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ABSTRACT OF THE THESIS 

 

Changes in settlement behavior of Haliotis rufescens larvae after exposure to acidified 

conditions 

 

by 

 

Molly Sueko Gleason 

Master of Science in Biology 

University of California, San Diego, 2013 

Professor Jennifer Smith, Chair 
Professor Jonathan Shurin, Co-Chair 

 

 Ocean acidification (OA) could potentially alter the interaction between settling 

invertebrate larvae and the settlement cue-producing crustose coralline algae (CCA). We 

hypothesized this arises from the impairment of larval cue detection and/or physiological 

changes to CCA. We examined the interaction between the larvae of the commercially 

valuable red abalone (Haliotis rufescens) and its preferred settlement substrata, CCA 

species Lithothamnium californicum, under high pCO2 conditions created to mimic future 
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OA scenarios. CCA were exposed to high pCO2 conditions (treatment pH 0.2 ± 0.05 units 

lower than ambient) for 6 weeks and larvae were exposed during early development. 

Physiological studies were first conducted to determine whether high pCO2 directly 

impacts CCA growth and larval survival. Three unique orthogonal larval settlement 

experiments were performed to determine if larval substrate preference was affected by: 

1) larval exposure to high pCO2, 2) CCA exposure to high pCO2, or 3) both organisms’ 

exposure to high pCO2. My results show that 1) CCA suffered a reduction in net 

calcification, 2) four out of five trials did not reveal an impact of high pCO2 on abalone 

larval survival, 3) CCA exposure to high pCO2 did not affect larval settlement to CCA, 4) 

larval exposure to high pCO2 reduced settlement to CCA and 5) both organisms exposure 

to high pCO2 did not affect settlement. There were variable larval survival and settlement 

responses after larval exposure to high pCO2, which may have been a result of the 

conditions adult abalone were raised, adult fitness and possibly genetic adaptation to OA. 

 



1 
 

Introduction 

 Changes in the chemistry of the ocean’s surface water caused by the increase in 

atmospheric carbon dioxide (CO2) could potentially influence marine communities by 

disrupting important ecological processes. The ocean has already absorbed one third of 

the CO2 emitted from global industrialization over the past 200 years, and these values 

are expected to continue to increase in the coming decades (Sabine et al., 2004). The 

elevated concentration of dissolved inorganic carbon in seawater consequently alters 

carbonate chemistry and reduces pH, a process known as ocean acidification (OA). The 

United Nations International Panel on Climate Change estimates global pH to decline 

0.2-0.5 pH units by the end of 2100 if emissions continue (IPCC, 2007). This drop in 

seawater pH is expected to endanger the chemical balance essential for the growth, 

calcification and survival of many marine organisms. 

 Changes in seawater carbonate chemistry from the increased concentration of 

dissolved CO2 impact the development and growth of marine organisms. OA has been 

shown to reduce invertebrate reproductive success (Havenhand, 2008; Morita 2010), 

impair fish homing capabilities (Munday, 2009) and negatively impact coral recruitment 

and abundance (Webster 2013). Also, shelled and calcified organisms have been shown 

to experience a decrease in calcification due to the increase of hydrogen and bicarbonate 

ion concentrations and the reduced concentration of the carbonate ion essential to 

calcification. For example, the decrease in carbonate ions leads to reduced precipitation 

of the calcium carbonate structure of corals and mollusk shells (Gazeau, 2007; Orr, 2005). 

Increased CO2 concentrations also affect the ecologically important crustose 
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coralline algae (CCA) by reducing calcification, inducing bleaching of pigments, and 

altering productivity which can impact the integrity, growth and reproductive success of 

CCA(Orr, 2005; Anthony, 2008). The underlying mechanism of the relatively strong 

response of CCA to OA may be based on mineralogy; CCA cell walls are impregnated 

with magnesium calcite, the most soluble polymorph of calcium carbonate (Morse, 2006). 

Reduced growth and a weaker structure diminish the competitive abilities of CCA and 

make these algae susceptible to overgrowth by uncalcified, fleshy algal species (Kuffner, 

2008). With evidence of the multiple negative impacts of OA on CCA fitness and 

physiology, increased dissolved CO2 may disrupt important processes performed by CCA. 

 CCA produce cues that induce larval settlement of numerous marine invertebrates 

such as sea urchins, corals, sponges and abalone (Pearce, 1990; Price, 2010; Whalon 

2012; Morse, 1980c). Swimming larvae contact the algal crust and “taste” the chemical 

cue bound within the cell walls of the algae (Morse, 1980c; Morse & Morse, 1984; 

Roberts, 2001). Via chemical receptors on the invertebrate larvae cilia, the cue triggers a 

physiological response to settle and metamorphose (Morse, 1979a). Since the cue is 

bound within the surface layers of the CCA, larvae are recruited specifically to the algal 

thallus. The interaction is considered symbiotically advantageous. Larvae attach to a 

suitable habitat replete with biofilm and microorganisms for sustenance. CCA benefit 

from the larvae’s grazing of fouling organisms, thus removing harmful epibionts from the 

CCA surface (Kitting and Morse, 1997). Larvae are not reliant on the cue, but the CCA 

cue facilitates larval survival by reducing the swimming time, decreasing the risk of 

predation during the planktonic stage, allowing preservation of valuable energy, and 
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indicating microhabitats best suited for post-settlement survivorship (Morse, 1984; Price 

2010). By stimulating settlement and providing a suitable microhabitat for development, 

CCA are important ecological facilitators that influence the fitness of invertebrate larvae 

and overall health of invertebrate populations (Menge and Sutherland, 1987; Underwood 

and Fairweather, 1989). Considering the known negative impacts of on CCA, the 

deterioration of CCA health may affect settlement cue production and thus indirectly 

affect invertebrate larvae recruitment and survival. 

 OA can further aggravate the interaction between the larvae and CCA by directly 

disrupting larval chemosensory processes and even affecting larval survival. Early life 

stages of marine taxa are hypothesized to be especially vulnerable to OA (Kroeker 2013). 

For example, OA decreases metabolism of coral and mollusk larvae (Albright, 2011). 

Abalone and oyster larvae experience greater mortality rates when exposed to elevated 

CO2 concentrations (Crim, 2011; Barton 2012). Changes in ocean chemistry can also 

indirectly disrupt larval detection of important environmental cues. Increased acidity 

interferes with fish larvae’s detection of predator odors and coral larvae’s sensing of 

homing cues that indicate an appropriate habitat (Munday, 2012; Dixson, 2010; 

Doropoulos, 2012). The impairment of larval senses threatens the detection of CCA 

settlement cues in coral larvae, but it is unclear how consistent this disruption will be for 

other larvae that use CCA for induction of metamorphosis (Doropoulos, 2012). By 

preventing cue recognition, OA could ultimately threaten the survival of larvae and the 

repopulation of invertebrates in benthic marine habitats.   
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 The negative impact of OA on survival and repopulation particularly threatens 

invertebrates that are depleted in the wild from overharvesting such as the red abalone 

species (Haliotis rufescens). Red abalone are a commercially-valuable food commodity 

(Leiva and Castilla, 2001). Also, their attractive, iridescent shell is valued for decorative 

purposes and used for jewelry and in art. Over the last century, the high demand for 

abalone stimulated overfishing of the invertebrate by commercial and recreational 

fisheries which consequently produced a precipitous decline in sustainable populations 

along the coast of California (Micheli, 2008). In response, the California State 

Department of Fish and Game forced all red abalone commercial fisheries to close and 

banned recreational fishing south of San Francisco in 1997 (Leiva and Castilla, 2001). 

Natural red abalone populations have failed to return to historic numbers despite 

conservation efforts (Kashiwada, 2007). Since abalone rely on external fertilization, also 

known as broadcast spawning to produce offspring, the low population densities caused 

by overfishing discourage successful reproduction and recruitment (Tegner et al., 1996). 

The depletion of the natural populations produces an Allee effect where reproductive 

success is further diminished due to low densities of adults. With overfishing threatening 

the replenishment of the red abalone species, OA may further exacerbate abalone 

repopulation by affecting the survival and development of abalone larvae.  

 The objective of this thesis is to examine the direct effects of high pCO2 on the 

growth of CCA species Lithothamnium californicum known to promote settlement and on 

the survival and settlement of larvae of the red abalone species Haliotis rufescens. In 

addition the thesis examines the indirect impact of OA on the interaction between CCA 
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and red abalone larvae in the ecologically important settlement process. I hypothesized 

that increased CO2 concentrations will negatively affect CCA growth and larval survival. 

I also hypothesized that increased pCO2 will reduce abalone larval settlement by either 1) 

negatively affecting CCA, 2) disrupting abalone larvae senses, 3) or negatively impacting 

both organisms.  
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Materials and Methods 

 A series of experiments were conducted to study the direct and indirect effect of 

high pCO2 on red abalone (Haliotis rufescens) larvae and the CCA species 

Lithothamnium californicum that they are known to recruit to (Table 1). First, survival 

trials were conducted to study the direct effect of high pCO2 on larval survival. 

Concurrent studies investigated if high pCO2 affected growth and the photosynthetic 

capacity of CCA. Finally three separate larval settlement experiments were performed to 

study the direct and indirect effects of high pCO2 on larval settlement and metamorphosis. 

The first settlement experiment (CCA/Larvae settlement experiment) determined if larval 

settlement is disrupted by 1) larval exposure to high pCO2, 2) CCA exposure to high 

pCO2, or 3) both organisms exposure to high pCO2 conditions. The second settlement 

experiment (CCA/GABA settlement experiment) investigated if larval settlement on 

CCA was reduced following CCA exposure to high pCO2. The third settlement 

experiment (Larvae/GABA settlement experiment) focused on whether larval exposure to 

high pCO2 treatment during early development disrupted settlement cue detection. In all 

experiments, pH conditions for the ambient and high pCO2 treatments were set to a 

difference of 0.2  ± 0.05 pH units to correspond to IPCC climate model prediction of a 

0.2-0.3 pH decrease for the year 2100 (IPPC 2007). 

Sample Collection & Preparation 

 CCA growing on similarly-sized rocks were collected from the low intertidal zone 

at Sunset Cliffs, San Diego, CA during January 2013. Following collection, all samples 

were transported to the phycology lab at the Scripps Institution of Oceanography, La 
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Jolla, CA in fresh seawater in coolers. In the lab, CCA were identified to the species level 

based on descriptions provided by Marine Algae of California (Isabella A. Abbot and 

George J. Hollenberg, 1992). Lithothamnium californicum were distinguished based on 

the presence of multiporate conceptacles as viewed under a dissecting microscope. 40 

samples identified as L. californicum and analogous in size were chosen for use in each 

experiment. The entire CCA thallus was maintained on the rock that it was growing on in 

order to prevent physical damage that could affect cue production.  

 In order to obtain larvae for the survival and settlement experiments, adult 

abalone were induced to spawn and the gametes were collected and fertilized. The adult 

abalone used for spawning were reared under healthy raising conditions; seawater 

temperature was maintained at 14-16 ˚C and abalone were fed kelp (Macrocystis 

pyrifera). Once mature and fully gravid, adult abalone were induced to spawn from 

exposure to 30% hydrogen peroxide and 2 M Tris-buffer (hydroxyl-methylamino) 

methane (Morse et al., 1977). Abalone and spawning containers were thoroughly rinsed 

with three fresh seawater changes to remove any chemical traces before gamete 

production. Sperm were removed from the spawning container via pipette, eggs were 

collected using a siphon hose and the gametes were mixed and held in a common 

aquarium for 30 minutes to ensure fertilization. Fertilized eggs were washed with filtered, 

UV-sterilized seawater to remove excess sperm and prevent polyspermy or fertilization 

by multiple sperm.  

 Adult abalone specimens used for gamete production for this experiment 

originated from the Scripps Institution of Oceanography aquarium facility and from the 
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abalone farms The Cultured Abalone in Goleta and the Cayucas Abalone. Due to the time 

constraints of producing larvae for settlement experiments, different adult abalone 

originating from different facilities were used for gamete production for the different 

experiments as outlined below. SIO facility abalone were used for survival experiments 1, 

3 and 4. Goleta abalone were used for survival experiment 2, while a combination of 

abalone from the SIO facility and Cayucas Abalone Farm were used for survival 

experiment 5. Larvae produced from SIO Facility abalone were used for CCA/Larvae 

settlement experiment 1 and the CCA/GABA settlement experiment 2, while a 

combination of adult abalone from the Abalone Farm in Cayucas and SIO Facility were 

used for Larvae/GABA settlement experiment 3.  

 Developing embryos were maintained in 1L aquaria with filtered, UV-sterilized 

seawater until the hatching event. The aquaria holding the embryos were immersed in a 

flow through seawater bath to ensure the temperature was maintained at 15-16ᵒC, a 

temperature noted as optimal for rearing red abalone larvae (Ebert and Hamilton, 1985). 

The embryos used for the CCA/Larvae and CCA/GABA settlement experiment were 

acclimated to ambient conditions and then placed in high CO2 or ambient treatments 

immediately after hatching. Embryos used in the Larvae/GABA settlement experiment 

were exposed to either ambient or high CO2 before the hatching event. Once hatched, 

larvae swimming in the top two thirds of the water column were removed from the 

rearing containers containing the remaining egg membranes and abnormally developed 

trochophore larvae (Hahn, 1989). Larvae were transferred using a siphon hose to 800mL 

glass mesocosms containing filtered, UV-sterilized seawater.  
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Experiment 1: Effects of Elevated pCO2 on Larval Survival  

 To study the direct effect of high pCO2 on larvae, we compared the survival rates 

of larvae exposed to ambient and high pCO2 conditions using five independent trials. For 

each of the five survival trials, density estimates were made daily to document larval 

mortality in each jar (n=20 for each treatment). Density was calculated by taking 5 1mL 

aliquots from the water column and counting the number of larvae in each sample. The 5 

counts were averaged and the density of the larvae in each container was estimated with 

the known volume. Larvae were initially raised at densities of 20-25/mL. Dead larvae 

were removed from the bottom of the rearing container by siphoning before live larval 

density estimates were performed. In order to track for the stage of settlement maturity, 

the development of the larvae was documented daily with an Olympus SZX16 

stereomicroscope and imaged with a camera at a magnification of 400X.  

Experiment 2: Effects of Elevated pCO2 on CCA Growth  

 CCA samples were randomly assigned to individual 1L glass mesocosms 

containing either ambient or high pCO2 (n=20 mesocosms for both treatments). 

Additionally, 4 ambient and 4 high pCO2 mesocosms without organisms were used as 

controls. CCA were treated to these conditions for 6 weeks. Each mesocosm received 

flow-through seawater pumped directly from La Jolla cove via Scripps pier; using 

seawater from the natural environment allowed for the organisms to experience natural 

diurnal and seasonal fluctuations in temperature and water chemistry. Mesocosms were 

immersed in rectangular acrylic raceways that were used as water baths. Each of the 

raceways held 8 mesocosms; 6 raceways were used in total. Mesocosms were maintained 
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in a light environment of 200-300 µmol photons m-2 s-1 which has been shown to saturate 

photosynthesis in other similar intertidal coralline species (Gao et al., 1993).  Light levels 

simulated natural daylight conditions and diurnal light cycles and were measured using a 

LICOR 4pi quantum PAR sensor. Mesocosms were rotated every other week to different 

rows and to different raceway positions to ensure there was no effect of differential light 

exposure from being in a certain position. 

 Each jar experienced constant bubbling of either ambient or CO2 enriched air. 

Utilizing readings from the handheld HACH meter, bubbling rates in individual 

mesocosms were modified via manual adjustment of Venturi valves to ensure high CO2 

treatments were 0.2 ± 0.05 below ambient. SeaFET sensors mounted in situ on the SIO 

pier tracked the natural fluctuations in pH and CO2 in the laboratory system. 

Manipulations of pCO2 in the experimental setup were superimposed on the existing 

natural variations measured by the SeaFET. pH was measured and adjusted accordingly 

each day using readings from handheld HQ30d HACH pH probes, while Honeywell 

Durafet non-glass pH electrodes logged pH and temperature every 15 minutes in a subset 

of mesocosms for the duration of the experiment. 

 Initial and final buoyant weights of each CCA fragment were taken to quantify 

net calcification during the experiment.  Photos of the CCA samples were taken before 

and after the experiment in order to document morphological changes and any possible 

growth or loss of tissue. The surface area of each CCA thallus was measured using 

Adobe Photoshop CS4 to outline the CCA perimeter and to calculate the area of the 
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available CCA surface. For the settlement experiments, the area was calculated in order 

to standardize the number of settled larvae with the area of CCA available for settlement. 

Experiment 3: Effects of Elevated pCO2 on Abalone Larval Settlement 

 Abalone larvae were exposed to ambient and elevated pCO2 conditions using in 

800mL larval rearing containers (n=20 per treatment). pH was maintained by aerating 

each jar with either air (ambient) or pre-mixed air with a CO2 concentration of 1000ppm 

(high pCO2). Ambient treatments were maintained under similar conditions with ambient 

air. For the CO2-enriched treatments, mesocosms were filled with pre-bubbled filtered 

seawater set at 0.2 pH units lower than the ambient conditions. Due to the sensitivity of 

larvae to high disturbance caused by excess bubbling, aeration consisted of gentle 

bubbling from an air hose without an airstone at a rate of 1 bubble per second. Bubbling 

provided sufficient aeration for the larvae, gently churned the seawater and maintained 

the desired pH conditions.  

 Each jar was immersed in a flow through water bath to ensure temperature was 

maintained within 14-16ᵒC. Water changes were made every other day for the duration of 

the larvae’s development and a concentration of 10mg/L of the antibiotic (dihydro)-

streptomycin were added to reduce bacteria growth. Larvae experienced artificial 

daylight conditions that mimicked the natural diurnal light cycles as described above.  

 Larvae were treated in control (ambient) and treatment conditions from their 

embryonic stage until the stage of settlement maturity (6 days). In order to ensure pH 

conditions were maintained at a 0.2 ± 0.05 treatment difference during the individual 
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organism studies and settlement experiments, multiple instruments were utilized to 

monitor pH and temperature. Daily pH and temperature measurements were made for 

each mesocosm using handheld HQ40d HACH meters with glass electrode PHC201 pH 

probes. Tris buffer was used to calibrate the pH readings of the instrument.  

 Three settlement experiments were performed to study the indirect effect of high 

pCO2 on the larval settlement process. The experiments addressed the following 

questions: larval settlement is disrupted by 1) larval exposure to high pCO2, 2) CCA 

exposure to high pCO2, or 3) both organisms exposure to high pCO2 conditions (Table 1).  

 Larvae were determined as ready for settlement with the development of the 

fourth tubule of the cephalic tentacle (Hahn, 1989). Approximately 50 competent larvae 

were transferred via pipette to 250mL glass containers with filtered 10μm seawater for 

settlement. 200mL of fresh, filtered seawater was added to each container following the 

addition of the larvae. The rectangular acrylic raceways were used as water baths for the 

settlement experiments. Ambient seawater was allowed to flow through and run over the 

acrylic boxes. When placed inside the water baths, the 250mL glass containers were 

positioned on stands that elevated the lip of the container an inch above the flowing 

water; this design allowed larvae to be contained in the mesocosms while experiencing 

ambient seawater temperatures. Acrylic boxes were placed on top of the raceways to 

create a headspace. 6 air hoses were placed in drilled holes of the acrylic box to direct air 

into the headspace. High pCO2 mesocosms received CO2-enriched air, while control 

mesocosms received ambient air. Extra holes were necessary to allow gas to escape from 

the chamber and prevent pressure build up. The atmospheric CO2 concentration within 
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the chamber was set to prevent off-gassing of the seawater in the containers and to 

maintain the set pH of the seawater for the 24 hour duration of the settlement experiment. 

4 water hoses were additionally placed in the drilled holes to provide flow-through 

seawater to the water baths. To ensure pH conditions were maintained, pH-monitoring 

Honeywell Durafet sensors were placed in control CO2 enriched containers without 

experimental organisms for both treatments for the duration of the settlement experiment.  

Larval Response Variables 

 Settlement behavior of larvae was quantified by counting larvae with dissecting 

microscopes after the larvae were exposed to the settlement containers for 14-18 hours, 

which provided sufficient settlement time without putting the larvae under stress. Larval 

behavior was categorized as settled on the CCA surface, settled on the glass surface of 

the jar or laying motionless on the bottom of the jar. Larvae with a foot firmly attached to 

the substrate with minimal beating of the cilia were defined as officially settled. 

Swimmers were not counted in the tally of settled larvae; the settlement experiments 

examined the larval preference for a substrate surface. 

 A) CCA/Larvae Settlement Experiment 1 

 The purpose of the CCA/Larvae settlement experiment was to determine if the 

settlement of larvae on the CCA surface was disrupted by 1) larval exposure to high 

pCO2, 2) CCA exposure to high pCO2, or 3) exposure of both organisms to high pCO2 

conditions. Ambient and high pCO2 larvae were added to settlement containers either 

with ambient or CO2-enriched CCA (Figure 1a). This allowed for 4 treatment 
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combinations (n=7 for each treatment combination). Larvae were added to the seawater 

conditions that the CCA had experienced during the 6 week-acclimation period; there is a 

possibility that the larvae may have immediately responded to the new conditions, 

however this experiment focused on the possibility of carry-over effect of the treatment 

the larvae experienced during development (ambient or high pCO2).  

 B) CCA/GABA Settlement Experiment 2 

 CCA/GABA settlement experiment was designed to investigate if larval 

settlement on CCA was reduced by CCA exposure to high pCO2 by affecting settlement 

cue production. This involved exposing ambient larvae to ambient or CO2-enriched CCA 

with or without the chemical settlement cue gamma-aminobutyric acid (GABA) added 

(Figure 1b). This established 4 treatment combinations (n=7 for each treatment 

combination). GABA is a proven mimic of the naturally produced CCA cue and it 

specifically interacts with the chemical receptors of red abalone larvae to induce 

settlement (Morse 1979a). GABA was added to seawater at a concentration of 1.0 μM to 

induce optimal settlement (Morse 1979a).  

 Ambient larvae originated from the same batch as the CCA/Larvae experiment. 

The same CCA samples were used from the CCA/Larvae settlement experiment. To 

ensure settled larvae from the CCA/Larvae experiment were not recounted, previously 

settled larvae were removed by gently brushing the CCA surface with a soft-bristled 

brush. 

 C) Larvae/GABA Settlement Experiment 3  
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 The third settlement experiment, Larvae/GABA settlement experiment, 

investigated if exposure to high pCO2 treatment reduced settlement of larvae by affecting 

their ability to recognize settlement cues. Ambient and high pCO2 treated larvae were 

exposed to seawater with or without 1uM of GABA (Figure 1c). This allowed for 4 

treatment combinations (n=7 for each treatment combination). CCA were not included in 

this experimental design in order to isolate the interaction between the chemical cue and 

larvae; this removed potentially interacting factors such as biofilm on the CCA surface or 

surface complexity that may affect settlement.  

Quantification of Experimental Conditions 

 Water samples were collected (n=4 replicates for each pCO2 treatment) in 500 ml 

Corning-brand Pyrex sample bottles with 1200 μl saturated HgCl2 solution at the 

beginning and end of the experiment as well as 3 weeks into the experiment. Samples 

will be analyzed in the lab of Dr. Andrew Dickson at SIO for total dissolved inorganic 

carbon (CT) and total alkalinity (AT).   

Statistical Analyses  

 All tests were performed using the statistical program JMP version 10. A t-test 

was used to test for significant differences in the percent change in CCA buoyant weight 

between the two treatments (ambient and high pCO2). Independent log-rank significance 

test was used to test for differences in larval survivorship across the ambient and high 

CO2 treatments in the five survival trials. For the settlement experiments, assumptions of 

normality were confirmed using Shapiro-Wilk goodness of fit test prior to analysis. The 
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proportion of settlers was standardized by the surface area of the CCA and jar substrate 

available to the larvae. Two-way ANOVAs were used to analyze each of the settlement 

experiments, using the following designs.  

 For the first CCA/Larvae settlement experiment, proportion of larvae successfully 

settled on the CCA surface was calculated as ([# of larvae settled on CCA] / [total # of 

larvae counted]). Total counted included settlers on CCA, settlers on the jar surface and 

dead larvae. Each of the factors (CCA and larvae treatment) had 2 levels (high pCO2 and 

ambient). A two-way analyses of variance (ANOVA) was preformed to test if proportion 

of larvae settled on a substrate surface (CCA and jar) was altered by CCA treatment, 

larvae treatment or from an interaction between larvae and CCA treatments. 

 In the CCA/GABA experiment, two-way ANOVA was used to test if proportion 

of settled larvae (all ambient) was affected by CCA treatment to high pCO2 with or 

without GABA addition. As in the CCA/Larvae experiment, proportion of larvae 

successfully settled on the CCA surface was calculated as ([# of larvae settled on CCA] / 

[total # of larvae counted]) with total count including settlers on CCA, settlers on the jar 

surface and dead larvae.  

 For the Larvae/GABA experiment, a two-way ANOVA was also used to examine 

the independent and interactive effects of high pCO2 and GABA addition on larval 

settlement in the absence of CCA. The proportion of successful settlers was defined as 

([# of larvae settled on jar]/[total # of larvae counted]), while total counted included 

settlers on jar and dead larvae.  
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Results 

Experiment 1: Effects of Elevated pCO2 on Larval Survival  

 Two out of the five trials resulted in the survival of larvae to settlement maturity, 

while three trials resulted in mortality of the all larvae from both treatments before 

reaching settlement stage. Out of the two trails where larvae survived to settlement 

maturity, there was a significant reduction in survival following larval exposure to high 

pCO2 for one of the survival trials (X2
(1,40)  =9.301, p < 0.01) but not for the other.  

Experiment 2: Effects of Elevated pCO2 on CCA Growth 

 The change in net CCA growth and calcification was calculated by comparing the 

initial and final buoyant weights over the 6 week long experiment. There was a 

significant negative effect of high pCO2 on the percent change in CCA buoyant weight 

when compared to the ambient-conditioned samples (t (38) = -2.4609, p = 0.0108).  

Experiments 3: Effects of Elevated pCO2 on Abalone Larval Settlement 

 A) CCA/Larvae Settlement Experiment 1 

 There was a significant reduction in larval settlement to the CCA surface after 

larvae were exposed to high pCO2 (F1,1 = 10.8208, p = 0.00292). Attachment to the CCA 

substrate was reduced by almost half when larvae were exposed to high pCO2 during 

their early development in comparison to the ambient controls.  There was no significant 

effect of CCA treatment (+/- CO2) on larval settlement (F1,1 =3.2019, p = 0.0852) and 
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thus no significant interaction between CCA and larval CO2 treatment (F1,1 = 1.2432, p = 

0.2751) .   

 B) CCA/GABA Settlement Experiment 2 

  There was no significant effect of CCA treatment (+/- CO2) on larval settlement 

behavior (F1,1 = 0.53, p = 0.474). Additionally, there was no noticeable effect of the 

settlement inducing chemical GABA on settlement (F1,1 = 0.2784, p = 0.6028). There 

was no significant interaction effect between CCA treatment and GABA addition (F1,1 = 

1.4613, p = 0.239). 

 C) Larvae/GABA Settlement Experiment 3 

 There was no significant difference in settlement on the jar surface between the 

CO2-treated and ambient-conditioned larvae (F1,1 = 0.1767,, p = 0.6798). There was a 

significant increase in settlement on the jar surface for treatments with settlement inducer 

GABA for both the CO2 and ambient treatments (F1,1=17.1812, p<0.01) . There was no 

interaction effect between CO2 treatment (+/-) and GABA (+/-) on abalone settlement 

(F1,1=0.8243, p=0.3774) . 
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Discussion 

 Ocean acidification is expected to affect the physiology of the ecologically 

important CCA and impair the sensory competency of red abalone larvae. This negative 

effect on both organisms may jeopardize their important ecological interactions that 

ultimately determine settlement success in abalone. This thesis investigated how OA 

could potentially affect the survival and growth of CCA and red abalone independently as 

well as examining how OA may impact interactions among the species during abalone 

settlement processes. My results show that OA negatively affected CCA calcification and 

growth which is in accordance with other CCA growth studies (Kuffner, 2008; Anthony, 

2008). However, settlement experiments showed that exposing CCA’s exposure to high 

pCO2 does not necessarily affect recruitment of larvae to the CCA surface. I also found 

that elevated pCO2 affected red abalone survival pre-settlement. 

 The results of several experiments presented here show the vulnerability of 

abalone larvae to OA as manifested in a decrease in survival and a reduction in settlement 

to the CCA surface after exposure to high pCO2 during early development. This apparent 

sensitivity to OA during an early life development stage has implications for the 

sensitivity and fitness of later developmental stages of the abalone (Kroeker 2013). Yet, 

the results revealed dissimilar survival and settlement responses among different batches 

of larvae. This variability suggests that several possible mechanisms may drive the 

response of invertebrate larvae to global change such as the conditions in which the 

adults were raised, adult fitness and possibly genetic adaptation (Pespeni, 2013). 
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CCA Net Calcification 

 Exposure to high pCO2 significantly affected CCA by decreasing calcified growth 

(Figure 4). High pCO2 treatments caused a decrease in seawater carbonate saturation 

which can impede efficient precipitation of the CCA calcium carbonate skeleton (Kuffner, 

2008). However, an increase in dissolution rates may have diminished net CCA growth 

(Kline, 2012). The combined effect of reduced calcification and increased dissolution 

could explain for the reduction in the net growth of the CCA exposed to high CO2 

conditions. 

 This negative effect on growth may harm the competitive capabilities of CCA in 

benthic habitats (Kuffner, 2008) making them susceptible to overgrowth by non-calcified, 

fleshy algal species. Ultimately OA may not only result in a reduction in CCA growth 

rates but in the surface area of the benthos colonized by CCA. Considering invertebrate 

larvae such as red abalone prefer the CCA surface as a settlement surface, the decrease in 

CCA abundance associated with OA may indirectly affect larval settlement success 

(Price, 2010). 

Larvae Survival 

 Four out of five experiments comparing survival rates of abalone larvae exposed 

to high pCO2 and ambient conditions did not reveal significant differences in survival. 

Yet, one trial showed a stark difference in survival; 62% of ambient larvae survived to 

the stage of settlement competency while less than 0.1% of CO2-treated larvae remained 

(Figure 5e). This result was similar to other studies investigating survival rates of the 
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abalone species Haliotis kamtschatkana after exposure to elevated pCO2 (Crim, 2011). 

Crim et al. noted a decrease in pH by 0.2 units reduced survival rates by 43%. However, 

the remaining four trials did not reveal such a difference in survival (Figure 5a-d). 

Considering the trials were performed from March to late August, seasonal temperatures 

may have affected survival rates. For optimal raising conditions, a chilled water source 

was used to maintain a target temperature 14˚C-17˚C. However, problems with 

maintaining the chilled water flow periodically exposed larvae to elevated ambient 

temperatures. For example, larvae from the third trial experienced average temperatures 

as high as 20˚C (Table 1). Exposure to higher temperatures would certainly have 

negatively affected survival. 

 Different genetic backgrounds could have produced an array of variable larval 

competencies that affected survival. Larvae used in each separate trial originated from 

different adults. Since adult abalone require a resting period to ensure gamete maturation 

after a spawning event, the time restrictions of the experiments prevented use of the same 

adults for the production of gametes. The health of the adults could explain the 

differential survival in the five survival experiments, since parent fitness and age has 

carry-over effects on the health of offspring (Hahn, 1989). Abalone raised in the SIO 

aquarium facility are at least two decades old. In comparison, abalone from The Cultured 

Abalone in Goleta and the Cayucas Abalone Farm were only 2-3 years old and were 

noticeably more active. Though older, mature adults are known to produce more viable 

offspring, abalone from SIO may have experienced different conditioning than the 

younger abalone originating from aquaculture farms. The variance in conditioning may 
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have led to the production of less viable larvae that were more vulnerable to acidified 

conditions.  

 Not only are the adults different for the survival trials but they originate from 

different geographical regions along the California coast. Thus, the abalone are likely 

acclimated to different temperature, alkalinity and other chemical and physical conditions 

associated with the region of origination. Abalone experience different pH and 

temperature fluctuations and extremes from region-specific upwelling conditions (De Wit 

and Palumbi, 2012). Due to variability in upwelling regimes along the California coast, 

isolated populations are exposed to different carbonate chemistry conditions and have 

evolved to differentially express genes that allow for adaptation to the specific conditions 

(Feely 2008; Orr, 2005). Genetic adaption to the current exposure to lower pH may 

impart differential tolerances to future OA conditions (Langer, 2009; Parker, 2012). 

Studies analyzing the response of urchin larvae to OA revealed genetically-distinct larvae 

from different regions have dissimilar coping capacities (Pespeni et al., 2013). This 

suggests genetically distinguishable populations and their offspring habituate to chemical 

and physical conditions of their region. Considering the influence of genetic adaptation, 

differential survival responses may have been a result of region-specific adaptability to 

pH conditions. It is expected that OA will differentially impact abalone populations that 

are geographically separated due to variable genetic adaptations to chemical and physical 

conditions. 
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CCA/Larvae Settlement Experiment 1 

 The purpose of the CCA/Larvae Settlement Experiment was to determine if the 

settlement of larvae on the CCA surface was disrupted by 1) larval exposure to high 

pCO2, 2) CCA exposure to high pCO2, or 3) both organisms exposure to high pCO2 

conditions. Analysis of the settlement behavior revealed a negative effect of CO2-

enrichment on successful settlement on the CCA substrate. A smaller proportion of larvae 

successfully settled on CCA when raised under high pCO2 conditions during the early 

stages of their development (Figure 7). This treatment effect was apparent whether larvae 

encountered ambient or CO2-enriched CCA. The decrease in settlement was amplified 

when CCA were preconditioned to high pCO2. The results show a change in preference 

for the CCA surface in response to high pCO2 conditions. Since swimming larvae were 

not included in the count, the conclusions do not make inferences of the efficiency of 

settlement induction by CCA chemical cues. 

 Larvae were negatively impacted by CO2-enrichment as evidenced by a decrease 

in settlement on CCA by nearly half when larvae were pre-exposed to high CO2 

conditions. As a possible explanation for reduced settlement, CO2-enrichment may 

confound larval sensory capabilities and impede normal response to environmental cues. 

Under normal conditions, the chemical settlement cue produced by CCA interacts with 

larval chemical receptors to trigger the settlement and metamorphic response (Morse, 

1990). High CO2 concentrations can alter larval neurotransmitter function and disrupt 

chemical pathways responsible for triggering the settlement response (Nilsson, 2012). 
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This neuronal interruption may manifest in a decrease of successful settlement to CCA 

due to the impairment in recognizing the chemical stimulus.  

 The impediment to larvae’s recognition of important environmental cues has 

negative implications for the survival of abalone at their vulnerable life stage. Impairment 

of settlement cue detection threatens survival of larvae especially for lecithotrophic 

larvae that are dependent on endogenous food supply for sustenance. Delayed settlement 

forces the larvae to expend more energy to continue swimming and makes larvae more 

susceptible to mortality while in the plankton stage (Morse, 1984). The energetic strain, 

abnormal development and susceptibility to higher mortality during the larval stage 

could have a carry-over effect on development during juvenile and adult stages 

(Hettinger et al., 2012). The negative impact of OA on larval recognition of cue and 

settlement could potentially threaten abalone abundance in the benthic ecosystem.  

 The CCA’s treatment to high pCO2 did not reveal a significant difference in 

settlement on the CCA surface. Interestingly, the high pCO2-treated CCA recruited the 

highest proportion of larvae. The slight increase in settlement to alga exposed to higher 

pCO2 conditions may be a result of multiple factors.  As a response to the enriched 

conditions, carbon normally allocated for accretion of a calcified structure may be 

redirected to other functions such as cue production. Increased cue production may be 

beneficial for the CCA, since the recruitment of invertebrates removes biofilm 

proliferating on the CCA surface. 

 As another explanation, the morphological response of CCA to high CO2-

conditions may consequently be responsible for increased larval recruitment. The alga 
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may physically respond to the stressful condition of CO2-enrichment and increased 

biofilm cover by physically removing the epithellial layer of their calcified skeleton, a 

mechanism known as sloughing. Releasing the surface layer of their calcified structure 

may be responsible for the discharge of settlement cues (Morse, 1984). This increased 

cue solubility results in a higher encounter rate with the swimming larvae, which 

consequently instigates greater recruitment to the CCA surface. 

 Recruitment may also be promoted by increased density of biofilm defined as a 

collection of diatoms, epiphytes and organic matter on the surface of the CO2-treated. 

Biofilms have been proven to induce abalone larval settlement and are used commercially 

in abalone hatcheries (Hahn, 1989). Acidified conditions have been shown to alter 

microbial community composition on the CCA surface and ultimately altered settlement 

of invertebrate larvae on the CCA surface (Webster et al., 2013). The alteration of the 

microbial community composition on the CCA surface caused by OA may impact larval 

settlement.   

CCA/GABA Settlement Experiment 2 

 The CCA/GABA settlement experiment studied the effect of high pCO2 on CCA 

and whether the natural release of the cue by CCA was impeded by CO2-enrichment. 

There was no significant preference by the ambient larvae for either the ambient or high 

pCO2 with or without the chemical settlement inducer GABA (Figure 9). In fact, the 

proportion of larvae settled on the CCA and on the jar substrate was even for each of the 

four treatment combinations (Figure 8a). There was also no apparent influence of the 

GABA chemical on settlement. The chemical efficacy may have been affected by 
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microbial communities on the CCA surface which have been known to negate GABA 

influence on settling abalone larvae (Kaspar and Montfort, 1995). 

 For the treatments with the GABA settlement inducer, the indiscriminate 

settlement on the CCA and jar surface may be explained by the mechanism in which the 

GABA interacts with larval chemical receptors. Once the GABA chemical has interacted 

with the receptor responsible for triggering the settlement response, larvae are induced to 

settle and may indiscriminately attach to any available substrate. Larvae would not 

distinguish between the CCA and jar surface. Yet, even when the proportion of settled 

larvae was calculated as (# larvae settled)/( # larvae counted), there was still no 

significant effect of GABA addition or CCA treatment on settlement. 

 Physical changes to the CCA rocks for CCA/GABA settlement experiment may 

have consequently affected settlement. The same CCA rhodoliths used in CCA/Larvae 

settlement experiment were utilized for the /GABA settlement experiment. To ensure that 

settled larvae from the previous experiment were not recounted, settled larvae were 

removed by brushing the CCA and jar surface with a soft-bristled tooth-brush. The 

biofilm that had accumulated on the CCA surface may have also been removed. It was 

previously conjectured that this biofilm covering the CCA surface may have been 

responsible for influencing the larval preference for the CCA. Consequently, removal of 

the biofilm in this experiment may have removed a factor influential in larval settlement.  

 Age of the larvae may have affected the apparent decrease in substrate selectivity. 

Though the larvae originated from the same batch used for the CCA/Larvae Experiment, 

the larvae of CCA/GABA settlement experiment were a few days older. Larvae of 
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different developmental ages have differential responses to settlement cues as well as 

different survival success (McCormick, 2012). The settlement results imply that 

lecithotrophic larvae may be driven by diminished yolk sustenance to settle 

indiscriminately on any available substrate. The lack of selectivity ties in with the 

desperate larvae hypothesis which conjectures older larvae will indiscriminately settle on 

a surface due to the constraints of not having enough nourishment to continue swimming 

(Elkin and Marshall, 2007). Delayed settlement and metamorphosis may induce a 

stressful condition in which larvae are hard-pressed to find any available substrate for 

settlement. 

Larvae/GABA Settlement Experiment 3 

 The third settlement experiment was designed to examine the effect of CO2 

treatment on the ability of larvae to recognize settlement cues. It was expected that a high 

pCO2 treatment during early development would reduce larval settlement as shown by the 

results from the first CCA/Larvae settlement experiment. Yet, there was no significant 

difference in the preference for the CCA surface when larvae were treated to high pCO2. 

Multiple interacting factors could have contributed to the differential settlement 

responses.  

 Concentration of the GABA chemical may have induced the same settlement 

response regardless of treatment. A concentration of 1uM of GABA was used since it is a 

conventional concentration used by abalone farms to produce optimal settlement results 

(Searcy-Bernal & Anguiano-Beltran, 1998). Yet, this concentration may not imitate the 

natural concentration produced by the CCA. There is limited information on the actual 
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concentration produced by CCA. The 1uM concentration may have produced different 

settlement responses by the larvae to the high CO2 and overridden a treatment effect.  

 As another possible explanation, differential settlement behavior could have a 

genetic basis. Adult abalone used in the CCA/Larvae settlement experiment 1 and the 

CCA/GABA settlement experiment 2 originated from the SIO facility. In contrast, the 

third Larvae/GABA settlement experiment used a combination of adults from Scripps 

facility and the Cultured Abalone farm. Adult abalone originating from different regions 

may have imparted to their offspring dissimilar genetic adaptabilities to OA (Langer, 

2009; Parker, 2012). Conditioning to region-specific pH conditions may affect the 

response to changes in seawater conditions and impact how offspring deal with a future 

drop in pH.  

Conclusion 

 In order to understand how OA will affect benthic communities, we must move 

beyond individual species assessment and examine how important species interactions 

may be altered by elevated pCO2 conditions. This thesis and the series of experiments 

performed therein and my results extend our knowledge on the interaction between an 

alga and commercially important invertebrate in order to fully comprehend the impact of 

OA on settlement and the process of ecological facilitation. Experimental findings 

revealed a negative impact of OA on a calcified alga that is an ecologically significant 

player in the recruitment of invertebrate larvae. The experiments revealed differential 

survival and settlement responses of larvae to simulated future CO2 conditions which 

could suggest genetic adaptation to OA.   
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 The different settlement behaviors among batches of larvae provide a glimpse into 

the variable responses inherent in a genetically diverse assemblage of abalone. Future 

experiments could analyze the competency of abalone from different coastal localities 

and study differential responses to CO2 enrichment. Considering that natural abalone 

populations have been reduced in the wild from overfishing, they may have become 

geographically and even genetically isolated due to the limited dispersal of larvae and 

lack of sufficient gene flow (Micheli, 2008; Gruenthal, 2007). It is significant to analyze 

how distinguishable genetic differences among abalone populations impart tolerances to 

changing conditions. This would reveal the different susceptibilities of diverse abalone 

populations to OA. Knowing the integrity of a different population impacts the planning 

of future fishery regulations. Analyzing the response of genetically distinct abalone 

populations to future ocean conditions will determine the future integrity of a historically-

overfished and commercially valuable marine invertebrate. Additionally, comparing 

responses of different species of abalone may reveal species-specific susceptibilities to 

climate change, since past studies have shown variable responses among species to 

environmental cues (Roberts &Nicholson 1997). Knowing the differential response of 

abalone species to chemical changes could illuminate the survival of abalone populations 

under future global change scenarios. 

 The research findings described in this thesis have relevance beyond abalone and 

CCA interactions under changing ocean chemistry. Using abalone as a model organism, 

conjectures can be made about similar impacts on other organisms with complex life 

stages involving a larval stage. Invertebrates such as purple urchins and corals possess 
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swimming larvae that also rely on environmental cues like the CCA settlement cue and 

other organism such as microbes (Pearce, 1990; Price, 2010). Future research should 

examine how changing ocean chemistry may alter key ecological interactions among 

species such as competition, predation and facilitation. We should further identify the 

specific processes that are altered in algae and invertebrates under OA. Finally, the 

impact of OA on larval chemosensory and settlement behavior will elucidate how benthic 

marine invertebrate communities will likely be affected by changing environmental 

conditions.  
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Figures 
a)       

 
b) 

 
c) 

 
 
Figure 1: Diagrams depicting the experimental designs for each of the three settlement 
experiments and the four organism-treatment combinations. Black dots represent ambient 
larvae while red dots represent high-CO2 treated larvae. Pink ovals signify ambient CCA 
and red ovals signify high-CO2 treated CCA. a) For the CCA/Larvae settlement 
experiment, larvae pre-conditioned to ambient or CO2-enriched conditions during 
development encountered CCA exposed to ambient or enriched- CO2 treatments. b) For 
the CCA/GABA settlement experiment, ambient larvae encountered ambient or CO2-
treated CCA with or without chemical settlement inducer GABA. c) For the 
Larvae/GABA settlement experiment, larvae pre-conditioned to ambient or CO2-enriched 
conditions were exposed to seawater with or without chemical settlement inducer GABA. 
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Table 1: List of experiments conducted for the thesis grouped with the addressed 
hypotheses and the response variable measured for each experiment. Listed are the two 
individual organisms studied and the three settlement experiments. 

 
Experiment 

 

 
Hypothesis Tested 

 
Response Variable 

Measured 
 

 
CCA 

Experiment 

 
H1: CCA exposure to high pCO2 reduces 
growth and photosynthetic capacity 

 
• Change in buoyant 

weight 
 
• Photosynthetic output 

and fluorescence  
 

 
Larvae 

Experiment 

 
H2: Larvae exposure to high pCO2 reduces 
survival 

 
• Survival rates of 

ambient and high 
CO2 larvae 

 
 
 

CCA/Larvae 
Settlement 
Experiment 

 
 

 
H3: Larvae exposure to high pCO2 reduces 

settlement on CCA 

 

H4: CCA exposure to high pCO2 reduces 

settlement on CCA 

 

H5: Both larvae and CCA exposure to high 

pCO2 reduces settlement on CCA 

 

 
• Count settled on 

CCA 

• Count settled on jar 

• Count dead 

 

 
 

CCA/GABA 
Settlement 
Experiment 

 

 
 
H4: CCA exposure to high pCO2  reduces 
settlement on CCA 

 
• Count settled on 

CCA 

• Count settled on jar 

• Count dead 

 
 

Larvae/GABA 
Settlement 
Experiment 

 

 
H5: Larvae exposure to high pCO2 reduces 
settlement  

 

 
• Count settled on jar 

• Count dead 
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Figure 2: Mean daily temperature of seawater used for CCA experiment as recorded by 
the HACH glass electrode probe. Error bars signify standard error. Red line signifies 
treaments with higher CO2 concentrations while blue line represents ambient treatments. 
Seawater originated from a naturl source which accounts for the seasonal increase in 
temperature during the later portion of the experiment. 

 

Figure 3: Mean daily pH of seawater used for CCA experiment as recorded by the 
HACH glass electrode probe. Error bars signify standard error.Red line signifies 
treaments with higher CO2 concentrations while blue line represents ambient treatments.  
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Figure 4: Percent change in buoyant weight of CCA conditioned to ambient or CO2-
enriched conditions over a 6 week time period. Change in buoyant weight calculated by 
subtracting initial weight from final weight and averaging CCA samples within a 
treatment. Error bars signify standard error. 
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Spring      Late Summer 
a)         d)         

   
b)         e) 

    
c) 

 
 
 
Figure 5: Survival curves of 5 separate trials comparing survival of ambient and CO2-
enriched larvae from hatched trochophore stage to settlement stage. Ambient larvae are 
represented by blue lines and CO2-enriched by red lines. Graphs organized based on 
season the larvae were raised. Origin of adult abalone used for gamete production labeled. 
a) Only SIO facility abalone used for larvae production. Larvae from the trial were used 
for CCA/Larvae and CCA/GABA experiment b) Only abalone originating from Goleta 
used. c) SIO facility abalone used during spring trial. d) Late summer trial used only SIO 
facility abalone. e) Spring larvae used for Larvae/GABA expeirment produced from a 
combination of SIO facility and Cayucas abalone. 
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a) 

 

b) 

 

Figure 6: Results of larval settlement survey for CCA/Larvae experiment 1. Larvae 
(ambient or high pCO2) encountered CCA (ambient or high pCO2). Error bars signify 
standard error. a) Proportion of larvae that have either settled on CCA surface, settled on 
jar, or died. Error bars signify standard error. b) Count of larvae settled on the CCA 
surface, settled on jar, or larvae that died. Initial counts of larvae added to each treatment 
were not made, which produced variation in the total larvae added to each treatment; 
therefore, the schematic does not imply there were less settled larvae when larvae were 
treated to high pCO2.  
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Figure 7: Proportion of larvae (ambient or CO2-treated) that successfully settled on CCA 
for CCA/Larvae Experiment 1. Proportion of settled larvae was weighted based by the 
surface area of CCA available to the larvae; since proportion values were very small, the 
values were adjusted to proportion settled per meter2 of CCA substrate. Error bars signify 
standard error. 
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a) 

 

b) 

 

Figure 8: Results of larval settlement survey for CCA/GABA Experiment 2. Ambient-
raised larvae encountered ambient or CO2- enriched CCA in seawater with or without 
GABA. Error bars signify standard error. a) Proportion of larvae that have either settled 
on CCA surface, settled on jar, or died. Error b) Total count of larvae settled on the CCA 
surface, settled on jar, or larvae that died.  
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Figure 9: Proportion of ambient larvae that settled on CCA (ambient or CO2-treated) for 
CCA/GABA Experiment 2. Proportion of settled larvae was weighted based on the 
surface area of CCA available to the larvae. Error bars signify standard error. 
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a) 

 

b) 

 

Figure 10: Results of larval settlement survey for Larvae/GABA settlement experiment 3. 
Larvae treated to seawater with or without GABA; no CCA included in this experiment. 
Error bars signify standard error a) Proportion of larvae (CO2- enriched and ambient) that 
have either settled on jar surface or died. b) Total count of larvae settled on jar surface 
and larvae that died for Larvae/GABA settlement experiment.  
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Figure 11: Proportion of larvae (ambient or CO2-treated) that successfully settled on the 
jar surface for Larvae/GABA settlement experiment 3. Larvae pre-conditioned to ambient 
or CO2-enriched conditions were exposed to seawater with or without chemical 
settlement inducer GABA. Proportion of settled larvae was weighted by the surface area 
of jar available to the larvae. Error bars signify standard error. 
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Table 2. Average daily pH and temperature conditions experienced by larvae during 
development for 5 trials. Due to the death of the larvae batches for trials 2, 3 and 4, 
records show conditions up until the day of the mass extinction. Reported conditions 
recoded by HACH glass electrode pH probes.  

Larvae 
Trial 

Date     

  Ambient  CO2  
 

 
Average pH 
 

Average 
Temp °C 
 

Average pH 
 

Average 
Temp °C 
 

Trial 1 23-4-2013 8.05 ± 0.01 18.16 ± 0.02 7.88 ± 0.02 18.05 ± 0.02 
 24-4-2013 8.02 ± 0.02 17.26 ± 0.05 7.82 ± 0.03 17.43 ± 0.09  
 4/25/2013 8.00 ± 0.01 17.65 ± 0.04 7.82 ± 0.02 17.66 ± 0.06 
 26-4-2013 

 
8.04 ± 0.01 
 

17.93 ± 0.03 
 

7.83 ± 0.03 
 

18.5 ± 0.00 
 

Trial 2 5/16/2013 7.93 ± 0.03 18.84 ± 0.03 7.80 ± 0.01 19 ± 0.02 
 5/17/2013 8.07 ± 0.01 17.88 ± 0.02 7.86 ± 0.003 18.27 ± 0.01 
 5/18/2013 8.08 ± 0.01 18.94 ± 0.03 7.88 ± 0.01 18.05 ± 0.02 
      

Trial 3 5/19/2013 8.09 ± 0.01 20 ± 0.04 7.96 ± 0.01 19.22 ± 0.03 
 5/20/2013 

 
8.07 ± 0.02 
 

20.1 ± 0.05 
 

7.91 ± 0.06 
 

20.08 ± 0.08 
 

Trial 4 7/27/2013 7.99 ± 0.01 16.3 ± 0.04 7.80 ± 0.01 14.99 ± 0.03 
 7/28/2013 8.05 ± 0.02 15.93 ± 0.05 7.85 ± 0.01 15.55 ± 0.03 
 7/29/2013 8.03 ± 0.02 15.62 ± 0.13 7.86 ± 0.01 15.49 ± 0.09 
      

Trial 5 8/30/2013 8.00 ± 0.02 15.02 ± 0.06  7.83 ± 0.002 15.08 ± 0.05 
 8/31/2013 8.03 ± 0.01 15.07 ± 0.09 7.87 ± 0.004 15.32 ± 0.09 
 9/1/2013 8.02 ± 0.003 15.05 ± 0.04 7.82 ± 0.003 16.13 ± 0.07  
 9/2/2013 8.04 ± 0.01 16.30 ± 0.05 7.88 ± 0.01 16.21 ± 0.07 
 9/3/2013 8.05 ± 0.01 15.78 ± 0.14 7.88 ± 0.01 15.35 ± 0.07 
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