be explained by the fluctuating temperature altering energy allocation between respiration 

and radula growth, though an energy budget for post-set pinto abalone was not calculated. These 

findings are in contrast to Sigwart and Carey (2014) who found no difference in the number of 

radula rows between chitons (Leptochiton asellus) exposed to 10°C, 15°C, or 20°C. The authors 

concluded that the increase in metabolic activity and therefore feeding associated with increased 

temperatures was mitigated by an increase in radula growth (Sigwart and Carey, 2014), such that 
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the overall number of rows was not increasing, but the replacement of new teeth was. Feeding 

rate, respiration, and wear or breakage of teeth was not measured in my experiment. Thus, 

additional experimentation is necessary to determine mechanisms behind my observations. My 

findings indicate that ocean warming could affect radula development, causing pinto abalone to 

develop more compact radulae.  

 High CO2 negatively affected only two parameters (cusp length and number of marginal 

teeth). These effects indicate that high CO2 is creating smaller teeth which could be occurring 

through removing building blocks required for biomineralization from the water, or by causing 

other stress to the abalone, resulting in lower energetic resources available to put towards radula 

growth or repair. These findings are consistent with Marchant et al. (2010) who found lower 

radula area in common limpets (Patella vulgata) exposed to low pH for five days. Common 

limpets lost ~1700 nm2 of radula tooth area under low pH (7.6) compared to ~500 nm2 of radula 

tooth area under normal pH (8.2) (Marchant et al. 2010). My findings indicate that ocean 

acidification could affect radula development, causing pinto abalone to develop slightly smaller 

radula teeth.  

 The geometric analysis did not find any difference in the orientation of the radula teeth 

between treatment groups, indicating that the overall shape of the radula was not affected by 

ocean warming or acidification.  

 Abalone radula morphology changes as they grow and transition into new life stages 

(Kawamura et al. 2001, Kuehl and Donovan, 2020, Onitsuka et al. 2004). The post-set stage 

begins right after metamorphosis and lasts for around three months (90 days). My organisms 

were 40 days post-settlement at the time of preservation. The transition from post-set to juvenile 

is marked by a transition in diet from diatoms to macroalgae that is facilitated by a change in 
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radula morphology. Radula rows that are closer together are characteristic of post-sets because 

this shape makes eating small food items, such as diatoms, easier (Kawamura et al. 2001). 

Radula rows that are further apart are characteristic of juveniles due to this shape being better for 

eating larger food, like macroalgae (Kawamura et al. 2001). The fluctuating temperature 

treatment resulted in post-set radulae that are more compact than those from the constant 

temperature. The influence that this modification could have on the eventual transition to eating 

macroalgae during the juvenile stage is unknown and important to understand for future survival. 

Juveniles with compact radulae could possibly have lower survival because they cannot as 

efficiently eat macroalgae. A long term experiment that exposes pinto abalone from settlement, 

throughout the whole post-set stage, and into the juvenile stage to fluctuating temperatures is 

justified.  

 My findings are the first to quantify impacts on the pinto abalone radula, or any abalone 

radula, due to water chemistry. Together, my findings indicate that surviving pinto abalone post-

sets will have more compact radula and smaller radula teeth under future ocean warming and 

acidification conditions. The ability of pinto abalone post-sets to eat, survive, and eventually 

fulfill their ecological niche when they transition into later life stages with a compact radula 

morphology is unknown and warrants further investigation.  

 

 

Conclusion 

 Pinto abalone recovery efforts by the Puget Sound Restoration Fund (PSRF) and other 

groups in the Salish Sea would be best served by using outplant locations where temperatures are 

near constant (around 10°C) and CO2 is low (pH is near 8.2). This type of location has the 
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potential to yield the greatest survival and the best chance of normal shell and radula 

development, promoting population recovery. This conclusion is based on evidence presented in 

this thesis which found that a single stressor is detrimental to post-set pinto abalone: fluctuating 

temperature alone decreased survival and high CO2 alone decreased shell length, which would 

make individuals in the wild more vulnerable to predation.  

 In the field, constant water chemistry conditions are very rare due to seasonality, tides, 

currents, and other location dependent influences (Lowe et al. 2019). Range and frequency of 

fluctuations in water chemistry parameters are variable at different locations, creating outplant 

sites with smaller or greater fluctuations in temperature and/or pH. Carson et al. (2019) found 

that outplant sites varied in survivorship and concluded that survival of outplanted individuals 

was due to site specific factors. Temperature data at the outplant sites was collected with loggers 

which recorded temperature every 15 minutes for almost five years, yet specifics on fluctuations 

of temperature at the outplant sites were not reported (Carson et al. 2019). Re-evaluating the 

temperature data collected could help explain the differences in survivorship. Sites with low 

survival could be those with greater range and frequency of temperature fluctuations. For 

example, my data indicate that outplant sites with larger temperature fluctuations, increasing then 

decreasing by 4°C each week, will have lower survival than sites with smaller temperature 

fluctuations that stay closer to an average of 10°C. This would make outplanting at sites with 

smaller fluctuations in temperature more effective for restoration.  

 Similarly, CO2, and thus pH, are also variable throughout the year, mostly due to net 

ecosystem respiration (Lowe et al. 2019). Data on pH at the outplant sites is lacking. However, 

complete water chemistry data including temperature, pH, dissolved oxygen, salinity, and more 

is currently being collected (Eileen Bates, personal communication). When data on pH is 
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collected and finalized, it can be used by PSRF to evaluate outplant sites. Outplant sites that are 

characterized by lower pCO2 and corresponding higher pH, near 8.2, are expected to have greater 

growth than locations with slightly higher pCO2 and slightly lower pH, near 8.0, making those 

outplant locations more effective for the recovery of pinto abalone. My study is appropriately 

timed for PSRF to use my findings along with the new water chemistry data to evaluate the 

outplant sites and re-select which sites to use for future outplanting.  

 In addition to outplant site evaluation, outplant methodology evaluation can utilize this 

study as well. Currently PSRF outplants juveniles that are one to two years in age which requires 

a large investment of resources. Shifting outplanting to earlier life stages could lower the cost per 

individual. Mills-Orcutt et al. (2020) outplanted larvae given a settlement cue into tented and 

open larval abalone modules. Survival in the field after four months was 0.4% in tented modules 

(Mills-Orcutt et al. 2020). Water chemistry conditions at the locations where the tented modules 

were placed were not collected. Survival could potentially be higher if these conditions were 

known and used to place the modules in more favorable locations.  

 Future ocean warming and acidification have the ability to modify current variations in 

temperature and CO2 (pH) in the Salish Sea (Lowe et al. 2019) and thus at the outplant sites. This 

makes the consistent collection of water chemistry data and re-evaluation of outplant sites over 

time important. My findings indicate that the combination of stressors, fluctuating temperature 

and high CO2 together, exhibited similar survival and increased shell length compared to the 

absence of stressors. Outplant sites that show simultaneous increases in temperature and 

decreases in pH should still be able to sustain pinto abalone survival and proper development. As 

ocean warming and acidification continue to rise in concert, pinto abalone post-sets can be 

successfully outplanted into the Salish Sea.   
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