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ABSTRACT 

 

Understanding Relationships Between Human and Marine Communities via 

Experimentation, Long-Term Data and Education 

 

by 

 

Xochitl S. Clare 

 

Marine heatwave (MHW) events defined as prolonged periods of anomalously high 

seawater temperatures have emerged as influential and disruptive climate-change driven 

disturbances in coastal oceans, threatening marine biodiversity worldwide. As a physical 

phenomenon, MHW events are extreme disturbance events in coastal marine ecosystems and 

have impacted marine invertebrate communities. In coastal California, impacts of a major 

MHW in 2014 to 2016 included major declines in the kelp canopy biodiversity, high 

mortality of abalone, and altered biogeographic ranges of marine invertebrates. Recent 

modeling efforts suggest that MHW events will intensify in frequency and intensity in the 

future, with estimates that MHW events will become annual events under “business as-usual” 

emission scenarios. In this light, my dissertation at the University of California, Santa 

Barbara (UCSB) in the Hofmann Lab examined adult and early stages of an emerging 

shellfish fisheries species, a benthic gastropod, the Kellet’s whelk (Kelletia kelletii) in the 

ecological context of MHWs. 

 



 

 xix 

TABLE OF CONTENTS 

 

Chapter 1: Introduction ..................................................................................................1 

Understanding marine heatwaves ................................................................1 

Implications for fisheries in the face of MHWs ...........................................1 

Assessing MHWs impacts in the Santa Barbara Channel ...........................2 

Bottom MHWs .............................................................................................3 

Oceanographic forecasting of MHWs for ecosystem management .............4 

Study system ................................................................................................4 

Education and outreach ................................................................................7 

Dissertation summary ..................................................................................8 

Chapter 2: Eco-physiology methodology for investigating the effects of marine heatwave 

temperatures on K. kelletii progeny .............................................................................10 

INTRODUCTION .....................................................................................10 

MATERIALS & METHODS ....................................................................12 

Specimens collection and husbandry ...................................................12 

Kellet’s whelk development and sampling protocol ............................13 

Veliger sampling ..................................................................................14 

Hatchling sampling ..............................................................................14 

Thermal tolerance trials .......................................................................15 

Scoring for LT and AT trials ...............................................................17 

Statistical analysis of LT50 and AT50 data............................................17 

Environmental temperature data ..........................................................18 

RESULTS ..................................................................................................19 



 

 xx 

General observations ............................................................................19 

Assessment of mortality (LT) ..............................................................21 

Assessment of developmental abnormality (AT) ................................21 

Environmental temperature data ..........................................................22 

DISCUSSION ............................................................................................22 

Overview ..............................................................................................22 

Larval biology and the thermotolerance of K. kelletii early life history stages

..............................................................................................................23 

Consequences for fisheries ..................................................................24 

Summary ..............................................................................................26 

Chapter 3: Impacts of a long-term MHW acclimation on reproduction, early stage 

development and acute thermal stress K. kelletii.........................................................28 

INTRODUCTION .....................................................................................28 

MATERIALS & METHODS ....................................................................31 

Specimens collection and husbandry ...................................................31 

Environmental temperature data ..........................................................31 

Adult acclimation and capsule laying conditions ................................32 

Developmental timeline and capsule observations ..............................32 

Protocol for scoring stage progression in capsules ..............................35 

Acute thermal tolerance trials and scoring for effects of MHW acclimation 36 

RESULTS ..................................................................................................39 

Developmental timeline and capsule observations ..............................41 

Capsule height and larvae per capsule .................................................43 



 

 xxi 

Effects on progression of development................................................46 

Mortality and abnormality scoring of early stage individuals .............48 

DISCUSSION ............................................................................................49 

Observations about capsules ................................................................50 

Rate of development ............................................................................53 

Progression of development .................................................................54 

Effects of temperature on the progression of normal development .....55 

Mortality and abnormality scoring of early stage individuals .............56 

Conclusion and summary .....................................................................57 

Chapter 4: Larval thermotolerance of K. kelletii under a short-term MHW simulation59 

INTRODUCTION .....................................................................................59 

Background ..........................................................................................59 

MATERIALS & METHODS ....................................................................62 

Experimental rationale .........................................................................62 

Environmental temperature data ..........................................................63 

Specimens collection and husbandry ...................................................64 

Developmental timeline .......................................................................64 

MHW-Simu..........................................................................................65 

Larval thermotolerance trials and scoring............................................66 

RESULTS ..................................................................................................67 

MHW-Simu trials for veligers and hatchlings .....................................68 

Larval thermotolerance trials and scoring............................................70 

DISCUSSION ............................................................................................71 



 

 xxii 

MHW-Simu and environmental temperatures .....................................72 

Larval thermotolerance ........................................................................72 

Recommendations for future experimentation.....................................73 

Chapter 5: REEFlections: Understanding sense of belonging in undergraduate research 

virtual science communication ....................................................................................76 

INTRODUCTION .....................................................................................76 

Background ..........................................................................................76 

Intervention rationale ...........................................................................77 

Research framework ............................................................................79 

Preliminary study overview .................................................................81 

MATERIALS & METHODS ....................................................................83 

Program organizers ..............................................................................83 

Participant recruitment and program timeline .....................................83 

Program assignments and activities .....................................................86 

Virtual symposium ...............................................................................88 

Coding transcripts ................................................................................90 

RESULTS ..................................................................................................92 

DISCUSSION ............................................................................................96 

Recommendation for future SOB active learning intervention assessments 99 

Chapter 6: Conclusion................................................................................................101 

Thermal tolerance of early stage marine invertebrates ......................102 

Impacts of MHWs on reproduction and early stage development .....103 

Recommendations for future experimentation...................................104 



 

 xxiii 

Recommendations for K. kelletii fisheries population modeling with respect to 

MHWs ................................................................................................106 

Recommendations for K. kelletii fisheries and management with respect to 

MHWs ................................................................................................108 

Increasing undergraduate and public access to marine science .........111 

 



 

 1 

Chapter 1: Introduction 

 Understanding marine heatwaves 

Marine heatwave (MHW) events defined as prolonged periods of anomalously high sea 

surface temperatures (SST) (Hobday et al., 2016) have emerged as influential, and disruptive, 

climate-change driven disturbances in coastal oceans, threatening marine biodiversity 

worldwide (E. C. J. Oliver et al., 2021). As physical phenomenon, MHW events are extreme 

disturbance events in coastal marine ecosystems and have impacted marine invertebrate 

communities (Smale et al., 2019). In coastal California, impacts of a major MHW in 2014 to 

2016 included major declines in the kelp canopy biodiversity, high mortality of abalone 

(Cavanaugh, Reed, Bell, Castorani, & Beas-Luna, 2019; Rogers-Bennett & Catton, 2019; 

Seuront, Nicastro, Zardi, & Goberville, 2019), and altered biogeographic ranges of marine 

invertebrates (E Sanford, Sones, Garcia-Reyes, Goddard, & Largier, 2019). Recent modeling 

efforts suggest that MHW events will intensify in frequency and intensity in the future (E. C. 

J. Oliver et al., 2021) with estimates that MHW events will become annual events under 

“business as-usual” emission scenarios (Pörtner, 2022). In this light, my dissertation at the 

University of California, Santa Barbara (UCSB) in the Hofmann Lab examined adult 

and early stages of an emerging shellfish fisheries species, a benthic gastropod, the 

Kellet’s whelk (Kelletia kelletii, Forbes, 1850) in the ecological context of MHWs. 

Implications for fisheries in the face of MHWs 

In addition to impacts on coastal marine ecosystems, the continued occurrence of MHW 

events pose a threat to aquaculture and fisheries (Smith et al., 2021; T. Wernberg et al., 

2013). Significant impacts of these extreme thermal stress events on aquaculture have been 
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reported. For example, in Hawai’i, during the 2009 to 2010 El Niño Modoki, a period of high 

temperature was linked to mortality events in economically and culturally important 

fishponds (McCoy et al., 2017). Likewise, on the Western Australian coast, a 2010 to 2012 

MHW event resulted in high mortality of abalone as well as major reductions in recruitment 

of scallops, prawns, and swimmer crabs (Caputi et al., 2016). In the western Atlantic, large 

mortality events of mussels have also been reported after extreme heat events (Seuront et al., 

2019). Taken together, these observations indicate that MHW events have caused disruptions 

in aquaculture practices worldwide, and that a diversity of wild caught shellfish species are 

vulnerable via reduced recruitment and direct mortality in response to extreme thermal stress. 

The marine research community has noted that there is a gap in knowledge regarding 

plasticity, resilience, and the thermal tolerance of key marine species (E. Oliver, 2019). 

Assessing MHWs impacts in the Santa Barbara Channel 

The California kelp forest represents one of our planet’s most dynamic ecosystems with 

natural resources that support commercial and small-scale fisheries alike. However, 

ecosystem resources the kelp forests provide are at risk due to MHWs. As an example, 2013–

2014 MHW in the Northeast Pacific, nicknamed “the Blob” stretched from the coast of 

Alaska to Baja California and persisted through the end of 2015 (Cavole et al., 2016). This 

MHW resulted in biogeographical species range shifts (Cavole et al., 2016), mass strandings 

of megafauna, and closures of economically important fisheries. As a result of MHWs that 

have threatened the stability of kelp forest ecosystems, work from the UCSB Santa Barbara 

Coastal Long-Term Ecological Research (SBC-LTER) Project has (1) helped quantify the 

impacts of MHWs on community structure in the Santa Barbara Channel, (2) understand the 

ecosystems shifts that occur as a result of MHWs and (3) cultivated a detailed record of 
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extreme temperature events in the Santa Barbara Channel. This effort supports the work of 

ocean change biology on important fisheries species, such as the work in my dissertation. 

Data from the SBC-LTER was used to contextualize the ocean warming work in my 

dissertation.  

Bottom MHWs 

While we have conventionally understood MHWs in reference to anomalous SSTs, we 

are now expanding our knowledge on the spatial scope and vertical distribution of MHWs, 

and investigating the occurrence of bottom MHWs (BMHWs). Recently, oceanographers 

have observed extreme ocean warming at depth, with the vertical distribution of the 

anomalous ocean temperatures reaching to the benthos. These benthic anomalous ocean 

warming events, BMHWs, have been observed globally (D. Amaya et al., 2023), and have 

been linked to coral bleaching events at sites in French Polynesia in recent studies (Wyatt et 

al., 2023). In this light, relying solely on understandings of MHWs that are based on sea 

surface satellite data does not allow for a complete understanding of local temperature 

dynamics in order to predict how marine ecosystems will respond to climate warming. 

Oceanographers have identified that we must integrate our understanding across ocean space 

to mitigate the impacts of MHWs (Starko et al., 2022). Addressing this need, in my 

dissertation, I was able to identify BMHWs at SBC-LTER study sites in the Santa Barbara 

Channel and designed experiments that are ecologically relevant to the thermal environment 

in situ for adult benthic invertebrates (SBC-LTER).  
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Oceanographic forecasting of MHWs for ecosystem management 

Past ecosystem management efforts have been limited by our capacity to predict and 

prepare for MHW events. Although MHWs have been recorded around the globe, since we 

have suffered from a limited ability to predict MHWs, the majority of climate action to 

mediate the impact of MHWs has been retroactive. Globally, the documented socioeconomic 

impacts of MHWs have been significant (Smith et al., 2021). For example, in the Northeast 

Pacific region, commercial and recreational fisheries were closed after the catastrophic 

“Blob” event, where both the MHW caused harmful algal blooms that resulted in unsafe 

shellfish sales. Economic losses in 2016 were estimated at $48 million (Holland, 2020). The 

Dungeness crab fishery from Washington to California was closed for 2015–2016 season 

after the impacts on the fishery were observed (Holland, 2020). Moving forward, being able 

to forecast MHWs will allow communities to be proactive for extreme MHW events 

allowing businesses to better prepare for climate event market shocks linked to our marine 

resources (Jacox et al., 2022). Along with building tools to track MHWs, recent studies have 

now developed the ability forecast marine heatwaves. A recent MHW forecasting study uses 

thirty years of retrospective forecasts to develop MHW predictions 1 to 12 months in 

advance (Hannah, 2021). Using both oceanographic and climate change biology approaches, 

MHW trackers and forecasting serves as a tool for community management in the Santa 

Barbara Channel. 

Study system 

Among kelp forest benthic scavengers, the Kellet’s whelk is an ideal shellfish species to 

study with regard to impacts of MHW events on a fisheries species. As a new and expanding 

wild fishery in coastal California (CDFW, 2020), whelks are highly abundant and are easily 
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maintained in the laboratory as adults and as larvae. Found from 2 to 70 m deep and 

distributed from central California to Baja, the Kellet’s whelk has been reported to be 

expanding its geographical range northward into Monterey Bay, CA (D. Zacherl, S. Gaines, 

& S. Lonhart, 2003).  

Whelks are long-lived and have separate sexes that reproduce annually via internal 

fertilization. Whelks can store sperm for an undetermined time (possibly up to a year). 

Females lay masses of egg capsules on benthic substrate (between March and July), and 

development of encapsulated embryos occurs over a 4–6 week period when veligers emerge 

as hatched veligers (also known as hatchlings) (Figure 1). From an environmental 

perspective, many life stages of the Kellet’s whelk would experience MHW temperatures in 

nature, with early development in capsules, hatching, and adult gametogenesis occurring at a 

time of recorded past MHW events in the Santa Barbara Channel. There is no doubt that 

whelk populations that have faced an increase in fishing pressure over the past five years 

have also endured repeated MHWs in the Santa Barbara Channel. 

Although records show that whelk catch rates experienced a large increase in 1993, 

management of the whelk fishery is still developing. Whelk can be harvested by hand and via 

rock crab or lobster traps with proper licensing and permitting during the open season for 

Figure 1. The life cycle of Kellet’s whelk: (a) After spring spawning aggregations, adult females deposit 

egg capsules on rocky substrate in the kelp forest. Larvae will undergo (b, c) development within the capsule as 

encapsulated veligers for 4-7 weeks before (d) hatched veligers (“hatchlings” or “planktonic veligers”) are 

released into the water column. 
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commercial harvest. For the state of California, commercial harvest starts July 1st to once the 

harvest reaches the total allowable catch for Kellet’s whelk (100,000 lbs per person), or 

through the first Wednesday after the 15th of March (lobster season harvest closure).  

Recreational harvest of whelk is permitted outside of protected areas. While catch bag 

limits for the whelk have been established (35 individuals), like many harvested invertebrate 

species, there is no formal stock assessment. Most concerning, both recreational and 

commercial harvest of whelk are not regulated by minimum individual size limits. Kellet’s 

whelk life history characteristics (e.g., slow growth, and externally developing larvae) make 

whelks especially vulnerable to a underregulated fishery. As MHWs are increasing in 

intensity, it is essential to gain more knowledge on the implementation of regulations that can 

best pair with the whelk’s biology. 

For my study region, between the two actively fished and economically important 

shelled gastropods in this California kelp forest ecosystem—red abalone and Kellet’s 

whelk—there is little information on thermal tolerance of their early vulnerable stages 

(Zippay & Hofmann, 2010). While our understanding of the thermal tolerances of shelled 

gastropods in the Santa Barbara Channel is limited, it may be that that slow moving, 

temperate reef organisms are more vulnerable to thermal stress due to their limited ability to 

escape warming events (Leung, Connell, & Russell, 2017). Further, it is possible that long 

lived organisms with shorter generation times, such as red abalone and Kellet’s whelk that 

can live up to ten and twenty years, respectively, may possess lower adaptive capacity to 

environmental change. 
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Education and outreach 

To address the challenges that climate change will bring to on our marine ecosystems, we 

need increased engagement, and contributions from individuals from many backgrounds, 

experiences, and areas of expertise. Traditional science education approaches often fail to 

value the integration of student identities in STEM education settings. Educational tools and 

programming I developed for my dissertation utilized narrative to bridge my findings with 

the scientific community and the broader public. My educational tools engaged the public 

and highlighted student perspectives and backgrounds into discussion on global change 

biology topics. Specifically, I collaborated with the UCSB Research Experience & Education 

Facility, the campus aquarium, maintained by UCSB undergraduates, who host education 

programs for general public visitors. I worked with the REEF to establish (1) an education 

intervention, REEFlections, an undergraduate science communication symposium and (2) 

established an experiment display (“science in action”) temperature manipulation system and 

outreach program at the REEF. I founded and directed for REEFlections for three years 

(2019, 2020, and 2022) and conducted an assessment on student participants in the 2020 

REEFlections cohort for my dissertation. In order to determine whether or not my outreach 

and education intervention reached inclusivity goals for the program, I examined student 

interview transcripts for areas where students reported experiencing a sense of belonging 

(SOB) as a result of participating in STEM research and REEFlections-related activities. To 

establish “science in action” outreach programming I developed in collaboration with the 

REEF and Coastal Fund (UCSB Coastal Fund Grant Number: FALL 19-09), my experiments 

outlined in subsequent chapters (Chapter 3 and 4) were staged at the UCSB REEF. I initiated 

the establishment of an experiment display temperature manipulation system to showcase 
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climate “science-in-action” by engaging a wider suite of persons than typically involved in 

the process of scientific discovery in global change biology research at UCSB. For two of the 

experiments in my dissertation (Chapter 3 and 4), I recruited undergraduate research 

assistants from a broad range of STEM and non-STEM disciplines to assist with my research 

and education program development. I trained students to research and education assistants 

for the display and guided them in using scientific storytelling to engage the public with my 

research.  

Dissertation summary 

While the Kellet’s whelk has been caught recreationally and as bycatch in commercial 

crab fisheries since 1979, little is known about the whelk’s ecology. For my dissertation I 

conducted organismal biology investigations using physiology and larval biology techniques. 

I conducted lab experiments on adult and early stages of K. kelletii to uncover characteristics 

of a small-scale molluscan fishery species in the face of environmental variability. My 

dissertation work represents the most recently published exploration of Kellet’s whelk 

development and larval staging (Clare, Kui, & Hofmann, 2022). I also consulted long term 

ecological research (LTER) datasets to contextualize my larval experimental findings.  

In summary, with projects centered on the on the response of an emerging fishery species 

to MHWs, my dissertation is comprised of these three elements of research: (a) organismal 

biology, (b) long-term ecological data analysis, and (c) educational programming. I 

employed these three elements to achieve the following aims (Figure 2): 

Specific Aims: 

1. Develop eco-physiology methodology to investigate the effects of marine heatwave 

temperatures on K. kelletii progeny  
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2. Conduct laboratory acclimations of adult K. kelletii to investigate the impacts of adult 

reproduction and larval development on larval thermotolerance 

3. Use narrative-based learning as a tool for STEM outreach & education 

 

  

Figure 2. Schematic diagram of three elements of my dissertation research. The figure displays 

the three elements of my dissertation research: (a) organismal biology, (b) long-term ecological data 

analysis, and (c) educational programming, and how they relate to the research projects outlined in the 

subsequent chapters of my dissertation. 
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Chapter 2: Eco-physiology methodology for investigating the effects of marine 

heatwave temperatures on K. kelletii progeny 

INTRODUCTION 

In this chapter, I examined the thermal tolerance of vulnerable early 

developmental stages for the Kellet’s whelk. The goal of this work was to assess how early 

stage K. kelletii respond to environmental temperatures that have occurred in the Santa 

Barbara Channel during past MHW events (Figure 3). Specifically, MHWs in the region 

have usually started in summer and would range into late fall/early winter with temperatures 

increasing 1-6 °C above seasonal averages. 

Thermal stress induced by MHWs has been documented to have impacts on the 

productivity of coastal ecosystems around the globe. Due to the loses driven by MHWs (e.g., 

economic, social, and cultural), MHWs have stirred concern among practitioners in 

aquaculture and as well as managers of wild fisheries. While similar studies on shellfish 

fisheries species also report MHWs as a threat (Leung et al., 2017), surprisingly, little data 

can be found regarding thermal tolerances of shellfish fishery species.  

There have been select studies on thermal tolerances of early stage benthic marine 

invertebrates (Pecorino, Lamare, Barker, & Byrne, 2013; Woolsey, Keith, Byrne, Schmidt-

Roach, & Baird, 2015), including studies on ecologically and economically important kelp 

forest species such as the giant red sea urchins (Wong & Hofmann, 2020) and in estuarine 

species such as the Olympia oyster (Bible, Evans, & Sanford, 2020). Among the few studies 

on larval thermotolerance of shellfish species, there are even fewer studies that assess 

tolerance, sensitivity, and resilience of early stage shellfish that are explicitly conducted in a 

MHW context. Specifically, where thermal tolerance is interrogated across a range of 
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temperatures that reflect present day to MHW conditions, to future MHW conditions—which 

are predicted to increase in intensity (E. Oliver, 2019).  

Even within the same habitat, different gastropod species are able to adjust physiological 

traits to accommodate acute thermal stress (Leung et al., 2017). However, the varied levels of 

robustness or sensitivity to MHWs is unknown for critical early life stages for many marine 

invertebrates in the kelp forest—especially gastropod shellfish species. Therefore, since some 

marine gastropods show localized resilience to warmer temperatures (Somero, 2010), further 

thermal tolerance trials are necessary to determine levels of thermal resilience for 

economically important gastropod shellfish species. Addressing this need, the goals of the 

study in this chapter were to answer the following research question: How do early stage K. 

Figure 3. Time series of benthic temperature data from January 2014 to July 2021 at adult whelk kelp forest 

collection sites, Carpinteria Reef and Naples Reef, Santa Barbara Channel, CA USA. Daily mean 

temperature data is indicated by the gray line whereas the 90th percentile is indicated by the green line. The 

benthic temperature data for this study captures the “Blob” (MHW temperatures from 2014 to 2016) as well 

as more recent MHW temperature anomalies (2018 to 2019) shown in red. Using oceanographic data from 

the Santa Barbara Coastal Long Term Ecological Research (SBC-LTER) program, the MHW patterns are 

plotted with the methods described by Schlegel and Smith (2018). The blue dashed line indicates the dates 

when the adult whelks were collected in the field. 
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kelletii respond to environmental temperatures that have occurred in the Santa Barbara 

Channel during past MHW events in acute thermal tolerance trials? I addressed this question 

by testing the following hypothesis that earlier stages of development would show greater 

levels of thermal tolerance, as has been shown in other California kelp forest gastropod 

species (Leighton, 1974) (Table 1). 

MATERIALS & METHODS 

Specimens collection and husbandry 

Adult Kellet’s whelk were hand collected in summer 2018 via SCUBA from benthic 

kelp forest reef sites in the Santa Barbara Channel region. Whelks collected from Naples 

Reef, CA USA (34° 25.335° N, 119° 57.122° W) were at a depth of 12.5 m; and whelks 

collected from Carpinteria Reef, CA USA (34° 23.467° N, 119° 32.648° W) were at a depth 

of 9.1 m. Adult specimens were collected under California Scientific Collection permits (SC-

1223 to G. E. H., and SC-11964 to Dr. Robert Miller as the permit to the Santa Barbara 

Coastal LTER). Immediately following collection, adult whelks were transported in coolers 

to aquaria facilities at the Marine Science Institute of the University of California, Santa 

Table 1. Hypotheses and assays for the study described in Chapter 2 of my dissertation. The goals of 

the study in this chapter were to answer the research question listed above via the listed hypothesis. 

Corresponding assays for the hypothesis and research question are outlined in this table. 
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Barbara (UCSB) where they were maintained in flow-through sea water tanks through their 

summer reproductive season (March–July 2019). During this acclimation period, whelks 

from each site were held in separate tanks (14 whelks per tank) and were fed once weekly. 

The light– dark cycle was not strictly controlled and was that of natural daylight conditions 

within the seawater workroom. 

Kellet’s whelk development and sampling protocol 

For the thermal tolerance trials (described below), egg capsules and larvae from the 

capsules were pooled from females from the two collection sites. During the capsule 

deposition stage (April–July 2019), male and female whelks were housed in the same tanks 

during mating and oviposition at approximately 15°C, an average ambient temperature. All 

egg capsules were maintained at a 12:12 light–dark schedule, and from each clutch, capsules 

were randomly selected. To evaluate thermal tolerances of larvae in their final week within 

the egg capsule, and during their first days as swimming larvae, larvae were sampled from 

capsules at two distinct stages for thermal tolerance trials: (1) encapsulated veligers and (2) 

hatchlings. These two stages are defined via their relationship to the capsule, and the stage of 

larval development. From a developmental perspective, early stage Kelletia kelletii undergo 

development with a period of intracapsular development (30–35 days) to planktonic 

development after release from the capsule (approximately 5.5–9 wk), and finally to benthic 

settlement. Over the course of intracapsular development, K. kelletii transition from 

embryos, to trochophores, to the encapsulated veliger prior to emerging from egg capsules as 

a hatched veliger. It is unknown if K. kelletii produces nurse embryos within egg capsules. A 

single whelk can lay a minimum of 100 egg capsules each year, with each capsule housing 

up to 1,200 larvae. The transitions whelk larvae undergo within their capsule and during 
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hatching may be highly predictive of larval condition, swimming ability, and settlement 

success. Hereafter, larvae in the encapsulated veliger stage will simply be referred to as 

“veligers” and “hatched veligers”, those that have naturally emerged from the capsule, will 

be referred to as “hatchlings.” 

Veliger sampling 

Larvae developed within capsules and were monitored in ambient seawater tanks 

until the veliger stage was reached. After 4 wk of intracapsular larval development, single 

capsules of veligers were separated from egg clusters to be used in thermal tolerance trials. 

Individual capsules were sampled randomly across and within egg clusters. In the final step 

of veliger sampling, single egg capsules of veligers were individually deposited into a 20 ml 

vials to be used for thermal tolerance trials. Veligers from a random sampling of clutches 

from both sites were used to evaluate thermal tolerances. 

Hatchling sampling 

As larvae within capsules neared 5–6 wk of development, capsules were randomly 

sampled from laid capsule clusters and were placed in mesh bins to allow larvae to swim free 

from capsules and hatch naturally. Mesh bins allowed for a small amount of fresh flowing 

seawater in between daily water changes during the hatchling holding period (1–3 days). 

Larvae in whelk species have been noticed to emerge simultaneously in capsule clusters via 

chemosensory signaling between patches of hatching capsules (Miner, Donovan, & Andrews, 

2010). Therefore, randomly sampled capsule clusters were kept together in mesh bins and 

sampled for thermotolerance trials on a single day when it appeared that the majority of 

capsules were hatched. Like veliger thermotolerance trial sampling, hatchlings were pooled 
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across sites and females for thermotolerance trials. Hatchling sampling was done by 

transferring larvae from plastic beakers as they hatched, into larger sampling bins, and finally 

into large glass beakers to achieve desired larval concentrations. After pouring hatchlings 

from plastic beakers into a midsized bin, egg capsules were washed over the bin to maximize 

collection of emerging hatchlings. By gently siphoning water from a submerged mesh, excess 

water was removed from the bins to achieve 150–250 ml concentration of hatchlings in the 

final larger sampling beakers. In the final step of hatchling sampling, 5 ml concentrations of 

hatchlings were deposited into 20 ml vials for thermal tolerance trials. Each temperature 

treatment vial contained approximately 200 hatchlings in fresh seawater. Hatchlings from a 

random sampling of clutches from both sites were used to evaluate thermal tolerances. 

Thermal tolerance trials 

Thermal tolerance of Kelletia kelletii larvae was measured for both encapsulated 

veligers and hatchlings using constant, acute temperature exposures. Water baths were 

attached at each end of an aluminum heat block to establish a temperature gradient for each 

set of trials. Temperatures were recorded using an OMEGA handheld digital thermometer 

equipped with a wire thermocouple (Thermolyne PM 20,700/Series 1218). Due to 

differences in development timing between veligers and hatchlings, thermal tolerance trials 

were held over the course of approximately 2 wk. Larvae of both stages were exposed to 12 

temperatures that ranged from approximately 15°C to 37°C for 1 h; temperatures along the 

heat gradient were: approximately 14.8°C, 15.2°C, 25.8°C, 29.0°C, 32.0°C, 32.8°C, 33.0°C, 

34.1°C, 35.4°C, 35.5°C, 36.9°C, 37.2°C. Vials of larvae were haphazardly arranged across 

the heat block such that larvae were of the 12 treatment temperatures. Larvae were held in 

control temperature treatment vials at approximately 14.8°C–15.2°C in a cold room at the 
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start of each 1 h trial. All larvae were scored, photographed, and measured within 1–2 h after 

the 1 h thermal tolerance trial was complete. 
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Scoring for LT and AT trials 

At the end of the thermal tolerance trial, vials of larvae were removed from the heat 

block and control vials of larvae were removed from the cold room. Thermal tolerance was 

measured using two metrics: (1) percent mortality and (2) degrees of developmental 

abnormality. Lethal temperatures (LTs) were assessed using standard methods for calculating 

LT thresholds. Abnormality temperatures (ATs) were assessed by examining abnormalities 

of the general body morphology as indices of structural abnormalities (e.g., velum, shell 

composition). Percent mortality and abnormality were determined via binary scoring. To 

determine percent mortality, 100 larvae from each vial were scored as either alive or dead 

based on the presence or absence of ciliary movement (swimming behavior) viewed under a 

light microscope. Veligers were maintained within their capsules in vials for all thermal 

tolerance trials. Once the trial was complete, veligers were forcibly removed from their 

capsules to be evaluated for scoring. To observe veliger swimming behavior, capsules were 

dissected, and veligers were released in a petridish. Prior to being pipetted into a slide for 

scoring, veligers were gently swirled in fresh seawater in the dissection petridish to let them 

swim free from their capsular jelly. Hatchlings were simply pipetted to rafter slides for 

scoring. Percent of larval abnormality was determined by screening for irregular movement, 

sporadic swimming behavior, or significant damage to important body structures. 

Statistical analysis of LT50 and AT50 data 

The LT50, the LT at which 50% of larvae died (median mortality), was used as a 

measure of mortality in the thermal tolerance trials. LT50 values are a standard metric used to 

assess temperature sensitivity (Bilyk & DeVries, 2011). In addition, the AT50, where 50% of 

larvae showed abnormal development or behavior, were used to record larval abnormality in 
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thermal tolerance trials. Both the LT50 and AT50 (median abnormality) were determined for 

veligers and hatchlings. LT10 and LT25 as well as AT10 and AT25 values (temperatures at 

which 10% or 25% of larval mortality or abnormality occurs) were also calculated, as smaller 

increments of mortality or signs of abnormality might have biological significance (Collin & 

Chan, 2016). A generalized linear model was used to test larval thermal tolerances in both 

stages across temperature treatments. Temperature treatments were set as fixed continuous 

factors in the model. LT and AT values were calculated using a logistic regression for each 

temperature treatment. Statistical analyses for thermal tolerance were performed using the 

lme4 (Bates, Machler, Bolker, & Walker, 2015), MASS (Ripley, 2013), and base packages in 

R (version 3.5). Significance tests (p-values, degrees of freedom, and z-scores) were 

conducted to determine whether or not there was a statistically significant relationship 

between mortality and abnormality and the response variable, temperature, in the model. 

Environmental temperature data 

Temperatures used in thermotolerance trials were collected at the two study sites: 

Carpinteria Reef and Naples Reef, as a part of ongoing research activities of the SBC-LTER 

(SBC-LTER 2022). Temperature data were collected via Onset HOBO TidbiT v2 

temperature loggers deployed on the kelp forest benthos where adult Kelletia kelletii were 

collected, and where egg masses are laid by the adults. Two data loggers at each site were 

Table 2a and b. Annual mean, minimum and maximum benthic temperatures from the SBC-LTER study 

sites: Carpinteria and Naples Reef, CA, USA from 2018 to 2019. 
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programed to record every 30 min with recording times offset by 15 min. Sensors were 

deployed at a depth of approximately 7 m and were retrieved biannually. Data are published 

in the Environmental Data Initiative repository (SBC-LTER 2022). An ocean heatwave 

analysis was performed using a heatwave R package (Schlegel, 2018). The daily mean 

temperature (Figure 3) was calculated using daily data from 2000 to 2021 for Carpinteria 

Reef and from 2012 to 2021 for Naples Reef. The 90th percentile temperature threshold was 

used to detect warming events (Figure 3). 

RESULTS 

General observations 

Thermal tolerance trials were conducted on two early life history stages: an intracapsular 

stage, the veliger, and the extracapsular free-swimming larval stage, the hatchling. In general, 

there were two observations that applied to both stages: (1) mortality for both stages occurred 

Figure 4. Thermal tolerance shown as percent mortality (LT50; solid curves) and percent abnormality (AT50; 

dashed curves) for Kelletia kelletii encapsulated veligers and hatchlings following 1 h temperature 

exposures. The black dashed line indicates where half of the larvae experienced 50% mortality (LT50). 

Points are plotted as percent survivorship and abnormality with the lines showing the logistic regression for 

each temperature treatment. Larvae used in thermal tolerance trials were sampled in the laboratory from 

broods of adult females from Carpinteria and Naples Reef. 2015 MHW temperatures by Reed et al. (2016) 

intersect with 50% normality for veliger stage larvae. 
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at similar temperatures and (2) significant levels of developmental abnormality were induced 

at lower temperatures than temperatures that caused mortality. Significance testing on the 

relationship between mortality and abnormality and the response variable, temperature, in the 

generalized linear model used for this study can be found in Table 4. In addition, 

developmental abnormality was observed at distinctly different temperatures for the two 

stages. Shell size of veligers and hatchlings were around 31 and 28.14 mm, respectively (this 

was determined by examining a small subset of larvae: n = 4 veligers, n = 13 hatchlings). 

Analysis of morphometric data did not reveal a body size-correlated response to thermal 

stress (data not shown). 

Table 3. Lethal temperature (LT10, LT25, LT50) and abnormality temperature (AT10, AT25, AT50) values for 

each temperature treatment for each larval stage. All values are given as a mean ± standard error. 

Table 4a and b. Lethal temperature (LT) and abnormality temperature (AT) generalized linear model 

significance test results. This study finds that the output from generalized linear mixed-effects model 

analyzing the effect of larval temperature treatments on (a) LT and (b) AT values of K. kelletii, 

thermotolerance are significantly in fit the scoring data. The values used for this model and significance 

testing were generated from mortality and abnormality scoring. The degrees of freedom for the residual 

deviance are also reported in these tables. 
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Assessment of mortality (LT) 

There were no major differences in thermal tolerances found when comparing 

temperature sensitivity between developmental stages using standard analyses of lethal 

thresholds (Table 3, Figure 4). Specifically, the LT10, LT25, and LT50 values were 31.9°C, 

32.8°C, 33.8°C for veligers, and 31.3°C, 32.5°C, 33.6°C for hatchlings (Table 3, Figure 4). 

Across the range of temperature exposure (15°C–37°C), LT10, LT25, and LT50 values for both 

veligers and hatchlings showed a very similar gradual increase in mortality until exposure 

temperatures reached approximately 32°C where a rapid increase in mortality was observed 

(Table 3, Figure 4). 

Assessment of developmental abnormality (AT) 

In contrast to temperature induced mortality, degrees of developmental abnormality 

differed between the two larval stages. Here, AT10, AT25, and AT50 all differed by larval 

stage (Table 3). In addition, temperatures that induced abnormal development were lower 

than those that induced larval mortality (Table 3, Figure 4). The percentage of abnormality 

observed in hatchlings indicated by AT10 and AT25 trial values showed incremental increases 

in signs of abnormality at 22.0°C, 24.8°C before reaching 50% abnormality (AT50) at 27.6°C. 

In contrast, the encapsulated veligers experienced temperature induced abnormality at AT10 

and AT25 temperatures of 12.2°C and 18.5°C, which increased to 50% abnormality (AT50) at 

24.9°C, a temperature that was approximately 2.5 degrees cooler than the AT50 observed for 

hatchlings (Table 3, Figure 4). The range of temperatures that induced considerable levels of 

larval stress spanned over 15 degrees (20°C–35°C), in contrast to the 10 degree range (25°C–

35°C) of temperatures that induced larval mortality (Table 3). Overall, developmental 
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abnormality was observed at much lower, and over a wider range of temperatures, than larval 

mortality. 

Environmental temperature data 

To support the experimental design of the study and provide insight into temperature 

conditions in the Santa Barbara Channel, HOBO temperature loggers were deployed at study 

sites where Kelletia kelletii are found. The annual mean, maximum, and minimum 

temperatures for 2018 were: 16.4°C, 22.2°C, and 11.5°C at Carpinteria Reef and 16.0°C, 

21.3°C, and 10.7°C Naples Reef, respectively. The annual mean, maximum, and minimum 

temperatures at for 2019 were: 15.7°C, 20.7°C, and 11.1°C at Carpinteria Reef and 15.4°C, 

20.0°C, and 10.3°C Naples Reef, respectively (Table 2). 

DISCUSSION 

Overview 

An increase in the frequency and intensity of MHW events is anticipated to impact 

many economically important marine organisms (T. Wernberg et al., 2013). Limited 

knowledge of the thermal tolerances of these species to extreme thermal stress events 

constrains the ability to predict the biological and economic consequences of MHW events 

on species such as Kelletia kelletii and other temperate wild fishery species. To address this 

knowledge gap, this study tested the tolerance of two early life stages of K. kelletii to 

temperatures that were observed during MHW events that had already occurred in their 

biogeographic range on the central coast of California. This study resulted in two salient 

findings: (1) developmental abnormalities in larvae were observed at lower temperatures than 

temperatures that induced mortality and (2) the temperatures where developmental 
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abnormality was observed (AT50) occurred at environmental temperatures recorded during 

past and for expected MHW events in the future. Below these findings are discussed in terms 

of the larval biology of the Kellet’s whelk, and with regard to the impacts of future MHW 

events on this emerging fishery species. 

Larval biology and the thermotolerance of K. kelletii early life history stages 

Thermal lethal thresholds (LT50 values) for Kellet’s whelk veligers and hatchlings 

found in this study (33.8°C and 33.6°C, respectively) are values that are quite high and not 

representative of environmental temperatures that K. kelletii early stages would experience 

during development in situ. This is not unusual as many other studies have demonstrated that 

LT50s are “off the ecological” map in temperature range (Bilyk & DeVries, 2011; Collin & 

Chan, 2016). In this study, when the two larval forms were scored for developmental success, 

significant developmental abnormalities were observed in both stages at temperatures that are 

within present day MHW ranges. These results suggest that MHW events could have a 

deleterious impact on the success of larval stages in the field. There were differences 

between the two stages that were assessed. Specifically, whereas larval mortality for both 

encapsulated veligers and hatchlings occurred at similar temperatures, developmental 

abnormality was observed at distinctly different temperatures for veligers and hatchlings, 

with veligers displaying greater sensitivity to high temperature. 

Kellet’s whelks have higher larval thermotolerances in comparison with 

thermotolerances found in similar gastropod shellfish species in the SBC, such as the red 

abalone (Haliotis rufescens, Swainson, 1822), another shellfish species that shares habitat 

with the Kellet’s whelk. The LT50 of red abalone was approximately 32°C in the late veliger 

stage (Zippay & Hofmann, 2010). The LT50 data in this study indicated that Kellet’s whelk 
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veligers found in this study are about 1.8°C greater than that of red abalone veligers. Such 

comparisons and further thermotolerance studies will help illuminate the impacts of MHW 

temperatures on other gastropod fisheries species in the future. Specifically, the LT10, LT25, 

and LT50 values were 31.9°C, 32.8°C, 33.8°C for veligers, and 31.3°C, 32.5°C, 33.6°C for 

hatchlings (Table 3, Figure 4). Across the range of temperature exposure (15°C–37°C), LT10, 

LT25, and LT50 values for both veligers and hatchlings showed a very similar gradual 

increase in mortality until exposure temperatures reached approximately 32°C where a rapid 

increase in mortality was observed (Table 3, Figure 4). 

Consequences for fisheries 

Impacts of MHW events on important marine invertebrate fisheries and the coastal 

marine ecosystems appear to be wide ranging, from disease outbreaks in farmed stock, to 

mortality in wild stock (Smale et al., 2019). Recent studies have shown MHW events can 

influence long and short term population level success via deleterious effects on spawning, 

reproduction, and recruitment of marine invertebrates leading to ongoing challenges in 

managing invertebrate fishery species. For example, a study from Coos Bay estuary in 

Oregon that investigated winter spawning by coastal invertebrates in larval plankton samples 

(representing at least five phyla including gastropods) found that during the winters of 2015 

to 2016, after the Northeastern Pacific MHW (also known as “the Blob”), many invertebrate 

taxa failed to spawn (Shanks et al., 2020). In this same light, although a laboratory based 

study, the data presented here clearly illustrate the potential effects of MHW temperatures on 

immediate reproduction in a single season for Kellet’s whelk. 

As an example of lasting effects on invertebrate fisheries, 7 y after the 2011 Western 

Australian dramatic MHW event, only parts of the marine ecosystem are starting to show 
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signs of recovery. As result of the 2011 MHW, scallop fisheries experienced a 3–5 y closure, 

Roe’s abalone (Haliotis roei, Gray, 1826), a locally important molluscan fishery species to 

the region, also suffered extreme mortality and have not recovered because spawning 

populations have sharply declined (Caputi et al., 2016). Such population level impacts of 

MHW events will affect management decisions for fished invertebrate species. Whereas 

“closed versus open seasons” are helpful as a management tool when ocean temperatures 

follow historical seasonal trends—the irregularity of MHW events show the importance of 

adapting new approaches to fishing behavior and management that reflect the increasingly 

unpredictable nature of the environment. Management that incorporates the impact of 

extreme disturbance events such as MHW events could allow for agile responses to the 

health of larval, juvenile, and reproducing populations that support invertebrate fisheries 

(Caputi et al. 2016). 

The impacts of local MHW events on the Kellet’s whelk have yet to be incorporated 

into a management strategy. The majority of whelks are commercially harvested at three 

ports in California (Santa Barbara, San Diego, and Terminal Island), with most of whelk 

landings emerging from the Santa Barbara Channel. Despite a growing consumer interest and 

an increase in active participants in the fishery, the latest harvest reports show a decline in 

landings—from 191,177 pounds, during the peak of the fishery in 2006, to 79,754 pounds in 

2018. Some of the lowest annual harvests in recent years overlap with the 2014 to 2016 

MHW in the Santa Barbara Channel. It is to be determined via additional surveys as to 

whether the decline in landings is due to a decrease in fishing pressure, extreme ocean 

temperatures, or perhaps a decrease in whelk populations (CDFW, 2020). 
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Whereas Kelletia kelletii are often included in many ecological surveys by research 

programs working on the California coast (e.g., Partnership for Interdisciplinary Studies of 

Coastal Oceans), few studies have analyzed seasonal population dynamics of whelks to 

complement seasonal harvesting regulation development. Further, for such a historically 

abundant kelp forest species, few experiments on larval ecophysiology, developmental 

studies, or culturing techniques have been published, a status that is not uncommon for a 

marine invertebrate fishery species. Overall, this study attempts to fill some of these gaps in 

knowledge by presenting one of the first observations on early stage K. kelletii with respect 

to a climate change threat, extreme temperatures during MHW events. 

Summary 

This study revealed that Kelletia kelletii larvae exhibited significant abnormalities at 

present day MHW temperatures, an observation that suggests this shellfish species is 

vulnerable to environmental stress created by MHW events. To increase understanding of the 

vulnerability of this fisheries species, future research on parental effects, transgenerational 

plasticity, and the general adaptive capacity of whelks is important. Future physiological 

studies would benefit from focusing on metrics such as respirometry and feeding rates, of 

adults and larvae to help predict how access to food would influence thermotolerance of this 

species in the field. As an example of this work, a study on Turbo militaris, a large harvested 

Australian turbinid snail, evaluated the influence of MHW temperatures on nutritional 

properties of body tissue and immune health (Mamo et al., 2019). Additional physiological 

studies such as these described will help small and large-scale shellfish industry mitigate 

climate change threats. 
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Overall, larval physiology and studies that highlight the adaptive capacity of fisheries 

species allow us to examine the resilience of economically important species in their first 

window of life to ensure their continued role in ecosystem services that support human 

society. Preliminary findings from this study on Kelletia kelletii can be applied to building a 

stronger sense of the biology of an emerging shellfish species during a life stage most 

vulnerable to a warming sea and simultaneously provide insight to a growing shellfish 

fishery. 
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Chapter 3: Impacts of a long-term MHW acclimation on reproduction, early stage 

development and acute thermal stress K. kelletii 

INTRODUCTION 

As described in Chapter 1, there are knowledge gaps regarding how MHWs impact 

life history and early stages of many benthic marine invertebrates (E. Oliver et al., 2018; T. 

Wernberg et al., 2013). In general, MHWs will have varied impact on organisms depending 

on how MHW thermal stress aligns with important reproduction and life history events 

(Leach, BuyanUrt, & Hofmann, 2021). One of the gaps in ecological studies on MHWs and 

marine invertebrates are that experiments are often not contextualized with actual data from 

the environment. For example, a recent review on eco-physiology studies reports that larval 

thermotolerance (acute thermal stress) studies on early stage invertebrates do not incorporate 

environmental data, quantitative and qualitative developmental metrics side-by-side (Jacox et 

al., 2022). This is a common limitation for many researchers who do not have research 

projects with embedded environmental monitoring such as the SBC LTER.  

These research challenges are especially true for studies on long-lived organisms with 

long pelagic early stage durations like K. kelletii. Long-lived “non-model” organisms like K. 

kelletii tend to have life history traits that are difficult to observe in the laboratory, making 

much of our insight on the impacts of environmental change biased by studies that focus on 

model species (Richards et al., 2017). K. kelletii, however, is an ideal species to examine 

early stages development since they produce a large numbers of capsules that contain 

hundreds of embryos laid in controlled laboratory settings. This presents an opportunity to 

conduct long-term laboratory based MHW experiments on early stage K. kelletii since early 
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stage development occurs over a period of months that has aligned with the timing of MHWs 

in the Santa Barbara Channel (Reed et al., 2016). 

Chapter 3 describes the results of an experiment where adult whelks were 

acclimated in the laboratory to MHW conditions, and allowed to lay egg capsules over 

the course of the acclimation. This study examines the impacts of thermal stress 

associated with MHW events on Kellet’s whelk’s reproductive biology and early 

development (Table 5).  

Table 5. Hypotheses and assays for the study described in Chapter 3 of my dissertation. The goals of 

the study in this chapter were to answer the research questions listed above by testing the listed 

hypotheses. Corresponding assays for each hypothesis and research question are outlined in this table. 
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To design this experiment, I used temperature data from the SBC-LTER database and 

acclimated adults to temperatures that matched the 20˚C average temperature of the 2014-16 

“Blob” MHW, and a Non-MHW temperature that represented the average ambient seawater 

temperature in the Santa Barbara Channel (15˚C) (SBC-LTER). In this portion of my 

dissertation research, I reached my goals to assess the impacts of MHW temperatures on 

adult reproductive traits (e.g., timing of capsule laying) and on early development stages, 

with the exception of conducting acute thermal stress trials on the MHW treatment egg 

capsules. Adult whelks in the MHW treatment did not lay enough capsules that were in a 

suitable condition to be assessed in for acute thermal stress. For the early stages I was able to 

collect, I assessed general characteristics of development along with acute thermal stress of 

three encapsulated stages: embryos, trochophores, veligers, and a fourth stage, hatchlings that 

have emerged from the capsule by that later stage in development.  
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MATERIALS & METHODS 

Specimens collection and husbandry 

Adult Kellet’s whelks were hand-

collected in Spring 2021 via SCUBA from 

Carpinteria Reef, California, USA, a benthic 

kelp forest reef site in the Santa Barbara 

Channel (34˚ 23.487’ N, 119˚ 32.517’ W). 

Adult whelks were collected at a depth of 8 m 

using California Scientific Collection permits 

(SC-1223 to G.E. Hofmann, and SC-11964 to 

Dr. Robert Miller as the permit to the Santa 

Barbara Coastal LTER). Immediately 

following collection, adult whelks were placed 

in coolers and transported to UCSB aquaria 

facilities where they were maintained in flow-

through seawater tanks through their summer 

reproductive season of March to July 2021. A light-dark cycle was set by natural daylight 

conditions within the aquaria facility. Over the course of the acclimation, adult whelks were 

weighed, measured and fed twice weekly ad libitum.  

Environmental temperature data 

Temperatures chosen for the MHW acclimation experiment were based on 

environmental data at the whelk collection site, Carpinteria Reef. Temperature data were 

Figure 5. Diagram of the temperature-

controlled aquarium system used for the MHW 

experiment. The system consisted of three 18 

gallon tanks per temperature treatment (15˚C 

and 20˚C). A semi-open flow-through 

connected to external circulating fresh 

seawater. A sump was used to maintain 

treatment temperature and water circulation to 

supplement the water in each treatment. 
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collected as a part of ongoing research activities of the SBC-LTER (SBC-LTER). 

Temperature data were collected using Onset HOBO TidbiT 5000 temperature loggers 

(MX2204) deployed on the benthos where adult K. kelletii were collected, and where egg 

masses are deposited by adults whelks. Two data loggers at each site were programmed to 

record temperatures every 15 minutes. Sensors were deployed at a depth of approximately 7 

m and were retrieved biannually. These temperature data are publicly available in the 

Environmental Data Initiative repository (SBC-LTER, 2022).  

Adult acclimation and capsule laying conditions 

 Adult whelks were acclimated to a Non-MHW treatment ambient temperature of 

15˚C and MHW treatment of 20˚C in 18 gal aquarium tanks. Using a temperature-controlled 

flow-through seawater system (Figure 5), aquaria were maintained at these temperatures 

during whelk mating, reproduction, capsule laying and early stage development. Three 

treatment tanks were used per temperature treatment and five adult whelks were held in each 

tank. 

Developmental timeline and capsule observations 

For this experiment, I assessed characteristics of early stages of K. kelletii. The 

developmental biology of K. kelletii is relatively under-studied, and has been only recently 

described by other researchers (Vendetti, 2020). In brief, over the course of four-weeks of 

intracapsular development, K. kelletii transition from embryo, to trochophore, to the 

encapsulated veliger prior to emerging from egg capsules as a excapsulated veligers, also 

referred to as a hatchlings (Clare et al., 2022; Vendetti, 2020). A single whelk can lay a 

minimum of one hundred egg capsules each year, with each capsule containing up to 1,200 
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larvae (CDFW, 2020; Rosenthal, 1970; Vendetti, 2020; Wilson, 2017). Whelk mating pairs 

were documented as they formed via photo and written observations. Temperature and photo 

data were analyzed to develop developmental timelines per treatment. The developmental 

timeline was constructed from marking the first incident of developmental “markers” such as 

capsule laying (oviposition) and developmental stages (e.g., trochophore, veliger, hatchling) 

for each overall treatment. To test the significance of developmental timeline data, I 

conducted a two-tailed nested ANOVA without replication to determine if the difference 

between the number of days to oviposition significantly differed between temperature 

treatments per tank. 

To determine the effects of long-term MHWs on the developmental biology of K. 

kelletii, egg capsules were sampled from experimental tanks as they were laid in both the 

Non-MHW and MHW treatment. This strategy allowed for all stages of development to be 

monitored as the early stages in the capsules progressed to each developmental stage. For 

capsules from each treatment, I measured: (1) capsule height, (2) number of early 

stages/capsule, and (3) the tolerance of early stages to acute thermal stress. For traits 1-3 

above, capsule height and numbers of early stage individuals per capsule were counted for 

capsules from each treatment according to methods described in (Vendetti, 2020). Egg 

capsule height was determined for a random sample of 79 capsules from each treatment, 

measuring from the base of the capsule to the escape aperture. Capsule width and thickness 

were not measured. A two tailed z-test was conducted to determine whether or not there was 

a significant difference in capsule height between treatments. For staging and counting of the 

early stages, individuals were excapsulated by hand (with forceps and dissecting scissors). To 

determine the number of early stage individuals, a random sample of 12 egg capsules from 
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each treatment was used to estimate early stage individuals per capsule. The subset of egg 

capsules used to determine the weekly stage status of larvae within capsules were also used 

for the acute thermal stress trials. A two tailed t-test was conducted to determine whether or 

not there was a significant difference in number of early stages/capsule between treatments. 
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Protocol for scoring stage progression in capsules 

Capsules that were laid by adults in the MHW treatment or Non-MHW treatment 

were maintained in the same temperature treatment tanks as parent whelks for the duration of 

the capsule development and hatching. Capsules were examined and scored for the number 

of different stages present within capsules. This scoring step was performed for 52 capsules 

from the MHW treatment adults and 83 capsules from the Non-MHW treatment adults. 

Under ambient conditions, early stage individuals typically develop over the course of 4-7 

weeks for K. kelletii (CDFW, 2020; Vendetti, 2020). In general, each of the four weeks of 

development contain one of the four major stages of development: embryo, trochophore, 

veliger, and hatchling (Vendetti, 2020; Wilson, 2017). While a majority of individuals in an 

egg capsule transition to each major stage per week, it is typical for a small proportion of 

individuals within a capsule to still be transitioning or “stalled” (undeveloped or 

developmentally arrested) in an earlier developmental stage (Vendetti, 2020).  

To determine whether or not a major portion of larvae had reached the time-

appropriate stage of development each week, the stage “status” of a subset of capsules was 

recorded. To determine the stage status of a capsule, 50 individuals per capsule were scored 

to determine the capsule stage classification. Most of the capsules sampled presented 

multiple stage scoring possibilities, with the. Multiple stages scores per capsule meant that if 

a capsule included individuals of multiple early stages, each of those individual’s stages were 

scored separately for that capsule. For example, if a capsule contained veligers and 

trochophores; for each of those two stages observed, both of those stages were recorded as a 

stage class observed in that capsule. These findings are descriptive and were not analyzed via 

significance tests. 
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Acute thermal tolerance trials and scoring for effects of MHW acclimation  

Early development stages (trochophore, veligers, and hatchlings) were evaluated via 

acute thermal stress trials as they were removed from the acclimation treatment. For the acute 

thermal stress trials, 50 individuals were scored for each of the three stages: trochophores, 

veligers, and hatchlings. While thermal tolerance trials were not conducted on MHW 

treatment individuals, a random sampling of early stage individuals from egg clutches from 

both treatments were used to evaluate thermal stress on early stage individuals laid by MHW 

temperature acclimated adults, that underwent development in the MHW treatment. Non-

MHW treatment early stage individuals were sampled according to methods for acute 

thermal stress trials in Chapter 2. The sampling for each developmental stage for this study is 

as follows: 

Trochophore and veliger sampling: Larvae developed within capsules and were 

monitored in ambient seawater tanks until the trochophore veliger stages were reached. 

Single capsules of early stage individuals were separated from egg clusters to be used in 

thermal tolerance trials. Individual capsules were sampled randomly across and within egg 

clusters. In the final step of capsule sampling, single egg capsules containing early stage 

individuals were individually deposited into a 20 ml vials to be used for thermal tolerance 

trials. Trochophores and veligers from a random sampling of clutches from each treatment 

tank were used to evaluate thermal tolerances. 

Hatchling sampling: As larvae within capsules neared the end of their intracapsular 

development, capsules were randomly sampled from laid capsule clusters and were placed in 

mesh bins inside temperature treatment tanks to allow larvae to swim free from capsules and 

hatch naturally. Mesh bins allowed for a small for of fresh flowing seawater to move through 
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the mesh during the hatching period (1–3 days). Hatching capsule clusters were kept together 

in mesh bins and sampled for thermotolerance trials on a single day when it appeared that the 

majority of capsules were hatched. Hatchling sampling was done by transferring larvae from 

plastic beakers as they hatched, into larger sampling bins, and finally into large glass beakers 

to achieve desired larval concentrations. After pouring hatchlings from beakers into a 

midsized bin, egg capsules were washed over the bin to maximize collection of emerging 

hatchlings. By gently siphoning water from a submerged mesh, excess water was removed 

from the bins to achieve 150–250 ml concentration of hatchlings in the final larger sampling 

beakers. In the final step of hatchling sampling, 5 ml concentrations of hatchlings were 

deposited into 20 ml vials for thermal tolerance trials. Each temperature treatment vial 

contained approximately 200 hatchlings in fresh seawater. Like trochophore and veliger 

thermotolerance trial sampling, hatchlings were pooled across treatment tanks and females 

for thermotolerance trials. 

Thermal tolerance trials: Thermal tolerance of K. kelletii larvae from this study was 

measured for encapsulated trochophores and veligers, and free-swimming hatchlings using 

constant, acute temperature exposures (1 hr). Non-MHW larvae were exposed to nine 

temperatures that ranged from approximately 14.8°C to 37.2°C for 1 h; temperatures along 

the heat gradient were: approximately 13.3, 25.2, 27.0, 28.9, 29.5, 30.7, 32.1, 33.4, 35.8 °C 

according to acute thermal stress trial methods described in Chapter 2). Thermotolerance trial 

methods for this study were as follows: Water baths were attached at each end of an 

aluminum heat block to establish a temperature gradient for each set of trials. Temperatures 

were recorded using an OMEGA handheld digital thermometer equipped with a wire 

thermocouple (Thermolyne PM 20,700/Series 1218). Due to differences in development 
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timing between trochophores, veligers, and hatchlings, thermal tolerance trials were held 

over the course of approximately two weeks. Vials of larvae were haphazardly arranged 

across the heat block such that larvae were of the nine treatment temperatures. Larvae were 

held in control temperature treatment vials at approximately 13.2 - 13.5°C in a cold room at 

the start of each 1 h trial. All larvae were scored, photographed, and measured within 1–2 h 

after the 1 h thermal tolerance trial was complete. 

Scoring for mortality and abnormality: Scoring for mortality and abnormality of early 

stages for both treatments was determined via the percentages of the following categories: 

alive, dead, normal and abnormal. To score developmental abnormality and mortality for 

MHW treatment larvae, 50 individuals were scored for two stages: trochophores and veligers.  

Median lethal temperatures (LTs) and abnormality temperatures (ATs) were 

determined for larval thermotolerance trials. Scoring for LT and AT values for this 

experiment were as follows: At the end of thermal tolerance trials, vials of larvae were 

removed from the heat block and control vials of larvae were removed from the cold room. 

LTs were assessed using standard methods for calculating LT thresholds. ATs were assessed 

by examining abnormalities of the general body morphology as indices of structural 

abnormalities (e.g., velum, shell composition, degraded cell membranes). A generalized 

linear model was used to test larval thermal tolerances of trochophores, veligers and 

hatchlings across temperature treatments. Temperature treatments were set as fixed 

continuous factors in the model. LT and AT values were calculated using a logistic 

regression for each temperature treatment. Statistical analyses for thermal tolerance were 

performed using the lme4 (Bates et al., 2015), MASS (Ripley, 2013), and base packages in R 

(version 3.5). Significance tests and z-scores were calculated to determine whether or not 
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there was a statistically significant relationship between mortality and abnormality and the 

response variable, temperature, in the model. 

Percent mortality and abnormality were determined via binary scoring. Larvae from each vial 

were scored as either alive or dead based on the presence or absence of ciliary movement 

(swimming behavior) viewed under a light microscope. Trochophores and veligers were 

maintained within their capsules in vials for all thermal tolerance trials. Once the trial was 

complete, trochophores and veligers were forcibly removed from their capsules to be 

evaluated for scoring. To observe trochophore and veliger movement and swimming 

behavior, capsules were dissected, and larvae were released in a petridish. Prior to being 

pipetted into a slide for scoring, larvae were gently swirled in fresh seawater in the dissection 

petridish to let them move freely from their capsular jelly. Hatchlings were simply pipetted to 

rafter slides for scoring. Percent of larval abnormality was determined by screening for 

irregular movement. Thereafter, early stage individuals were photographed (n = 50 

individuals per capsule) under bright field DIC illumination at 10× on a compound 

microscope (Olympus BX50) with attached digital camera (Motic Images) using Motic 

Images Plus (version 3.0). A two proportion z-test was conducted for each stage to determine 

whether differences between the proportions of mortality and abnormality proportions 

between treatment tanks were significant. 

RESULTS 

The main findings of this study were that (1) adult whelks acclimated to MHW 

conditions laid capsules later than the Non-MHW acclimated whelks, (2) embryos in the 

MHW treatment progressed to each stage faster as compared to the embryos that developed 

in capsules maintained at the Non-MHW temperature treatment, (3) the Non-MHW treatment 
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larvae progressed to each developmental stage over a longer timeframe than is typically 

observed for K. kelletii, and (4) egg capsule and body condition of early stages that 

developed in MHW conditions had higher degrees of developmental abnormalities compared 

to larvae that developed at cooler, Non-MHW conditions. Since MHW treatment adults laid 

capsules of lower structural quality, size and amount, this resulted in an inability to challenge 

MHW treatment early stages in acute thermal stress trials following the acclimation period. 

Instead, early stage individuals from capsules that developed in the MHW treatment were 

scored for their mortality and abnormality as a result of being laid in capsules that developed 

under MHW acclimation temperatures.  
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Developmental timeline and capsule observations 

Adult whelks were acclimated at the two temperature treatments of 15°C and 20°C 

for 144 d (March 12 to August 3, 2021) (Figure 6). The first major observation was that there 

was a difference in the timing of capsule laying. The 15°C Non-MHW acclimated adults 

produced capsules 28.5% earlier than adults in the 20°C MHW treatment. Specifically, egg 

capsules were laid by 60 d (May 11, 2021) and 101 d (June 21, 2021) of the acclimation for 

the Non-MHW and MHW treatments, respectively. 

Figure 6. Timing of capsule laying and development timeline over the course of the 144 d acclimation 

(March 12 – August 3, 2021). The Non-MHW treatment larvae developed over a timeframe of 53 d 

(May 11-July 3, 2021). MHW treatment larvae developed over a timeframe of 43 d (June 21-July 13, 

2021).  
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In terms of the developmental timeline, early stage development in the Non-MHW 

(15°C) treatment occurred over a 53 d timeframe (May 11-July 3, 2021). The MHW 

treatment early stages developed faster over the course of 43 days (June 21-July 13, 2021), 

approximately 19% faster than the Non-MHW development rate. The early stage 

development of the Non-MHW and MHW treatment larvae are described in both days after 

capsule laying (oviposition) and days of the acclimation (Figure 6). While observed 

differences in developmental timelines between the temperature treatments are clear, 

differences observed in the oviposition dates per each treatment tank were not statistically 

significant via a two-tailed nested ANOVA test (Table 6a and 6b). 

 

 

Table 6a. Day of acclimation at which oviposition (capsule laying) occurred per treatment tank 

and Table 6b. Two-tailed nested ANOVA on oviposition (capsule laying) dates per treatment 

tank. 6a. Showcases the day of the acclimation at which oviposition occurred per treatment tank. 6b. 

Displays the results from a two tailed nested ANOVA that was conducted to determine whether there 

was a significant difference in days at which oviposition occurred per treatment tank between the 

Non-MHW and MHW treatments. The p-value found was greater than the significance level of 0.05, 

which confirmed that the differences observed in the oviposition dates per each treatment were not 

statistically significant. 
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Capsule height and larvae per capsule  

Overall, capsule characteristics varied between the acclimation treatments. This 

variation was observed in (1) capsule morphology, (2) numbers of early stage 

individuals/capsule, and (3) the general condition of encapsulated individuals. For the gross 

morphology of capsules, Non-MHW treatment capsules were lingulate and smooth whereas 

MHW treatment capsules were short, contained clumps of undeveloped larvae and cloudy, 

thin, runny, capsule jelly (Figure 7). The overall size of capsules was also different between 

treatments. Here, Non-MHW and MHW treatment capsules averaged 9.3 mm and 6.7 mm in 

height, respectively, from their base to escape aperture (n = 79 capsules per treatment). The 

average number of early stage individuals per capsule were 1,591 and 1,226 individuals per 

capsule (n = 12 capsules per treatment) for Non-MHW and MHW treatments, respectively. 

Approximately 20-30 individuals were lost in dissection while counting the number of larvae 

per capsule. The mean, minimum, and maximum capsule heights and early stage individuals 

per capsule were determined and are displayed in Table 7a and b, Figure 8a and b. The p-

value found in both height and larvae/capsule analyses were less than the significance level 

of 0.05, which confirms that the differences observed in the length of each capsule and 

number of larvae per capsule per each treatment were statistically significant (Table 8 a and 

b). 
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Figure 7. Images of capsules laid by adult K. kelletii in the two experimental treatments. This figure 

shows representative masses of egg capsules as laid by adults in the treatment on 101 d of the long-

term acclimation. At 101 d of the acclimation, the Non-MHW treatment larvae had reached the 

veliger stage, shown in grey capsules, (top). The first set of capsules were also laid in the MHW 

treatment on 101 d (bottom).  
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Table 7a and b, Figure 8a and b. Capsule height and larvae per capsule for each treatment. 

Figures 7a and b display the measured (A) Length per capsule and amount of (B) Larvae per 

capsule. The tables 3a and b below the figures display the mean, median, 1st, 3rd, quartiles, 

minimum and maximum values per each set of data. 

Table 8a. Two tailed z-test results for capsule height data and Table 8b. Two tailed t-test 

results for the number of larvae per capsule. A two tailed t-test was conducted to determine 

whether there was a significant difference in the number of larvae per capsule between the Non-

MHW and MHW treatments. A two tailed z-test was conducted to determine whether there was a 

significant difference in capsule height between the Non-MHW and MHW treatments. The p-value 

found in both analyses were less than the significance level of 0.05, which confirms that the 

differences observed in the length of each capsule and number of larvae per capsule per each 

treatment are statistically significant. 
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Effects on progression of development  

There was a difference in the Non-MHW treatment and the MHW treatment, when 

scoring early stages for progression through development and for normal development. For 

the Non-MHW treatment, 19 egg capsules (out of n = 20 capsules), 13 egg capsules (out of n 

= 18 capsules), and 14 egg capsules (out of n = 14 capsules) contained individuals that 

reached the embryo, trochophore, and veliger, stages by 22, 27, and 42 d post-oviposition, 

respectively. 

For the MHW treatment, several stages of stalled (undeveloped or arrested and 

transitioning) individuals were present in a capsule at a time. For each of the sampling days, 

of MHW treatment capsules, each set of capsules contained large number of stalled embryos. 

On 10 d, 17 d, and 21 d post-oviposition, 21 egg capsules (out of n = 21 capsules), 27 egg 

Figure 9a and b, Table 9a and b. Early stages observed each sampling week per treatment. The 

figures and tables show the stage classifications of larvae within egg capsules relative to days post-

oviposition for each treatment. For the Non-MHW treatment, a majority of egg capsules sampled 

contained larvae that reached distinct stages by the sampling date: larvae within capsules reached 

embryo, trochophore, and veliger, stages by 22, 27, and 42 d post-oviposition, respectively. For the 

MHW treatment, stalled (undeveloped) larvae of all stages were present in all capsules. MHW 

treatment capsules contained substantial number of stalled embryos for each sampling date. 
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capsules (out of n = 27 capsules), and 35 egg capsules (out of n = 35 capsules) contained 

embryos, respectively. The number of capsules classified per stage are listed in Figure 9 a 

and b, Table 9 a and b. 

Trochophores developed by 27 d post-oviposition and by 87 d of the acclimation. At 

41 d post-oviposition and 101 d of the acclimation, veligers were present. After 53 d post-

oviposition and 113 d of the acclimation, hatchlings emerged from capsules. MHW treatment 

egg capsules were laid by 101 d (June 21, 2021) of the temperature acclimation. 

Trochophores developed by 17 d post-oviposition and by 118 d of the acclimation. At 22 d 

post-oviposition and 123 d of the acclimation, veligers were present. After 43 d post-

oviposition and 144 d of the acclimation, hatchlings emerged from capsules. Images of 

representative early stage individuals for each treatment are displayed in Figure 10. 

 

 

Figure 10. Images of early stage K. kelletii from the two experimental treatments. Images of 

representative early stage individuals at three early stages (embryos, trochophores and veligers) are 

shown in the panels above. The early stages shown all developed in the respective treatments: Non-

MHW treatment (top) and the MHW treatment (below) at 15˚C and 20˚C respectively. 
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Mortality and abnormality scoring of early stage individuals 

In order to track how MHW exposure might affect thermal tolerance in early stage 

whelks, I compared mortality and degrees of developmental abnormality in early stages in 

the Non-MHW and MHW treatments. There was, however, an imbalance in the dataset 

created by the loss of viable embryos in the capsules from the MHW treatment. Adult whelks 

from the MHW treatment laid capsules of lower structural quality, size and amount and 

MHW capsules could not be properly sampled for acute thermal stress. Contrastingly, larvae 

and egg capsules from the Non-MHW treatment reached distinct stages and showed normal 

body condition (Clare et al., 2022; Vendetti, 2020; Wilson, 2017) (Figure 11). Thus, the 

assessment of the MHW and Non-MHW progeny was as follows: The mortality and 

developmental abnormality of Non-MHW larvae was scored from larvae that were collected 

to be used as controls for acute thermal stress trials, and early stages from the MHW 

treatment were scored for mortality and abnormality without undergoing a thermal stress 

trial. In the latter case, the long period over which development occurred in the 20°C 

Figure 11. Average percent mortality and abnormality for larvae from both treatments. Individuals (n 

= 50) were scored per capsule to determine the average percentage of mortality and abnormality per 

treatment. For trochophores, n = 2 non-MHW treatment capsules n = 24 and MHW treatment 

capsules. For veligers, n = 2 non-MHW treatment capsules and n = 23 MHW treatment capsules were 

analyzed. The same subset of capsules in each treatment were scored for both mortality and 

abnormality. 
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acclimation tanks had a significantly negative impact on the success of those early stage 

individuals (Table 10).  

Specifically, for the Non-MHW treatment, 14% and 9% of trochophores (n = 2 

capsules) experienced mortality and abnormality, respectively. MHW treatment trochophores 

and veligers experienced similar levels of mortality and abnormality after the acclimation 

period. For MHW treatment, 45.04% and 97.4% of trochophores (n = 24 capsules) 

experienced mortality and abnormality, respectively. For the Non-MHW treatment, 1% and 

7% of veligers (n = 2 capsules) experienced mortality and abnormality, respectively. For the 

MHW treatment, veligers (n = 23 capsules) experienced 41.27% and 92.1% mortality and 

abnormality, respectively (Figure 11). 

DISCUSSION 

The goal of this part of my dissertation was to assess impacts of a long-term MHW 

acclimation on the adult K. kelletii behavior of capsule laying, and on the condition of early 

stages when progeny develop under the same conditions under which the adults laid capsules. 

Table 10. Two proportion z-test for mortality and abnormality scoring. A two proportion z-test was 

used to test the significance of differences between observed mortality and abnormality percentages 

between non-MHW treatments and MHW treatments for two stages of Kellet’s whelk larvae: 

trochophores and veligers. All of the p-values from significance testing yielded values less than 

alpha = 0.05. Thereby the differences found between mortality and abnormality percentages for each 

stage and treatment in this study were significant. 
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The most important findings of the study were: (1) the number of early stage individuals per 

capsule was influenced by temperatures during mating and rearing, with higher temperatures 

producing significantly lower numbers of offspring per capsule, (2) the rate of development 

under MHW temperatures (20˚C) was faster than the rate of development observed for 

embryos of the Non-MHW treatment (15˚C), (3) early stage individuals that developed under 

MHW conditions showed arrested development within capsules, and (4) greater levels of 

mortality and abnormality was observed when embryos developed under MHW conditions, 

of such a great amount, that it was not possible to use the MHW individuals in one of the 

assays, the acute thermal stress trials.  

Notably, many of the general observations of K. kelletii adult reproduction and early 

stage development reported here are consistent with those documented elsewhere 

(MacGinitie, 1949; Morris, 1980; K. N. Rodriguez, 2017; Romero, Gallardo, & Bellolio, 

2004; Rosenthal, 1970; Vendetti, 2020; Wilson, 2017; D Zacherl et al., 2003). For example, 

the length of the Non-MHW treatment early stage development period and the condition of 

capsules in the Non-MHW treatment observed in this study are consistent with past studies 

on K. kelletii life history. Below, I discuss the findings of this study and conclude by 

contextualizing experimental results in the context of MHW events in the Santa Barbara 

Channel. 

Observations about capsules 

 One of the major observations of this study was that capsule traits varied between 

those laid in the MHW treatment (20˚C) as compared to the Non-MHW treatment (15˚C). 

Observations on oviposition in the Non-MHW treatment of this study align with what has 

been observed in similar conditions (15˚C) for whelks. Adult whelks in the Non-MHW 
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treatment in this study began oviposition in May, similar to the timeframe when whelks in 

the Santa Barbara Channel have been observed to begin oviposition. K. kelletii oviposition 

has been determined to occur earlier for whelks in southern California (April to May) 

(CDFW, 2020; Cumberland, 1995) and occurs later for whelks in central California (May to 

July) (CDFW, 2020). These observations have also been confirmed by a recent study 

(Vendetti, 2020) where oviposition in Santa Barbara collected whelks was observed from 

July-August. 

Many studies have examined the influence of environmental stress on fecundity and 

egg laying (Gage, 1995; Marshall, Bolton, & Keough, 2003; Olofsson, Ripa, & Jonzen, 

2009). Bet hedging theory, with respect to reproduction under climate change scenarios has 

been recently examined in organisms across a wide range of aquatic and terrestrial study 

systems. To test hypotheses on physiological costs of egg capsule quality of capsules laid by 

K. kelletii adults under a long-term MHW acclimation, this study examined the size and 

quality of egg capsules. The condition, average number of early stage individuals/capsule, 

and capsule size served as metrics and/or proxies to estimate differential metabolic costs of 

the adult whelks producing capsules at different temperatures. 

There were observable differences in capsule shape when comparing capsule 

condition between the two treatments. Specifically, the Non-MHW treatment capsules were 

lingulate and smooth, as capsules have been typically described under ambient conditions in 

previous studies (Vendetti, 2020), whereas capsules from the MHW treatment were 

mishappen, thin, and easily ruptured during the sampling process.  

K. kelletii egg capsule height ranges between 6-9 mm (CDFW, 2020; Vendetti, 2020) 

under ambient conditions. The average Non-MHW treatment capsule height recorded in this 



 

 52 

study (9.3 mm) was at the higher range of height typically observed for K. kelletii egg 

capsules. The average MHW treatment capsule height recorded in this study (6.7 mm) was at 

the lower range of height typically observed for K. kelletii egg capsules.  

Under ambient conditions, it is known that early stage size is inversely related to egg 

capsule size, with smaller capsules containing larger larvae for K. kelletii (CDFW, 2020; 

Vendetti, 2020). It is also known that the height of egg capsule, and number of egg capsules 

laid is directly correlated to the size of the egg laying female, with larger females laying 

more capsules of greater height and smaller sized larvae under ambient conditions for K. 

kelletii (CDFW, 2020; Vendetti, 2020). Past metabolic studies on marine invertebrates have 

shown that larger early stage size does not always correlate with better performance 

(Marshall et al., 2003). Aside from the findings reported here, other studies have not yet 

examined the relationship between capsule size, early stage individuals/capsule number and 

early stage body condition as a result of result of being laid in capsules that developed under 

MHW acclimation temperatures. Studies have also not yet examined the correlation between 

larger early stage size to better performance in K. kelletii. More observations on reproductive 

strategies are essential for building a population level understanding of important shellfish 

species like K. kelletii under climate change scenarios. 

There was also a difference in the number of early stages/capsule with 1,591 

individuals/capsule and 1,226 individuals/capsule (n = 12 capsules per treatment) observed 

for Non-MHW and MHW treatments, respectively. The average number of early stage 

individuals/capsule in the Non-MHW treatment was 23% greater than the average number of 

early stage individuals/capsule observed in the MHW treatment. Past studies report that K. 

kelletii egg capsules contain 400-1200 larvae per capsule (CDFW, 2020; Vendetti, 2020). 
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This study also found that the average early stage individuals/capsule recorded for both the 

Non-MHW and MHW treatments was greater than what has been reported in previous 

studies. Overall, the findings in this study suggest that adult K. kelletii under a long-term 

MHW acclimation produce smaller capsules with a lower average number of 

progeny/capsule. 

A diverse range of reproductive strategies occur in marine animals that place embryos in 

external vessels for development (gelatinous masses, tough capsules, pelagic masses) (Miner 

et al., 2010). As marine organisms face greater adaptation pressures in oncoming ocean 

warming, it is essential to further understand how parental reproductive strategies affect the 

success of progeny. Future studies that aim to understand the impact of thermal stress on bet-

hedging strategies in K. kelletii should not only analyze capsule height and number of early 

stage individuals/capsule, but should also examine capsule width and early stage body size 

under thermal stress. A greater understanding of adult whelk metabolic capacity under 

ambient and MHW conditions (protein and lipid analysis) in future studies would help 

describe the range of capsule quality whelks can produce under thermal stress.  

Rate of development 

This comparative study found that the rate of development of early stages varied as a 

function of the adult thermal history via their acclimation temperatures. Specifically, MHW 

treatment individuals had a faster overall development period as compared to non- MHW 

treatment individuals. Specifically, the MHW treatment larvae developed over a period of 43 

days as compared to 53 days for the Non-MHW treatment. The faster rate of development at 

20˚C versus 15˚C is not unexpected since temperature increases biological rate processes. In 
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addition, in nature, these data suggest that progeny from K. kelletii that reproduce during 

MHWs may hatch sooner than expected in comparison to non-MHW years.  

Another observation was that the rate development of early stage progeny from whelks I 

used from the Santa Barbara Channel differed from those that have been reported in the 

literature. Studies have reported 30-34 d (at 14.5-17.5 ºC) as the time needed for early stage 

K. kelletii to progress through development to hatching (CDFW, 2020; Rosenthal, 1970; D. 

Zacherl, S. D. Gaines, & S. I. Lonhart, 2003). However, the longer development timeframe 

of Non-MHW treatment reported in my study aligns with the longer period before 

excapsulation found in (Vendetti, 2020) of 39-55 d (at 13-16 ºC). Overall, populations of K. 

kelletii may vary in their development traits via local adaptation (Hofmann et al., 2014; E. 

Sanford & Worth, 2010). Overall, differences from reports in the literature on developmental 

timing may be due to population differences, and the fact that past observations on 

developmental timing were made decades ago, with enough time to have had local adaption 

alter the timing of K. kelletii reproduction and early stage development in the warming Santa 

Barbara Channel. 

Progression of development 

Larvae in the Non-MHW treatment reached the trochophore, veliger, and hatchling stages 

24, 21, and 53 d post-oviposition. Larvae in the MHW treatment reached the trochophore, 

veliger, and hatchling stages 17, 22, and 43 d post-oviposition. While oviposition occurred 

later in the MHW treatment, larvae reached each main developmental stage about 10-19 d 

earlier than the Non-MHW treatment. The development timeframes of both treatments in this 

acclimation experiment have not been previously reported in other studies.  
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This finding of an increased rate of early stage development under warmer temperatures 

in this study is supported by past observations in marine invertebrates (Kuo & Sanford, 

2009). For example, a recent study on the Atlantic purple sea urchin (A. punctulata) observed 

faster egg fertilization and early development cleavage rates under MHW conditions in 

comparison to ambient conditions (Bojorquez & Feehan, 2021). Environmental conditions 

(e.g., temperature, predation) that cause hatchling plasticity can have population-level 

consequences for a species. As an example, hatching early for some Treefrog species likely 

comes at a cost. Treefrog juveniles that hatch early enter their aquatic environment at a 

smaller size and are more susceptible to predation (Kuo & Sanford, 2009; Miner et al., 2010; 

Warkentin, 1995). Future experimentation is needed to address how accelerated or delayed 

timing of development and hatching can impact juvenile K. kelletii. 

Effects of temperature on the progression of normal development 

Overall, early stage individuals in the MHW treatment showed stalled or arrested 

development in comparison to the Non-MHW treatment. For the Non-MHW treatment, a 

majority of egg capsules sampled contained larvae that reached distinct stages at a predicted 

time after capsule laying. Specifically, for the individuals within the Non-MHW treatment, 

progeny within capsules reached embryo, trochophore, and veliger, stages by 22, 27, and 42 

d post-oviposition, respectively. For the MHW treatment, stalled (undeveloped) larvae of all 

stages were present in all capsules, where each capsule contained a greater number of stalled 

embryos for each sampling date than in the Non-MHW treatment (Figure 9 a and b, Table 9 a 

and b).  

A previous study on early stage K. kelletii observed that under ambient conditions 

(13-16˚C), approximately 2.5% - 38% of individuals in capsules did not match the 
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developmental stage of the majority of individuals for each major period of development 

(Vendetti, 2020). This aligns with past observations on gastropod and buccinid development 

where egg capsules usually contain a mixture of developed and undeveloped individuals 

(typically embryos) where individuals may derive nourishment from their yolk, intracapsular 

albumen (capsule jelly), or by ingesting nurse eggs or siblings within their capsule (Vendetti, 

2020). For example, in both Crepidula dilatata and Nucella crassilabrum nutritive embryos 

constitute over 90% of the individuals deposited in each capsule (Gonzalez & Gallardo, 

1999). 

However, past observations confirm that K. kelletii do not consume undeveloped eggs 

(siblings or nurse eggs), but likely use internal egg stores and capsule jelly as a food source 

while developing inside capsules (Vendetti, 2020). In other words, undeveloped individuals 

in K. kelletii capsules are not intended to serve as food sources, but are in fact stalled 

individuals. Thus, the larger number of undeveloped individuals in the MHW treatment 

capsules can likely be attributed to the effects of the MHW acclimation on increased arrested 

development. 

Mortality and abnormality scoring of early stage individuals 

Results of this study highlighted differences in mortality and developmental 

abnormality when comparing early stages from the Non-MHW and MHW treatments. These 

findings will be discussed in the context of mortality and abnormality scoring of early stage 

individuals that were laid in capsules that developed under MHW acclimation temperatures. 

Whelks from the MHW treatment laid capsules that could not be properly sampled 

for acute thermal stress trials due to the fact that they were small, misshapen and often 

leaking capsule jelly. Instead, larvae from the MHW treatment were scored using the same 
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protocol that was used to score the Non-MHW treatment larvae after acute thermal tolerance 

trials. Binary scoring of developmental abnormality and mortality showed that larvae in 

capsules that were laid under MHW conditions experienced greater numbers of mortality and 

abnormality than individuals in the Non-MHW treatment. 

For the MHW treatment, the percentages of average mortality and average 

abnormality were similar between stages (trochophores and veligers), where trochophores 

experienced only 3.77% more average mortality and 5.3% more average abnormality than 

veligers. Overall, MHW treatment larvae experienced a greater number of abnormality than 

mortality (Figure 11). In other words, although more than half of the larvae survived the 

long-term acclimation (Figure 11), 92.1-97.4% of individuals experienced developmental 

abnormality. Specifically, average abnormality is 50.83-52.36% greater than the average 

mortality experiences by both trochophores and veligers (Figure 11). 

These results imply that all progeny that developed in the MHW treatment 

experienced the same number of mortality and abnormality regardless of stage. Unlike acute 

thermal tolerance results, where later stages are more vulnerable to acute stress, this study 

finds that when progeny are laid and develop under prolonged MHW conditions, larval stage 

does not influence thermal tolerance. 

Conclusion and summary 

Overall, this study demonstrated that MHW temperatures have impacts on K. kelletii 

early life history by (1) accelerating the rate of early stage development within egg capsules, 

but (2) also reducing the quality and number of progeny in an egg capsule. These data 

suggest that over prolonged time, more MHWs in the coming years could alter the harvest 

and population of K. kelletii in situ. Since source populations of adults used in this 
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experiment had recently experienced a MHW in the Santa Barbara Channel (the Blob and 

NEP 2019), it is likely that the regularity of MHWs has influenced the thermotolerance and 

development rates of early stage K. kelletii via local adaptation (Jacox et al., 2022; Reed et 

al., 2016). 
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Chapter 4: Larval thermotolerance of K. kelletii under a short-term MHW 

simulation 

INTRODUCTION 

Background 

As described in Chapter 1, MHWs can vary in duration from a minimum of 5 days (d) 

to prolonged periods of time (e.g., weeks to months) such as was observed with the Blob in 

2014-2016. In the past seven years, eco-physiology studies have investigated the impact on 

long-term MHW stress on subsequent generations of marine invertebrates in a larval biology 

context (Clare et al., 2022; Leach et al., 2021; Minuti, Byrne, Campbell, Hemraj, & Russell, 

2022)(Chamorro et al., 2023; Unpub.). While my work in Chapter 3 explored the impacts of 

a prolonged MHW event on K. kelletii larval development, this chapter addresses the impact 

of shorter MHWs, a pattern that has routinely been documented in the Santa Barbara Channel 

since 2018 (Chan et al., 2023; In Preparation.) 

The rationale for this study was that MHW experiment treatments using static 

temperatures do not fully capture the full range of the dynamic temperature conditions faced 

by benthic marine organisms in nature during MHWs. Several studies on marine 

invertebrates have shown improved organism performance under fluctuating temperature 

treatments that more accurately represent the abiotic habitat of key species (Arlauskas, 

Derobert, & Collin, 2022; Pilditch & Grant, 1999; Rodgers, Cocherell, Nguyen, Todgham, & 

Fangue, 2018; E. Sanford, 1999). Overall, in order to support management and predicting the 

biological consequences of MHWs, it is essential to design experiments that assess realistic 

periods of thermal stress that align with current ecological conditions.  
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To do this, I conducted a MHW simulation (MHW-Simu) of a short MHW cycle 

of 14 days (d) where temperatures were ramped up to MHW levels and then back down 

to ambient conditions in order to mimic ocean temperatures of one MHW event that 

might be encountered during larval development of K. kelletii in-situ. In this experiment, 

I mimicked the manner in which MHWs occur in the Santa Barbara Channel and then 

maintained an extreme temperature exposure for 7 d; thus, the simulated MHW event by 

definition lasted 7 d, a common time frame for MHWs in the Santa Barbara Channel (G. E. 

Hofmann, personal communication). In addition, the temperatures used here were from 

benthic loggers and thus the experiment examined the effect of thermal stress on the benthos, 

or a bottom MHW (D. J. Amaya, Jacox, M. G., Alexander, M. A., Scott, J. D., Deser, C., 

Capotondi, A., & Phillips, A. S., 2023). This study conducted a qualitative and quantitative 

examination of early stage survivorship, body condition, and tolerance of acute thermal stress 

in response to the MHW-Simu. Data presented are from assessments on two early stages: 

veligers and hatchlings. The goals of this MHW-Simu study on the whelk larvae answers the 

following question: How does larval development and thermotolerance under a short-term 

ramp-up-ramp-down MHW-Simu differ from thermal tolerance under static temperature 

treatments? I addressed this question by testing the following hypothesis that heat stress 
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under a short-term ramp-up-ramp-down MHW-Simu treatment would be at lower thresholds 

than those observed in past static temperature treatments (figure 11). 

This study did not involve any formal hypothesis testing. While I only report 

observed results in this chapter, the research in this chapter lays the methodological 

groundwork to be able to test additional hypotheses on this question in future studies. With 

the support of future experimentation, this study also establishes the foundation to use 

environmental data to explore impacts of fluctuating short-term MHWs for larval whelks.  

  

Table 11. Hypothesis and assays for the study described in Chapter 4 of my dissertation. 

The goals of the study in this chapter were to answer the research question listed above via the 

listed hypothesis. Corresponding assays for the hypothesis and research question are outlined in 

this table. 
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MATERIALS & METHODS  

Experimental rationale 

As described in Chapter 1, 

the research in this chapter was 

intended to gain insight on best 

practices for conducting each 

phase of MHW experimentation on 

larval K. kelletii. The methodology 

for the experimental phases that 

make up this work were previously 

established in the form of standalone 

experiments described in Chapters 2 and 3 (Table 12). 

Table 12. Experimental design and timeline. Iterative 

timeline of experimental activies for the MHW-Simu from 

Winter-Summer 2022. 
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Environmental temperature data 

Temperature data used create the MHW-Simu are from environmental data collected 

at the whelk collection site, Carpinteria Reef, as a part of ongoing research activities of the 

SBC-LTER (SBC-LTER). Temperature data were collected via Onset HOBO TidbiT v2 

temperature loggers deployed on the kelp forest benthos where adult K. kelletii were 

collected, and where egg masses are laid by the adults. Two data loggers at each site were 

programmed to record every 30 min with recording times offset by 15 min. Sensors were 

deployed at a depth of approximately 7 m and were retrieved biannually. Data are published 

in the Environmental Data Initiative repository (SBC-LTER). The daily mean temperature 

was calculated using daily data from 2000 to 2021 for Carpinteria Reef and from 2014 to 

2015 for Naples Reef. The maximum temperatures and minimum temperatures, respectively 

for that period were: 23.617 ºC and 10.98 ºC (Figure 12). This environmental data analysis 

was used to set the ramp-up-ramp-down temperatures for the MHW-Simu.  

Figure 12. Benthic temperature for (a) Annual periods and (b) K. kelletii reproduction and 

development periods between 2014-2015. Annual minimum and maximum benthic temperatures from the 

SBC-LTER benthic study sites: Carpinteria Reef, CA, USA during the whelk reproductive and larval 

development period March-July for 2014 and 2015. 
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Specimens collection and husbandry 

 Adult Kellet’s whelks were 

hand collected in Spring 2022 (April 

5, 2022) via SCUBA from benthic 

kelp forest reef sites in the Santa 

Barbara Channel region at a depth 

of 7.9 m from Carpinteria Reef, CA, 

USA. Whelks were collected under California Scientific Collection permits and transported 

to the UCSB Marine Science Institute as described in Chapters 2 and 3.  

Adult whelks were held in three separate cold “holding” tanks held at 14 ºC (8 whelks per 

tank). Adult whelks were housed for 117 d (April 27- August 22, 2022) in the cold holding 

tanks as adults mated. Whelks were monitored and maintained in REEF system tanks as 

described in Chapters 2 and 3.  

Developmental timeline 

 Capsules were laid in the cold holding tanks on 14 d period of the experiment (May 

11, 2022). Subsets of capsules began to reach the veliger and hatchling stage on 41 d and 62 

d (June 7, 2022) and 62 (June 28, 2022) of the experiment for each respective stage. The 

larvae and capsules that were laid in the Cold tanks were used for the MHW Simu. 

Figure 13. MHW-Simu goal temperatures. A 

conceptual diagram for the ramping up and down of 

temperatures for the MHW-Simu (14ºC to 23ºC to 14ºC). 
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MHW-Simu  

As capsules were laid by adults that 

mated in cold holding tanks (14 ºC), capsules 

that were sampled from each stage endured 14 

d ramp-up-ramp-down MHW Simu period 

(Figure 13). Temperatures were manually 

ramped up and down via the same temperature 

manipulation system used in Chapter 3 

(Figure 14). Temperatures were gradually set 

to ramp up from 14 ºC to 23 ºC and back 

down to 14 ºC over the course of 14 d period. 

Once temperatures were set to 23 ºC, they 

were set at 23 ºC for a 7 d MHW simulated 

period before being set to ramp back down to 

14 ºC. For the veliger MHW-Simu trial, temperature data were collected via Onset HOBO 

TidbiT v2 temperature loggers in experimental tanks. Temperature loggers in each tank were 

programmed to record temperatures every fifteen minutes. For the hatchling MHW-Simu 

trial, temperature data were recorded manually via a laser thermometer gun twice daily. 

Larvae were sampled from cold holding tanks, randomized, and held in mesh bins in MHW-

Simu for each 14 d period (according to sampling described in Chapters 2-3). The MHW-

Simu trials were staged from 79 - 92 d (July 15-July 28,2022) and 62 - 75 d (June 28 – July 

11, 2022) of the experiment for veligers and hatchlings, respectively. 

Figure 14. Temperature treatments for 

MHW-Simu in temperature manipulation 

system. The diagram above shows treatment 

temperatures used to rear larvae under 14-15 ºC 

and then for the following MHW-Simu (14ºC, 

to 23ºC back to 14ºC) whelks prior to 

evaluating their progeny via thermotolerance 

trials 



 

 66 

Larval thermotolerance trials and scoring 

Once MHW-Simu period was over for veligers and hatchlings, larvae were tested in 

acute thermal tolerance trials and scoring as described in Chapters 2. Acute thermal stress 

trials occurred on 93 d and 76 d (July 29, 2022 and July 12, 2022) and for veligers and 

hatchlings, respectively. Since whelks lay capsules in staggered order, I ran a trial on 

capsules that appeared to be nearing the hatchling stage first. Following running hatchlings 

through the MHW-Simu and thermotolerance trials, I conducted a MHW-Simu and 

thermotolerance trial on the veligers. Due to experimental constraints, a control subset of 

larvae (a subset that did not experience a MHW-Simu) were not run through a larval 

thermotolerance trial. The larval thermotolerance results from this experiment were intended 

to be compared to the LT and AT findings of in Chapter 2 and 3 (Clare et al., 2022). Findings 

Figure 15. Larval thermotolerance trial acute treatment temperatures. This diagram shows actual 

thermotolerance temperatures used for larvae that had experienced the MHW-Simu trials. 

Thermotolerance trials occurred on 93 d and 76 d for veligers and hatchlings, respectively. The 

photographs display (a) veligers and (b) hatchlings that were sampled from MHW-Simu trials and were 

used in thermotolerance trials. 
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from these thermotolerance trials will contribute to help develop methodology for future 

MHW-Simu manipulations on K. kelletii.  

Hatchlings were sampled for acute thermal stress trials by transferring larvae from 

mesh bins into larger sampling bins, and finally into large glass beakers to achieve desired 

larval concentrations as described in Chapters 2-3. Encapsulated veligers were removed from 

the MHW-Simu trial and randomized into vials for acute thermal tolerance trials using 

methods described in Chapters 2-3. Larvae of both stages were exposed to nine temperatures 

that ranged from ~10 to ~ 37°C (Figure 15). Larvae were held in control temperature 

treatment vials at ~10 – 10.8°C in a cold room at the start of each 1 h trial. The nine 

treatment temperatures for hatchling thermotolerance trials were: 10, 24.5, 27.1, 29, 30.1, 

31.5, 32.8, 34.6, and 36.3°C. The nine treatment temperatures for veliger thermotolerance 

trials were: 10.8, 25.5, 27.2, 29, 30.2, 30.5, 31.4, and 36.3°C. Thereafter, early stage 

individuals were photographed (n = 50 individuals per capsule) under bright field DIC 

illumination at 10× on a compound microscope (Olympus BX50) with attached digital 

camera (Motic Images) using Motic Images Plus (version 3.0). 

RESULTS 

The overall observations with respect to the MHW-Simu I executed were that (1) the 

actual temperatures for each separate MHW-Simu trial reached the same average maximum 

temperature of 22.1-22.3 ºC and (2) ranged from being 0.32 ºC - 0.49 ºC warmer than the 

MHW-Simu goal temperatures over the 14 d overall. The main larval thermotolerance 

findings of this study were that larvae that underwent a 14 d MHW-Simu period and acute 

thermotolerance trials (1) experienced varied amounts of survivorship, but (2) consistently 

experienced large amounts of abnormality across all temperature treatments. 
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MHW-Simu trials for veligers and hatchlings  

The maximum average temperature reached by the veliger MHW-Simu trial was 22.3 

ºC on the 6 d (July 20, 2022) of the 14 d ramp-up-ramp-down period. The minimum average 

temperature reached was 17 ºC on 13 d (July 27, 2022) of the 14 d ramp-up-ramp-down 

period (Figure 16). For 4 -10 d, which represented the peak MHW-Simu days (July 18 - July 

24, 2022), the actual temperatures were 1.46 ºC warmer than the temperature goal on 

average. On average, the actual temperatures were 0.49 ºC warmer than the temperature goal 

for all 14 d period of simulation overall. 

The maximum average temperature reached by the hatchling MHW-Simu trial was 

22.1 ºC on 10 d (July 8, 2022) of the 14 d ramp-up-ramp-down period (Figure 17). The 

minimum average temperature reached was 15.5 ºC on the 1 d (June 29, 2022) of the 14 d 

Figure 16. MHW-Simu trial goal and actual temperatures for veligers. This figure displays the 

temperature data for the veliger MHW-Simu trial (July 15 – July 28, 2022). Temperature data were 

collected via temperature loggers in experimental tanks that were programmed to record temperatures 

every 15 minutes. The table and graph values represent daily average temperatures during the veliger 

MHW-Simu trial. 
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ramp-up-ramp-down period. For 4-10 d, which represented the peak MHW-Simu days (July 

2 - July 8, 2022), the actual temperatures were 2.76 ºC cooler than the temperature goal on 

average. On average, the actual temperatures were 0.32 ºC cooler than the temperature goal 

for all 14 d period of simulation overall. 

  

Figure 17. MHW-Simu trial goal and actual temperatures for hatchlings. This figure displays the 

temperature data for the hatchling MHW-Simu trial (June 29 – July 12, 2022). For the hatchling MHW-

Simu trial, temperature data were recorded manually via a laser thermometer gun twice daily. These 

data are not data averages.  
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Larval thermotolerance trials and scoring 

LT and AT binary scores could not be analyzed via generalized linear model and a 

logistic regression. Therefore, LT and AT larval thermotolerance values could not be 

calculated for veligers and hatchlings. Instead, here I report actual survivorship (mortality) 

and normality scores (Figure 18) alongside qualitative observations on the larvae (Figure 19). 

 Binary scoring of developmental survivorship (mortality) and normality for larvae 

that underwent the 14 d MHW-Simu period and acute thermotolerance trials are as follows: 

For veligers, 0% of individuals were scored as normal, and there were a wide range of 

survivorship scores across all the thermotolerance treatment temperatures (Figure 18 and 19). 

For hatchlings, there was an average of 7.4% of individuals scored as normal, and there were 

a wide range of survivorship scores across all the thermotolerance treatment temperatures 

(Figure 18 and 19). 

Figure 18. Larval thermotolerance trial results for veligers and hatchlings. This figure shows the 

scoring results from the larval thermotolerance trials for both stages (veligers and hatchlings) as they 

underwent a 1hr acute heat trial as described in Chapters 2 and 3. 
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DISCUSSION 

The goal of this part of my dissertation was to assess impacts of a short-term MHW 

on the larval thermotolerance of K. kelletii in two larval stages, veligers and hatchlings. The 

most important findings of the study were that both stages (1) displayed varied amounts of 

survivorship, and (2) large amounts of abnormality after experiencing the 7 d MHW and 

acute thermal stress trials. Below, I discuss the findings of this study and conclude by 

contextualizing experimental results in MHW environmental data and previous findings in 

Chapter 2 and 3. 

 

 

Figure 19. Images of early stage individuals after the 1 h acute thermal tolerance trial. 

Representative images are shown for veligers (a) and hatchlings (b) following a 1 h exposure to the 

temperatures listed below each image. Prior to the trial, capsules were removed from the MHW-Simu 

tanks and early stage individuals were excapsulated. The first image per stage (far left) represents 

individuals that were exposed to 10.0 – 10.8 ºC control temperatures after being removed from the 

MHW-Simu treatment. Excapsulated veligers were exposed to seven acute thermal tolerance treatment 

temperatures (25.5 – 36.3 ºC) and the older hatchling stage was exposed to eight acute temperatures 

(25.4 – 36.3 ºC). Images were taken on a Olympus BX50 scope at 10× magnification. 
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MHW-Simu and environmental temperatures 

While MHW-Simu trials, did not reach the exact temperature goal of maintaining 23 

ºC for the intended 7 d MHW event (Day 4 – 10 of the experiment), the maximum 

temperatures of each trial were, 22.1 - 22.3 ºC, only a 0.7 - 0.9 ºC difference than the MHW 

goal temperature, 23 ºC. SBC-LTER environmental data shows that MHWs during Fall 

2014-15 (“Blob” MHW) exceeded 23 ºC. The average maximum temperatures of for both 

MHW-Simu trials (Figure 16 and 17) still fall into ±1 ºC of the 23 ºC MHW temperatures 

reached during past Fall MHWs in the Santa Barbara Channel (SBC-LTER).  

Additionally the actual MHW-Simu temperatures reached, temporally align with 

temperatures that fit into the ecological context of when the experiment occurred Spring-

Summer. Specifically, Summer-Spring (March – July) ocean temperatures in 2014 and 2015 

in the Santa Barbara Channel were 21.5 ºC and 21.8 ºC for each respective year. Overall, the 

MHW-Simu trials in this study reflected temporally aligned peak temperatures K. kelletii 

would experience in the Santa Barbara Channel (Reed et al., 2016; SBC-LTER). Further, the 

temperatures reported here are benthic temperatures, and SBC-LTER data suggest that there 

are regularly “bottom” MHWs (BMHWs) in the kelp forests region (SBC-LTER). The 

observation of BMHWs has been reported for other regions of the global oceans (D. J. 

Amaya, Jacox, M. G., Alexander, M. A., Scott, J. D., Deser, C., Capotondi, A., & Phillips, A. 

S., 2023), and have been linked to coral bleaching (Wyatt et al., 2023).  

Larval thermotolerance 

Larvae of both stages consistently showed overwhelming developmental abnormality 

across all acute temperature treatments in larval thermotolerance trials. Hatchlings showed 

slightly greater levels of normality than veligers under acute thermal stress, however only by 
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7.4%. The varied levels of survivorship (mortality) observed for both stages cannot be 

explained by the data presented here. Control temperatures (10 ºC and 10.8 ºC) used for each 

stage do not represent ambient temperatures (10.8 ºC) or control temperatures used for past 

K. kelletii larval thermotolerance trials (Chapter 2 and 3). It is possible, that low levels of 

survivorship for veligers under the control temperature (10.8 ºC) could be attributed to the 

fact that larvae tend to appear dead and less mobile under cooler temperatures (Clare 

observation; 2021). However, the effect of cooler temperatures on mortality and abnormality 

of K. kelletii veligers remains to be confirmed by additional experimentation. 

Recommendations for future experimentation 

In closing, I will discuss recommendations for future experimentation as it relates to 

larval thermotolerance trials and simulating MHWs.  

MHW-Simu: Future MHW-Simu experimentation on K. kelletii should ensure that 

MHW-Simus are staged during time periods that mimic past periods when MHWs frequently 

occur in the Santa Barbara Channel. Additionally, future acclimations on K. kelletii adults 

and larvae should also be staged for longer periods, from gametogenesis, to oviposition, to 

larval excapsulation to learn more about the reproductive strategy system in K. kelletii . As 

we develop a greater understanding of the impact of BMHWs (D. J. Amaya, Jacox, M. G., 

Alexander, M. A., Scott, J. D., Deser, C., Capotondi, A., & Phillips, A. S., 2023; Starko et 

al., 2022), it will be essential for future studies to use bottom environmental temperatures to 

contextualize MHW-Simu manipulations.  

Larval thermotolerance: As mentioned previously, due to experimental constraints, a 

control subset of larvae (a subset that did not experience a MHW-Simu) were not run through 

a larval thermotolerance trial. Future experimentation will benefit by incorporate a greater 
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suite of controls and manipulations using larvae that (1) do not undergo a MHW-Simu or 

thermotolerance trials, (2) undergo larval thermotolerance trials, (3) undergo a MHW-Simu 

and (4) undergo a MHW-Simu or thermotolerance trials (Figure 20). While the larval 

thermotolerance survivorship scoring data was highly variable per acute temperature 

treatment, to determine any trends that can emerge from larval thermotolerance trials on 

individuals after a MHW-Simu, future experimentation should average several replicates of 

larval data. Scoring additional replicates of larvae for thermotolerance that have also 

undergone MHW-Simu trials may reveal any outliers or stage specific responses to both 

trials. While it still may not be possible to calculate LT and AT values for larval 

thermotolerance via a linear model and logistic regression for larvae under the experiment 

design in this study, there may be qualitative aspects of thermal tolerance that can be 

uncovered by examining a wider range of treatment temperatures Although larval 

thermotolerance trials in Chapter 3 focused on a range of experimental temperatures that 

Figure 20. Future experimentation recommendations for a short-term MHW-Simu on K. kelletii 

veligers and hatchlings. These figure shows a conceptual treatment design for future MHW-Simu 

experimentation for both stages (veligers and hatchlings). Future iterations of this work should include 

8 treatments (4 treatments per stage).  
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were shown to appropriately assess K. kelletii thermotolerance (see Chapter 2 and Chapter 3) 

(Clare et al., 2022), for future experimentation involving short-term MHW-Simus, it would 

be beneficial to challenge larvae to a wider range of temperatures, especially temperatures 

that can represent ambient temperatures (e.g., 10 - 22 ºC) to gain any qualitative insight on 

the effects of a short-term MHW-Simu on larval thermotolerance.  
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Chapter 5: REEFlections: Understanding sense of belonging in undergraduate 

research virtual science communication 

INTRODUCTION 

Background 

This portion of my dissertation focuses on a preliminary examination of an active 

learning undergraduate education intervention I designed to use dialogue and reflection to 

boost sense of belonging (SOB) for UCSB Research Experience & Education Facility 

(REEF) undergraduates as they navigate entering marine science fields. I accomplished this 

via establishing an undergraduate science communication (scientific storytelling) 

research symposium, REEFlections, which I staged annually for three years (2019-

2022) in collaboration with the REEF.  

Belonging—has been long established as a critical human need for well-being and 

social adjustment (St-Amand, 2017; Strayhorn, 2018; Vaccaro & Newman, 2016). It has also 

been shown by teachers and researchers that a sense of belonging (SOB) is associated with 

academic motivation, success, and persistence in higher education (T. M. Freeman, 

Anderman, & Jensen, 2007; Hausmann, Schofield, & Woods, 2007; Hoffman, 2002; Vaccaro 

& Newman, 2016). Building education programs that sustain students’ SOB is essential to 

retain students in STEM fields. Addressing this need, this preliminary study focuses on 

interviews with three REEF undergraduates who participated in 2020 REEFlections, 

where I analyzed student interviews to evaluate the ways students report SOB through 

participating in REEFlections. 
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Intervention rationale 

Student fears of being devalued (not-belonging) based on identity, have been shown 

to undermine student performance in STEM (Miyake et al., 2010). Underrepresented 

minority (URM) students in higher education also commonly report not feeling welcome into 

STEM disciplines (S. L. Rodriguez & Blaney, 2021). Early career stage interventions have 

been shown to increase immediate and long-term student performance and motivation to 

pursue STEM (London, Rosenthal, Levy, & Lobel, 2011). Thus, to increase diversity, equity, 

and inclusion (DEI) in STEM fields, carefully crafted combinations of narrative-based active 

learning interventions must be implemented at “gateway” stages in higher-education (S. 

Freeman et al., 2014; London et al., 2011; Norris, Guilbert, Smith, Hakimelahi, & Phillips, 

2005). 

A science communication symposium, like REEFlections, is a narrative-based active 

learning activity that offers students the opportunity to disseminate their findings while 

applying knowledge of their past experiences in STEM. In ecological and environmental 

sciences, students need a suite of experiences to advance in careers in environmental and 

ecological science. These experiences include: coursework, individual discovery (research), 

and dissemination, where students share their scientific findings within and outside their 

communities in their own voice (Murrow, 1951; Tanner, 2012). Dissemination allows for 

“meaning making” (sensu (Ignelzi, 2000)), a critical aspect of building SOB in an early 

career individual (London et al., 2011). While symposia and scientific meetings are the 

traditional ways undergraduates begin to gain experience in dissemination by having 

discipline specific dialogue with experts in their field, due to departmental resource 

constraints, student involvement in undergraduate research does not always guarantee an 
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opportunity to participate in symposia and scientific meetings. Additionally, campuses often 

do not often have sufficient funds for professional development resources that support 

undergraduate researchers in attending symposia and scientific meetings (e.g., presentation 

and networking workshops) (Petrella, 2008). Being underprepared to professionally 

participate in symposia and scientific meetings can amplify the feeling of not-belonging for 

the small percentage of students who may have the opportunity to participate in symposia or 

scientific meetings, deterring students from STEM fields altogether (Petrella, 2008). 

The REEF provides a platform that develops strong educators, science 

communicators and researchers. As a result, a portion of REEF students are experienced in 

both science communication (scientific storytelling), and in navigating a research 

environment. A subset of undergraduates at the REEF serve as both public educators (K-12) 

at the REEF aquarium facilities and undergraduate researchers in research groups on campus. 

By employing scientific storytelling skills to disseminate marine science, REEF students 

increase public inclusion in marine science while simultaneously developing SOB in marine 

science. The aptitude towards leadership in science education and communication so strongly 

displayed by REEF undergraduates is much needed in future leaders in STEM fields and 

academic environments.  

Individuals like REEF students with “soft-skill” strengths, are historically overlooked 

and do not feel welcome to participate in STEM research environments, where “hard skills” 

are traditionally rewarded over “soft skillsets (Balcar, 2016; de Campos, 2020; Karimi, 

2021). This indirect devaluation of students with strong “soft skills” (Balcar, 2016; de 

Campos, 2020; Karimi, 2021), can lead to a decrease of SOB in students that identify with 

having a strong “soft” skillset. To honor the simultaneous undergraduate research and student 
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led-science communication by a subset of REEF students, I developed REEFlections as an 

opportunity for REEF undergraduate researchers to be affirmed by their community. The 

program I developed challenges students, already comfortable public speaking to employ 

their science communication skillsets in disseminating high level research in an accessible 

way that honors their personal narrative.  

Research framework 

There were three preliminary framing pieces that were the foundation for establishing 

REEFlections and examining 2020 REEFlections student interviews in this exploration. The 

framing pieces were: 

(a) Staging a narrative-based active learning symposium as metacognitive activity 

(b) Sense of belonging (SOB) 

(c) Optimal distinctiveness theory (ODT) 

In the following sections, I will discuss the specific ways these preliminary framing 

pieces were incorporated into the program structure of REEFlections (2019-2022). 

(a) Staging a narrative-based active learning symposium as metacognitive activity: 

Narrative-based active learning activities took the form of scientific storytelling in 

establishing REEFlections programming (2019-2022). By using narrative (dialogue) as a part 

of scientific storytelling I designed the program to allow for student validation and academic 

affirmation for participants (LopezLeiva, Roberts-Harris, & von Toll, 2016). An emphasis on 

student interaction makes narrative-based active learning activities, such as storytelling 

successful in developing inclusive environments that increase SOB (Benmayor, 2012; 

Bernal, Burciaga, & Carmona, 2012; Espino, Vega, Rendon, Ranero, & Muniz, 2012). For 

these reasons, narrative-based active learning interventions in STEM have been shown as a 
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promising tool to increase SOB by closing DEI achievement gaps (Cohen, Garcia, Purdie-

Vaughns, Apfel, & Brzustoski, 2009). In this light, REEFlections moved beyond the 

outcomes of traditional STEM symposiums because it was organized and executed to liken a 

performance event. For example, undergraduate organizers were introduced to backwards 

timeline event planning and participants were required to attend dress rehearsals, “cue-to-

cue”, and “tech” rehearsals. Finally, in all years of REEFlections, participants received 

performance-style direction to “take the stage” and share their lived-experience in their 

respective research journeys. Fashioning the research talks as personable-style presentations 

made room for the symposium to be a metacognitive activity, where participants were 

encouraged not to simply bring their research, but themselves to the program (Benmayor, 

2012; Bernal et al., 2012; Espino et al., 2012).  

 (b) SOB: The definitions of SOB described here were used to evaluate student 

interview data from 2020 REEFlections (Table 13). The components of SOB have been 

defined as including: (1) Positive Relationships (Goodenow, 1993; Hagerty, 1992; St-

Amand, 2017; Williams & Downing, 1998), (2) Perceived Value (Waller, 2020), (3) Social 

Support (St-Amand, 2017; Strayhorn, 2018) and (4) Harmonization (Hagerty, 1992; Hunt, 

1990; Maslow, 1962; St-Amand, 2017). (1) Positive Relationships were the foundation of the 

REEFlections program. In each year of REEFlections, undergraduates deepened relationships 

with REEF peers and research mentors. Presenters openly provided each other constructive 

feedback, resulting in a sense of unification as all members of the REEFlections cohort (or 

“cast”) worked together on behalf of the “production”. A critical aspect of developing one’s 

own identity in a discipline is being able to have (2) Perceived Value of one’s independent 

work. As a part of REEFlections, students constructively recalled the various ways their 
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research brought value to the research groups they were a part of. (3) Social Support was also 

in the fabric of REEFlections. For example, the built-in expedited timeline (11 - 30 days) of 

organizing and rehearsing towards presenting in REEFlections, drove organizers, 

participants, and their mentors to work closely, intimately and emerge as a cohort. Further, in 

REEFlections, REEF students and their peers were supported by their community as they 

reached a significant professional developmental milestone by presenting in REEFlections. 

Each student experienced (4) Harmonization, as they were self-motivated to apply to 

participate in REEFlections as an extracurricular activity.  

(c) Optimal Distinctiveness Theory: Finally, I proponed that students experienced (5) 

Affirmation of Past Skills and Character Traits, as SOB component of REEFlections. While 

not traditionally listed as a component of SOB, Optimal Distinctiveness Theory (ODT) 

suggests that a feeling of SOB includes a balance of harmonization (sameness) and a 

perceived value of distinctiveness (uniqueness) (Berger, Rosenholtz, & Zelditch, 1980; 

Brewer, 1991; Taifel, 1986; Waller, 2020). Specifically, REEFlections, allowed participants 

backward and forward on how their uniqueness shaped them in the present moment, 

contributing to SOB (Brewer, 1991; Waller, 2020) (Table 13). 

Preliminary study overview 

The coronavirus disease 2019 (COVID-19) dominated 2020 and brought highly unusual 

circumstances (e.g., remote learning) during a time also consumed with social unrest (e.g., 

George Floyd protest movement, May 26, 2020) that escalated just five days before the 2020 

REEFlections symposium (May 31, 2020) (Howard, 2022). Given these academic 

performance barriers, the 2020 REEFlections students, organizers, and mentors persevered 

under rigorous working timelines and difficult conditions. Despite the many challenges 
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brought on by this period, as the 2020 REEFlections Director, I was able to foster an 

environment that supported SOB for 2020 REEFlections students.  

To investigate 2020 REEFlections students experiences further, for this chapter, I used 

student interview data to do a preliminary exploration on interviews with three 

undergraduates who participated in 2020 REEFlections. I analyzed interviews to determine 

which components of SOB were most shared by student participants after participating in a 

virtual 2020 REEFlections, during an especially challenging time in our world. In summary, 

the goals of this preliminary study in this chapter were to answer the following research 

question: Which components of SOB were most mentioned in 2020 REEFlections 

student interviews as they reflected on their experiences in STEM and participation in 

REEFlections? 

This preliminary exploration did not involve any formal hypothesis testing. However, I 

expected the 2020 REEFlections program would cause students to reflect more greatly on 

the affirmation of their past skills or character traits as a REEFlections participant in 

interviews. REEF students involved in REEFlections already display exemplary leadership 

skills (“soft skills”), such as public speaking, peer mentoring, and a wide-ranging 

understanding of marine science. REEF students’ participation in REEFlections simply 

brings together these strengths in a more traditional academic context, a symposium. 

Therefore, I expected that as a result of participating in REEFlections, student interviews 

would reveal that students showed a newfound confidence on the body of STEM skills they 

had been building all along.  
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MATERIALS & METHODS 

Program organizers 

The REEFlections program organizer team was comprised of myself, the 

REEFlections Director, a REEF student Co-Director, program advisor, and publicist. I, the 

founder of REEFlections served as the Director of 2020 REEFlections. Entering this role, I 

had in-person and virtual experience mentoring REEF students (2018-2020). As the Director 

of 2020 REEFlections, I also had experience collaborating with the REEF in prior academic 

years of my Ph.D. where I served as a graduate student research mentor to REEF students. 

The REEF facility Program Coordinator typically serves as the student Co-Director 

for the REEFlections. The 2020 REEFlections Co-Director had experience as a student 

speaker in the inaugural cohort of REEFlections in 2019. The Co-Director of REEFlections 

typically serves as a liaison between myself, the REEFlections Director, all participants, and 

the REEF Director. Thereby, Co-Director and I worked closely execute program logistics for 

email communications. The REEF Director advised our programming decisions, was 

instrumental in recruitment, and establishing the tone for the event at organizational 

meetings. The REEF facility student publicists are typically recruited to serve as 

REEFlections program organizers to increase public engagement with the REEFlections 

online media promotion (email invitations, reminders, and social media). The publicist for 

2020 REEFlections, had experience serving as a publicity team member for the REEF.  

Participant recruitment and program timeline 

Student recruitment for 2020 REEFlections began Winter 2019. To be eligible for 

REEFlections, students had to have been involved in a research lab, worked at the REEF, and 
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had received confirmation that their research mentors would support their involvement in 

REEFlections. Students must have been able to attend the virtual symposium to be selected for 

the program. Finally, both student and mentor participants to must have agreed to attend 

rehearsal meetings with program organizers to participate in REEFlections. 

Three rounds of participant recruitment were facilitated by myself, REEF student 

staff and the REEF Director. The first round of recruitment involved emailing call to REEF 

students where interested students were asked to submit an email indicating interest in 

participating in REEFlections. In the second round of recruitment, the REEF Director 

individually sought out qualified candidates (in-person, via email, and thought REEF staff). 

From both rounds of recruitment, four students were selected to move onto the final stage of 

the recruitment process. At this stage, students were asked to share a few sentences on their 

research, identify their research group, names and contact information of their project 

mentors via an online form.  

In keeping with the framing piece, SOB, it was essential to establish modes of social 

support for REEFlections participants via mentorship. Once student participants were chosen, 

I surveyed student’s research mentors via an email questionnaire on their ability to support 

their students in their participation in the REEFlections by mentoring students in developing 

presentation materials, attend REEFlections and rehearsal sessions. Mentors for 

REEFlections could range from on campus roles can range from Principal Investigators, to 

graduate students, researchers, to postdoctoral fellows within the campus community. In 

order to remain sensitive to challenges that were brought to all participants due to COVID-

19, prior to confirming mentor pairs, I sent an email survey to gage mentors’ availability to 

support their students given their current circumstances. Additional time was taken to review 
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mentor responses so the programs organizers could prepared to provide alternate support 

(another mentor or co-mentor) to a student participants. The email questionnaire outlined the 

ways mentors would need to be able to support their mentee in the days leading up to the 

symposium by: guiding their student in selecting presentation content, arranging this content 

into a presentation, and reviewing their student’s final presentation product. Finally, we also 

sent out email surveys to ensure that each student’s PI was aware of their mentee’s 

involvement in REEFlections and that mentors were able to attend some portion of the 

symposium. All research mentors identified by applicants indicated that they were fully 

available to support their mentee. 

 Due to the sudden onset of needing to accommodate the COVID-19 pandemic 

timeline adjustments listed above, REEFlections was postponed as program organizers and I 

established remote working strategies for communicating with displaced REEF students and 

research mentors that were involved in the REEFlections recruitment process. The 

participation of students and their research mentors was confirmed eleven days away from 

the original symposium date. 

While mentor support and encouragement were shown to be critical for participant 

success in the previous iteration of REEFlections, to support student’s research mentors, 

guest mentors (REEFlections alumni and graduate students in affiliated disciplines) were 

recruited to serve as an “expert panel” for student rehearsals. Expert panelists (REEFlections 

alumni and graduate students in affiliated disciplines) were opportunistically recruited over 

the course of 3-5 days via email based on availability to participate in two Zoom rehearsal 

nights. Over nine experts volunteered to attend each student rehearsal allowing for a large 

number of expert volunteers to provide panel feedback on both rehearsal nights. The expert 
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panel was an intentional way the program supported student’s mentors by providing alternate 

support for REEFlections students during the pandemic. This allowed the program to be 

more mindful of the varied capacity mentors had to support their students under COVID-19 

circumstances. 

Program assignments and activities 

Participant (student and mentor) preparation was done according to the methods I 

used to bridge student and mentor participation in the first iteration of REEFlections in 2019. 

Expectations for participation were reviewed in a Zoom slideshow orientation for 

participants I led alongside the REEF Director and program organizers. As I did in the 2019 

REEFlections expectation orientation, I encouraged research mentors to be involved in 

assisting speakers with developing presentation materials and guiding their mentees in 

presenting their research during the orientation. Over the course of the program I provided a 

suite of science communication assignments and activities to prepare participants for the 

symposium. Students also participated in remote science communication meetings with 

myself, the REEF Director, research mentors and guest mentors (REEFlections alumni and 

graduate students in affiliated disciplines). All program preparation was held remotely over 

Zoom. 

Similar to 2019 REEFlections, 2020 REEFlections students were allowed to use 

PowerPoint slides and were asked to create a presentation with traditional research talk 

components: project title, background, research questions, methodology, results, and 

acknowledgements). In keeping with the framing piece to stage a narrative-based active 

learning symposium as metacognitive activity, I challenged speakers to move beyond the 

Zoom presentation slide format in using dialogue that was interactive and engaged audiences 
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on their research journey (e.g., polls, monologue, and imagery). Final presentations were 

expected to be in a “flash talk” format (3 – 7 mins). 

Prior to the symposium student sessions with the recruited expert panelists 

(REEFlections alumni and graduate students in affiliated disciplines) was a critical 

component of the 2020 REEFlections program. In keeping with the framing piece to propose 

that optimal distinctiveness theory (ODT) played a role in components of perceived SOB 

(e.g., “Affirmation of Past Skills and Character Traits”) in this preliminary examination, I 

designed the REEFlections preparation process as a “rehearsal”. REEF students are well-

experienced in rehearsing their aquarium programs (e.g., storytelling structure, audience 

engagement) prior to “performing” for the public. To affirm REEFlections students’ past 

experiences in rehearsing presentations, similar to 2019 REEFlections, for 2020 

REEFlections, the expert panel provided feedback on student presentations during two nights 

of rehearsals. Experts provided feedback via live Google Sheet scorecards that protected 

student’s private feedback from being seen by other students. The expert panel was asked to 

provide live feedback verbally over Zoom to ensure students could clearly understand their 

written feedback on the live Google Sheet scorecards. Expert panelists were informed of the 

shortened program timeline and other aspects of stress students were working under. Experts 

were also instructed to provide both positive and negative constructive feedback in the 

student’s final days before “taking the stage”. I instructed students to be prepared to 

improvise and expect technical difficulties as our campus was only recently navigating 

hosting events over Zoom. 
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Virtual symposium 

The 2020 REEFlections symposium was held virtually on a Friday evening on May 

31, 2020, via Zoom. The event began with opening statements by myself, the REEF Director, 

and the REEFlections Co-Director (15 min). This was followed by student presentations (30 

mins) and closing statements (15 min). Mentors introduced speakers (1 min) prior to each 

student presentations. Prior to the start of the event, I informed audiences of the shortened 

program timeline COVID-19 related challenges students overcame in preparing for the 

symposium. Immediately after the event, participants were invited to a Zoom celebration (20 

min) to congratulate participants and organizers on their work on the symposium. 2020 

REEFlections had a minimum of 99 attendees over the course of the Zoom event.  

Interview methodology 

Table 14. Interview questions organized by question topic. The table shows list of guiding 

questions used for student interviews organized by question number and topic. 
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This research sought to investigate which components of SOB were most mentioned 

in 2020 REEFlections student interviews as they reflected on their experiences in STEM and 

participation in REEFlections. This preliminary study focuses on three semi-structured 

interviews with student speakers that participated in 2020 REEFlections (Table 14). I 

contacted all student speaker participants via email five days after the symposium to 

participate in a virtual one-one-one talk-back, a “DebREEFing” (20-30 mins). The 

REEFlections Co-Director assisted me in coordinating emails to schedule student interviews. 

“DebREEFing” interview dates overlapped with our campus’ first iteration of virtual final 

exams. Three out of the four students I interviewed consented to have their transcript data 

incorporated in this preliminary study. I collected all interview data over the course of six 

days after requesting interview time with students. Students were informed that our Zoom 

meetings were recorded and would not be shared without their permission. I also prompted 

students to notify me via email any stage after the interview if they were not comfortable 

having their transcripts used in this preliminary study. In emails requesting interview time 

with students, I openly shared my desire to learn more about their journey and perspective on 

their experiences in the program. Students were informed during and prior to interviews that 

our meeting would be conversational and open-ended. In keeping with the first framing piece 

of staging a narrative-based active learning symposium as metacognitive activity, I 

established the interview as a metacognitive activity. I did this by sharing my perspective on 

the importance of reflection on one’s accomplishments in light of the social unrest and 

COVID-19-related events during the time of the interviews. I used a list of guiding questions 

(Table 14), as well as follow-up questions that arose over the course of the interviews that 
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were self-reflective. (See supplementary materials for additional information on human 

subject protocol for this preliminary study).  

Coding transcripts 

All procedures for this work was approved by the University of California, Santa 

Barbara Institutional Review Board (IRB) for human subjects research (Protocol Number: 

36-21-0218). The university’s IRB ensures compliance with all federal and state regulation 

subjects. Student interviews were transcribed and analyzed using emergent themes to identify 

instances where student experiences indicated SOB. Transcript responses from the same list 

of interview questions was used to generate each a dataset of instances where student 

experiences indicated SOB). I consulted Johnny Saldaña’s Coding Manual for Qualitative 

Research for best practices for coding qualitative interview data collected (Saldaña, 2015). 

Coding methods I used for this preliminary study also modeled techniques in similar 

assessment studies for higher-education interventions (Ghaffar, Khairallah, & Salloum, 2020; 

Hashimoto-Martell, McNeill, & Hoffman, 2012). Transcripts were de-identified for coding 

and data analysis to protect student. Student re-identification for this preliminary study were 

numerical identification: Student 1, Student 2, and Student 3. In the first round of coding, 

student interview transcripts were color-coded to identify broad codes. This first round of 

coding was also used to identify areas of the transcripts where students reflected on their 

REEFlections experience for each interview question. The final coding scheme (Table 15) 

emerged from the analysis of the interview data, coming from identified themes, topics and 

subthemes. Most of the interview questions allowed for several coding options. For example, 

if a student included several ideas in their responses, I coded separately each of those ideas, 

concepts or topics for each subcode category. I, the primary researcher was the interpreter of 
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all transcripts. Prior to the final round of coding for student experiences and SOB, I reviewed 

all coding categories, and finalized rubrics. Subcategories of code were generated for 

unstructured interview questions and responses. Unstructured portions of the interview 

transcripts were also coded using emergent themes and broad categories. The length of 

unstructured interview questions and responses was observed via qualitative coding notes for 

additional interview insights. 

I used the afore defined SOB framework (Table 13) to explore the following question 

about 2020 REEFlections: “Which components of SOB were most mentioned in 2020 

REEFlections student interviews as they reflected on their experiences in STEM and 

participation in REEFlections?”. ‘Student mentions’ of SOB were elicited via the 10 

questions in Table 14. To determine the aspects of REEFlections where student’s experiences 

indicated a perception of SOB, each student mention of experiences that contained 

Table 15. SOB scoring rubric for each component of SOB for the preliminary study. This table 

shows the guiding example phrases that were used to subcode for each of the five key components of 

SOB. The guiding example phrases for coding were both quotes paraphrased from transcripts and 

quotes from SOB literature. 
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components of SOB was counted per interview question per student. The term ‘SOB coded 

mentions’ will be used hereafter to refer to phrases or sentences (lines of transcripts) that 

were coded as falling under the definition of SOB for this preliminary study. The key 

components of SOB identified by this preliminary exploration were used as a coding rubric 

to score transcripts for SOB. The five key components of SOB that were coded were: (1) 

Positive Relationships, (2) Perceived Value, (3) Social Support, (4) Harmonization, (5) 

Affirmation of Past Skills/Character Traits (Table 13). A list of example phrases was 

generated to guide to the SOB coding process. The guiding example phrases for coding were 

both quotes paraphrased from transcripts and quotes from SOB literature. The guiding 

example phrases that were used to subcode for SOB were listed in the rubric (Table 15). In 

the final data analysis, the sum of mentions of SOB coded phrases in transcripts were pooled 

per question and analyzed using the question topic categories (Table 14) to calculate the 

average number of SOB coded student mentions per question topic. During the interview 

with Student 1, when discussing Question 9 (“How has/will this experience impact you 

personally?”) (Table 14), Student 1 referred to a thank you letter they wrote to organizers as 

their response to that question. Thus, for scoring that question, Student 1’s letter transcript 

was used as data for the SOB dataset. SOB coded mentions were also analyzed per each 

student per overall question topic category (Table 14) in the final data analysis.  

RESULTS 

In the following sections I will discuss observations on findings from the overall 

research questions in this preliminary exploration. The main finding of this preliminary study 

was that Social Support received the greatest number of SOB coded student mentions in 

transcripts among the five categories of SOB. When SOB coded student mentions were 
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analyzed per student per question, the greatest number of SOB coded student mentions were 

when discussing their experience with their mentor (Figure 22).  

SOB coded mentions 

The number of SOB coded mentions per transcript of the 30 min interviews (n = 3 

students) pooled for all students in this preliminary study were as follows for each category 

of SOB in decreasing order: there were 191 SOB coded mentions of Social Support, 144 

SOB coded mentions of Perceived Value, 136 SOB coded mentions of Positive 

Relationships, 104 SOB coded mentions of Harmonization, and 73 SOB coded mentions of 

Affirmation of Past Skills/Character Traits (Figure 21). The three SOB categories with the 

greatest number of SOB coded mentions in transcript data were for the following categories 

(in decreasing order): Social Support, Perceived Value and Positive Relationships. Social 

Support received the greatest number of SOB coded mentions, 28-25% greater than the other 

two top categories (Perceived Value and Positive Relationships). Meanwhile, the amount of 

SOB coded mentions of Perceived Value and Positive Relationships categories differed only 

Figure 21. 2020 REEFlections Student SOB coded mentions. This figures shows the number of 

SOB coded mentions per transcript that were pooled for all students in this preliminary study. 
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by 6%. This may suggest that there were high aspects of Social Support in the 2020 

REEFlections program that contributed to SOB for participants overall.  

In order to further understand the amount of SOB coded mentions for each question 

topic per student, I also analyzed SOB coded mentions for each overall question category 

(Figure 22) in transcripts for the final data analysis. Here, the number of SOB coded 

mentions by each student are reported by question topic (Figure 22). The average number of 

SOB coded mentionss for each question are shown in Figure 22. The questions that resulted 

in student responses with the greatest number of SOB coded mentions were for the following 

question categories (in decreasing order): Experience with Mentor, Experience with 

Organizers, and Personal Impact of REEFlections. The number of SOB coded mentions were 

Figure 22. SOB coded mentions per question topic. This figure shows the number SOB coded 

mentions for each overall question category per student as well as the averages of SOB coded 

mentions per question category. 
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greatest when discussing the topic: Experience with Mentor (Question 3, “Tell me about your 

experience working with your research mentor in preparing for the symposium”). Codes 

from transcript data indicated that the Experience with Mentor question topic received the 

highest average number of SOB coded mentions, 56% greater than the SOB coded mentions 

of the other two top categories (Experience with Organizers and Personal Impact of 

REEFlections). Meanwhile, the number of SOB coded mentions of the Experience with 

Organizers and Personal Impact of REEFlections categories had the same average number of 

SOB coded mentions (Figure 22). ”).  

Overall, this preliminary study found Social Support received the greatest number of 

SOB coded student mentions in transcripts among the five categories of SOB, and that the 

Experience with Mentor question topic received the highest average number of SOB coded 

mentions. To better understand the overlapping nature of these two results, a quote per 

student from responses to the Experience with Mentor question (Question 3) that were also 

Table 16. Transcript phrases indicating “social support”. This table shows a quote per student 

from responses to the Experience with Mentor question (Question 3) that were also coded for “Social 

Support”. 
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coded for Social Support are presented in Table 16. Considering the SOB scoring in this 

preliminary exploration overall, these quotes further display that student’s development of 

SOB was centralized on Social Support and experiences with research mentors according to 

interview responses from this preliminary study. 

DISCUSSION 

The goal of this part of my dissertation was to determine which aspects of SOB were 

most reported in student experiences via interviews with 2020 REEFlections participants. 

The most important findings of this preliminary study were that Social Support was the most 

frequently reported aspect of SOB in student interview responses on 2020 REEFlections-

related experiences. Below, I discuss the findings of this preliminary study and conclude by 

contextualizing coding results in the context of our current understanding in building SOB in 

STEM higher education. In the following sections I also contextualize my preliminary 

findings in the scope of the framing pieces of this work: (a) staging a narrative-based active 

learning symposium as metacognitive activity, establishing a (b) sense of belonging (SOB) 

and, (c) proposing that optimal distinctiveness theory (ODT) played a role in components of 

perceived SOB (e.g., “Affirmation of Past Skills and Character Traits”) in this preliminary 

examination.  

This preliminary study finds that perceived Social Support was the most mentioned 

aspect of SOB in student interviews as students reflected on their perceived experiences in 

STEM and REEFlections. Additionally, via further examination, students SOB coded 

mentions occurred most often when discussing the topic: “Experience with Mentor” 

(Question 3, “Tell me about your experience working with your research mentor in preparing 

for the symposium”). In combination, these two results indicate that students perceived that 
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social support, specifically, from research mentors helped build SOB for student participants 

in 2020 REEFlections. While students perceived to have received social support from their 

peers, they also perceived a deepening of their relationships with research mentors as they 

worked closely with them under an expedited timeline for the symposium (Figure 22).  

In keeping with the SOB framing piece of this preliminary study, the findings on the 

importance of perceived social support confirm findings of past studies that show that social 

support is a critical element in establishing SOB in educational setting (Xu, Solanki, 

McPartlan, & Sato, 2018). Quotes from responses to the Experience with Mentor question 

(Question 3) that were also coded as Social Support presented in Table 16 suggest that 

student’s perception of stronger social connections with their mentor via their experience in 

REEFlections, boosted their enthusiasm for STEM related activities within and outside the 

REEFlections. Similarly, past studies have shown that perceiving that one has a social 

support network, boosts confidence and endurance when faced with possible barriers to 

success in educational settings (London et al., 2011). 

For example, a focus group study on Aboriginal urban at-risk youth social support in 

school environments found that social support was vital to fostering SOB. Social support was 

essential for Aboriginal urban at-risk youth to be able to establish trust in their school 

environments in order to for youth to be more open to academic assistance (Richmond & 

Smith, 2012). A study on STEM intervention programs (SIPs) for Latino male 

undergraduates in engineering at a public university in California also had similar findings on 

a greater SOB for students due to social support elements in the SIP (Abrica, 2022) 

Participants in SIPs emphasized that because of a more holistic social support structure, 

students felt they were not “alone” in their classes, and eventually felt a SOB (Abrica, 2022).  
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In keeping with staging a narrative-based active learning symposium as 

metacognitive activity as a framing piece of this study, this preliminary exploration shows 

how the components of active learning and social support in REEFlections, provide 

infrastructure for establishing student perceptions of SOB. The unique combination of skills 

displayed by REEF students (having both research and science communication experience) 

inspired the initiation of REEFlections. While these skills are somewhat specific to REEF 

students and lend to greater ease in staging an narrative based active learning intervention, 

we must not overlook the aptitude of all students to engage in STEM narrative based in this 

capacity. Narrative based active learning activities like scientific storytelling empower the 

voices of early career individuals in STEM (S. Freeman et al., 2014; Norris et al., 2005), at a 

critical step of scientific growth (London et al., 2011) and should be accessible to students of 

all backgrounds and skillsets.  

This preliminary study did not find that optimal distinctiveness theory (ODT) played 

a major role in components of perceived SOB in this preliminary examination (e.g., 

“Affirmation of Past Skills and Character Traits”). However, evidence for student 

perceptions of “Affirmation of Past Skills and Character Traits” could be further investigated 

via more coding categories or additional interview questions that target this aspect of SOB 

directly in future examinations of this framing piece. 

In summary, as suggested by these preliminary findings, programs like REEFlections 

urge students to be more passionate leaders in marine science by increasing student 

perceptions of SOB. Therefore, more assessments of narrative based STEM interventions 

must be executed to further investigate the ways in which programs like REEFlections can 

continue to foster student SOB in higher education.  
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Recommendation for future SOB active learning intervention assessments 

In closing, I will discuss recommendations for future assessments of SOB active 

learning interventions. Future active learning intervention assessments with more quantitative 

measurements of SOB will benefit from assessing multiple treatment groups. For example, 

EarSketch, a STEM intervention, used active learning approaches to connect a diverse cohort 

of students to coding via exercises by using culturally significant artforms (popular music) 

involving remixing of popular music where intervention treatment groups showed 

significantly greater gains in “intention to persist” and greater gains in motivation towards 

STEM coursework (Siva, Im, McKlin, Freeman, & Magerko, 2018). This preliminary 

exploration benefitted from the ability to compare student perception of the program and any 

subsequent SOB by having clearly separate treatment groups. While treatment groups would 

be difficult to establish within REEFlections program structure, the small cohort size and 

annual nature of REEFlections allows for cross cohort comparisons and short participant 

follow-up assessment surveys to establish quasi-treatments per cohort of REEFlections. 

For future active learning intervention assessments with more qualitative 

measurements of SOB, studies will benefit from multiple rounds of transcript coding using 

blind interpreters. Specifically, grouping and regrouping codes and themes into categories 

and sub-categories may allow for a greater understanding of what patterns exist around SOB 

coded responses with respect to interview questions. Quantitative assessment approaches 

may advocate for a larger sample sizes of transcript data to gain a better understanding of 

student perceived SOB, yet qualitative approaches to assessing a small cohort intervention, 

like REEFlections, have also shown opportunity for more nuanced analyses of SOB, using 
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individual phrases as samples onto themselves (Benmayor, 2012; Bernal et al., 2012; Espino 

et al., 2012). 
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Chapter 6: Conclusion 

Extreme ocean warming, observed as ocean temperature anomalies or marine 

heatwaves (MHWs), are becoming a more persistent threat to coastal ecosystems 

(Benthuysen, Oliver, Chen, & Wernberg, 2020; Donovan et al., 2021; Hobday et al., 2016; E. 

C. J. Oliver et al., 2021). While our capacity to predict MHWs is growing (Benthuysen et al., 

2020; Jacox et al., 2022), predictions about how marine populations will respond to thermal 

stress are still developing for many invertebrate fisheries species. It is clear that some marine 

species have an adaptive capacity to MHWs (Caputi et al., 2016; E. Sanford & Worth, 2010), 

however, more explorations on life histories of economically important invertebrate species 

are needed to protect ocean resources (Caputi et al., 2016). Early life history stages have been 

shown to be a potential window of resilience or vulnerability population level impacts of 

ocean warming (Hammond & Hofmann, 2010; Zippay & Hofmann, 2010). Overall, more 

experimentation on early life history and reproduction in response to MHWs has been 

highlighted as a fisheries management need (CDFW, 2020).  

Ecosystem management can serve as an arm of public action to support climate 

change biology (Caputi et al., 2016; CDFW, 2020; Lester et al., 2018; White, Halpern, & 

Kappel, 2012). In order for the public and to advocate for environmental issues, such as the 

impact of marine heatwaves on coastal resources (e.g., fisheries), marine science 

practitioners must find more personable ways to engage the public and early career 

individuals (e.g., undergraduates) in marine science. Meeting these needs, the two main areas 

of my dissertation research were in understanding the (1) thermal tolerance of early stage 

marine invertebrates and (2) increasing undergraduate and public access to marine science. 
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Thermal tolerance of early stage marine invertebrates 

My global change biology research addressed the impact of thermal stress on the 

performance of early stage individuals under climate change stressors, specifically, MHWs. 

Further, I was interested in the environmental context of physiological impacts of MHWs. In 

comparison to sea surface MHWs, bottom marine heatwaves (BMHWs) are an emerging area 

of study (D. Amaya et al., 2023; Starko et al., 2022; Wyatt et al., 2023) (Chan et al., 2023; In 

Preparation), especially as it pertains to marine invertebrate taxa. The timing of MHWs that 

occur in benthic habitats may play a crucial role in shaping the ability for early stage 

individuals to reach subsequent life history stages. Addressing these concerns, my 

dissertation explored how the parental temperature environment influenced offspring 

development and physiological performance of early life history stages in an emerging 

benthic shellfish species in the Santa Barbara Channel, the Kellet’s whelk, Kelletia kelletii.  

My dissertation research was contextualized by MHW events in the Santa Barbara 

Channel (2014-2018), that have been shown to have had negative impacts on kelp forest 

ecosystems (Cavanaugh et al., 2019; Michaud, Reed, & Miller, 2022; Reed et al., 2016; 

Smale et al., 2019; T. Wernberg et al., 2013; T. Wernberg, Smale, D. A., Frölicher, T. L., & 

Smith, A. J., 2021). SBC-LTER MHW bottom temperatures were analyzed as an abiotic 

factor that could have influenced early development in K. kelletii (SBC-LTER). The three 

main research questions of my experimental work were:  

1. How do early stage K. kelletii respond to environmental temperatures that have 

occurred in the Santa Barbara Channel during past MHW events? (Chapter 2) 

2. What are the impacts of a long-term MHW acclimation on the adult K. kelletii 

behavior of capsule laying, and on the condition of early stages when progeny 
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develop under the same MHW conditions under which the adults laid capsules? 

(Chapter 3) 

3. How does larval development and thermotolerance under a shorter term simulated 

MHW differ from thermal tolerance under static temperature treatments? (Chapter 4) 

To address these questions I developed eco-physiology methodology to investigate the 

effects of MHW temperatures on K. kelletii progeny (Chapter 2), and conducted MHW 

laboratory acclimations (long and short-term) on adult and early stage K. kelletii to 

investigate the impacts of MHWs on adult reproduction and larval development on thermal 

tolerance (Chapter 3 and 4). The above research questions were addressed over three 

dissertation chapters within this dissertation (Chapters 2-4). The three main outcomes of this 

research are outlined and discussed below. 

Impacts of MHWs on reproduction and early stage development 

My initial investigations on mortality and abnormality of early stage K. kelletii after acute 

thermal tolerance trials showed that temperatures where developmental abnormality was 

observed occurred at environmental temperatures that have been recorded during past and 

recent MHW events (Chapter 2; (Clare et al., 2022)). This experiment was essential as it set 

the foundation for understanding thermal tolerance in K. kelletii. Thereafter, I assessed 

impacts of a long-term MHW acclimation (144 d) on adult K. kelletii capsule laying and the 

thermal tolerance of early stages (Chapter 3). It was clear that a long-term MHW acclimation 

influenced capsule size, the number of early stage individuals per capsule, and increased the 

rate of early stage intracapsular development. In one of the more dramatic outcomes in 

Chapter 3, the impact of the long term MHW acclimation was so severe that it was not 

possible to conduct acute thermotolerance trials on the larvae that were contained in the 
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capsules laid by adults laid in in the MHW treatment. While no thermotolerance data (LT and 

AT) were obtained in this study, this experiment provided greater insight into the differences 

in rate of development for K. kelletii developing under MHW conditions. My final 

experiment in my dissertation assessed impacts of a short-term MHW simulation (MHW-

Simu) on the larval thermotolerance of K. kelletii (Chapter 4). Early stage individuals showed 

varied degrees of survivorship, and high levels of abnormality after experiencing the short-

term MHW (7 d) and acute thermal stress trials. The limitations of the experiment in Chapter 

4 were that the findings could not be supported by comparison to control thermotolerance 

data on “non-MHW-Simu” treatment individuals. Nevertheless, this experiment was a useful 

exploration of how to use a more realistic temperature context to assess thermal stress in 

early stage K. kelletii.  

Recommendations for future experimentation 

The varied nature of the methods of each experiment in my dissertation make it difficult 

to compare results between experiments. Additionally, due to the nature of how Kellet’s 

whelks laid capsule clusters (50-100 capsules) per day made it challenging to examine larvae 

prior to the start of thermotolerance and MHW simulation trials. As an example, specific 

larvae were not examined before being placed in the thermotolerance and experimental tanks 

for trochophore and veligers since that would involve compromising (opening and damaging) 

the capsules larvae were developing in. Future manipulations should consider using 

consistent sampling and development observation methods across several years of 

experimentation to better facilitate comparison between experiments. 

Other recommendations for future K. kelletii MHW experimentation include: multi-

generational, population-level, and physiological investigations that involve both lab and 
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field work. Like other marine invertebrates, shellfish species the Kellet’s whelk could 

possibly provision their progeny to be more resilient to oncoming MHW thermal stress via 

transgenerational plasticity, (TGP) (Leach et al., 2021; Wong & Hofmann, 2020). Future 

work may consider conducting a TGP assessments in the lab and in the field to provide 

greater ecological context to the lab-based findings on larval thermotolerance in this 

dissertation. Considering the biogeographical range shift K. kelletii have undergone (D 

Zacherl et al., 2003), local adaptation and TGP are very likely to be present among K. kelletii 

populations along the Pacific coast. However, this has yet to be confirmed via 

experimentation. Future work may consider evaluating local adaption and TGP via 

biochemical or molecular means (e.g., via protein heat shock protein and lipid analyses), in 

reproducing females and early stage individuals. These analyses have been shown to be 

helpful in determining aspects of thermotolerance and heat stress in other shellfish species 

(Strader et al., 2020) (Chamorro et al., 2023; Unpub.). 
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Recommendations for K. kelletii fisheries population modeling with respect to MHWs 

Predictive modeling of fished populations and MHWs can serve to support fisheries and 

ecosystems under MHW stress in a variety of ways. Conservation biology and ecosystem 

management have long used stage-based matrix models that have been shown to be incredibly 

useful for species like the Kellet’s whelk that are not well-represented via traditional ecological 

surveys (Chen & Liao, 2004; Fujiwara & Caswell, 2001). Recent studies on the impacts of 

MHWs on West Coast fisheries have determined that enhanced monitoring and modeling of 

fished species will help provide early warnings of oncoming impacts as well as a stronger 

mechanistic understanding of fished populations (Free et al., 2023). Specifically, long-term 

datasets, such as that of the SBC-LTER, combined with experimental findings, such as that of 

my dissertation, can be used to develop models that support decisions made by management 

agencies and fishing communities in determining the status of fisheries with respect to MHWs. 

Eco-physiological life history studies on the effects of MHWs on a fished marine invertebrate 

(Chapter 2 and 3), can be used to develop mathematical tools to understand population level 

changes in response to environmental perturbations (Simas, Ribeiro, & Ferreira, 2001). As an 

Figure 23. Conceptual framework for a stage-based matrix model of K. kelletii. 
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example, my dissertation findings could 

be incorporated into a life stage model (see 

conceptual population model Figure 23) 

where vital rates are placed in the context 

of the whole life cycle of an organism and 

can be classified into several approaches 

depending on whether time and stage are 

continuous or discrete variables (Fujiwara & 

Caswell, 2001). Life history traits from my 

dissertation on the development of K. kelletii could be used to develop a population projection 

matrix (Leslie matrix) to calculate what the population will be from time t to time t+1 (Figure 

23) (Chen & Liao, 2004). 

However, proposing a model for a data limited fishery with respect to MHWs is a task 

not met without challenge. Due to the fact that populations respond to climate change 

induced environmental variability, such as MHWs, in a variety of ways at different life 

stages, population models for invertebrate fisheries often rely on parameter estimates. 

Invertebrate fisheries, such as K. kelletii, are often data poor fisheries with limited 

information on life cycle traits of to use to infer how a stock or population is performing. 

Ecological surveys used to model data limited invertebrate fishery populations are often non-

targeted surveys (not fishery based) and tend not to sample the full population of the fished 

species to support fisheries life-stage models. Therefore, to design population models for K. 

kelletii management, future models would benefit from creating model parameters based on a 

synthesis of literature on similar species (Table 17).  

Table 2. 

Variable Parameter 

Growth 

G Growth rate per stage 

Survival 

Ma Mortality at stage a 

Reproduction 

Fa Fecundity at stage a 

 Sex ratio: Proportion of mature females at 

stage a 

 Effective reproductive ratio at stage a 

EPR Eggs per recruit 

Fishing Pressure 

k Catchability slope constant 

Hrec Recreational harvest  

Erec Recreational harvest effort 

Hcomm Commercial harvest 

Ecomm Commercial harvest effort 

 

Table 17. Conceptual parameters for a stage-based 

matrix model of K. kelletii. 
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Similar steps have been taken for other invertebrate species, such as the Dungeness crab, 

where only sparce data were available (Washington Department of Fish and Wildlife legal 

catch records of 1996–2013) to develop range estimates of vital rate values for the organism. 

As an example, in order to build a model that analyzed the effect of hypoxia on the data limited 

Dungeness crab fishery in Hood Canal, Washington, parameter value assumptions were 

developed to model a general sense of effects of harvest and hypoxia at each “age-step” of the 

population (Froehlich, Essington, & McDonald, 2017). A preliminary model with “courser” 

time steps, such as life stage (versus age) of K. kelletii, would greatly aid in K. kelletii 

management efforts and could serve as a strong step forward in determining how a data limited 

invertebrate fishery population, such as K. kelletii will be affected by MHWs. A preliminary 

model of this nature would also be useful in setting management recommendations, harvesting 

periods and catch size limits for the whelk. 

Additionally, a formal stock assessment would assist in providing foundation for 

modeling general population trends of K. kelletii with respect to MHWs, wherein data on 

boating hours, fishing gear deployment duration, estimates of fishing effort and landings data 

would be data needed to determine a catch per unit index. These metrics, alongside life 

history traits, would serve as a proxy of drivers of change in K. kelletii harvested populations 

with respect to MHWs. 

Recommendations for K. kelletii fisheries and management with respect to MHWs 

The most salient management considerations that have emerged from my dissertation 

research are that (1) phenology with respect to the life cycle and (2) MHW forecasting are 

essential aspects of managing the Kellet’s whelk emerging fishery. As we grow in our 

capacity to understand organismal responses to environmental phenomenon, we increase our 
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ability to utilize (1) phenology, the timing of life cycle events at the population level to 

determine how economically important populations will respond to MHWs. Phenology, often 

focusing on climate change effects, has become increasingly relevant to conservation and 

management (Ettinger, Chamberlain, & Wolkovich, 2022). My findings show that Kellet’s 

whelk adults that experience MHW temperatures lay few and low-quality capsules with 

unsuccessful development of embryos (Chapter 2 and 3). These findings indicate that 

management strategies should include (2) embracing MHW forecasting that support the 

whelk fishery and identify potential thermal refuges (Jacox et al., 2022). In the following 

section, I will discuss means by which to address the aforementioned management concerns 

below. 

Kellet’s whelk are predominantly harvested as a bycatch (incidental) species in the 

California spiny lobster (Panulirus interruptus) and crab fisheries. In the California spiny 

lobster fishery, Kellet’s whelk and lobster are 90% of the individual animals caught by 

number (CDFW, 2020). Mixed fisheries, or “multi-species fisheries” require management 

that differs from single-species fisheries, in considering dual impacts of fisheries per species. 

With these features of the fishery, it is important that management considerations for the 

Kellet’s whelk should pair with biological considerations of both species under MHWs.  

As an example, in comparing the thermal tolerances for both early stage K. kelletii 

and P. interruptus, it was found that the upper limit of development for P. interruptus is 21.5 

°C (Serfling & Ford, 1975; Velazquez, 2003). Similar to K. kelletii, embryonic development 

and larval hatching of P. interruptus coincides with seasonal ocean warming (Velazquez, 

2003). However, P. interruptus in the California Current Large Marine Ecosystem have been 

shown to have greater recruitment during warmer years as the result of an analysis of long-
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term oceanographic trends between 1951 and 2008 (Koslow, Rogers-Bennett, & Neilson, 

2012). Here, larval survival and recruitment were positively associated with warm ocean 

conditions throughout the Pacific west coast fishery (Koslow et al., 2012). In contrast, this 

same study found that a positive relationship with survivorship and recruitment was not 

consistent with Baja fished populations during that same timeframe (Koslow et al., 2012). 

These findings are consistent with other studies, the findings of my dissertation are 

similar to the data for spiny lobster, where an impact of MHW temperatures on Kellet’s 

whelk development is observed, yet overall trends and patterns remain to be unclear without 

further investigation. Studies that have found an impact of increased temperature on 

reproduction and development on larval California spiny lobster recommend the use of 

flexible management where opening and closing dates of harvest can account for population 

performance unpredictability under MHWs (Velazquez, 2003). More studies are finding that 

there is a response, but patterns in responses are unclear, so we should be prepared for 

flexible management. 

 Considering my dissertation findings, I would recommend that similar strategies be 

taken for managing the Kellet’s whelk. While adaptive management may be logistically 

challenging to coordinate with many constituents, studies find that promoting engagement 

and public collaboration enhances the adaptive capacity of fishing communities long-term 

(Free et al., 2023). Increased costs to adaptive management approaches have been mitigated 

by utilizing partnerships, incentives, and affordable technological advancements (e.g., digital 

platforms for fishers) (Villasenor-Derbez, Amador-Castro, Hernandez-Velasco, Torre, & 

Fulton, 2022), that can make monitoring and management more inclusive. 
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Altogether the findings of my dissertation research affirm past and recent studies on 

the negative impacts of MHW on early stage shellfish species. Future experimentation on 

acclimations will allow a greater understanding of how organismal thermal limits will 

influence reproduction and the thermal tolerance of K. kelletii progeny as it pertains to the 

future of the emerging fishery. 

Increasing undergraduate and public access to marine science 

As we turn the corner into a pivotal decade for our planet, our society needs 

environmentally minded individuals and communicators than can educate the public on the 

importance of the environmental research process. In recent years, research groups have 

prioritized outreach as a part of their research programs (Nadkarni & Stasch, 2013), however 

many outreach initiatives arise out of “good-will” (Petrella, 2008), but do not have the 

capacity to build programming based on established pedagogical approaches that increase 

inclusivity in STEM. To combat challenges with engaging students and the public with 

STEM, I developed two platforms for outreach and education as a part of my dissertation that 

are grounded in the literature on narrative-based active learning.  

First in this area, to address challenges with increasing diversity, equity, and inclusion 

(DEI) and student sense of belonging (SOB) in STEM higher education, I explored the levels 

of student SOB in an education intervention I developed. The intervention I developed was a 

symposium that showcased science communication of undergraduate research called 

“REEFlections”, which focused on using narrative-based active learning to increase SOB for 

UCSB students at the UCSB Research Experience & Education Facility (REEF) facility. 

Secondly, the “Science in Action” temperature system and outreach program I developed 
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was a means to conduct MHW research while engaging the public and REEF undergraduates 

in marine science.  

REEFlections: I was the director for REEFlections for three years (2019, 2020, and 

2022) and conducted an assessment on student participants in the 2020 REEFlections cohort 

for my dissertation. 2020 REEFlections was a unique year for the symposium as it was 

virtual, occurred in the midst of the global COVID-19 pandemic, and violent social unrest. 

Student interviews showed that even during an exceptionally challenging time, students 

sought new skills, employed past skills (in science communication and their research topic), 

rehearsed/practiced, and sought to have better time management in order to navigate 

REEFlections assignments and activities. Most importantly, my findings indicate that “Social 

Support” was the most frequently reported aspect of SOB in 2020 REEFlections-related 

student experiences.  

My dissertation research on REEFlections emphasizes the importance of narrative-

based active learning activities in establishing a more welcoming environment in STEM. It is 

clear that social support in the form of peer and mentor interaction in my REEFlections 

intervention was successful in developing inclusive environments that supported student 

performance. Another component of active learning unique to my REEFlections program 

was narrative and dialogue. Since it is not possible to represent aspects of all student’s 

experiences (e.g., gender, sexual orientation, cultural background) in an education program, 

narrative-based active learning allows for the integration of culturally diverse and personally 

relevant connections to STEM in small ways. This helps demonstrate to students that diverse 

perspectives are valued in the classroom. For example, EarSketch, a STEAM-based active 

learning intervention for computer science increased SOB by using popular music to enable 
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students to express their personal narrative in their course work (Siva et al., 2018). Models on 

inclusive education assert that unidirectional instruction isolates and alienates students in 

underrepresented minority groups (Dewsbury, 2017; Freire, 1986). Student investment and 

retention of STEM concepts is elevated when dialoguing is used as a tool to create equity 

between instructors and students (Benmayor, 2012; Bernal et al., 2012; Espino et al., 2012; 

LopezLeiva et al., 2016). For students that feel marginalized in their own campus 

communities, and further marginalized in new academic environments, interactive active 

learning programs provide moments of dialogue that allow for student’s experiences to be 

validated in the classroom (S. Freeman et al., 2014; Norris et al., 2005). These learning 

environment gains serve to benefit students of all backgrounds in feeling more welcome in 

STEM. The intervention I designed was proactive about utilizing findings and practices from 

a wider range of fields to establish the intervention’s pedagogical foundation, such as that of: 

Social, Cognitive, and Psychological Sciences (SOB theory)—and more daringly, 

Humanities and Arts (e.g., science communication). 

“Science in Action” temperature manipulation system and outreach program: The 

MHW acclimation and simulation experiments for my dissertation research (Chapter 3 and 4) 

were staged in the temperature manipulation experiment display system I initiated at the 

REEF. The temperature manipulation experiment display system served as a public facing 

“science in action” experimental platform to service both the climate change biology and the 

outreach portions of my dissertation. This collaboration was also initiated as a platform to 

facilitate the involvement of REEF undergraduates in marine science research on campus. 

The experiment-display now serves as a long-standing platform for research and outreach at 

the REEF and for future marine science graduate students at UCSB. In this section, I will 
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discuss some of the outreach gains and experimental challenges involved in this “science in 

action” REEF collaboration for the MHW acclimation and simulation experiments in my 

dissertation.  

The outreach and education programs staged from the experiment display spanned 

two campus working phases of COVID-19: severe workplace safety concerns for COVID-19 

(Chapter 3, 2021) and relaxed safety concerns for COVID-19 (Chapter 4, 2022). In both 

phases, I was successful in engaging K-12 students in my experiment-display research 

(virtually and in-person). I mentored a team of REEF undergraduate research assistants 

(2019-2022) to participate virtual and in-person science communication with the public via 

the display by modeling presentations myself from which project personnel were able to 

develop their own “real-time” presentations.  

The combined events of students returning to campus and participating in my 

research was a phenomenal way to initiate a “new normal” scenario for returning and 

incoming student cohorts during COVID-19. Student research assistants were onboarded 

virtually, and as COVID-19 safety restrictions began to relax, additional REEF 

undergraduates were onboarded in-person. Assessing student skill and ability to partake in 

undergraduate research was one of the challenges of remote mentoring, onboarding and 

recruitment. Thus, there was also a limited capacity for training undergraduate researchers. 

This resulted in project assistants having varying levels of familiarity with the larval biology 

methods needed to collect project data. Further, a limited student availability and funds for 

student time in both projects (Chapter 3 and 4) resulted relying on project personnel who 

could only be recruited to work on a voluntary basis or for limited hours. Despite these 
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challenges, the temperature manipulation system and animal husbandry was maintained by 

REEF student employees with mixed levels of aquaria experience (intermediate to expert).  

This “science in action” collaboration by nature, was intended to unveil the organic 

aspects of marine science research to public (K-12) audiences. Future collaborations of this 

nature, between research and outreach groups, will benefit from better coordination of space 

use. As an example, campus visitor presentation programming often occurred in 

simultaneous experimental spaces. The larvae for the experiment in Chapter 4 were scored in 

a REEF trailer at the REEF facility. While working in the REEF trailer supported scientific 

goals (to be in closer proximity to working with larvae), since the REEF trailer is also an 

education space, it was often difficult to balance the co-use of the space with ongoing REEF 

activities. Nevertheless, conducting the experiment in the REEF trailer allowed both REEF 

undergraduates and visiting students an opportunity to witness “science in action”.  

Outreach programs catered towards supporting undergraduate research can enhance 

the research effort and can contribute to the broader impacts of the research at hand (Jordan, 

2012; Shirk et al., 2012). However, like most education and research collaborations, the 

research collaboration I initiated at the REEF involved a suite of research-to-outreach 

tradeoffs. These findings align with past studies on the tradeoffs experienced in citizen 

science research-to-outreach initiatives. Studies on citizen science outreach programs find 

that similar tensions can emerge between scientific goals (acquiring data) and educational 

goals (engaging students and the public), even when missions are well aligned between 

programs and organizations (Sickler, 2014). As an example, a study on ecological citizen 

science outreach identifies that research-to-outreach programs often experience tradeoffs 

between data quality, protection, transparency, and trust. Specifically, data quality can vary 
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by volunteer experience (e.g., prior knowledge and training) (Anhalt-Depies, Stenglein, 

Zuckerberg, Townsend, & Rissman, 2019; Lewandowski & Specht, 2015). Based on past 

research-to-outreach studies and my dissertation findings, I recommend that research-to-

outreach projects anticipate these tradeoffs, develop practices to address tradeoffs, and 

regularly reassess protocols and procedures. Assessments of ingroup protocols and 

procedures should involve feedback from participants to ensure that all participants are aware 

of the agreed methods for data collection (Anhalt-Depies et al., 2019; Lewandowski & 

Specht, 2015).  

My dissertation findings on the value of the my “science in action” research-to-

outreach program are also supported by past studies. Despite the identified tensions that arise 

in research-to-outreach collaborations, it is largely agreed that the tradeoff cost of integration 

of scientific value and public science experiences creates important compelling discourse on 

scientific issues for scientists and non-scientists (Sickler, 2014). Similarly, I found in my 

dissertation work that the cost of engaging non-scientist research assistants (undergraduate 

researchers) and public audiences (K-12, and the general public) did not outweigh the 

benefits of this collaboration. Namely, during a time where there were high levels of 

uncertainty around public safety (with respect to COVID-19 and social unrest), the research-

to-outreach collaborations I facilitated at the REEF allowed for fast-pace critical thinking on 

how to circumvent research challenges while guiding the oncoming generations of STEM in 

climate change biology.  
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