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List of Figures and Tables 

Figure 1.1 Morphological measurements for leptocephali analysed in this study for 

the head (A) and body (B). For details on how these measurements were taken, refer 

to CalCOFI Atlas 33 (Moser, 1996). Greatest body depth, GD; predorsal length, PdL; 

snout-to-anus length, Sn-A; pectoral fin length, P1L; head length, HL; head width, 

HW; and eye radius, ER. 

Figure 1.2 Larval latitudinal ranges for each of the species in this dataset. Larval 

range was calculated by combining all available geographic range data for both adults 

and larvae to obtain one ‘maximum’ value. This estimation assumes that if adults are 

found in a specific location, larvae must be able to disperse there as well. 

Figure 2.3 The diversity of body aspect ratios (A) and relative snout-to-anus lengths 

(B) for 17 species of eels across three habitat categories. Aspect ratio is calculated as

body length/greatest body depth. Note that offshore pelagic and coastal 

benthic/offshore benthic species each converge on a different set of aspect ratios, with 

the notable exception of the slender snipe eel (Nemichthys scolopaceus), a highly 

elongate offshore pelagic species. 

Figure 1.4 Phylogenetically corrected principal components analyses (pPCA) of 

larval morphology at median size and maximum size. PCAs were performed on the 

residuals of the relationships between each of the seven log-transformed 

characteristics and log body length. At median size, larvae do not cluster by 

iv



relatedness. As larvae near metamorphosis, phylogenetic signal increases, and larvae 

look more similar to those from the same clade. Characteristics below each axis are 

listed in order of decreasing loading strength (Supporting Information Table S2). 

Greatest body depth, GBD; predorsal length, PdL; snout-to-anus length, Sn-A; 

pectoral fin length, P1L; head length, HL; head width, HW; and eye radius, ER. 

Figure 1.5 The relationship between log body length and log pectoral fin length varies 

among species. Here, we show a selected seven species that demonstrate the 

ontogenetic variation seen in pectoral fin length. Darker lines indicate more negative 

allometry. All species exhibited negative allometry or isometry, in which the relative 

size of pectoral fins decreases or remains proportional over development. Despite this 

general trend, the strength of this change varied among species, with the California 

moray (Gymnothorax mordax) losing its pectoral fin, and others, such as the bignose 

conger (Rhynchoconger nitens), retaining a large pectoral fin. Illustrations show the 

approximate size of the pectoral fin (red structure) for larvae close to metamorphosis, 

and are modified from Raju (1985) and Moser (1996). 

Figure 1.6 Phylo-allometric PCA (aPCA) for 17 species of eels across three habitat 

categories. For each species, morphological traits were centred, scaled and log- 

transformed, then regressed against body length. This resulted in a set of seven 

regression slopes for each species, which were used as observations in a 

phylogenetically corrected allometric principal components analysis (aPCA). 
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Location in the morphospace indicates which characteristics show the most extreme 

size changes over growth for a species. For instance, the California moray 

(Gymnothorax mordax) experiences a complete loss of its pectoral fin over ontogeny. 

Snout-to-anus length, Sn-A; pectoral fin length, P1L; head width, HW; and eye 

radius, ER. 

Figure 1.7 Morphological characteristics when larvae are halfway to transitioning can 

predict larval range. Here, morphology is represented in numerical form by pPC2 axis 

values from the median-size pPCA. Species with large larval ranges have long 

predorsal and snout-to-anus lengths when they are halfway to metamorphosis. The 

black line indicates the line of regression (R2 adj. = 0.207).  Illustrations of median-

length larvae are modified from Smith (1979), Moser (1996) and Raju (1985). 

Figure 3.1 Adult California morays were sampled from 11 locations between southern 

California and southern Baja California peninsula, Mexico, including five offshore 

islands (Catalina Island, Isla San Martin, Isla San Martin & Isla San Jerónimo, Isla 

Guadalupe, and Isla Natividad). The two most probable biogeographic breaks in this 

region are at Punta Eugenia and Bahía Magdalena. 

Figure 2.2 California morays show local adaptation in the face of high gene flow. a) 

Populations off coastal southern California/northern Mexico (Palos Verdes, San 

Diego, Isla San Martin/Isla San Jeronimo) appear to be under different selective 

pressures than those from populations such as Isla Natividad, Isla Guadalupe, and 

vi



Todos Santos. Catalina Island (Two Harbors area) and Las Barrancas are comprised 

primarily of F1 hybrids. b) When examining neutral loci, populations are 

indistinguishable, suggesting high gene flow. c) and d) When examining single-

ancestry individuals (those with >0.9 probability of belonging to a single genetic 

cluster according to loci under selection), FST values show divergence for loci under 

selection (c; mean FST = 0.012) but are low for neutral loci (d; FST < 0.0001). The 

same list of loci under selection was used for both sets of analyses; the lower number 

of total loci for the single-ancestry analysis is due to filtering within the STACKS 

pipeline. 

Figure 2.3. Discriminant Analysis of Principal Components (DAPC) analyses for loci 

under selection (n = 216) reveal that populations cluster together. a) Todos Santos 

was the most genetically distinct population. b) Removing the two Todos Santos 

individuals provided a more granular view of the remaining populations. As no 

environmental information was available for Todos Santos individuals, the 

coordinates from plot b were used in testing for correlations with environmental 

covariates. Lines in plot b indicate minimum spanning tree based on squared 

differences among groups. 

Figure 2.4 a) Sea surface height (SSH), b) sea surface temperature (SST), c) sea 

surface temperature anomaly (SSTA) and d) the magnitude of SSTA during estimated 

year of settlement are predictors of DAPC axis 2 values (used as a proxy for genetic 
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haplotype). All environmental predictors were averaged across Oct-Mar, as 

leptocephali are most abundant in waters off Baja California and southern California 

during this period (S. Carter, pers. comm.). 

Figure 2.5. Bootstrapping results for environmental covariate regressions indicate that 

for sea surface height, sea surface temperature, and sea surface temperature anomaly, 

trends were specific to settlement year (and not any other set of years). Bars below 

each density curve indicate the 2.75-97.5 percentiles for each set of bootstrapped 

results. Vertical bars indicate the true slope value for the original set of settlement 

years. Asterisks indicate statistically significant regressions whose slope value also 

falls outside of the 2.5-97.5% percentile range.  

Figure 2.6 Larval Gymnothorax mordax have been found as far as the northern Gulf 

of California and South America, despite the adult range (shaded in blue) 

encompassing a much narrower geographic region. Far-ranging larvae support our 

prediction of high gene flow, with selection presumably occurring in the late larval or 

early settlement period. Data are from CalCOFI and IMECOCAL sampling programs 

and the Scripps Institution of Oceanography Marine Vertebrate collection and 

represent collections from 1957-2015. 

Figure 3.1. Moray eels around Catalina Island show a subtle, but diverse, range of 
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hue, luminance, and pattern. These images have been corrected for white balance and 

exposure, but glare and injuries have not yet been masked out 

Figure 3.2 Workflow for (A−C) image processing and (D−F) calibration and image 

analysis. (A) Raw, uncorrected original photograph including the 18% standard gray 

card used for white balance correction. (B) Photo after white-balance and exposure 

correction. (C) Glare, injuries, and background masked out with uniform white. (D) 

Each of the 13 clusters produced for each individual was described by a luminance 

(L*), green−red (a*) and blue−yellow (b*) value. (E) Countershading was calculated 

by measuring the luminance value for the ventral (v) and dorsal (d) side of the head 

(snout to parabranchial opening, 1), the mid-body (from parabranchial opening to 

vent, 2) and the tail (vent to tip of tail, 3). (F) We examined dominant spot size and 

pattern diversity using ImageJ 

Figure 3.3 Environmental principal components analysis (PCA) showing Axes 1 

and 2, which together explain 66.9% of environmental variation among traps. 

Axis 3 explained an additional 15.9%. The 4 sites chosen successfully capture 

the diverse array of habitats occupied by California morays, with Cat Harbor 

representing the most distinct site. Ellipses are calculated based on a multivariate 

normal distribution 
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Figure 3.4 Moray eel (A,B) hue and (C) luminance is predicted by environmental 

characteristics. Eels are redder, yellower, and lighter in sandy habitats with bare 

substrate. Alternatively, eels are greener, bluer, and darker in habitats with high 

substrate diversity, clearer water, high percentages of 

boulder, and high rugosity (see Table S2 for variable loadings). Triangles represent 

eels from Cat Harbor. Conditional R2 values represent variance explained by both 

fixed effects and trapping site. Point colors represent actual CIE Lab scores, with 

green−red (a*) and blue−yellow (b*) values shown at luminance (L*) of 25 (the mean 

across all individuals) to improve visualization 

Figure 3.5 Countershading varies significantly between the head, middle body, and 

tail regions (repeated-measures ANOVA, post-hoc Tukey HSD test, p < 0.0001). 

Both within individual eels and across all eels, the head and tail show the 

most extreme degree of countershading (countershading ratio <1). This may be 

related to moray behavior of keeping the head (and occasionally tail) outside of 

crevices. Bar: median; box: interquartile range (IQR) spanning the 25th–75th 

percentiles; whiskers: 1.5× above/below IQR; dots: outliers. Dashed line at 1.0 

indicates no countershading 

Figure 4.1. Illustration of the five case-study fisheries, listed with importance and 

knowledge gaps. This set of five species represent a diverse array of life histories, 

x



reproductive strategies, and adult habitats, and are all data-moderate, cryptic, 

threatened, or underassessed. 

Figure 4.2 Bayesian directed acyclic graph (DAG) showing three-part model 

structure. 

Figure 4.3 CAR model net random effect (ε), for all fish larvae, model 3 

(oceanography). CAR random effect output for remaining models is similar to this 

example.  

Figure 4.4 Posterior distributions for all larval fish (A) and the five case-study species 

(B-F). Results are shown only for the best-fitting model (see Table 1.1). 

Figure 4.5 Observed and latent log-transformed larval abundances for all larvae (A) 

and five case study species (B-F). Model output predicts a more uniform and 

generally lower distribution of fish larvae than observed data. 

Figure 4.6 Standard deviations on posterior distributions decreased as sample sizes 

increased. R2 adj. = 0.74, p < 0.001. 
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Table 1.1 List of species analyzed, along with the most prevalent common name, 

habitat category, number of specimens, median/maximum body lengths of specimens 

and larval range. Larval range was calculated by combining all available occurrence 

data on adults and larvae to obtain a single ‘maximum’ range. Habitat category 

abbreviations: OP, offshore pelagic; OB, offshore benthic; CB, coastal benthic. 

Table 1.2 Posterior distributions for the best-performing model for each taxon. 

Asterixes indicate covariates whose 2.5-97.5 percentiles do not include zero, and thus 

could be considered important predictors of larval abundance. 

Table 2.1 Sample and genetic information summaries for the 10 sampled populations. 

Table 2.2 Pairwise Fst values calculated for neutral loci (a; n loci = 54,960) and loci 

under directional selection (b; n loci = 216). Green values represent more similar 

population pairs; red values represent more divergent population pairs. For both loci 

under selection and neutral loci, genetic connectivity patterns do not follow simple 

isolation-by-distance patterns. For example, the two populations from Catalina Island 

(Cat Harbor, which faces south, and the Two Harbors area, which faces north) and 

Palos Verdes all appear to be under different selective pressures, despite being 

located geographically close to one another.  

xii



Table 2.3 Nine of the loci under directional selection had “highly similar” significant 

matches with protein-coding sequences in BLAST. We extracted all BLAST matches 

with E-values <1E-10; one locus (ID 130717, that explains variation between Todos 

Santos and all other populations. within the first DAPC) had matches to several 

proteins. We examined each protein for its general function, typically on the 

molecular level, as well as organismal-level effects within teleost fishes. Proteins that 

fell into the 80th percentile for variation explained across DAPC axes are marked by a 

* (axis 1, loci under selection, all individuals) or † (axis 2, loci under selection, sans

Todos Santos) (Fig. S1.2). 

Table 3.1. Sample sizes for both eels and traps per site, along with the average 

number of eels captured per trap 

Table 4.1. List of case-study fisheries. These species represent a diverse array of 

habitats and life history strategies. 
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A MULTIFACETED INVESTIGATION OF FISH DISPERSAL IN THE 

EASTERN PACIFIC 

Katherine E. Dale 

Abstract 

The biodiversity of terrestrial and aquatic communities is driven by the ability of 

species to successfully disperse to and persist in different habitats. For many marine 

fishes, dispersal occurs via a planktonic larval form that resides in the surface layer of 

the ocean for a period of days to months before moving to juvenile habitats and 

metamorphosing. The period from hatching to soon after settlement is a critical 

period for fish, as it features high mortality rates.  

In this dissertation, I investigate selective factors that influence larval 

dispersal, biogeography, and population persistence in the Eastern Pacific. In Chapter 

1, I examined whether morphology of larval eels (order Anguilliformes) can predict 

larval geographic range, and found that morphological traits of intermediate-stage 

larvae predicted larval latitudinal range, as leptocephali with larger relative predorsal 

lengths and snout-to-anus lengths exhibited larger larval ranges. In Chapter 2, I used 

RAD sequencing to examine genetic structure of California morays (Gymnothorax

mordax) and found that California morays exhibit local adaptation in the face of high 

gene flow, with selection likely taking place primarily during the late larval or early 

juvenile period. In Chapter 3, I used highly quantitative methods to test if skin 

coloration of California morays around Catalina Island, CA were correlated with their 

habitats. I found that eels were yellower and lighter in sandy habitats and that 
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countershading (surprising for a benthic, crevice-dwelling fish) was present on the 

head and tail. We hypothesize that selection on coloration is also occurring during the 

first few years after settlement. In Chapter 1, I used a long-term west coast 

ichthyoplankton dataset to examine what environmental factors are influencing larval 

distributions of five commercially-important taxa of fishes, as well as larval fish 

overall: Pacific sanddab (Citharichthys sordidus), California sheephead 

(Semicossyphus pulcher), cabezon (Scorpaenichthys marmoratus), rockfishes 

(Sebastes spp.) and sablefish (Anoplopoma fimbria). I found that Bayesian 

hierarchical modeling is an effect method to model larval fish abundance, and that sea 

surface height was the strongest environmental covariate.  
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Introduction 

All marine fishes have evolved adaptations to the environments in which they are 

found. This results in phylogenetically related species having divergent geographic 

ranges, population structures, and morphological features. Selection during the early 

life stage of fish can determine which species (or individuals within a species) can 

survive in a given location.  Even if propagules are successful in reaching potential 

juvenile habitats, further selection may occur after settlement when larvae remain 

vulnerable to predation, lack of prey availability, lack of suitable habitat, etc. Thus, 

larvae must be able to successfully disperse to adult habitats as well as contend with 

environmental conditions once they arrive.  

Overview 

In this dissertation, I investigated potential evolutionary drivers that may 

affect dispersal, biogeography, and survival of Eastern Pacific fishes. In Chapters 1-3, 

I focus on order Anguilliformes, the true eels. Anguilliformes, along with their other 

relatives in superorder Elopomorpha, have a unique, leaf-shaped, transparent larval 

form called a leptocephalus (Miller 2009). Leptocephali, which are unique to the 

Elopomorpha, exhibit the longest pelagic larval duration times of any fish larvae, with 

some species of eels having pelagic larval duration times of several months to more 

than a year (Miller 2002; Miller and Tsukamoto 2020). Accordingly, eel larvae can be 

potentially subject to seasonally varying water temperatures, shifts in oceanographic 

currents, and long-distance transport that may bring them out of the range of suitable 
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juvenile habitats. For the final chapter, I take a wider, more holistic view of 

environmental factors and their potential influence on larval fish distributions along 

California. I develop a hierarchical model to examine larval abundances of five case-

study taxa. In comparison to eels, these case-study fishes have non-leptocephalus 

larvae, with shorter pelagic larval durations, smaller maximum body sizes, and more 

cylindrical body shapes. 

The subtropical Eastern Pacific is a unique and challenging place to be a 

larval fish, particularly for marine eels, which are generally more common in warmer 

waters. While the region between Baja California Sur, Mexico, and southern 

California is ostensibly dominated by the cold-water, southward-flowing California 

Current, both seasonal changes and decadal oscillations can induce poleward 

nearshore transport, eddy formation, and an influx of warmer waters from the south 

(Shanks and Eckert 2005; Durazo 2015).  

Outline of Chapters 

In Chapter 1, I analyzed a set of eight morphological measurements recorded 395 

Eastern Pacific leptocephali from 395 collected by researchers at the National 
2



Oceanic and Atmospheric Administration’s Southeast Fisheries Science Center. The 

17 Anguilliform species included represented three adult habitats – coastal benthic 

(11 species), offshore pelagic (5 species), and offshore benthic (1 species). We 

investigated if groups of eels varied significantly from one another at their median or 

maximum larval body lengths, how scaling patterns for traits varied between species, 

and how interspecific diversity of larval body shapes varied for intermediate- and 

late-stage larvae. Further, we investigated whether morphological traits or scaling 

strength could predict larval latitudinal range, hypothesizing that species with large 

maximum body sizes, high aspect ratios, and negative allometry of body depth would 

have larger larval ranges. All analyses were performed within a phylogenetic 

framework to account for shared evolutionary history, using a pruned molecular 

phylogeny published by Santini et al. (2013). 

After examining larval body shape across a diverse array of Anguilliform 

species, I narrow my focus to California’s only muraenid, the California moray 

(Gymnothorax mordax). This species of moray has been shown to be in high 

abundances in southern California (Higgins and Mehta 2017), as well as having 

morphological features that make it a top kelp forest predator (Diluzio et al. 2017; 

Harrison et al. 2017; Higgins et al. 2018). A long-standing hypothesis has assumed 

that California morays in southern California are non-reproductive due to water 

temperatures (McCleneghan 1973). In Chapter 2, I used restriction-site associated 

sequencing (RADseq) to investigate this question, as well as determine if California 

morays have high gene flow or show population structure, identify signatures of 

3



source and recipient populations, and identify potential environmental or 

oceanographic processes that may contribute to population structure. Based on 

previous studies of muraenids, it was hypothesized that California morays would 

show high genetic connectivity. I also hypothesized that populations in southern 

California would be primarily recipient populations with low genetic diversity, and 

that patterns of genetic diversity would correlate with El Niño Southern Oscillation 

conditions. In Chapter 3, I move from examining selection during dispersal to 

studying selection post-settlement. Using a highly quantitative approach, I 

characterized California moray skin coloration, described as hue, pattern, and 

luminance. I examined several potential mechanisms that may explain correlations 

between coloration and habitat. In Chapter 4, I end by taking a more holistic view of 

teleost fishes in the Eastern Pacific, examining how larval abundances shift in relation 

to various environmental factors. I constructed a three-part hierarchical model that 

accounts for sampling variation, observation variation, and spatial autocorrelation. In 

addition to examining all ichthyoplankton, I examined which environmental 

covariates best describe abundance trends for five case-study species: Pacific sanddab 

(Citharichthys sordidus), California sheephead (Semicossyphus pulcher), cabezon 

(Scorpaenichthys marmoratus), rockfishes (Sebastes spp.) and sablefish (Anoplopoma 

fimbria). 
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Chapter 2 

California moray eels exhibit local adaptation in the face of high gene flow 

Katherine E. Dale1, Giacomo Bernardi1, Arturo Ramírez-Valdez2,3, Daniel B. 

Wright1, Jorge Rosales Casian4, Rita S. Mehta1 

1University of California, Santa Cruz, CA 

2Facultad de Ciencias Marinas, Universidad Autónoma de Baja California, Ensenada, 

Baja California, Mexico 

3Scripps Institution of Oceanography, University of California San Diego, La Jolla, 

CA  
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Abstract 

We examined population connectivity across nearly the entire adult range of a 

subtropical Eastern Pacific fish species, the California moray (Gymnothorax mordax). 

Our objectives were to determine if California morays have high gene flow or show 

distinct population structure across different parts of their range, identify signatures of 

populations sources/recipient populations, and examine which environmental or 

oceanographic processes may contribute to structuring populations. We used 

restriction site-associated sequencing (RADseq) to examine genetic diversity across 

252 individuals from 11 locations We used satellite data on sea surface temperature, 
20



sea surface temperature anomaly, and sea surface height to examine whether 

environmental characteristics at the time of settlement were correlated with patterns 

of local adaptation. We found high gene flow across all populations, though a small 

subset of loci showed strong signs of local adaptation. Patterns of local adaptation 

were correlated with sea surface temperature, sea surface temperature anomaly, and 

sea surface height at the time of settlement, but not with geographic distance. Genes 

under selection have been implicated in teleost eye development, reproduction, and 

stress. Despite high gene flow, the California moray exhibits local adaptation with 

phenotype-environment mismatches during the late larval/early juvenile stages, 

ultimately constraining the range of the species. is consistent with  

Introduction 

Many marine reef fishes have a planktonic larval form that allows for population 

connectivity even across large geographic areas (Leis 1991). The highest rate of 

mortality in marine fishes occurs during this pelagic residence period and 

immediately following settlement, as larvae must find appropriate settlement habitats, 

find food, avoid predation (Sifa and Mathias 1987; Leggett and Deblois 1994; 

Garrido et al. 2015) Selection during the pelagic larval period or following settlement 

can thus ultimately constrain the geographic range of marine species and limit 

connectivity (Sanford et al. 2003, 2006; Marshall et al. 2010; Pinsky et al. 2020). 

Larval fish with traits such as increased growth rates, stronger swimming abilities, or 

higher tolerances for colder/warmer water may be more likely to reach and establish 
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primarily recipient populations (Leis 2018). Once they arrive, there could be a 

phenotype-environment mismatch if the individual is maladapted (Marshall et al. 

2010). Under this framework, it would be expected that recipient populations to 

exhibit a lower genetic diversity than source populations, as individuals with lower 

fitness are “filtered out” before reaching reproduction age (Sotka 2012). However, a 

greater level of genetic diversity can be maintained for recipient populations with 

slow rates of population decay, such as for long-lived species or recipient populations 

with some amount of local reproduction (Gaggiotti and Smouse 1996). 

In addition to inherent biological factors, abiotic characteristics of the 

environment such as the strength and direction of oceanic currents, oceanographic 

processes such as eddies and upwelling, geographic features such as islands and 

peninsulas, and large-scale climate oscillations can all influence larval mortality and 

dispersal (Cowen and Sponaugle 2009). One region with complex oceanographic 

patterns is the northeastern Pacific between the Baja California Peninsula, Mexico 

and southern California, USA. Two biogeographic provinces span this area: The 

warm-temperate San Diegan province and the subtropical Cortez province (Horn et 

al. 2006). There is a dramatic increase in sea surface temperatures moving south 

across these provinces, from an average of 15°C in California to an average of 23°C 

in southern Baja California. In the south, warmer waters from off the coast of central 

America arrive to mix with the southward flowing, cold-water California Current. 

The location of the biogeographic break between the two provinces varies for 

different species complexes, with Punta Eugenia and Bahía Magdalena being 
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commonly-cited cutoffs (Fig. 1; Robertson & Cramer 2009, Ruiz-Campos et al. 2010, 

Briggs & Bowen 2012).  

In general, the subtropical western Pacific is dominated by the strong, cold-

water California Current. However, seasonal, yearly, and decadal variations can cause 

the California Current to weaken or move offshore. For instance, during El Niño 

Southern Oscillation (ENSO) events and to a lesser extent during winter months from 

November to March, the coastal northward-flowing Davidson Current strengthens 

(Hickey 1979; Durazo 2015). This allows propagules from northern Baja California 

to be advected northward to California (Shanks and Eckert 2005). This phenomenon 

was most recently observed in the 2014-15 “warm blob” and 2015-16 ENSO events, 

during which many unusual fish species were recorded in southern California 

(Walker et al. 2020). The southern region of the San Diegan province south of Punta 

Eugenia also experiences seasonal changes, with a winter-spring dominated by the 

cold California Current and summer-fall that experiences warm northward currents 

from central Mexico (Durazo 2015). Therefore, seasonal or decadal shifts in 

oceanographic patterns can lead to population size fluctuations, or, at minimum, the 

arrival of unusual vagrants (Cowen 1985; Davis 2000; Lluch-Belda et al. 2005; 

Higgins et al. 2017).  

Shifts in environmental conditions can also act as a strong selective pressure. 

Although the potential for genetic connectivity in the western Pacific is high, many 

marine organisms this region show surprisingly robust population structure, even 

when examining only a small subset of genetic markers. These trends are best 
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explained by local retention, negligible adult movement, geographic barriers, and 

species’ interactions with abiotic factors, rather than geographic distance or pelagic 

larval duration time (Huang and Bernardi 2001; Bernardi et al. 2003; Sivasundar and 

Palumbi 2010; Paterson et al. 2015; Garcia et al. 2020; Mejía-ruíz et al. 2020). This is 

true even for species with long pelagic larval duration times, such as California spiny 

lobster (Panulirus interruptus) which remains planktonic for nearly a year (Iacchei et 

al. 2013). At the same time, some island communities appear to be recipient 

populations reliant on larvae arriving during ENSO events (Cowen 1985; Higgins et 

al. 2017). Thus, in the oceanographically complex eastern Pacific, there could be a 

variety of selective pressures on behavior, morphology, and physiology during both 

the critical pelagic residence period and post-settlement. 

One Eastern Pacific fish species whose population connectivity has been 

suggested to depend on ENSO is the California moray eel (Gymnothorax mordax). 

The California moray is the only common muraenid found off California, and has a 

geographic range stretching from the California Bight to the southern end of Baja 

California, Mexico (Dale et al. 2021). Morays have an unusual larval form called a 

leptocephalus thatandthat is shared with other members of superorder Elopomorpha, 

which consists of the orders Anguilliformes (true eels) and Elopiformes (tarpon, 

bonefish, and relatives) These flattened, leaf-shaped, transparent larvae are larger 

than virtually any other fish larvae, and remain in the pelagic environment for long 

periods of time (Miller 2009). Although the pelagic larval duration (PLD) of the 

California moray is unknown, aging studies of other morays suggest a pelagic 
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residence of at least 45-80 days (Brothers and Thresher 1985; Bishop et al. 2000; 

Huang et al. 2018). While PLD is not as strong a predictor of dispersal distance and 

population connectivity as previously thought (Shanks 2009; Weersing and Toonen 

2009; Selkoe and Toonen 2011; Leis et al. 2013), species with PLD times >45 days 

(such as anguilliform eels) often have broad ranges (Lester and Ruttenberg 2005). 

Previous genetic connectivity studies of morays in the Pacific have found no 

population structure (Reece et al. 2010, 2011; Huang et al. 2018; Ribout et al. 2018; 

Li et al. 2021). no population structure  

Past work has shown that morays have a number of morphological adaptations 

that allow them to eat a variety of prey types including larger prey than expected; 

they are also long-lived and have minimal adult movement (Diluzio et al. 2017; 

Harrison et al. 2017; Higgins and Mehta 2018; Higgins et al. 2018; Mehta et al. 

2020). In the 1970s, examinations of California moray gonads from individuals 

around Catalina Island in the California Channel Islands led to a long-standing 

hypothesis that the moray population in southern California may be comprised of 

nonreproductive individuals whose gonadal development is limited by cold water 

(McCleneghan 1973). Further work on otoliths showed that 30 of 33 individuals 

examined settled at Catalina Island during ENSO events (Higgins et al. 2017). 

The adult range of the California moray spans two biogeographic provinces, a 

north-to-south sea surface temperature gradient of ~10°C, and strong seasonal 

patterns that vary between the southern and northern parts of their range. Thus, it 

would not be surprising if environmental conditions at the edges of their range were 
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influencing reproduction and dispersal patterns. Under this framework, the California 

moray could be an interesting example of an ecologically important fish species that 

has successfully established populations primarily reliant on the arrival of external 

larvae.  

Here, we set out to 1) determine if the California moray has high gene flow 

across its range or shows population structure, 2) identify signatures of source and 

recipient populations, and 3) identify potential environmental or oceanographic 

processes may contribute to population structure. Based on previous studies of 

muraenids, we hypothesized that California morays would show high genetic 

connectivity. We also hypothesized that populations in southern California would be 

primarily recipient populations with low genetic diversity due to environment-

phenotype mismatches, and that patterns of genetic diversity would correlate with 

ENSO conditions. 

 

Methods 

Sampling 

Adult California morays (Gymnothorax mordax) were captured at five coastal sites 

and six islands between southern California, USA, and southern Baja California Sur, 

Mexico (Fig. 1; Table 2.1). All morays from Catalina Island, San Diego, Isla San 

Martin, and Las Barrancas were captured inusingin custom-made vinyl-coated wire 

traps (36” x 11” x 9”) deployed in depths < 20 m, primarily in boulder/cobble 

habitats. 15 eels from Palos Verdes (62.5%) were also trapped using this method. 
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Traps were baited by placing frozen anchovies or fish scraps into perforated plastic 

bottles, which allow the bait to be smelled but not accessed. Traps were set in the late 

afternoon and retrieved the following morning. Morays were lightly anesthetized 

using tri-methylsulfate (dosage 90 mg/L) before taking morphological measurements. 

We measured standard length (tip of the rostrum to end of the tail), head length (tip of 

the rostrum to buccopharyngeal opening), and body length (tip of the rostrum to 

anus). A 20 mg tissue sample was removed from the rear portion of the dorsal fin and 

stored in 90% ethanol. Morays were then placed in a bucket of fresh seawater to 

recover. Nine morays from Palos Verdes (37.5%) were obtained through South Coast 

Bio-Marine LLC using wire-frame traps. Morays from California were sampled under 

California Department of Fish and Wildlife permit #S-190830002-19086-001. 

Morays from Isla Guadalupe, Isla San Jerónimo, Isla Natividad, and Punta 

Abreojos were obtained as bycatch via Mexican the spiny lobster fishery, who use 

baited wire-frame traps. Due to close geographic proximity and a small sample size (n 

= 3), individuals from Isla San Jerónimo were combined with Isla San Martin. 

Morays were frozen and transported to the US under Mexican export permit 

#SGPA/DGVS/01325/20. We conducted the same measurements and tissue sampling 

on moray bycatch. The two samples from Todos Santos were obtained from the 

Scripps Institution of Oceanography ichthyology tissue collection (specimens SIO 09-

293, 11-328). Specimens were obtained in 2009 and 2011 via fishing bycatch. No 

detailed morphological information was available for Todos Santos specimens.  
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RAD library preparation 

DNA was extracted and purified using Qiagen DNeasy Blood & Tissue kits (Qiagen, 

Inc) following standard protocols for subsampled tissue. We used restriction-

associated DNA sequencing (RADseq) to examine population connectivity. RADseq 

is a powerful, low-coverage method that can be used to examine genome-wide 

genetic diversity in non-model organisms. A restriction enzyme is used to cut the 

nuclear genome at specific restriction sites; the sequences of these restriction sites can 

then be compared across individuals to assess genetic similarity. We constructed 

RAD libraries following Miller et al. (2007) and Baird (2008), using the enzyme Sbf1 

for digestion. An initial concentration of 10 ng/uL of nuclear DNA was added from 

each individual for a total of 100 ng of starting material. After initial digestion and 

adding unique Illumina barcodes, samples were multiplexed and sheared to 500 bp 

using a Biorupter Sonicator. Non-tagged DNA was removed using Dynabeads 

(Invitrogen 11206D). All other purification and size-selection steps were completed 

using SPRI beads (Deangelis et al. 1995). Preparation for Illumina sequencing was 

completed using NEBNext reagents (New England Biolabs). Final amplification PCR 

was performed using a reaction volume of 16.6 uL and 10 amplification cycles. 

Libraries were sequenced at UC Berkeley QB3 Genomics using an Illumina NovaSeq 

SP platform using a 100SR/10× protocol. 

Data filtering and genotype calling 

28



We filtered out poor quality reads using a custom Perl script, selecting sequences with 

phred scores > Q33 and a minimum length of 80 bp. Individuals with ≤ 10 MB of 

data were removed. To identify and genotype single nucleotide polymorphisms 

(SNPs) in the remaining individuals, we used STACKS2 (Catchen et al. 2011, 2013). 

STACKS2 was then used to construct an initial catalog of consensus loci with cstacks 

using the top 10 most data-rich individuals from each population; for Todos Santos (n 

= 2) and Isla Guadalupe (n = 7), we included all individuals. The final catalog was 

constructed using 89 individuals. We then aligned the individual samples to the 

catalog with sstacks. In constructing stacks, we allowed for a maximum of three 

nucleotide mismatches between individuals (-M = 3) and required a minimum stack 

depth of three (-m = 3). We used populations to remove loci that were not present in 

≥80% of individuals and to generate population statistics for downstream analysis. 

Data analysis 

Analysis using LOSITAN (Antao et al. 2008) confirmed that loci under 

directional selection were those with heterozygosity ≥ 0.025 and Φst values ≥ three 

standard deviations above the mean. We again ran populations for putative loci under 

selection and the remaining neutral loci. Within-population genetic diversity values 

(Fis) were produced by STACKS2 for all populations. We calculated pairwise Weir 

and Cockerham Fst values for both loci under selection and neutral loci using the 

‘pairwise.WCfst’ function in R package ‘hierfstat’ (Goudet 2005). The Weir and 

Cockerham estimate is unbiased with regards to sample size. 
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We used STRUCTURE 2.3.4 (Pritchard et al. 2000) to identify haplotype 

clusters for both loci under selection and neutral loci. STRUCTURE assumes 

unlinked loci and panmixia. We used a parameter set of 10,000 burn-in reps and 

100,000 reps from K=1 to K=10. To determine the most useful value of K for 

describing the dataset, we used the Evanno method as implemented through Structure 

Harvester (Earl and vonHoldt 2012). 

To examine the relative strength of local adaptation versus gene flow, we first 

needed to remove any swamping effect of having many potentially genetically similar 

sampling sites. From the STRUCTURE analysis of loci under selection, we extracted 

what we termed “single-ancestry” individuals: Any individual that was identified as 

having a > 0.90 probability of belonging to a single genetic cluster. We reran 

populations on this subset, with each individual mapped to its genetic cluster rather 

than its original population. We then reran STRUCTURE on both the initial set of 

loci under selection and neutral loci and recalculated pairwise Fst values. 

To additionally examine genetic divergence, we ran several Discriminant 

Analysis of Principal Components (DAPC) analyses using the ‘dapc’ function in R 

package ‘adegenet’ (Jombart 2008). DAPC is useful as it minimizes distances within 

populations, maximizes distances between populations, and collapses variation into 

several principal axes. We first ran a DAPC on neutral loci. We then constructed two 

DAPCs on loci under selection: First, for all individuals, and second without the two 

individuals from Todos Santos. We used the function ‘xvalDapc’ in package 

‘adegenet’ to perform cross-validation and identify that we should retain 30 principal 
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components. We extracted the sequences of loci that explained ≥ 80% of variability 

along each axis.  

We sent sequences for loci under selection through BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to search the GenBank nucleotide database 

for “highly similar” matches to existing sequences, both protein-coding sequences as 

well as sequences without annotation. We extracted all protein-coding matches with 

E-values < 1-10. We then conducted a literature search to examine the potential

function of these genes in teleost fishes. 

Environmental predictors of genetic divergence 

First, we tested for simple isolation-by-distance between sampling sites. For this, we 

used a Mantel test between a matrix of genetic distances and a matrix of geographic 

distances, examining if the original correlation between matrices fell within a 

reference distribution generated by 5,000 permutations on the data.  

We hypothesized that oceanographic conditions at the time of settlement 

would be predictive factors of genetic divergence. Age of each individual was 

estimated using the Von Bertalanffy growth curve built in Mehta et al. (2020), which 

found that head length is the strongest predictor of age. We did not have head length 

data for the two individuals from Todos Santos thus excluded them from 

environmental analyses. To obtain predicted settlement year, we subtracted estimated 

age from the year the individual was trapped.  
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Sea surface temperature (SST), sea surface temperature anomaly (SSTA), sea 

surface height (SSH), and the magnitude of Ekman transport (EKM) were selected for 

analysis. SST, SSTA, and SSH as these variables are proxies for El Niño Southern 

Oscillation events. EKM is a proxy for upwelling, an oceanographic process 

characteristic of the California Current system. We extracted monthly composite 

satellite data for SST, SSTA, and EKM from ERDDAP (dataset IDs: SST = 

erdMWsstdmday_LonPM180; SSTA = jplMURSST41anommday; EKM = 

erdlasFnTran6_LonPM180). SST and SSTA were available from 2002-present and 

for 91% of individuals’ settlement years. EKM data was available from 1967-present 

but was only available for 46.7% of settlement years/locations. Monthly SSH data 

was extracted from PO.DACC (DOI: 10.5067/DYNTO-1D1M1) and were available 

from 1992-2010, encompassing 77.3% of individuals’ settlement years. Data for all 

variables was averaged over a 6-month period from July-December, corresponding to 

the timeframe in which muraenid leptocephali are most abundant in coastal waters 

between Baja and southern California (Fig. S2.1).  

We used DAPC axis values as a proxy for local adaptation trends. We used 

the DAPC on loci under selection, without the excluded Todos Santos individuals. 

We then ran a series of linear regressions for SST, SSH, and EKM, with each 

environmental variable as the predictor and DAPC axis 1 and 2 values as the 

response. To test if the resulting trends were particular to settlement year (and not any 

other set of years), we bootstrapped each regression by first assigning each individual 

a random year from within the support of each environmental dataset, then reran the 
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regression and extracted the slope. We completed 10,000 permutations of each 

regression, then examined if the original slope fell within the 2.5-97.5% percentiles of 

the bootstrapped slope values. We noted that the SSTA trend did not appear to be 

linear. Thus, for SSTA we used a Generalized Additive Model (GAM) to test the 

relationship between SSTA and the DAPC axes. The GAM was run using a Gaussian 

distribution family and a REML smoothing parameter estimation method with k = 3 

basis functions. We ran a similar bootstrapping procedure with SSTA, extracting the 

first coefficient rather than the slope.  

Higgins et al. (2017) used Oceanic Niño Index values to classify individuals 

as settling during ENSO, La Niña, or Neutral conditions and found that California 

morays around Catalina Island appeared to settle during ENSO events. To reexamine 

this trend with our data, we extracted ONI values 

(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.ph

p) and classified each individual’s settlement conditions following the protocol in

Higgins et al. (2017): Over the course of each year, if ONI values remained >0.5 for a 

6-month period, we considered it an ENSO year; if ONI values remained < -0.5 for a

6-month period, we considered it a La Niña year; any year where neither condition

was met was classified as Neutral. We then ran an ANOVA between the three 

settlement conditions to examine if morays were settling more frequently in one of 

the three conditions.  

To determine whether there were signatures of filtering between dispersal and 

adulthood, we extracted larval occurrence data for Gymnothorax mordax. Data were 
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obtained from the Scripps Institution of Oceanography Marine Vertebrate collection 

(https://sioapps.ucsd.edu/collections/mv/), the California Cooperative Oceanic 

Fisheries Investigation (CalCOFI; www.calcofi.org), and the Investigaciones 

Mexicanas de la Corriente de California (IMECOCAL; 

https://imecocal.cicese.mx/wp/). The latter two are ichthyoplankton sampling 

programs that have been collecting fish larvae in the California Current since 1950 

and 1992, respectively.   

Results 

Genetic characteristics 

We extracted and sequenced DNA from 10 locations. 252 individuals had >10 MB of 

high-quality data and were retained (Table 2.1). The final catalog contained 188,511 

loci. An average of 55,745 stacks were created per individual (range: 12,026-

104,828). Mean effective per-sample coverage was 12.3 (std dev = 8.2). Average 

polymorphism across all populations was 46% (range: 21-66%; Table 2.1). When 

examining all loci, average Fis was 0.0001, indicating fewer heterozygotes than 

expected within each population. K=2 was found to be an appropriate number of 

clusters for describing the dataset.  

Neutral loci 

54,960 loci were classified as neutral loci. When considering neutral loci, between-

group genetic diversity was very low (Table 2.2; mean Fst = 0.0002). Similar to Fst
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values, STRUCTURE analyses revealed that for neutral loci, California morays have 

very high gene flow, with no signal of genetic drift (Fig. 2.2a-b). All individuals had 

a ≥ 93.7% probability of belonging to a single haplotype. DAPC results revealed little 

population structure (Fig. S2.2.

Loci under selection

After filtering, 216 loci were found to be under directional selection. Pairwise Fst

values for loci under selection were substantially higher (Table 2.2; mean Fst = 0.40). 

STRUCTURE analyses confirmed that population structure emerges when examining 

this subset of loci. Two haplotypes emerged (Fig. 2.2): A “coastal southern 

California/northern Baja” haplotype, consisting of Palos Verdes, San Diego, and Islas 

San Martin/San Jerónimo and a “Guadalupe/Todos Santos” haplotype consisting of 

Isla Guadalupe, Todos Santos, and Catalina Island (Cat Harbor). Interestingly, 

Catalina Island (Two Harbors area) and Punta Abreojos consisted of 73.6% and 100% 

F1 hybrids, respectively. The “single-ancestry” analysis reinforced differences 

between neutral loci and loci under selection, by removing the potential effect of 

having many sampling sites included in the analysis (Fig. 2.2c-d). We classified 91 

individuals (36.1%) as “single-ancestry,” with a STRUCTURE probability of ≥ 0.90 

probability of belonging to a single genetic cluster, with 75 individuals in the “coastal 

southern California/northern Baja” group and 15 in the “Guadalupe/Todos Santos” 

group. Mean pairwise Fst was < 0.0001 for neutral loci and 0.012 for loci under 

selection. 
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The DAPC analysis on loci under selection revealed a complementary story to 

the STRUCTURE output. When considering loci under selection, Todos Santos was 

the most distinct population (Fig. 2.3a), with axis-1 explaining most of the genetic 

variation between Todos Santos and all other populations. After removing the two 

Todos Santos individuals and rerunning the DAPC, we found that axis-1 explained 

variation between Isla San Martin/Isla San Jerónimo and all other populations, while 

axis-2 explained differences between the remaining populations (Fig. 2.3b). There 

were 15 loci that were in the 80th percentile for variance explained along axes 1 and 2 

for the two DAPCs on loci under selection (Fig. S2.3). These loci explained genetic 

variation along each axis. Polymorphisms at these loci are presumed to explain most 

of the genetic divergence along each axis. 

19 loci under selection had significant matches within the GenBank database. 

Nine matches corresponded specifically to protein-coding genes in BLAST (Table 

2.3), including two of the loci identified as explaining a substantial amount of 

variance along the DAPC axes (Fig. S2.3). Two loci matched with multiple protein-

coding sequences; in these instances, we examined all protein matches whose E-

values were < 1-10. We found that functions in teleost fishes primarily related to 

embryonic development (particularly of the eyes), immune system function, and 

cellular function. Several genes were also associated with development of female 

reproductive structures. 

Environmental predictors of genetic divergence 
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Simple isolation-by-distance did not explain local adaptation trends (Mantel statistic 

R = -0.03, p = 0.53). Certain populations that were geographically distant showed 

similar patterns of local adaptation, such as Catalina Island (Two Harbors area) and 

Las Barrancas. Other population pairs that were closer together, such as Catalina 

Island (Two Harbors area) and Palos Verdes, showed strong differences in local 

adaptation trends (Fig. 2.2a-b).  

We were interested in examining if environmental conditions at the time of 

settlement were predictive of genetic haplotype. We collated environmental data for 

sea surface temperature (SST), sea surface temperature anomaly (SSTA), sea surface 

height (SSH), and Ekman transport (EKM) (Fig. S2.1. Average estimated age of 

morays was 11.5 years old (SD = 4.67), and average year of settlement was 2007 (SD 

= 4.78). SST, SSTA, and SSH all showed significant relationships between DAPC 

axis 2 values, but not DAPC axis 1 values (p < 0.001, Fig. 2.4, Table S2.4). 

Bootstrapping results confirmed that these trends were specific to settlement years 

(Fig. 2.6a-c). While there was a slight significant positive correlation between EKM 

and genetic diversity (p = 0.03), bootstrapping showed that this trend was not unique 

to settlement years (Fig. 2.6d). In general, individuals from coastal southern 

California/northern Baja population tended to settle in years with cooler overall sea 

surface temperatures, more typical sea surface temperatures, and lower sea surface 

heights. In contrast, individuals from southern Baja (Las Barrancas, Punta Abreojos, 

and Isla Natividad) tended to settle in warmer and more extreme sea surface 

temperatures and higher sea surface heights. Results from analysis using Oceanic 
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Niño Index values showed that across all populations, morays settled equally in both 

La Niña and ENSO years (Fig. S2.5, ANOVA F2,20 = 1.66, p = 0.22).  

We collated 55 occurrences of California moray leptocephali captured in the 

eastern Pacific (Fig. 2.7). Capture dates ranged from 1957-2015 from 14 separate 

cruises. 53.3% of larvae were captured well outside of the recognized adult range in 

the Gulf of California (18%), the Mexican Pacific (9%), or off Central/South America 

(26%). We confirmed with the original identifiers that Gymnothorax mordax 

identifications were correct (S. Carter & S.P.A. Jiménez Rosenberg, pers. comm.). 

Discussion 

In this study, we found that the California moray exhibits high gene flow across 

populations. Despite this, there was surprisingly strong evidence of local adaptation 

for a small subset of loci. Based on correlations with environmental covariates, 

function of loci under selection, and a disconnect between larval and adult geographic 

ranges, we hypothesize that selection is primarily occurring during the late larval or 

early juvenile period, based on several lines of evidence. This work indicates that 

population structure can exist even for organisms with high gene flow, and that 

phenotype-environment mismatches during the dispersal period can constrain the 

ranges of species (Marshall et al. 2010).  

Other studies on population connectivity in morays found similar patterns of 

high gene flow. For instance, four species of Pacific-wide morays were found to have 

high gene flow across the entire Pacific (Reece et al. 2010, 2011). However, the 
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studies by Reece et al. utilized highly conserved regions of the nuclear and 

mitochondrial genomes, making significant signals of local adaptation unlikely. The 

long pelagic larval duration (PLD) time of these morays was cited as a potential 

explanation for high gene flow. A study on the tidepool snake moray (Uropterygius

micropterus) found no correlation between genetic diversity and PLD; however, there 

was a significant effect of sea surface temperature on growth rate/PLD times across 

an SST gradient of ~6°C (Huang et al. 2018). Finally, two studies that used slightly 

expanded sets of nuclear and mitochondrial markers also found high gene flow in two 

species of morays in the western Pacific (Ribout et al. 2018; Li et al. 2021). Although 

this collection of studies examined genetic connectivity through a limited set of 

genetic markers, they converge on the same conclusion: Morays have high dispersal 

and high gene flow, even across large geographic regions. Only a few migrants per 

generation is enough supersede genetic drift (Strathmann et al. 2002; Burgess et al. 

2016). Thus, we can assume that dispersal is high among moray populations. 

Though our study is the first to use RADseq on a moray eel, several RADseq 

studies have been conducted on catadromous eels in the genus Anguilla. For example, 

though American and European eels (Anguilla rostrata and A. anguilla) have a 

mostly homogenized genome, selection occurs on a subset of loci (Pujolar et al. 2014; 

Pavey et al. 2015; Babin et al. 2017). Selection on even a small subset of loci has 

resulted in strikingly different ecotypes in the American eel (Pavey et al. 2015). In 

parallel to our study, loci under selection in American eels has also been correlated 

with latitude, longitude, and sea surface temperature (Babin et al. 2017). These 
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RADseq studies support the hypothesis that local adaptation can be maintained 

despite high gene flow through divergent selection on phenotypes or genotype-

dependent habitat choice, selective pressures which act on every generation cycle. 

The source of California morays inhabiting the most northern end of their 

range has been a persistent life history question that adds insight into the factors that 

maintain biodiversity in southern California kelp forest communities. STRUCTURE 

results indicate that most of individuals from the northern side of Catalina Island 

(Two Harbors area) and Punta Abreojos are first generation hybrids between the two 

primary haplotypes identified by STRUCTURE. A large number of first generation 

hybrids, with no second generation hybrids, supports the long-time hypothesis that 

morays around Catalina have minimal local reproduction (McCleneghan 1973). 

However, this historical hypothesis stated that sea surface temperature is limiting 

gonadal development or reproduction around Catalina, a conclusion which is not 

supported by our results Punta Abreojos experiences moderately warm SST 

conditions and also appears to be entirely comprised of first generation hybrids. 

Long-term trapping around Catalina Island has primarily taken place in the summer; 

observing gonads during other points throughout the year could help elucidate effects 

of sea surface temperature on gonadal development. Muraenid leptocephali appear to 

be most common in waters between the Baja Peninsula and southern California from 

July to December, so spawning may be occurring later in the year than sampling has 

typically occurred (Fig. S2.1). 
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Although populations in southern California/northern Baja would be the 

closest potential source populations for the hybrids around Two Harbors, nearly all 

individuals from these populations fall into a single genetic haplotype for loci under 

selection. Instead, we hypothesize that Las Barrancas may be a more probable source 

population, as individuals of both haplotypes reside there (Fig. 2.2). Oceanographic 

patterns during the winter could allow for northward transport from areas south of 

Punta Abreojos (Durazo 2015). However, admixture plots from STRUCTURE should 

be interpreted with care, as assumptions about the number of clusters and underlying 

model can bias results (Novembre 2016; Lawson et al. 2018).  

STRUCTURE, DAPC, and pairwise FST results suggest that the two 

individuals from Todos Santos are under significantly different selective pressures 

than populations above Bahía Magdalena. This supports the hypothesis that Bahía 

Magdalena marks the transition between the San Diegan and Cortez provinces for 

Eastern Pacific morays (Dale et al. 2021). Potential gene flow between Las Barrancas 

and Catalina Island also weakens Punta Abreojos as a biogeographic break. However, 

gene flow remains high enough between Todos Santos and populations above Bahía 

Magdalena to remove signal of genetic drift, and these results should be confirmed 

with additional individuals from below Bahía Magdalena. 

We hypothesize that selection is primarily occurring in the late larval or early 

juvenile stage. Larval occurrence data show that California morays have a high 

capacity for dispersal, with larvae often captured outside of the known adult range, 

such as in the Gulf of California and South America (Dale et al. 2021). Three 
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hypotheses could explain the disconnect between larval range and known adult range. 

First, adult fish may move to or from spawning or settlement areas. However, based 

on long-term mark-recapture data from Catalina Island, adult morays appear to have 

extremely high site fidelity, rarely moving even short distances to adjacent coves 

(Mehta et al. 2020). Second, adults may be present in areas outside of their known 

range but have not been observed due to their elusive nature. At least for the Gulf of 

California and parts of western Mexico, fish communities have been reasonably well-

documented, with surveys increasing in frequency over the last decade (Nevárez-

Martínez et al. 2008; Rodríguez-Romero et al. 2008; López-Martínez et al. 2010; 

López-Pérez et al. 2013). Data from these surveys include many species of morays, 

but California morays have not been recorded. Third, larvae that disperse to new 

regions are not able to recruit or survive to adulthood due to a phenotype-

environment mismatch at the recipient location. Our data are consistent with this final 

hypothesis. 

We found that environmental conditions around the late larval or early 

settlement period predict local adaptation trends. Interestingly, a study of three 

Eastern Pacific fish and invertebrate species also showed that kelp, oceanographic 

flow, and sea surface temperature explained weak genetic structuring (Selkoe et al. 

2010). Here, we hypothesized that morays in southern California would settle 

primarily in ENSO conditions based on Higgins et al. (2017). We used both sea 

surface height and Oceanic Niño Index values as proxies for ENSO conditions. 

Contrary to our original hypothesis, our results show a more nuanced story, in which 
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morays north of Punta Eugenia typically settle in cooler and less anomalous sea 

surface temperatures and lower sea surface heights, conditions which are more 

characteristic of winter months or La Niña events. Thus, northward dispersal may be 

aided by either seasonal or decadal oceanographic oscillations. In contrast, morays 

south of Punta Eugenia (Isla Natividad, Punta Abreojos, and Las Barrancas) tended to 

settle in overall warmer temperatures, more extreme temperatures (either warmer or 

cooler than typical conditions), and higher sea surface heights. Durazo (2015) found 

that coastal regions south of Punta Eugenia experience two distinct interannual 

climate regimes, with the winter/spring characterized by cold, fresher waters and the 

summer/fall characterized by warm, saltier waters. At the same time, larval catch data 

shows that eel leptocephali are most common from July to December, encompassing 

both regimes. In support of a bimodal pattern of settlement conditions, the GAM of 

the relationship between SST anomaly and DAPC axis 2 showed that morays in 

southern Baja typically settled in conditions that are anomalously warmer or cooler 

than average.  

One important caveat to our study is that we estimated age based on data from 

Catalina Island individuals. Presumably, morays from environments with higher sea 

surface temperatures will experience higher growth rates, and thus, age estimates 

based on head length would vary. Future work should examine otoliths from Baja 

individuals to obtain better age estimates and calculate population-specific growth 

curves. 
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In addition to growth rate, sea surface temperature is known to influence 

swimming performance of larval fish (Downie et al. 2020). One locus under 

selection, encoding the calcium-sensing protein synaptotagmin 12 (syt12), is 

upregulated in exercising vertebrates, including juvenile Atlantic salmon (Salmo 

salar) (Fernández-Chacón et al. 2001; Mes et al. 2020). Eel leptocephali are 

understood to be active and capable swimmers who use swimming to avoid being 

swept offshore, transverse strong currents, and reach settlement habitat (Miller & 

Tsukamoto 2020). Selection for strong swimming ability, especially in cooler 

temperatures, may be important for California morays moving northward. 

Eel leptocephali are also unusual among fish larvae for having large, rod-

dominated eyes, which may assist with feeding on particulate matter or gelatinous 

material in low-light conditions (Taylor et al. 2011, 2015). Interestingly, four of the 

protein-coding genes under selection are associated with eye development in 

zebrafish, including one gene directly implicated in rod differentiation and retina 

development (Kitambi and Hauptmann 2007; Xie et al. 2019). Many larval fishes 

have well-developed eyes and likely feed by sight – our data indicate that eyesight 

may be under selection in morays (Blaxter 1975). Turbidity variations likely exist 

along the range of the California moray, as different parts of the range vary in 

upwelling and productivity. Improved low-light vision in more turbid waters could be 

an advantage for larval fish that feed visually (Leis 2018) 

Other loci under selection have also been linked to development in teleost 

fishes. These include the genes vcam1a and cntn1a. Vcam1a is involved with 
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lymphatic system development in zebrafish embryos (Yang et al. 2015). Cntn1a is a 

cell adhesion molecule that is most likely involved with early axon growth and 

development in zebrafish (Haenisch et al. 2005; Takeuchi et al. 2017), as well as 

potentially myelination and central nervous system regeneration (Schweitzer et al. 

2007). The locus that matched with cntn1a fell into the 80th percentile for explaining 

variance across DAPC axis 1 (loci under selection; all individuals); this axis 

described differences between Todos Santos and all other populations. Thus, we 

hypothesize that Todos Santos individuals experienced selection related to nervous 

system development or regeneration, in addition to proteins whose functions have not 

yet been characterized. 

The locus that explained the most variation along DAPC axis 2 (loci under 

selection; no Todos Santos) matched with several proteins. The functions of these 

proteins are involved with development of oocytes/ovarian follicles, eye 

development, and blood vessel development in teleosts, in addition to proteins only 

studied at the cellular level. This DAPC axis was correlated with SST, SSTA, and 

SSH. Thus, we hypothesize a link between environmental conditions at settlement 

and functions related to this gene, such as development of reproductive, sensory, or 

circulatory structures. Unfortunately, RADseq provides no information on gene 

upregulation/downregulation. Additionally, the vast majority of loci were 

uncharacterized. Studies on gene function and mRNA specifically in Anguilliformes 

would be useful areas for further research.  
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Tables & Figures 
Table 2.1. Sample and genetic information summaries for the 10 sampled 

populations. 
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Table 2.2. Pairwise Fst values calculated for neutral loci (a; n loci = 54,960) and loci 

under directional selection (b; n loci = 216). Green values represent more similar 

population pairs; red values represent more divergent population pairs. For both loci 

under selection and neutral loci, genetic connectivity patterns do not follow simple 

isolation-by-distance patterns. For example, the two populations from Catalina Island 

(Cat Harbor, which faces south, and the Two Harbors area, which faces north) and 

Palos Verdes all appear to be under different selective pressures, despite being 

located geographically close to one another. 
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Table 2.3. Nine of the loci under directional selection had “highly similar” significant 

matches with protein-coding sequences in BLAST. We extracted all BLAST matches 

with E-values <1E-10; one locus (ID 130717, that explains variation between Todos 

Santos and all other populations. within the first DAPC) had matches to several 

proteins. We examined each protein for its general function, typically on the 

molecular level, as well as organismal-level effects within teleost fishes. Proteins that 

fell into the 80th percentile for variation explained across DAPC axes are marked by a 

* (axis 1, loci under selection, all individuals) or † (axis 2, loci under selection, sans

Todos Santos) (Fig. S2.3). 

Accession No. 
Homolog 
species in 
BLAST 

E-
value Putative gene Function 

(general) 
Function 
(teleosts) 

XM_035383633.1 Anguilla

anguilla 
7.0E-16 

Connector 
enhancer of 
kinase 
suppressor of 
Ras 1 (cnksr1)* 

Scaffold/adaptor 
protein; 
regulator of Ras 
signalizing 
pathways 

-- 

XM_035423455.1 Anguilla

anguilla 
2.0E-10 Contactin-1a-

like (cntn1a)† 

Myelination; 
central nervous 
system 
regeneration 
(Schweitzer et 
al. 2007) 

Early axon 
growth in 
zebrafish 
embryos 
(Haenisch et al. 
2005). 
Expressed 
more strongly 
in zebrafish 
larvae than 
adults, 
primarily in 
brain 
(Takeuchi et al. 
2017) 

XM_035410368.1 Anguilla

anguilla 
1.0E-22 

Gap junction 
alpha-4 protein-
like (gja4)* 

Creates gap 
junctions. 
Regulates 
ovarian follicle 
development 

Stimulates 
oocyte growth 
and ovarian 
follicle 
development in 
teleosts (Chang 
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(Simon et al. 
1997) 

et al. 1999; 
Beato et al. 
2020) 

XM_027926232.1 Marmota 

flaviventris 
5.0E-12 

Photoreceptor-
specific nuclear 
receptor 
subfamily 2 
group E 
member 3 
(nr2e3) 

Control 
transcription by 
binding to other 
ligands 

Rod 
photoreceptor 
differentiation 
in zebrafish 
(Kitambi and 
Hauptmann 
2007); retina 
development in 
zebrafish (Xie 
et al. 2019) 

XM_035389236.1 Anguilla 

anguilla 
9.0E-15 

Polyglutamine 
binding protein 
1 (pqbp1) 

Head and eye 
development; 
bone formation; 
cartilage 
development 

-- 

XM_035405517.1 Anguilla 

anguilla 
3.0E-14 

Proline-rich 
protein 12-like 
(prr12) 

DNA binding; 
transcriptional 
coactivator 

Eye 
developmennt 
(zebrafish 
larvae); ovary 
and neural 
structures in 
brain and eyes 
(zebrafish 
adults) 
(Resendes 
2022) 

XM_035390895.1 Anguilla 

anguilla 
2.0E-21 

Protein 
phosphatase 
(ptc7) 

Regulates 
biosynthesis of 
the ubiquinone, 
coenzyme Q 

-- 

XM_035382989.1 Anguilla 

anguilla 
1.0E-03 

Peptidyl-tRNA 
hydrolase 2 
(pth2) 

Hydrolizes N-
substituted 
aminoacyl-
tRNAs 

Upregulated in 
response to 
schooling and 
social 
environments 
in zebrafish 
(Anneser et al. 
2020) 

XM_035390855.1 Anguilla 

anguilla 
5.0E-22 

Ras-related 
protein Rab-36 
(rab36)* 

Protein transport 
and vesicular 
activity; spatial 
distribution of 
lysosomes and 
formation of 
macropinosomes 
(Chen et al. 
2010) 

Unclear; 
unrelated to 
immune 
response to 
bacterial 
infection in 
channel catfish 
(Chen et al. 
2010; Wang et 
al. 2014) 
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XM_035405426.1 Anguilla

anguilla 
7.0E-11 

SMG1 nonsense 
mediated 
mRNA decay 
associated PI3K 
related kinase 
(smg1)  

Degradation of 
irregular 
mRNAs 

Depletion of 
this gene does 
not appear to 
influence 
zebrafish 
development 
(Wittkopp et al. 
2009). May be 
related to 
immune 
defense in adult 
rainbow trout 
(Wang et al. 
2019) 

XM_035400514.1 Anguilla

anguilla 
5.0E-22 Sorting nexin 5

(snx5)* 
Intracellular 
trafficking 

Embryonic 
development of 
eyes, blood 
vessels, and 
hematopoeietic 
precursor cells 
in zebrafish 
(Yoo et al. 
2006; Olena et 
al. 2015) 

XM_005059390.2 Ficedula

albicollis 
1.0E-23 

Serine/threonine 
kinase 38 
(stk38) 

Phosphorylates 
OH group of 
serine/threonine 
sidechains in 
proteins 

Innate immune 
response in 
grass carp (Xu 
et al. 2019) 

XM_040163796.1 Gasterosteus

aculeatus 
3.0E-10 Synaptotagmin

XII (syt12) 

Synaptic vesicle 
protein that acts 
as a Ca2+ sensor 
in the regulation 
of 
neurotransmitter 
release 

Upregulated in 
response to 
exercise in 
juvenile 
Atlantic 
salmon (Mes et 
al. 2020) 

XM_035420413.1 Anguilla

anguilla 
2.0E-20 

Vascular cell 
adhesion 
molecule 1a 
(vcam1a) 

Cell-cell 
recognition; 
leukocyte-
endothelial cell 
adhesion 

Lymphatic 
development in 
zebrafish 
embryo; 
similar effects 
were not seen 
in mice (Yang 
et al. 2015) 

XM_035428230.1 Anguilla

anguilla 
2.0E-25 

Zinc finger and 
BTB domain 
containing 22b 
(zbtb22b)* 

Regulation of 
transcription by 
RNA 
polymerase II 

-- 
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Figure 2.1. Adult California morays were sampled from 11 locations between 

southern California and southern Baja California peninsula, Mexico, including five 

offshore islands (Catalina Island, Isla San Martin, Isla San Martin & Isla San 

Jerónimo, Isla Guadalupe, and Isla Natividad). The two most probable biogeographic 

breaks in this region are at Punta Eugenia and Bahía Magdalena. 
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Figure 2.2. STRUCTURE plots showing genetic relatedness for K = 2. Each bar 

represents an individual; individuals that share more of the same color are assumed to 

be more genetically similar. a) Populations off coastal southern California/northern 

Mexico (Palos Verdes, San Diego, Isla San Martin/Isla San Jeronimo) appear to be 

under different selective pressures than those from populations such as Isla Natividad, 

Isla Guadalupe, and Todos Santos. Catalina Island (Two Harbors area) and Las 

Barrancas are comprised primarily of first generation hybrids. b) When examining 

neutral loci, populations are indistinguishable, suggesting high gene flow. c) and d) 

When examining single-ancestry individuals (those with >0.9 probability of 

belonging to a single genetic cluster according to loci under selection), FST values 

show divergence for loci under selection (c; mean FST = 0.012) but are low for neutral 
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loci (d; FST < 0.0001). The same list of loci under selection was used for both sets of 

analyses; the lower number of total loci for the single-ancestry analysis is due to 

filtering within the STACKS pipeline. 
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Figure 2.3. Discriminant Analysis of Principal Components (DAPC) analyses for loci 

under selection (n = 216) reveal that populations cluster together. a) Todos Santos 

was the most genetically distinct population. b) Removing the two Todos Santos 

individuals provided a more granular view of the remaining populations. As no 

environmental information was available for Todos Santos individuals, the 

coordinates from plot b were used in testing for correlations with environmental 

covariates. Lines in plot b indicate minimum spanning tree based on squared 

differences among groups. 
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Figure 4. There are significant relationships between environmental covariates and 

genetic diversity. a) Sea surface height (SSH), b) sea surface temperature (SST), c) 

sea surface temperature anomaly (SSTA) and d) the magnitude of SSTA during 

estimated year of settlement are predictors of DAPC axis 2 values (used as a proxy 

for genetic haplotype). All environmental predictors were averaged across Oct-Mar, 
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as leptocephali are most abundant in waters off Baja California and southern 

California during this period (S. Carter, pers. comm.).  
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Figure 2.5. Bootstrapping results for environmental covariate regressions indicate that 

for sea surface height, sea surface temperature, and sea surface temperature anomaly, 

trends were specific to settlement year (and not any other set of years). Bars below 

each density curve indicate the 2.75-97.5 percentiles for each set of bootstrapped 

results. Vertical bars indicate the true slope value of the relationship between the 

environmental covariate and genetic diversity for the original set of settlement years. 

Asterisks indicate statistically significant regressions whose slope value also falls 

outside of the 2.5-97.5% percentile range.  
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Figure 2.6. Larval Gymnothorax mordax have been found as far as the northern Gulf 

of California and South America, despite the adult range (shaded in blue) 

encompassing a much narrower geographic region. Far-ranging larvae support our 

prediction of high gene flow, with selection presumably occurring in the late larval or 

early settlement period. Data are from CalCOFI and IMECOCAL sampling programs 

and the Scripps Institution of Oceanography Marine Vertebrate collection and 

represent collections from 1957-2015. No morphological data is available for most 

individuals. 
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Chapter 4 

Identifying mechanisms influencing Eastern Pacific ichthyoplankton 
abundances using a hierarchical Bayesian framework 

Katherine E. Dale1, Andrew R. Thompson2, M. Tim Tinker1

1Department of Ecology and Evolutionary Biology, University of California, Santa 

Cruz, Santa Cruz, CA, USA 

2NOAA Fisheries Service, Southwest Fisheries Science Center, La Jolla, California, 

USA 

Abstract 

Understanding how species distributions change through space and time is central to 

ecological studies. For marine fishes, continued dispersal or retention of larvae is 

important for population persistence and maintaining genetic connectivity. The 

survival and movement of fish in their early life history stage is strongly dependent 

on both environmental factors as well as species’ characteristics, but it is not always 

clear how environmental variation influences species from diverse habitats. Many 

fisheries management plans and stock assessments for California fisheries do not 

account for spatial variation in larval abundance, so a spatially-explicit hierarchical 

model was developed to examine how larval abundances in the California Current 

region vary with environmental factors. We applied this model to five data-moderate, 

underassessed, cryptic, or threatened California fisheries: Pacific sanddab 
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(Citharichthys sordidus), California sheephead (Semicossyphus pulcher), cabezon 

(Scorpaenichthys marmoratus), rockfishes (Sebastes spp.) and sablefish (Anoplopoma 

fimbria). This showed that oceanographic conditions, particularly sea surface height, 

best describe larval abundances. Results support past studies examining 

environmental covariates of larval abundance in these species. Outputs from this 

model are highly interpretable and can provide estimates of larval abundances at 

specific spatial scales. 

 

Introduction 

The biodiversity of terrestrial and aquatic communities is driven by the ability of 

species to successfully reproduce and disperse to and persist in different habitats. For 

many marine fishes, dispersal occurs during a planktonic larval form that resides in 

the surface layer of the ocean for a period of days to months. Both extrinsic and 

intrinsic factors influence the dispersal and retention of propagules (Cowen and 

Sponaugle 2009; Llopiz et al. 2014). Extrinsic pressures include the strength and 

direction of oceanic currents (Shanks and Eckert 2005), oceanographic processes 

such as eddies, fronts, and rings (Limouzy-Paris et al. 1997), geographic features such 

as peninsulas (Ebert and Russell 1988), and large scale climate oscillations (i.e., 

Leising et al. 2015).  Larval mobility may also be influenced by intrinsic factors such 

as pelagic larval duration time (Shanks 2009), swimming performance (Stobutzki & 

Bellwood 1997, Müller et al. 2008), ability to detect environmental cues (Gerlach et 

al. 2007; Naisbett-Jones et al. 2017), and growth rate (Wilson and Meekan 2002). The 
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interaction between these extrinsic and intrinsic factors may further impede or 

facilitate dispersal (e.g., Hunt von Herbing 2002). 

Natural and anthropogenic climate patterns, coupled with a strong sea surface 

temperature gradient and complex oceanographic features, make the California 

Current ecosystem (CCS) a unique platform for examining population persistence, 

range expansion, and species invasions of fishes. Within the CCS, seasonal shifts 

during winter months can cause the southward-flowing California Current to move 

offshore and weaken, allowing the northward-flowing nearshore Davidson Current to 

dominate (Parrish et al. 1981; Shanks and Eckert 2005). Climate oscillations such as 

the El Niño Southern Oscillation (ENSO) have similar effects on current patterns and 

can cause net transport to temporarily turn northward (Lynn and Bograd 2002). 

Ongoing climate change is further altering current patterns worldwide (Harley et al. 

2006), with some evidence suggesting that climate change will strengthen 

oceanographic processes off California such as upwelling (Snyder et al. 2003) and 

induce more frequent ENSO events (Timmermann et al. 1999). Environmental factors 

interact with biotic characteristics of larvae themselves, because the ability of some 

larvae to find food or reach preferred juvenile habitats may decline due to shifts in 

characteristics such as spawning timing or larval growth rates (Llopiz et al. 2014; 

Asch 2015).  

Large-scale climate oscillations have previously been shown to transport fish 

and invertebrate species northward (Cowen 1985; Davis 2000; Lluch-Belda et al. 

2005; Leising et al. 2015; Nielsen et al. 2021; Thompson et al. 2022), and can have 
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large impacts on the productivity of California’s fisheries. Many past studies have 

examined the relationship between environmental variation on recruitment and 

abundance of larval fishes, but few have done so in a framework that explicitly 

accounts for spatial patterns and various sources of error. Spatial data are often 

complicated by various sources of sampling error, observation (or measurement) 

error, and spatial autocorrelation that can be difficult to account for in traditional 

modeling approaches (Latimer et al. 2006). Spatial autocorrelation (where points that 

are close together are more alike than those farther apart) violates a fundamental 

assumption of traditional statistics, which assumes that residuals are independent and 

identically distributed. Larval fish distributions likely have a high degree of spatial 

autocorrelation for various reasons: dispersal occurs from specific spawning 

locations, local current patterns entrap all larvae in one area, and fish tend to move to 

communal feeding patches, etc. In large part because of these data complexities and 

the challenges of addressing them within classical statistical methods, even 

management plans for economically important species are usually not spatially 

explicit. This omission is potentially problematic for managers: For example, in the 

CCS, assemblages vary latitudinally, and assemblage dynamics cannot be predicted 

for the entire region by examining a single spatial subset of the region (Thompson et 

al. 2014). This highlights the importance of accounting for spatial variation within the 

CCS.  

Bayesian methods can easily incorporate multiple sources of error and correct 

for autocorrelation, while still providing interpretable estimates on parameter values. 
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Additionally, these methods are beneficial when working with species that are less 

frequently seen in surveys. Although past studies have used Bayesian hierarchical 

models to examine environmental predictors of recruitment in northeastern Pacific 

fishes, spatial autocorrelation was not formally accounted for (Stachura et al. 2014; 

Stawitz et al. 2015). Here, we combine empirical data from a long-term 

ichthyoplankton sampling program with robust Bayesian hierarchical models, 

explicitly incorporating (and thus controlling for) spatial autocorrelation, to identify 

the strength to which environmental variables influence larval distributions and how 

larval distribution shifts vary for diverse species. In addition to examining general 

trends for all fish larvae, we specifically examined trends for five case-study taxa that 

are of commercial importance (Fig. 4.1, Table 1.1): Pacific sanddab (Citharichthys

sordidus), California sheephead (Semicossyphus pulcher), cabezon (Scorpaenichthys

marmoratus), rockfishes (Sebastes spp.) and sablefish (Anoplopoma fimbria). These 

taxa represent a diverse array of life history strategies, from the deep-dwelling 

sablefish to nearshore kelp forest species such as cabezon and sheephead. These taxa 

are classified in prior state and federal stock assessments as data-moderate 

(sheephead), underassessed (Pacific sanddab, cabezon, sheephead), cryptic 

(sablefish), or a threatened (some rockfishes) (Cope and Key 2009; Dick and MacCall 

2010; Loke-smith 2011; He et al. 2013; He and Field 2017; Haltuch et al. 2019). The 

most recent stock assessments for cabezon, sablefish, Pacific sanddab, and some 

rockfishes such as Bocaccio (Sebastes paucispinis) explicitly call for improved 

understanding of the interaction between the environment and recruitment and/or 
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region-specific data on life history traits (Fig. 4.1, Cope and Key 2009; He et al. 

2013; He and Field 2017; Haltuch et al. 2019). For instance, the 2009 stock 

assessment for cabezon calls for a better understanding of the link between the El 

Nino Southern Oscillation and recruitment (Cope and Key 2009) and 2013 the stock 

assessment for Pacific sanddab calls for more data on reproductive biology in 

southern California (He et al. 2013). Other species, such as California sheephead, 

appear to move across the US-Mexico border, and represents a stock that should 

incorporate transboundary management (Cowen 1985; Bernardi et al. 2003; Loke-

smith 2011).  

Methods 

The California Cooperative Oceanic Fisheries Investigations (CalCOFI) is a 70-year 

ichthyoplankton sampling program in the Eastern Pacific, primarily covering the 

California bight region (ref). Several types of nets have been used onboard over the 

history of the program. From 1951-1968, a 1-m ring net was used. Mesh sizes of the 

ring net varied from 550 µm-25 mm (1951-1969) and 505 µm (1969-1977). Since 

1978, sampling has been completed with a 71-cm double bongo net (mesh size 505 

µm) towed behind the ship at 1-2 knots. Sampling depth of ring nets or bongos is 

approximately 210 m. Additional surface tows were completed using a 505 μm manta 

net. 

We extracted larval catch data for five case study taxa: Pacific sanddab, 

California sheephead, cabezon, rockfishes, and sablefish. Catch data were comprised 
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of both positive occurrences as well as “zero” stations where no larvae of the taxon 

were captured. All data are available for public use through the ERDDAP portal 

(https://coastwatch.pfeg.noaa.gov/erddap/index.html). Raw larval counts were 

standardized to larvae/10 m2 by dividing by the percentage of the sample that was 

sorted and multiplied by the standard haul factor, a measure of the amount of water 

flowing through the net (Smith and Richardson 1977). 

Environmental data waswere also obtained through ERDDAP and came from 

onboard measurements during CalCOFI sampling (dataset ID: erdNOAAhydros). We 

collated data on sea surface height, sea surface temperature, salinity, and dissolved 

oxygen. Three primary tools were used to evaluate environmental conditions: 

Surface-only measurements, a conductivity-temperature-depth sensor (CTD, 

implemented at all stations after 1992), and a 20-bottle hydro cast (discrete-depth 

bottle sampling, replaced by the CTD in 1993). For neuston tows at the surface, we 

averaged environmental data from all sources from depths ≤ 50 m. For bongo tows, 

we averaged data over depths ≤ 210 m. For each station, we also extracted the latitude 

and calculated the great-circle distance from nearest landmass. All covariates were 

centered and scaled. 

The total geographic range of CalCOFI cruises encompasses a huge area, 

stretching from the US-Canada border to the Gulf of California and hundreds of km 

offshore. The five case study taxa had geographic ranges that represented only a 

subset of this range. Therefore, for each species we constructed a study area 

encompassing the convex hull of only positive stations where larvae of that taxon 
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were successfully caught. We overlaid a hexagonal grid over each sampling extent, 

resulting in G total grid cells, each with a diameter 1.5°. 

The model was constructed in three parts: an observation model, a sampling 

model, and a correlative autoregressive model, to account for spatial autocorrelation 

(Fig. 4.2). The sampling model was constructed as a Bayesian implementation of a 

linear deterministic function, in which a vector of station-specific covariates X and a 

vector of grid-level covariates W, along with associated coefficients β and A, are 

related to the true count of larvae μ in grid cell G: 

𝜇𝑛= β0 + Xnβn 
+ WgΑg + 𝜖 (1) 

Several options are available for accounting for spatial autocorrelation in a Bayesian 

framework (Banerjee et al. 2003). One of the most well-implemented techniques for 

grid-level data is the conditional autoregressive (CAR) model (Besag 1974). We 

chose to implement a Besag-York-Mollié 2 (BYM2) model due to its efficiency and 

interpretable parameters (Riebler et al. 2016). A random value ρn is drawn from a 

CAR distribution, which is dependent on the number of connected grid cells. Cells 

are considered neighbors if any of their borders intersect. The BYM2 model is 

defined as: 

𝜖 = (√1 − 𝜌 ∗ 𝜃 + √
𝜌

𝑠
∗ 𝜙) 𝜎 (2) 

Where ρ models the spatial variance, , θ is the uncorrelated (i.e., non-spatial) random 

effect, s is the scaling factor computed such that the Var(φ) ≈ 1, and σ is the overall 

standard deviation of combined error terms. φ is the spatially-autocorrelated random 
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effect, where all values of phi are calculated as an ICAR multivariate normal with a 

correlation of 1 between adjacent cells. φ sums to 0 across all cells. 

Observational (i.e., sampling) error can be quite substantial with regards to 

ichthyoplankton datasets. Null stations, where larvae of a certain species were not 

identified in the sample, are very common. This is due to the inherent difficulties in 

sampling for tiny, relatively mobile animals across a very large spatial region. There 

are two reasons why larvae may be absent from a sample. First, they may have been 

present, but sampling failed to catch them. Alternatively, fish could have been absent 

from the area entirely for some environmental or biotic reason. In light of this, 

observed larval count yn was modeled using a zero-inflated gamma hurdle model. The 

observed larval abundance is represented by a gamma distribution incorporating both 

the “true” count μn, observer variance ηn, and z, a binary value indicating whether a 

larva was successfully caught (1) or missed (0): 

𝑝(𝑦 |𝑧, 𝜇, 𝜂) = {
𝑧

(1 − 𝑧) +  𝑔𝑎𝑚𝑚𝑎 (𝑦|
𝜇2

𝜂2 ,
𝜇

𝜂2)

(3) 

The full proportional posterior and likelihood are as follows. Terms in bold indicate 

vectors. 
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[𝝁, η, z, β0, 𝛃, 𝐖, 𝜌, 𝝓, 𝜽, 𝜎, 𝝎, 𝒙, 𝑝| y]

∝  ∏ ∏ ∏ [𝑦𝑛|
𝜇𝑛

2

𝜂2
,
𝜇𝑛

𝜂2
 , 𝑧] × 

𝐺

𝑔

𝐾

𝑘

𝑁

𝑛

× [𝑧] × [𝜂] × [𝜇𝑛|𝑓(𝑥𝑘𝑛, 𝜔𝑔,  𝛽0, 𝛽𝑘 , 𝑊𝑘′𝑔, 𝜙𝐺 , 𝜃𝐺 , 𝜌)] × [𝜌] × [𝜙𝐺] × [𝜃𝐺]

× [𝛽0] × [𝛽𝑘] × [𝜎𝐺] × [𝑊𝑘′𝑔] 

(7) 

Variables were assigned weakly informative priors as follows: 

𝑦 ~ Gamma (
𝜇2

𝜂2 ,
𝜇

𝜂2) (8) 

𝜂 ~ Gamma(0.01,0.01) (9) 

𝑧 ~ Beta(0.5,0.5) (10) 

𝜙 ~ − 0.5 × (𝜙𝑛𝑜𝑑𝑒1 − 𝜙𝑛𝑜𝑑𝑒2) ∙ (𝜙𝑛𝑜𝑑𝑒1 − 𝜙𝑛𝑜𝑑𝑒2) (11) 

𝜃 ~ Normal(0,1) (12) 

𝜌 ~ Beta(0.5,0.5) (13) 

𝜎 ~ Cauchy(0,1) (14) 

𝛽 ~ Cauchy(0,1) (15) 

Α ~ Cauchy(0,1) (16) 

𝜂 ~ Cauchy(0,1) (17)
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We note that the prior for ϕ is not a true prior, as it is not a distribution; rather, the 

optimal value of ϕ minimizes the squared deviation between grid cells, ensuring that 

values for adjacent grid cells are as correlated as possible. 

Model implementation was completed using Stan (Carpenter et al. 2017; Stan 

Development Team 2022). Stan is a Bayesian inference framework that estimates 

parameters using dynamic Hamiltonian Monte Carlo sampling. We used CmdStanR 

version 2.29.2 (https://mc-stan.org/cmdstanr/) to compile and run the model from R 

version 4.1.3. 

Models were run with 3 chains for 4334 iterations (1000 of which were warmup) with 

an adapt delta of 0.9. Chain convergence was confirmed by examining R̂ values. 

Other convergence issues were checked using the ‘check_hmc_diagnostics’ in 

package RStan.  

For each species and all fish larvae (n taxa = 517), we ran the model with four 

different sets of environmental covariates. First, we tested only geographic covariates 

(latitude and distance from shore). Second, we tested ENSO-related covariates 

(dynamic height and temperature). Third, we tested only oceanographic covariates 

(temperature, dynamic height, dissolved oxygen, and salinity). Finally, we ran a 

model that included all covariates (latitude, distance from shore, temperature, 

dynamic height, dissolved oxygen, salinity). We evaluated which of these model sets 

was the strongest predictor for each species using efficient leave-one-out cross-

validation using Pareto-Smoothed Importance Sampling (PSIS), implemented in 

package ‘loo’ (https://mc-stan.org/loo/) (Vehtari et al. 2017). The model with the 
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highest estimated expected log pointwise predictive density (ELPD) value was 

considered the best model for describing each dataset. 

Results 

After removing any stations within the study area lacking environmental data, 

each taxon’s dataset contained between 5,591 to 10,975 tows (Table 1.1). R̂ values 

were all < 1.1, indicating that chains mixed acceptably; this was also confirmed by 

visually examining trace plots. Diagnostic checks showed no divergences for any 

model. 21 of 24 models had fewer than 1% of iterations exceed a maximum tree 

depth of 10; California sheephead models 1 (geography), 2 (ENSO), and 3 

(oceanography) had 21.6-40.4% of iterations exceed maximum tree depth. The CAR 

model satisfactorily accounted for spatial autocorrelation across sampling extents for 

all taxa (Fig. 4.3).  

Model 3, with oceanographic variables as covariates (dissolved oxygen, sea 

surface height, salinity, and sea surface temperature), best predicted larval 

abundances across the three nearshore species (cabezon, California sheephead, and 

rockfishes) and all fish larvae (Fig. 4.4; Table 1.2). The two shelf/slope species were 

better described by ENSO conditions (Pacific sanddab) and geography (sablefish). 

However, the strength and predictive power of covariates varied across taxa (Table 

1.2). Of the four environmental variables, sea surface height was the only covariate 

predictive factor for all taxa, with all but one species (Pacific sanddab) being more 

abundant in lower sea surface heights. Although positive sea surface temperatures 

88



were correlated with higher abundances for general fish larvae, among case study 

species, sea surface temperature was a weak predictor only for Pacific sanddab. 

Similarly, dissolved oxygen was a positive predictor only for general larvae and 

rockfishes. Salinity was positively correlated only with cabezon and rockfishes.  

Log-transformed latent larval abundances and standardized observed catches 

are shown in Fig. 4.5. In general, latent abundances were lower and more uniform 

than observed catches. Taxa with small sample sizes had the widest uncertainty 

intervals (Table 1.2, Fig. 4.6). Thus, although the model with only geographic 

covariates best described sablefish abundances, neither latitude nor distance from 

shore were strong predictors. 

Discussion 

This study used hierarchical modeling to examine environmental drivers of the 

abundance of primarily five taxa of larval fish in the Eastern Pacific. We found that 

oceanographic conditions (rather than geography, ENSO-related predictors, or all 

predictors) best predicted larval abundances across a diverse set of taxa. In particular, 

sea surface height emerged as a strong predictive variable. Sea surface height is a 

proxy for El Niño Southern Oscillation (ENSO) events, which lead to a “pile” of 

warm water in the Eastern Pacific. While sea surface temperature is an obvious 

related factor in ENSO events, sea surface height also appears to be correlated with 

decreased upwelling and stronger northward currents (Chelton et al. 1982; Kruse and 

Huyer 1983). Most of our five cast-study taxa had higher abundances in lower sea 
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surface heights. Our results support past work showing that both sablefish and 

rockfishes were associated with lower sea surface heights (Schirripa and Colbert 

2006; Laidig et al. 2007; Ralston et al. 2013). Pacific sanddab was the only species 

that showed higher abundances in both higher sea surface heights and higher 

temperatures. High recruitment years for Pacific sanddab have previously been 

recorded throughout the California Current in pre-ENSO and marine heatwave 

conditions, possibly aided by high primary productivity as indicated by increased 

body condition in warm years, or larval transport over the shelf (Keller et al. 2013; 

Leising et al. 2014; Thompson et al. 2022). In turn, sanddab declines have been 

recorded following strong ENSO events, such as in 2016 (McClatchie et al. 2016). 

However, given past studies, the biological connection between sea surface height 

and abundance for other species is less clear. For instance, California sheephead 

larvae were historically thought to be advected northward from Mexico to southern 

California during ENSO events (Cowen 1985), but more recent work has countered 

this, finding no link between recruitment levels in southern California and ENSO for 

California sheephead (Selkoe et al. 2007). Output from our model demonstrates a 

different trend altogether, in which California sheephead larvae are more abundant in 

southern California in lower sea surface heights. 

Sea surface temperature variations are frequently associated with ENSO/La 

Niña conditions. However, for species other than Pacific sanddabs, sea surface 

temperature was not a strong predictor of larval abundance. Despite the known effects 

of temperature on larval physiology and behavior (e.g., Rombough 1997; Hunt von 
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Herbing 2002), it appears that other changes related to regime shifts (such as prey 

availability or downwelling/upwelling) may be driving abundance fluctuations. For 

instance, rockfish recruitment is higher in cooler, fresher waters with higher oxygen 

concentrations (Schroeder et al. 2019). Although we did not find temperature to be a 

predictor of rockfish abundance, model output confirmed that rockfish larvae are 

more common in fresher waters with more dissolved oxygen. 

Interestingly, geographic covariates of distance from shore and latitude were 

not important predictors for any fish. This may be due to the relatively constrained 

latitudinal range of most species and the strong associations with coastal or shelf 

habitats. It may also be due to a lack of data at offshore stations, which have been less 

frequently sampled over the course of the CalCOFI program. Bayesian methods are 

good at accounting for missing data or smaller datasets, and even with a small 

number of records. However, explanatory power was influenced by sample size (Fig. 

4.6). Posterior uncertainty intervals were large for sablefish and California sheephead, 

which had the fewest positive stations and lowest number of overall tows. This 

indicates that this model may be most useful in examining populations at smaller 

spatial scales. Despite this, model output supports our current knowledge of the taxa 

examined. It also reinforces past work completed by Statchura et al. (2014), who used 

hierarchical modeling to examine environmental drivers of recruitment synchrony 

across the entire northeastern Pacific. That study found that sea surface height 

emerged as a major predictor of recruitment; however, they recognized that 

autocorrelation was not accounted for due to computational limitations. Our current 
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study incorporates spatial autocorrelation, which led to a more uniform larval 

distribution over the sampling area. Ichthyoplankton surveys have spatial 

heterogeneity and sampling error not typically corrected for (Hsieh et al. 2005); our 

model overcomes this obstacle.  

One area for future application is examining interannual variations in larval 

abundance. Asch (2015) showed that a large percentage of offshore species fish 

species were advancing the timing of spawning while coastal species were delaying 

spawning. Stachura et al. (2014) did not find strong links between habitat groups in 

terms of the timing of spawning or other reproductive events. Adding a temporal 

component across years or seasons, along with appropriate corrections for temporal 

autocorrelation, is an important future direction. 

Developing predictive frameworks, integrating multiple stressors, and 

examining effects of natural oscillations and anthropogenic climate change in a 

spatial context has been cited as an important area for early life history research 

(Llopiz et al. 2014). Our study examined how environmental covariates influence 

larval distributions over time, as well as provides estimates of larval abundance and 

environmental covariate coefficients at defined spatial locations. Past papers have 

highlighted the need for using long-term data to examine ecological and evolutionary 

trends in larval fishes (Llopiz et al. 2014); this work makes use of the extensive 

resource that is the CalCOFI dataset and provides support for the continued value of 

this long-term sampling program.  
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Table 1.1. Predictive models for each species, along with the number of tows with 

environmental data in the study area. 

Taxon Scientific name Predictive 
model (highest 
ELPD) 

Number of 
tows in 
study area

% tows 
with 
positiv
e 
catches 

Adult 
habitat 

All fish 
larvae 

– Oceanographic
environment

10,975 Various 

Cabezon Scorpaenichthys 

marmoratus

Oceanographic
environment

9239 Nearshore, 
benthic 

California 
sheephead 

Semicossyphus 

pulcher

Oceanographic
environment

6199 Nearshore, 
canopy 

Pacific 
sanddab 

Citharichthys 

sordidus

ENSO 10,312 Shelf/slope, 
benthic 

Rockfishes Sebastes spp. Oceanographic
environment

10,851 Various 

Sablefish Anoplopoma 

fimbria

Geography 5591 Shelf/slope 

Tables & Figures 
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Table 1.2 Posterior distributions for the best-performing model for each taxon. 

Asterixes indicate covariates whose 2.5-97.5 percentiles do not include zero, and thus 

could be considered important predictors of larval abundance.  

Taxon Variable Mean Sd 2.5% 25% 75% 97.5% Neff 

All larvae Sea surface temperature 0.03 0.01 0.02 0.03 0.03 0.04 1875.12 * 

All larvae Salinity 0.02 0.01 0.00 0.01 0.02 0.04 3022.85 

All larvae Sea surface height -0.13 0.01 -0.14 -0.13 -0.12 -0.11 3643.95 * 

All larvae Dissolved oxygen 0.12 0.01 0.10 0.12 0.13 0.14 3082.49 * 

Cabezon Sea surface temperature -0.02 0.06 -0.13 -0.06 0.02 0.10 2617.68 

Cabezon Salinity 0.18 0.05 0.07 0.14 0.21 0.27 3156.48 * 

Cabezon Sea surface height -0.45 0.08 -0.62 -0.51 -0.39 -0.29 2851.80 * 

Cabezon Dissolved oxygen 0.05 0.04 -0.04 0.02 0.08 0.13 3065.55 

California sheephead Sea surface temperature 0.09 0.16 -0.23 -0.02 0.20 0.41 1475.34 

California sheephead Salinity 0.51 0.24 0.00 0.35 0.67 0.97 1433.23 

California sheephead Sea surface height -0.44 0.22 -0.89 -0.60 -0.28 -0.02 2563.02 * 

California sheephead Dissolved oxygen -0.06 0.14 -0.32 -0.16 0.03 0.23 1904.25 

Pacific sanddab Sea surface height 0.10 0.04 0.02 0.08 0.13 0.18 3060.14 * 

Pacific sanddab Sea surface temperature 0.07 0.03 0.01 0.05 0.09 0.13 3410.79 * 

Rockfishes Sea surface temperature -0.03 0.02 -0.06 -0.04 -0.02 0.00 4093.68 

Rockfishes Salinity 0.05 0.01 0.03 0.04 0.06 0.08 4989.81 * 

Rockfishes Sea surface height -0.16 0.02 -0.19 -0.17 -0.15 -0.13 4914.39 * 

Rockfishes Dissolved oxygen 0.11 0.02 0.08 0.10 0.12 0.14 5484.94 * 

Sablefish Latitude 0.13 0.15 -0.05 0.02 0.21 0.49 260.07 

Sablefish Distance from shore 0.04 0.42 -0.78 -0.24 0.30 0.91 980.90 
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Figure 4.1. Illustration of the five case-study fisheries, listed with importance and 

knowledge gaps. This set of five species represent a diverse array of life histories, 

reproductive strategies, and adult habitats, and are all data-moderate, cryptic, 

threatened, or underassessed. 
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Figure 4.2 Bayesian directed acyclic graph (DAG) showing three-part model 

structure. 
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Figure 4.3 CAR model net random effect (ε), for all fish larvae, model 3 

(oceanography). CAR random effect output for remaining models is similar to this 

example.  
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Figure 4.4 Posterior distributions for all larval fish (A) and the five case-study 

species (B-F). Results are shown only for the best-fitting model (see Table 1.1). 
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Figure 4.5 Observed and latent log-transformed larval abundances for all larvae (A) 

and five case study species (B-F). Model output predicts a more uniform and 

generally lower distribution of fish larvae than observed data. 
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Figure 4.6 Standard deviations on posterior distributions decreased as sample sizes 

increased. R2 adj. = 0.74, p < 0.001. 
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Stan code 
Stan program 

// Custom functions-------------------------------------------------

--------- 

functions { 

  real hurdle_gamma_lpdf(real y, real alpha, real beta, real hu) { 

 if (y == 0) { 

 return bernoulli_lpmf(1 | hu); 

 } else { 

 return bernoulli_lpmf(0 | hu) + 

 gamma_lpdf(y | alpha, beta); 

 } 

  } 

} 

// Data ------------------------------------------------------------

--------- 

data { 

  int Nobs;  // number observations (plank

ton tows) 

  int N;  // number grid cells 

  int<lower=0> N_edges;  // number of "edges" (grid ce

ll boundaries)" 

  int<lower=1, upper=N> node1[N_edges];// node1[i] adjacent to node2
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[i] 

  int<lower=1, upper=N> node2[N_edges];// and node1[i] < node2[i] 

  int<lower=1> K;                      // number covariates 

  matrix[Nobs,K] X;                    // covariate matrix 

  vector[Nobs] Y;                      // observed variable: Standar

dized larvae count 

  int<lower=1> G[Nobs];                // grid cell index for each o

bservation 

  real<lower=0> scaling_factor;        // scales the variance of the 

spatial effects 

  int<lower=0> Nzeros; 

} 

 

// Transformed data ------------------------------------------------

--------- 

transformed data { 

  real<lower=0> mean_y; 

  real<lower=0> sd_y; 

   

  mean_y = mean(to_vector(Y)); 

  sd_y = sd(to_vector(Y)); 

} 

 

// The parameters accepted by the model-----------------------------
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parameters { 

  real beta0;  // intercept 

  vector[K] betas;  // covariates 

  real<lower = 0> sigma;  // std dev of mean expected 

value (positive) 

  real<lower=0,upper=1> rho;  // spatial autocorrelation 

coefficient 

  vector[N] theta;  // heterogeneous random eff

ects 

  vector[N] phi;  // spatially autocorrelated 

random effects 

  real<lower=0,upper=1> detect;  // probability of detection 

(0 to 1) 

  real<lower=0> eta;  // error on gamma (positive

) 

} 

// Transformed parameters-------------------------------------------

--------- 

transformed parameters { 

  vector[N] eps;  // convolved random effect for each g

rid cell 

  vector[Nobs] mu;  // mean number of larvae 
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  mu  = beta0 + X * betas;  // fixed-effects on larval abundance 

  for (n in 1:N) { 

 eps[n] = (sqrt(1 - rho) * theta[n] + sqrt(rho / scaling_factor) 

* phi[n]) * sigma;

}

} 

// The model to be estimated----------------------------------------

--------- 

model { 

  real alpha; 

  real beta; 

 for (n in 1:Nobs) { 

 alpha = exp((mu[n] + eps[G[n]]))^2/eta^2; // moment matching 

 beta = exp((mu[n] + eps[G[n]]))/eta^2;  // moment matching 

// gamma hurdle model 

 target += hurdle_gamma_lpdf(Y[n] | alpha, beta, detect); 

} 
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 // Priors: 

 target += -0.5 * dot_self(phi[node1] - phi[node2]); // prior for 

phi 

 beta0 ~ normal(0.0, 1.0); 

 betas ~ normal(0.0, 1.0); 

 theta ~ normal(0.0, 1.0); 

 sigma ~ normal(0.0, 1.0); 

 rho ~ beta(0.5, 0.5); 

 detect ~ beta(0.5, 0.5);  // probability of detection, between 

0 and 1 

 eta ~ gamma(0.01,0.01);  // gamma error - always positive 

 // soft sum-to-zero constraint on phi) 

 // equivalent to mean(phi) ~ normal(0,0.001) 

 sum(phi) ~ normal(0, 0.001 * N); 

} 

// Generated quantities---------------------------------------------

--------- 

generated quantities { 

  vector[Nobs] log_lik; 

  real y_rep[Nobs]; 

  real alpha; 
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  real beta; 

  real<lower=0> mean_y_rep; 

  real<lower=0> sd_y_rep; 

  int<lower=0, upper=1> mean_gte; 

  int<lower=0, upper=1> sd_gte; 

  int<lower=0, upper=1> mean_gt;  // will have value 1 if the mean o

f the simulated data y_rep is >= the mean of Y 

  int<lower=0, upper=1> sd_gt; 

  for (n in 1:Nobs) { 

 alpha = exp((mu[n] + eps[G[n]]))^2/eta^2; // moment matching 

 beta = exp((mu[n] + eps[G[n]]))/eta^2;  // moment matching 

 y_rep[n] = gamma_rng(alpha, beta) * bernoulli_rng(detect) ; // m

ay need to be edited? 

 log_lik[n] = hurdle_gamma_lpdf(Y[n] | alpha, beta, detect); // l

og-likelihood for LOO 

  } 

  mean_y_rep = mean(to_vector(y_rep)); 

  sd_y_rep = sd(to_vector(y_rep)); 

  mean_gte = (mean_y_rep >= mean_y); 

  sd_gte = (sd_y_rep >= sd_y); 

  mean_gt = mean_y_rep > mean_y; 
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  sd_gt = sd_y_rep > sd_y; 

} 
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Dashboard code 

Load libraries, set working directory, optimize system 

library(sp, quietly = TRUE) 

library(sf, quietly = TRUE) 

library(rstan, quietly = TRUE) 

library(cmdstanr, quietly = TRUE) 

library(posterior, quietly = TRUE) 

library(loo) 

library(parallel, quietly = TRUE) 

library(tmap, quietly = TRUE) 

library(plyr, quietly = TRUE) 

library(dplyr, quietly = TRUE) 

library(bayesplot, quietly = TRUE) 

setwd("C://KDale/Projects/Bayesian Modeling/LarvalDispersal/") 

# Run on multiple cores 

options(mc.cores = parallel::detectCores()) 

# Automatically save a bare version of a compiled Stan program to th

e hard disk so that it does not need to be recompiled (unless you ch

ange it) 
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rstan_options(auto_write = FALSE) 

options(mc.cores = parallel::detectCores()) 

install_cmdstan(cores = 2, overwrite = FALSE) 

check_cmdstan_toolchain(fix = TRUE) 

Define study area and create hex grid 

# Load land shapefiles 

spatialGridCreation <- function(data) { 

northSouthAmerica <- st_read("Shapefiles/North_South_America.shp") %

>% 

  st_union() %>% st_make_valid() 

# Convert to multipoint, and get positive stations for convex hull 

stations.sf <- st_as_sf(data, coords = c("longitude", "latitude"), c

rs = 4326) 

stations <- st_cast(stations.sf, to = "MULTIPOINT") %>% st_combine(.

) 

stations.positive <- subset(stations.sf, larvae_count>0) %>% st_cast

(., to = "MULTIPOINT") %>% st_combine(.) 

# Create study area polygon (convex hull around positive tows) 

studyArea <- st_convex_hull(stations.positive) %>% st_buffer(., dist 
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= 1000, singleSide = FALSE) 

# Create hexagonal grid 

hex <- st_make_grid(studyArea, crs = 4326, cellsize = 1.5, what = "p

olygons", square = FALSE) %>% st_make_valid() %>% st_difference(., n

orthSouthAmerica) %>% st_intersection(., studyArea) 

# Add grid ID to stations 

hex.sf = st_sf(hex) %>% mutate(., GridID = 1:length(hex)) 

stations.sf$distance_from_shore <- st_distance(stations.sf, northSou

thAmerica, by_element = TRUE) %>% scale() 

stations.hex <- st_join(stations.sf, hex.sf) 

return(list(hex.sf, stations.sf)) 

} 

Setup Stan data 

setupdata <- function(modelName) { 

  ## Get data for Stan 

  neighbors <- poly2nb(pl = hex.sf) # produces a list of neighbors f

or each hex 

  source("nb2graph.R") 

  grid <- nb2graph(neighbors) 
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  nCells <- grid$N # Number of grid cells 

  nEdges <- grid$N_edges # Number of edges 

  node1 <- grid$node1 # Node 1 of edges 

  node2 <- grid$node2 # Node 2 of edges 

  adjacency = nb2mat(neighbors, zero.policy = TRUE) # adjacency, sca

led by number of neighboring cells 

  adjacency_identity = ceiling(adjacency) 

  identity = diag(nCells)  # Identity matrix 

  sharedEdges = colSums(adjacency_identity)  # number shared edges 

per cell 

  rho = 0.95  # estimated value of rho for calculating scaling facto

r 

  InvM = solve(identity-rho*adjacency) 

  # Compute the geometric mean of the variances, on the diagonal of 

Cov matrix; use this to calculate scaling factor for BYM2 model 

  scaling_factor = exp(mean(log(diag(InvM)))) 

  # Number of total observations 

  nObs = nrow(data) 

  # Independent (predictor) variables for fixed effects 

  if (modelName == "geography") { 
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 X = cbind(data$lat_standardized - mean(data$lat_standardized), 

 data$distance_from_shore[,1]) 

 colnames(X) = c("latitude", "distance_from_shore") 

  } else if (modelName == "enso") { 

 X = cbind(data$meanTemp_standardized, 

 data$meanDynamicHeight_standardized) 

 colnames(X) = c("temperature", "dynamic_height") 

  } else if (modelName == "oceanography") { 

 X = cbind(data$meanTemp_standardized, 

 data$meanSalinity_standardized, 

 data$meanDynamicHeight_standardized, 

 data$meanO2_standardized) 

 colnames(X) = c("temperature", "salinity", "dynamic_height", "O2

") 

  } else if (modelName == "allvars") { 

 X = cbind(data$lat_standardized - mean(data$lat_standardized), 

 data$meanTemp_standardized, 

 data$meanSalinity_standardized, 

 data$meanDynamicHeight_standardized, 

 data$meanO2_standardized, 

 data$distance_from_shore[,1]) 

 colnames(X) = c("latitude", "temperature", "salinity", "dynamic_

height", "O2", "distance_from_shore") 

  } 
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  K = ncol(X) # Number of predictor variables 

  G = data$GridID # Grid cell ID of each observation 

  W = cbind(data$ship_factor, 

 data$net_type_factor, 

 data$tow_type_factor) 

  K_obs = ncol(W) 

  Nzeros = length(subset(data, data$Y==0)) 

  isnotzero = ifelse(data$Y==0,0,1) 

  # Define data 

  stan.data <- 

 list( 

 Nobs = nObs, 

 N = nCells, 

 N_edges = nEdges, 

 node1 = node1, 

 node2 = node2, 

 K = K, 

 X = X, 

 Y = data$Y, 

 G = G, 

 scaling_factor = scaling_factor, 

 Nzeros = Nzeros 
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 ) 

  return(stan.data) 

} 

Execute model 

cmdstanrModel <- function(stan.data) { 

  cores = detectCores() 

  nc = min(20,cores-1) 

  # Compile 

  CAR_mod <- cmdstan_model(stan_file = "Models/CAR_modBYM2_gammaHurd

le.stan") 

  # Run model 

  fit <- CAR_mod$sample( 

 data = stan.data, 

 seed = 123, 

 chains = 3, 

 parallel_chains = 3, 

 refresh = 50, 

 adapt_delta = 0.9 

  ) 
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  fit$save_object(file = "fit.RDS") 

  return(fit) 

} 

Import data and run models 

files = list.files(path = "C://KDale/Projects/Bayesian Modeling/CalC

OFI_data/SpeciesCounts") 

resultFiles <- list.files("Results/") 

modelNames = c("geography", "enso", "oceanography","allvars") 

for (i in 1:6) { 

  ## Import data--------- 

  data = read.csv(file = paste0("C://KDale/Projects/Bayesian Modelin

g/CalCOFI_data/SpeciesCounts/", files[i])) 

  species = strsplit(files[i], "_hydros.csv")[[1]] 

  spatialSets <- spatialGridCreation(data) # Create hex grid 

  hex.sf <- spatialSets[[1]] 

  data <- spatialSets[[2]] 
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  # Remove stations without environmental data and those that are ou

tside the study area 

  data <- subset(data, !is.na(data$meanTemp_standardized)& !is.na(me

anO2_standardized) & !is.na(meanDensity_standardized) & !is.na(meanS

alinity_standardized) & !is.na(meanDynamicHeight_standardized) & !is

.na(distance_from_shore)) 

  data <- subset(data, !is.na(GridID)) 

  # Standardize larval counts using % of sample sorted and standard 

haul factor 

  data$Y = data$larvae_count/(data$percent_sorted * data$standard_ha

ul_factor) 

  for (j in 1:length(modelNames)) { 

 modelName = modelNames[j] 

 stan.data <- setupdata(modelName = modelNames[j]) 

 # Fit model 

 fit <- cmdstanrModel(stan.data) 

 # Evaluate model 

 fitStan <- rstan::read_stan_csv(fit$output_files()) 
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 sumstats = summary(fitStan)$summary 

 mcmc2 <- as.matrix(fitStan) 

 param.post.names = colnames(mcmc2) 

 Nsims = nrow(mcmc2) 

 loo <- fit$loo(variables = "log_lik", r_eff = TRUE) 

 save(fitStan,mcmc2,param.post.names,sumstats,loo,file=paste0("Re

sults/",species,"_",modelNames[j],".rdata")) 

  } 

} 
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Conclusions & Future Directions 

In this dissertation, I aimed to elucidate factors that affect fish dispersal, abundance, 

individual survival, and population persistence in the northeastern Pacific. I used a 

diverse array of lenses to examine these themes, including hierarchical modeling, 

morphology, genetics, and coloration.   

Chapter 1 began by showing that morphology predicts dispersal distance. 

Specifically, morphological traits of intermediate-stage larvae predicted larval 

latitudinal range, as anguilliform leptocephali with larger relative predorsal body 

lengths and snout-to-anus lengths exhibited larger larval ranges. Surprisingly, body 

aspect ratio and maximum body length at transformation, two traits we initially 

hypothesized to be important, were not significant predictors of dispersal range. It 

appears that there may be a potential relationship between longer relative anterior 

body segments and improved swimming ability, where more elongate body parts may 

improve undulatory/anguilliform swimming ability by reducing drag and increasing 

body propulsion. Both offshore and coastal species with longer predorsal body 

lengths and snout-to-anus lengths had larger ranges, demonstrating that both offshore 

and coastal species conduct active larval movement to adult habitats. My work 

indicates that eel larvae do not appear to use body shape to enhance or impede 

passive transport; instead, morphology may be involved with active swimming. A 

future area of work could be examining the link between morphology and geographic 

range of other fish families or expanding this dataset to include anguilliform larvae 

from other basins, such as the NE Atlantic.   
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My work in Chapter 1 revealed that body shape might contribute to the large

geographic ranges of Eastern Pacific leptocephali. Despite the potential for long-

distance dispersal of Eastern Pacific muraenid larvae, the California moray is the only 

muraenid off southern California. The long-standing hypothesis has been that 

California morays in southern California are non-reproductive, with water 

temperature limiting gonadal development (McCleneghan 1973). This in turn would 

make southern California populations primarily recipient populations, though it was 

unclear where larvae may be arriving from. After examining larval dispersal in 

Chapter 1, I wanted to further examine population connectivity and evidence of local 

reproduction in California morays. Chapter 2 revealed that while California morays 

have high gene flow, they are experiencing local adaptation on a small subset of loci. 

Though source populations are difficult to identify, a large proportion of hybrids in 

populations such as Catalina Island (Two Harbors) support the long-standing 

hypothesis that eels on the north side of Catalina Island  are minimally reproductive 

and comprised mainly of first-generation hybrids. However, it remains unclear where 

propagules are arriving from, and the mechanisms behind successful spawning. Based 

on larval occurrence data, the presumed function of genes under selection, and 

correlations between environmental conditions at settlement and genetic diversity, , it 

appears that natural selection is strongest during the late larval or early juvenile 

period. Future work should continue to examine gene functions in teleosts, and 

particularly in eels. Additional areas of work include aging Baja California 

individuals and building population-specific growth curves; sequencing more of the 
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genome  to quantify intrapopulation migration rates; sequencing additional 

individuals from below the Bahía Magdalena biogeographic break; and making 

efforts to sample for leptocephali, especially in southern California.  

Chapters 1 and 2 examined factors related to larval dispersal and selective 

pressures during this early life history period. Chapter 3 also showed that California 

morays appear to be under different selective pressures in different parts of their 

range, even between locations that are geographically close. In Chapter 3, I further 

narrowed my geographic focus to Catalina Island, and found that the coloration of 

morays around the island is correlated with their habitats, a surprising trend for a 

temperate, cryptic fish that cannot rapidly change color. Eels were lighter and 

yellower in sandy, turbid habitats. It does not appear that coloration improves 

foraging success or adult survival, and eels do not appear to self-select their habitat 

when they are adults. Instead, similar to Chapter 2, we hypothesize that selection is 

primarily occurring during the early juvenile stage. Future work should focus on 

catching and quantifying coloration of early settlement and juvenile individuals, 

which our traps do not catch, as we hypothesize that either juveniles are either 

changing color during settlement or being predated upon if they have less-adaptive 

camouflage. It would be especially exciting to examine the function of loci under 

selection from Chapter 2 and find genes related to pigmentation or coloration.  

After examining eels for the first three chapters, I was interested in 

broadening my focus to additional taxa while continuing to think about the effect of 

environmental factors on larval abundance. Chapter 4 showed that the environmental 
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covariates that best describe larval abundance in California Current region vary 

across species, but that sea surface height was a strong predictor of larval abundance. 

In general, model results support what we know about the biology of the case-study 

taxa in question, better account for spatial autocorrelation, and provide interpretable 

output on larval abundance at specific spatial points. We hope to incorporate 

biological aspects of larvae (such as body shape, stemming from Chapter 1) in the 

future. 

My conclusions suggest that previously-overlooked characteristics of fishes, 

such as larval body shape and the coloration of predators, may play a role in 

determining the geographic ranges and individual survival of Eastern Pacific 

Anguilliformes, and are worth additional study in other fishes. Although swimming 

ability is incorporated into some dispersal models, variation in swimming ability is 

not usually allowed for, much less variation based on body shape. We also have new 

insights into the lives of California morays. It appears that strong selection is 

occurring for California morays during their early life stage, either during the larval 

period of shortly thereafter. Intrinsic factors such as body shape, development, 

coloration, and swimming ability interact with environmental conditions appear to 

select for individuals of certain genotypes. 

Chapter 4 showed that underutilized or novel tools, such as hierarchical 

models accounting for spatial autocorrelation, can provide new (and complementary) 

insights to what we know about the biology of species. Most modeling efforts are 

based around frequentist methods, R packages that aim to be as user-friendly as 
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possible, or point-and-click software that either has steep learning curves or a lack of 

flexibility. Although learning Bayesian statistics can be a hurdle, the amount of 

control that comes from writing one’s own model is worth it. 

My overarching research goal is to understand the mechanisms influencing the 

dispersal, biogeography, and ecology of fishes. Over the course of my PhD, I have 

worked towards answering questions related to these themes by learning and using a 

diverse set of quantitative tools, including morphology, genetics, phylogenetics, and 

statistical modeling. I am excited to continue to add to my toolbox in my next career 

step! 
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Appendix 

Table S2.1. Summary of environmental covariate analysis. Environmental variables 

were used as predictors, and the first two axes from the DAPC analyses (without 

Todos Santos) were used as the response. Sea surface temperature anomaly was 

analyzed using a generalized additive model (GAM); degrees of freedom reported for 

the GAM are effective degrees of freedom. 

Response 

variable 

Predictor variable P R2

adj. 

Slope Df Std 

err 

DAPC axis 1 Sea surface height 0.74 0.00 8.3 185 25.5 

DAPC axis 2 Sea surface height <0.001 0.18 -70.8 185 11.2

DAPC axis 1 Sea surface temperature 0.06 0.02 -1.02 217 0.55

DAPC axis 2 Sea surface temperature <0.001 0.24 -1.91 217 0.23

DAPC axis 1 Sea surface temperature 

anomaly 

0.42 0.003 -- 1.9 -- 

DAPC axis 2 Sea surface temperature 

anomaly 

0.004 0.05 -- 2.0 -- 

DAPC axis 1 Magnitude of Ekman 

transport 

<0.001 0.27 0.04 111 0.005 

DAPC axis 2 Magnitude of Ekman 

transport 

<0.001 0.09 0.01 111 0.002 
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Figure S2.1. Heatmap of standardized larval counts for all unidentified 

Anguilliformes and muraenid larvae from, taken from the California Cooperative 

Oceanic Fisheries Investigation (1951-2021) and Investigaciones Mexicanas de 

la Corriente de California (1990-2020). 
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Figure S2.2. DAPC results for neutral loci (n = 54,960). 
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Figure S2.3. Labeled loci are those that fell in the 80th percentile for variance 

explained along each DAPC axis. All plots are for DAPCs on loci under selection. 

Loci that are in bold had significant matches with annotated genes in BLAST. 

Figure S2.4. Yearly averages of sea surface temperature, sea surface temperature 

anomaly, sea surface height, and Ekman transport, used for testing if environmental 

covariates predict genetic diversity. Data were averaged over the period of July-

December for each year, corresponding to when muraenid leptocephali are most 

common in waters off Baja, Mexico and southern California (Fig. S2.1). 
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Figure S2.5. We calculated El Niño Southern Oscillation conditions at settlement 

using methods outlined in Higgins et. al. 2017, which considered ENSO events as 

being any 6-month period in which Oceanic Nino Index values remained above 0.5. 

La Niña events were considered any 6-month period where ONI values remained 

below -0.5. Years where neither condition were met were considered Neutral. 
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