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Abstract 

 

GENOMICS OF CALIFORNIA AND SEA OF CORTEZ FISHES: 

SPECIATION, POPULATION GENOMICS, AND LOCAL ADAPTATION 

 

by Allyson C. Salazar Sawkins 

 

Marine populations were long expected to exhibit weak genetic structure 

because many species possess pelagic larvae, large population sizes, and few barriers 

to dispersal. However, strong population structure is shown to be widespread across 

marine taxa even among species with high dispersal potential. Understanding how 

population divergence arises and persists in such dynamic systems remains a central 

challenge in evolutionary biology. This dissertation examines how historical isolation, 

environmental gradients, and selection shape population structure in marine fishes 

using physiological and genomic approaches. In Chapter 1, I examine 

population-level variation in thermal physiology between Pacific and Sea of Cortez 

populations of the longjaw mudsucker (Gillichthys mirabilis). Although broad 

thermal performance curves were largely similar, Sea of Cortez individuals showed 

lower thermal sensitivity and higher acute thermal tolerance after warm 

pre-conditioning, patterns that mirror a more thermally variable environment, though 

adaptation cannot be confirmed from this comparison alone. In Chapter 2, I use 
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low-coverage whole-genome resequencing to assess genomic divergence between 

Pacific and Sea of Cortez populations of G. mirabilis. I find exceptionally high 

genomic differentiation, extensive fixed differences, and reciprocal phylogenetic 

monophyly between lineages, consistent with long-term allopatric isolation. Genome 

scans identify outlier loci enriched for nonsynonymous substitutions, suggesting 

selection acted alongside drift to shape divergence between these lineages. In 

Chapter 3, I investigate population genomic patterns in the barred surfperch 

(Amphistichus argenteus), a nearshore species lacking a pelagic larval stage. Genomic 

data reveal three distinct coastal clades and a highly divergent Santa Rosa Island 

lineage, shaped by isolation by distance and geographic breaks near major habitat 

discontinuities. The largest coastal break is across the Palos Verdes Peninsula, where 

candidate genes under selection are enriched for functions related to spermatogenesis 

and sperm motility, suggesting this break is maintained by selection on reproductive 

compatibility. Together, these results show contemporary population structure reflects 

the cumulative effects of historical isolation, ecological context, and selection across 

spatial and temporal scales. This work provides a comparative framework for 

understanding how population divergence arises and persists in marine environments 

and informs predictions of responses to environmental change. 
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To my little field mate, I will forever cherish these memories with you. 
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Introduction 

The diversity of life histories, dispersal strategies, and habitats among marine 

fishes makes them particularly well suited for studying the mechanisms underlying 

population divergence and speciation (Bernardi, 2013). Marine environments have 

long been viewed as settings in which high dispersal opposes population structure, 

particularly for fishes whose pelagic larval stages may be transported over large 

distances by currents. Under such conditions, extensive gene flow is expected to 

homogenize populations and limit divergence. Yet many studies show that strong 

population structure can be found even in the absence of obvious physical barriers 

(Palumbi, 1994; Selkoe & Toonen, 2011). This apparent paradox motivates a central 

question in evolutionary biology: how do populations diverge and maintain 

differentiation in dynamic, seemingly connected marine environments? Simple 

predictors of connectivity such as pelagic larval duration or dispersal potential 

explain only a portion of observed variation in population structure. Instead, 

divergence often reflects the combined effects of historical vicariance, dispersal, 

demography, and selection.  

Geographic isolation remains a powerful driver of divergence, particularly 

when barriers to gene flow persist over evolutionary time. In such cases, populations 

can accumulate differences through genetic drift, local adaptation, or a combination, 

potentially leading to incipient or complete speciation. Divergence may be further 

accelerated when isolation coincides with strong environmental gradients, such that 

distinct selective pressures act on populations occupying different habitats. However, 
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relatively few marine systems combine clear barriers to gene flow with pronounced 

environmental heterogeneity, limiting our ability to disentangle the relative 

contributions of isolation and selection. 

Environmental gradients not only shape genomic patterns of divergence, but 

also generate measurable differences in organismal performance and physiological 

tolerance (Bernatchez et al., 2024; Whitehead, 2012). In ectothermic organisms such 

as fishes, temperature is a key environmental variable influencing metabolism, stress 

responses, and survival (Hill et al., 2012; Somero, 2020). Populations occupying 

contrasting thermal regimes may differ in physiological tolerance, reflecting plastic 

responses, genetically based adaptation, or a combination of both. Documenting 

population-level variation in thermal physiology provides a critical phenotypic 

context for interpreting genomic divergence. 

Advances in population genomics now provide powerful tools for 

investigating the genomic basis of divergence across geographic and ecological 

contexts. Whole-genome data reveal that divergence is often heterogeneous, with a 

subset of loci contributing disproportionately to population differentiation, a pattern 

sometimes referred to as “islands of speciation” (Nosil et al., 2009). Such patterns are 

consistent with selection maintaining divergence at functionally important regions 

despite ongoing or episodic gene flow. Combining genome-wide scans for selection 

with multiple population structure analyses provides a framework for investigating 

mechanisms underlying population divergence. 
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Rather than relying on a single system, resolving these questions requires 

comparative frameworks that span variation in geography, environment, and dispersal 

strategy. Marine fishes are especially informative because they encompass both 

isolated and connected populations and a wide range of dispersal strategies, making it 

possible to examine how these differences influence population divergence. 

In this dissertation, I examine how population structure is generated and 

maintained in marine fishes using two systems that span contrasting biogeographic 

regions, life histories, and environmental gradients. I use whole-genome data to 

investigate population genomic patterns across both obvious and subtle barriers to 

gene flow. By integrating genomic patterns with physiological evidence, this work 

connects environmental variation, life history, and historical isolation to evolutionary 

divergence, with broader implications for evolutionary theory and applied 

management. 
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Chapter 1: Divergent thermal physiology in isolated Pacific and Sea of Cortez 

lineages of the longjaw mudsucker (Gillichthys mirabilis) 
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ABSTRACT 

Marine fishes with allopatric distributions are rare due to the scarcity of hard 

barriers to gene flow, yet such systems provide valuable models for studying 

speciation and adaptive evolution. The longjaw mudsucker (Gillichthys mirabilis) is a 

disjunct species with a Pacific lineage along the coasts of California and Baja 

California and an isolated lineage in the northern Sea of Cortez. In this study, we 

compare the thermal physiology of disjunct lineages of G. mirabilis in response to 

acute heat stress to characterize physiological variation between these isolated 

lineages. Fish were collected from Estero la Choya, Sonora, Mexico (SOC; Sea of 

Cortez) and Elkhorn Slough, California, USA (PAC; Pacific coast). Two experiments 

were conducted following ambient common-garden acclimation: (1) intermittent 

respirometry to construct thermal performance curves (TPCs); (2) critical thermal 

maxima (CTmax) measured in ambient-acclimated and 25°C pre-conditioned fish. 

TPCs revealed significantly higher performance rates (rmax) in PAC (322.6 mg O2 kg-1 

h-1 ± 38.6) than SOC (267.9 mg O2 kg-1 h-1 ± 29.4; p = 0.004), indicating higher 

performance capacity but potentially higher thermal sensitivity in the Pacific lineage. 

In contrast, after pre-conditioning to 25°C, CTmax was significantly higher in SOC 

than PAC (+0.73°C, p = 0.0015). CTmax increased significantly in SOC (Δ = 1.2°C, p 

= 0.0016), but not in PAC (Δ = 0.3°C, p = 0.13). Together, these results suggest 

divergence in thermal physiology between the two lineages. Although a two-lineage 

comparison cannot by itself distinguish local adaptation from genetic drift or founder 
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effects, the greater thermal tolerance and plasticity of the SOC lineage align with the 

more extreme thermal environment it occupies. 

 

INTRODUCTION 

Environmental temperature is a fundamental driver of physiological 

performance in ectothermic organisms because metabolic and biochemical processes 

scale with temperature (Schulte, 2015). Organisms that experience large thermal 

variation provide valuable systems for studying physiological responses to 

environmental change (Verberk et al., 2026). Estuarine fishes frequently encounter 

rapid thermal fluctuations due to shallow water, tidal exchange, and strong diel 

heating and cooling (Madeira et al., 2012). Many estuarine species exhibit broad 

thermal tolerances and pronounced physiological plasticity, making them useful 

models for examining the mechanisms that allow organisms to cope with 

environmental variability (Verberk et al., 2026). 

In the marine environment, absolute barriers to gene flow are rare (Cowen & 

Sponaugle, 2009; Palumbi, 1994). When populations become geographically isolated, 

they provide valuable opportunities to examine how spatial separation shapes 

evolutionary divergence (Futuyma & Kirkpatrick, 2017; Schluter, 2001). Isolation can 

expose populations to distinct genetic drift dynamics and selective pressures, 

potentially leading to local adaptation and incipient speciation (Butlin & Faria, 2024). 

Studying how geographically isolated lineages evolve into distinct species is a central 

question in evolutionary biology (Nosil, 2012; Nosil et al., 2009). A disjunct species 
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exhibits a discontinuous geographic distribution, with populations separated by 

regions of unsuitable habitat that limit gene flow and frequently result in allopatry. 

Such systems provide natural opportunities for studying how environmental 

heterogeneity and geographic isolation shape evolutionary trajectories (Losos & 

Ricklefs, 2009; Palumbi, 1994). 

The longjaw mudsucker, Gillichthys mirabilis, exemplifies this phenomenon. 

G. mirabilis is an intertidal goby that inhabits shallow soft-bottom habitats in 

estuaries and sloughs (Allen, 2006; Weisel, 1947). Pacific populations occur along the 

coasts of California and Baja California, while an isolated lineage occurs in the 

northern Sea of Cortez, also called the Gulf of California (Allen, 2006). These 

distributions are maintained in allopatry, as the species is absent around the Cape 

(Cabo San Lucas region) (Bernardi et al., 2003). G. mirabilis is one of 19 disjunct 

fish species in the Baja California system, a region that provides exceptional 

opportunities to explore how geographic separation influences divergence and 

adaptation (Bernardi et al., 2003). Molecular studies estimate divergence between the 

Pacific and Sea of Cortez lineages at approximately 0.76 to 2.3 million years ago 

(Huang & Bernardi, 2001), consistent with Pleistocene sea-level fluctuations and 

geological changes. Genetic studies find high levels of sequence divergence with a 

high degree of fixed differences between Pacific and Sea of Cortez lineages, 

indicating prolonged isolation (Bernardi et al., 2003; Garcia et al., 2020; Huang & 

Bernardi, 2001). Recent genome-wide analyses reinforce this picture, recovering 

reciprocally monophyletic Pacific and Sea of Cortez clades, an absence of 
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contemporary gene flow, and pairwise differentiation (FST up to 0.55) comparable to 

that between recognized species (Salazar Sawkins & Bernardi, in review). 

G. mirabilis inhabits a broad range of thermal environments, from temperate 

estuaries of central California to the seasonally extreme estuaries of the northern Sea 

of Cortez. Annual estuarine temperatures in Bodega Bay, CA range from 

approximately 8 to 19 °C (Sorte & Stachowicz, 2011), while in Puerto Peñasco, MX, 

temperatures range from 5 to 36 °C (Place & Hofmann, 2001). This extensive thermal 

variation classifies G. mirabilis as an extreme eurytherm, defined as a species 

experiencing environmental temperature variation exceeding 20 °C (Logan & 

Buckley, 2015). Past research demonstrates that G. mirabilis exhibits substantial 

thermal plasticity at both molecular and organismal levels. Acclimation modifies 

thresholds for heat shock protein induction (HSP70, HSP90) across tissues, indicating 

that cellular stress-response pathways are tuned to the thermal environment (Dietz, 

1994; Dietz & Somero, 1992). At the organismal level, acclimation produces large 

shifts in upper thermal tolerance, with CTmax increasing with higher acclimation 

temperatures (Logan & Somero, 2010). Heat stress elicits sequential activation of 

stress-response genes, indicating that G. mirabilis can dynamically modulate cellular 

defenses depending on thermal intensity (Logan & Somero, 2011). These findings 

provide a framework for interpreting how acclimation and acute thermal stress 

influence stress-response expression in G. mirabilis.  

Variation in thermal physiology of G. mirabilis between Pacific and Sea of 

Cortez lineages is not yet well characterized. Barlow (1961) compared oxygen 
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consumption across several localities in the Pacific and Sea of Cortez, finding that 

populations within the Sea of Cortez exhibited consistently lower Q10 values than 

their Pacific counterparts, potentially reflecting adaptation to the more variable 

climate. Combined with evidence of plasticity at cellular, molecular, and organismal 

levels, these results position G. mirabilis as a model for examining how physiological 

plasticity influences thermal limits and local adaptation. Building on this, we address 

three key questions: (1) Do Pacific and Sea of Cortez lineages differ in critical 

thermal maxima or other measures of thermal tolerance? (2) Are there 

lineage-specific differences in metabolic rate or thermal sensitivity (e.g., Q10)? (3) 

Does short-term warm acclimation (“pre-conditioning”) shift critical thermal maxima 

differently between lineages? In this study, we address these questions to better 

understand how environmental heterogeneity and isolation shape thermal physiology 

and stress-response mechanisms in Pacific and Sea of Cortez lineages of G. mirabilis. 

 

METHODS 

Specimen Collection 

G. mirabilis were collected from two sites: Estero la Choya, Sonora, MEX 

(31.34°N, 113.61°W) in July 2024 and Elkhorn Slough, California, USA (36.82°N, 

121.78°W) in July-August 2024 (Figures 1 and 2). Hereafter, these sites will be 

referred to as SOC (Sea of Cortez) and PAC (Pacific), respectively. Fish were 

captured using baited minnow traps (CDFW permit #S221030003-22181) and 

transported to Long Marine Labs, Santa Cruz, CA in aerated, insulated containers. 
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Animals were held in flow-through seawater aquaria in a common garden ambient 

temperature (15.2 ± 1.3 °C) for > 4 wks. Animals were fed a diet of brine shrimp 

three times per week ad libitum. To minimize post-digestive increase in metabolic 

rate, animals were fasted for 48 h prior to an experiment. All animal care and use 

protocols for these experiments were approved by the UC Santa Cruz Institutional 

Animal Care and Use Committee (protocol ID: Berng2310).  

Environmental temperatures at each collection site were monitored using 

HOBO temperature loggers for at least five months prior to animal collection (Table 

1, Figure 3), recording data every five minutes. Each logger was secured to a cinder 

block with zip ties and placed in the center of a channel, where it remained 

continuously submerged throughout the measurement period. Loggers were 

positioned at the same locations from which fish were collected. 

Map Generation 

To provide geographical and environmental context to the observed 

physiological variation, we overlaid our sampling sites onto an oceanographic map 

that was generated using E.U. Copernicus Marine Service Information products: 

‘SST_GLO_SST_L4_NRT_OBSERV-ATIONS_010_001’ (1/20th degree grid) 

(European Union-Copernicus Marine Service, 2015) for sea surface temperatures and 

‘GLOBAL_ANALYSISFORECAST_PHY_001_024’ (1/12th degree horizontal 

resolution) (European Union-Copernicus Marine Service, 2016) for surface currents 

(Figure 2). In both daily data sets, daily data through 2023 were averaged. High 
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resolution shorelines were imported from the Natural Earth dataset in RStudio using 

the ne_states function of rnaturalearth 1.0.1 package (Massicotte P & South A, 2025). 

Intermittent Respirometry  

To assess the differences in thermal performance in two isolated lineages, we 

performed an acute temperature ramp on individuals while measuring respiration rate 

(MO2) using a single-chamber Loligo Systems Intermittent-Flow Respirometry setup. 

Fish were acclimated to common garden ambient temperature (15.2 ± 1.3 °C) > 4 

wks. Following the acclimation period, nine individuals per locality (PAC: n = 9, 

SOC: n = 9) were tested, and each fish was weighed immediately prior to its trial. 

Average mass was 7.99 ± 1.60 g for PAC fish and 8.55 ± 1.40 g for SOC fish.  

The respirometry system was placed in a large, insulated tank with the common 

garden ambient seawater, a temperature logger, oxygen bubbler, recirculating pump, 

and four probe heaters. Seawater was chilled to 10 °C prior to experimentation using 

double-bagged ice. The tank was covered, and ambient lighting minimized to reduce 

stress and avoid confounding effects on respirometry measurements. Individuals were 

exposed to a thermal ramp starting at 10°C, increasing at +4°C per hour starting until 

the critical thermal maximum was reached. Due to the species’ extensive eurythermal 

range, each trial required ~8 hr to reach CTmax, and no more than one trial was run per 

day. Intermittent respirometry cycles consisted of 120 s flush, 60 s wait, and 120 s 

measurement periods. Thermal performance curve trials for PAC individuals were 

conducted between September 19 and October 25, 2024, and SOC trials were 

conducted between October 17 and November 11, 2024 (Figure S2).  
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Respirometry experiments were conducted over multiple days, during which 

ambient seawater temperature in the wet laboratory exhibited slight day-to-day 

variation, ranging from 12.48 to 17.37°C on the day of trials (Figure S2). To evaluate 

whether day-to-day variation in ambient seawater temperature influenced estimates of 

thermal optima (Topt), we examined the relationship between Topt and seawater 

temperature on the morning of each respirometry trial, as well as averages of ambient 

seawater temperature 72 h, 1 wk, and 2 wk prior to each trial (Figure S3). These 

relationships were visualized separately for each lineage using locality-specific linear 

regressions, with regression equations and coefficients of determination displayed on 

the plot. Variation in short-term thermal history may partially account for 

within-lineage differences in parameter estimates. 

TPC Modeling, Parameters, and Bootstrapping 

MO2 data were analyzed using the rTPC package in R (Padfield et al., 2021). 

Multiple candidate thermal performance curve models were fit, varying in functional 

form and biological interpretation. Although simpler phenomenological models (e.g., 

modified Gaussian, Jöhnk) yielded lower AIC values, we retained the 

Sharpe–Schoolfield high-temperature model (Schoolfield et al., 1981) because it 

provides a mechanistic representation of enzyme activation and high-temperature 

deactivation, yielding biologically interpretable parameters relevant to thermal 

sensitivity and limits. Thermal performance parameters (Table 2, 3) were estimated 

for each individual using the Sharpe–Schoolfield high-temperature model 

(Schoolfield et al., 1981) in rTPC (Padfield et al., 2021) where model outputs 

12 



 
 
 

included breadth, critical thermal maximum (CTmax), optimal temperature (Tₒ�ₜ), 

activation energy (e), deactivation energy (eh), maximum performance rate (rₘₐₓ), 

skewness, and thermal safety margin. Q₁₀ values were calculated separately from 

model-predicted metabolic rates as described below.  

To quantify uncertainty in the estimated parameters and model predictions, we 

performed residual bootstrapping of the fitted Sharpe–Schoolfield curves using the 

Boot() function from the car package in R (Fox & Weisberg, 2019). For each curve, 

residuals from the original fit were resampled with replacement and the model was 

refitted to each resampled dataset. Predicted metabolic rates across a standardized 

temperature range were calculated for each bootstrap replicate, and 95% confidence 

intervals at each temperature were computed as the 2.5th and 97.5th percentiles of the 

bootstrap predictions. The original fitted curve was plotted alongside these 

confidence intervals with raw data overlaid for visualization of both model central 

tendency and uncertainty (Figure 4). For each TPC, we conducted 500 bootstrap 

replicates (R = 500) using the case resampling method. Bootstrap confidence intervals 

were computed using the bias-corrected and accelerated (BCa) method, which 

accounts for both bias and skew in the bootstrap distributions. Lineage-level 

comparisons of derived thermal performance parameters were conducted using the 

fitted model estimates (Figures 5 and S1).  

Thermal Sensitivity (Q10) 

Temperature sensitivity of metabolic rate was quantified using Q10 coefficients 

calculated from model-predicted metabolic rates between 10 and 36°C. For each 
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curve, we fit a linear regression of the natural logarithm of predicted metabolic rate 

against temperature where the slope of this relationship (b) was used to compute Q10 

as:   This formula estimates the proportional change in metabolic rate associated with 

a 10°C increase in temperature. Q10 values were computed independently for each 

TPC and grouped by lineage (PAC and SOC). Lineage-level differences were 

assessed using a two-sample Welch’s t-test. Finally, to assess whether our sample size 

limited detection of differences in Q10 between lineages, we calculated Cohen’s d and 

estimated achieved and prospective power using the pwr.t.test() function from the R 

`pwr` package. 

Critical Thermal Maxima (CTmax) Experiments 

To assess the differences in CTmax in two isolated lineages, we performed 

experiments on new cohorts of fish collected on the same dates as described above. 

All fish were acclimated to common garden ambient temperature (13.5 ± 1.8°C) for 

eight months prior to experimentation. In Experiment 1, fish were exposed to an acute 

thermal ramp and temperature at loss of equilibrium (LOE) recorded. In Experiment 

2, fish were first pre-conditioned to 25°C prior to an acute thermal ramp and 

temperature at LOE recorded. CTmax was defined as the temperature at which a fish 

could no longer maintain dorsoventral orientation for at least one minute (Currie et 

al., 1998). Fish were weighed following experimentation.  

CTmax Experiment 1: Common Garden Ambient 

Eight individuals were tested from each locality (PAC: n = 8, SOC: n = 8; 

mean body mass: PAC 3.67 ± 1.44 g, SOC 4.43 ± 1.09 g). All fish were experimented 
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on simultaneously using a split-tank to separate either lineage. The experiment was 

conducted in a single day over the course of ~8 hr on April 29, 2025. All fish were 

placed in a single split tank with a temperature logger, oxygen bubbler, recirculating 

pump, and four probe heaters. Fish were exposed to a temperature heat ramp at a rate 

of +4°C h-1 starting at the ambient common garden temperature until reaching the 

critical thermal maximum (Figure 6A). CTmax was analyzed using Welch’s 

two-sample t-tests to evaluate lineage effects. 

CTmax Experiment 2: 25°C Pre-Conditioning 

 ​ A new cohort of fish from the same collection dates was tested (PAC: n = 7, 

SOC: n = 8; mean body mass: PAC 3.70 ± 2.43 g, SOC 4.38 ± 0.83 g) over April 30 – 

May 1, 2025. All fish were experimented on simultaneously using a split-tank to 

separate either lineage and the experiment was conducted in ~26 hr. Fish were 

removed from the common garden ambient temperature and placed into an insulated 

tank with a temperature logger, oxygen bubbler, recirculating pump, and four probe 

heaters. Tank temperature was increased to 25 °C (+1 °C h⁻¹), and fish were 

pre-conditioned at this temperature for 12 h. Following pre-conditioning, the thermal 

ramp increased temperature at +4 °C h⁻¹ until fish reached their critical thermal 

maximum (Figure 6B).  

The goal of the 12-hour pre-conditioning was to evaluate whether short-term 

exposure to elevated temperature could alter CTmax through acute plasticity. Although 

12 hours is generally insufficient for a complete acclimation response, this design 

allowed us to investigate how either lineage responds to ecologically relevant rapid, 
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short-term shifts in temperature. CTmax was analyzed using Welch’s two-sample t-tests 

to evaluate the effects of lineage and pre-conditioning temperature (Figures 6 and 7; 

Tables S1 and S2). 

 

RESULTS 

Thermal Performance Curves (TPCs) 

We tested whether isolated lineages SOC and PAC differed in thermal 

performance parameters by measuring respiration rate across a range of temperatures. 

In Figure 4, TPCs are shown for each individual tested. The parameters for the TPCs 

are visualized in Figures 5, S1, and summarized in Table 3. There was a significant 

difference in the two lineages in rmax, the maximum performance rate (SOC: 267.9 mg 

O2 kg-1 h-1 ± 29.4, PAC: 322.6 mg O2 kg-1 h-1 ± 38.6; p = 0.004). The differences in 

breadth (p = 0.099), CTmax (p = 0.098), and thermal safety margin (p = 0.10), and Q10 

(p = 0.186) for SOC and PAC were not significant, but the trends suggest a possible 

lineage effect. To assess whether our sample size limited detection of differences in 

Q10 between lineages, we conducted a post-hoc power analysis. Mean metabolic rates 

of SOC and PAC (n = 9 per group) were compared with a two-sample t-test, yielding 

a moderate effect size (Cohen’s d = 0.65, 95% CI: –1.59 to 0.31). Based on this 

effect, achieved power was 0.25, indicating low probability of detecting a true 

difference. A prospective analysis suggested ~38 individuals per group would be 

needed for 80% power at α = 0.05. These results suggest the nonsignificant difference 

likely reflects limited sample size rather than absence of a biological effect. 
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Critical Thermal Maxima Experiments (CTmax) 

We tested whether lineages SOC and PAC differed in terms of their critical 

thermal maxima and plasticity by carrying out two experiments. For both 

experiments, fish were acclimated to common garden ambient temperature (13.5°C ± 

1.8) for eight months. In the first experiment, temperature was increased from 

common garden ambient temperature until LOE at a rate of +4°C h-1. Temperature at 

LOE was measured for every fish. In the second experiment, tank temperature was 

ramped up to pre-conditioning temperature at a rate of +1°C h-1 until temperature 

reached 25°C, and fish were pre-conditioned to 25°C for 12 h. Then, temperature was 

increased from common garden ambient temperature until LOE at a rate of +4°C h-1. 

Temperature at LOE was measured for every fish. After acclimation to common 

garden ambient temperature, there was no significant difference in CTmax between 

SOC and PAC (SOC: 36.29∞C ± 0.67, PAC: 36.44∞C ± 0.41;  p = 0.59) (Figure 6A). 

However, after a 12-hour pre-conditioning period at 25°C, SOC displayed 

significantly higher critical thermal maxima than PAC (SOC: 37.44∞C ± 0.43, PAC: 

36.71∞C ± 0.21;  p = 0.0015) (Figure 6B). Short-term thermal history significantly 

affected CTmax within lineages. In PAC, the change was not significant (PACambient: 

36.44∞C ± 0.41, PAC25°C: 36.71∞C ± 0.21; p = 0.13) (Figure 7A), while in SOC, 

CTmax increased significantly with after a 12 hour hold at 25°C (SOCambient: 36.29∞C ± 

0.67, SOC25°C: 37.44∞C ± 0.43; p = 0.0016) (Figure 7B).  

 

DISCUSSION 
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Our design compares two lineages, and inferences about adaptation drawn 

from such comparisons warrant explicit caution. As Garland and Adolph (1994) 

argue, in a comparison of only two groups the environmental contrast of interest is 

statistically confounded with all other ways the groups may differ, including genetic 

drift, founder effects, and unmeasured environmental variables. Thus, the effective 

number of independent units for an evolutionary inference is two regardless of how 

many individuals are measured within each lineage. Consequently, while our 

per-lineage sample sizes provide power to detect phenotypic differences between 

PAC and SOC, they do not permit us to attribute those differences specifically to 

thermal selection, nor to establish which character state is ancestral versus derived. 

We therefore frame this study as a physiological characterization of an 

under-described allopatric system and a source of testable hypotheses, rather than a 

formal test of local adaptation. 

Several features of the system nonetheless mitigate these concerns. 

Comparisons among populations within a species carry an advantage over 

interspecific comparisons. Observed differences are more readily related to the 

present environments the populations occupy and are far less confounded by 

characters inherited from a distant common ancestor (Garland and Adolph, 1994). 

The two lineages can be related only as a simple bifurcation, removing any ambiguity 

about internal phylogeny. The PAC and SOC lineages are reproductively isolated and 

strongly genetically differentiated (Huang and Bernardi, 2001; Bernardi et al., 2003; 

Salazar Sawkins & Bernardi, in review), so restricted gene flow makes any retained 

18 



 
 
 

physiological divergence more interpretable than it would be among freely 

interbreeding populations. Critically, our common-garden acclimation isolates 

genetically based differentiation from acclimatization to field conditions, directly 

addressing a central difficulty in studies of physiological differentiation among 

populations (Garland and Adolph, 1991). We regard the most robust path forward as 

expanding sampling to additional populations within each region and pairing 

physiology with molecular mechanism, such as the killifish (Fundulus heteroclitus), 

which has become a model for population physiology (Crawford et al., 2020) 

Thermal Performance Curves (TPCs) 

Our results broadly align with early observations by Barlow, who reported 

physiological differences between Pacific and Sea of Cortez lineages of G. mirabilis 

in how metabolism scales with temperature (Barlow, 1961). In that study, Sea of 

Cortez fish consistently exhibited lower Q10 values than their Pacific counterparts. We 

observed the same directional pattern: PAC fish had a higher Q10 than SOC fish (1.34 

vs. 1.25), indicating a steeper metabolic response to warming. Although this 

difference was not statistically significant (p = 0.19), the higher value observed in 

Pacific fish is in the direction expected if they were more metabolically sensitive to 

increasing temperature.  

Given the low power of this comparison, however, we do not interpret it as 

evidence of a true difference and treat the TPC comparisons as inconclusive. With 

only nine individuals per locality, the achieved power of our test was low (0.25) 

despite a moderate effect size (Cohen’s d = 0.65), indicating a substantial risk of Type 
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II error. A prospective power analysis suggests that approximately 38 individuals per 

locality would be required to detect an effect of this magnitude with adequate 

confidence, highlighting the importance of larger sample sizes in future comparative 

studies. 

Notably, the physiological patterns we observed are consistent with 

expectations based on environmental conditions. Individuals from SOC tended to 

exhibit lower Q10 and rmax values, suggesting reduced thermal sensitivity and more 

stable metabolic performance across the tested temperature range. Such stability can 

be advantageous in environments characterized by large and rapid temperature 

fluctuations, where maintaining consistent physiological performance may be more 

important than maximizing metabolic output (Kern et al., 2015; Logan & Buckley, 

2015). A similar pattern has been documented in the mummichog, Fundulus 

heteroclitus, where myofibrillar ATPase activity exhibits low thermal sensitivity 

above approximately 12°C. This closely matches the summer tidal conditions 

experienced by these fish, where temperatures can fluctuate by up to 15°C within a 

single day (Sidell et al., 1983).  

In contrast, the higher Q10 observed in PAC fish reflects greater thermal 

sensitivity; fish from this lineage had to increase respiration rates higher to cope with 

the same temperatures as their Sea of Cortez counterparts. This is consistent with 

their environment, which is more thermally stable. In environments with a narrower 

thermal range, higher thermal sensitivity may be advantageous by enabling rapid 

metabolic adjustments that optimize growth and activity during short-term favorable 
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conditions and allow quick responses to acute thermal stress (Kontopoulos et al., 

2020).  

A limitation of our study was a lack of acclimation treatments to compare how 

acclimation impacts respiration and thermal performance. Low differentiation in the 

TPCs may stem from the relatively low TPC acclimation temperature (15.2 ± 1.3°C). 

Differences in CTmax were likewise undetectable under ambient acclimation (13.5 ± 

1.8°C), emerging only after 25°C pre-conditioning. Numerous studies have shown 

that acclimation strongly influences thermal performance, shifting the onset of the 

cellular stress response (Dietz, 1994; Dietz & Somero, 1992; Logan & Somero, 

2011), extending thermal limits (Logan & Somero, 2010), and elucidating 

lineage-specific differences (Barlow, 1961). Warmer acclimation temperatures often 

reshape the position and shape of thermal performance curves (Schulte et al., 2011), 

potentially exposing differences that remain hidden under cooler conditions.  

Consistent with this, we observed notable differences in the thermal limits 

(CTmax) of the two lineages when groups were pre-conditioned to 25°C (Figures 6 and 

7). These results suggest that while broad metabolic responses to temperature may 

appear similar between disjunct G. mirabilis lineages, lineage-specific physiological 

traits become more apparent under warm-acclimation conditions that more closely 

reflect the unique environmental conditions of each habitat. 

Critical Thermal Maxima Experiments (CTmax) 

Upper thermal tolerance was similar between lineages when fish were 

maintained at common-garden ambient temperature (13.5 °C ± 1.8) for eight months, 
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with no significant difference in CTmax between SOC and PAC individuals. However, 

lineage-specific differences emerged when fish were briefly exposed to warmer 

conditions. Following a 12-hour pre-conditioning period at 25 °C, SOC individuals 

exhibited significantly higher CTmax than PAC individuals (37.44 °C vs. 36.71 °C, p 

= 0.0015). In addition, SOC fish displayed greater plasticity in thermal tolerance: 

CTmax increased significantly after pre-conditioning in SOC (+1.2 °C), whereas PAC 

fish showed only a modest and non-significant increase (+0.3 °C). Together, these 

results suggest that fish from the Sea of Cortez possess both higher upper thermal 

limits and greater short-term plasticity in response to warming. 

The emergence of these differences only after warm exposure highlights the 

importance of acclimation history in shaping thermal tolerance. Under cool 

common-garden conditions, physiological differences between lineages may remain 

masked. Once individuals experience warmer temperatures, however, lineage-specific 

physiology became more apparent. Similar patterns have been reported in other 

ectotherms, where population-level differences in CTmax are revealed only under 

warmer acclimation treatments (Bugg et al., 2020; Waterbury et al., 2024).  

The physiological differences we observed correspond closely with the 

contrasting thermal environments experienced by the two isolated lineages. 

Temperature loggers deployed at our field sites showed that Estero La Choya (SOC) 

experiences both higher maximum temperatures and greater overall thermal 

variability than the PAC site. Temperatures at the SOC site spanned a total range of 

24.15 °C, compared with 19.26 °C at PAC (Table 1). Moreover, SOC habitats 
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experienced more rapid short-term temperature changes, with faster warming and 

slightly faster cooling rates at minute timescales. Such rapid fluctuations characterize 

the type of thermal regime often associated with physiological systems that respond 

quickly to acute thermal stress (Kern et al., 2015; Logan & Buckley, 2015). 

Both habitats experience rapid temperature fluctuations, but SOC exhibits a 

wider thermal range and faster short-term changes. Such conditions are commonly 

associated with physiological mechanisms for responding quickly to acute warming: 

induction of heat shock proteins, activation of molecular chaperones, or rapid 

metabolic adjustments (Kültz, 2005; Logan & Somero, 2011). PAC, while also 

dynamic, experiences slightly narrower and less extreme temperature fluctuations, 

where such rapid-response mechanisms may be less critical. A lower investment in 

highly inducible cellular stress responses may be energetically economical in more 

stable thermal environments, where moderate metabolic responses are sufficient 

(Angilletta, 2009; Huey & Kingsolver, 1993). Populations inhabiting warmer, more 

variable habitats often display traits that enhance tolerance to acute stress while 

maintaining metabolic stability, as seen in Atlantic killifish (Fundulus heteroclitus), 

where warm-associated populations display higher CTmax and reduced thermal 

sensitivity (DeLiberto et al., 2022). 

The higher CTmax and stronger short-term plasticity observed in SOC fish may 

arise from rapidly inducible cellular stress responses. When exposed to stressful 

temperatures, SOC fish may more quickly activate protective mechanisms such as 

heat shock proteins, molecular chaperones, or metabolic adjustments. These 
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responses could be mediated by flexible gene expression (Logan & Somero, 2011), 

post-translational modifications (phosphorylation, ubiquitination) (Xiao et al., 2023), 

or shifts in enzyme activity that stabilize metabolism under acute warming (Solovyev 

et al., 2021). Developmental or epigenetic effects may also contribute to 

lineage-specific differences (Anastasiadi et al., 2017; Scott & Johnston, 2012). While 

these mechanisms were not directly measured here, they provide plausible 

explanations for the observed patterns and could be explored in future molecular or 

genomic studies.  

The patterns observed here are consistent with previous work on G. mirabilis. 

Early work by Barlow (1961) documented ecological and morphological divergence 

between Pacific and Sea of Cortez lineages, suggesting that long-term geographic 

isolation could drive physiological differentiation. Subsequent studies revealed 

substantial thermal plasticity in this species, including acclimation-induced shifts in 

the induction thresholds of HSP70 and HSP90 (Dietz, 1994; Dietz & Somero, 1992). 

Our results extend this body of work by showing that, following short-term warm 

pre-conditioning, Sea of Cortez fish both tolerate higher acute temperatures and 

exhibit stronger plastic responses to warming. 

 

CONCLUSION 

Our study provides initial evidence that isolated Pacific and Sea of Cortez 

lineages of G. mirabilis differ in thermal physiology in ways consistent with the 

thermal characteristics of their respective habitats. The Sea of Cortez lineage (SOC) 
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showed higher acute thermal tolerance and more pronounced plasticity following 

brief warm pre-conditioning, potentially reflecting a distinctive cellular stress 

response (e.g., via molecular mechanisms such as rapidly inducible HSP expression). 

In contrast, the Pacific lineage (PAC) exhibited higher maximum metabolic 

performance in our thermal performance curves but limited plasticity in CTmax. These 

differences are consistent with two thermal strategies that balance trade-offs between 

metabolic performance and the energetic costs of rapid plasticity. Notably, even 

short-term exposure to elevated temperatures elicited lineage-specific differences, 

underscoring the potential for rapid cellular stress responses to buffer against extreme 

heat events such as heat waves, which are predicted to increase in frequency and 

intensity under climate change (Frölicher & Laufkötter, 2018). Overall, these 

contrasting responses suggest that the SOC lineage may show greater short-term 

resilience to acute thermal perturbation. Because these inferences rest on a single pair 

of lineages, we treat them as hypotheses to be tested with additional populations and 

paired with molecular mechanisms, rather than as conclusive evidence of local 

adaptation. 
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FIGURES 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 1.1 -  Lineage-specific morphology. A) Specimen collected from Elkhorn 
Slough, California, USA (PAC) in July 2024. B) Specimen collected from Estero la 
Choya, Sonora, Mexico (SOC) in July 2024. 
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Figure 1.2 - Geographic and Oceanographic Context of Sampling Sites. The two 
collection localities (Elkhorn Slough, CA, USA (PAC) = blue, Estero la Choya, 
Sonora, MEX (SOC) = red) are overlaid on mean sea surface temperatures and 
surface currents. SST data were from SST_GLO_SST_L4_NRT_OBSERVATIONS_ 
010_001 (1/20° grid; Copernicus Marine Service, 2015) and currents from GLOBAL 
_ANALYSISFORECAST_PHY_001_024 (1/12° grid; Copernicus Marine Service, 
2016), averaged through 2023. Shorelines were imported from Natural Earth using 
rnaturalearth 1.0.1 (Massicotte & South, 2025). 
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Figure 1.3 - Environmental Temperature. In situ temperature records collected using 
HOBO data loggers deployed at two field locations: Elkhorn Slough, California, USA 
(PAC; blue) and Estero La Choya, Sonora, Mexico (SOC; red). Water temperature 
(°C) is shown on the y-axis and date on the x-axis. Measurements were recorded 
every 5 minutes from February 23 to June 13, 2024 and July 18 to September 26, 
2024 at the PAC site, and from March 2 to July 30, 2024 at the SOC site.  A 
one-month data gap at the PAC site reflects loss of a logger, which was subsequently 
replaced. 
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Figure 1.4 - Acute thermal performance curves (TPCs). Measured acute TPCs for 
PAC (n=9) and SOC (n=9) lineages after acclimation to common garden ambient 
temperature (15.2 ± 1.3°C) for > 4 wks. Each panel represents a single individual, and 
points denote individual measurements of mass‐specific respiration rate obtained 
using a Loligo intermittent‐flow respirometry system. The solid line within each 
panel shows the fitted Sharpe–Schoolfield high‐temperature model (Schoolfield et 
al., 1981), while the shaded ribbon represents 95% confidence intervals of model 
predictions derived from non-parametric bootstrap resampling. 
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Figure 1.5 - Thermal performance curve (TPC) parameters. Parameter estimates for 
breadth, critical thermal maximum (CTmax), Q10, rmax, and thermal optimum (Topt) 
derived from the Sharpe–Schoolfield high-temperature model 
(sharpeschoolhigh_1981) are shown for each lineage following acclimation to 
common garden ambient temperature (15.2 ± 1.3°C) for > 4 wks. The PAC lineage in 
blue is shown and the SOC lineage in red. Welch’s two-sample t-tests were used to 
assess differences in each parameter between lineages; corresponding p-values are 
reported above each panel. Definitions of all parameters are provided in Table 2 and 
values are reported in Table 3. 
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Figure 1.6 - Critical thermal maximum (CTmax) experiments. (A) Boxplot showing 
observed CTmax values for individuals from the SOC (n = 8) and PAC (n = 8) lineages 
following acclimation to common garden ambient temperature (13.5 ± 1.8°C) for 8 
months. (B) Boxplot showing observed CTmax values for individuals from the SOC (n 
= 8) and PAC (n = 7) lineages following pre-conditioning at 25 °C for 12 h. In both 
experiments, temperature was increased from the pre-conditioning temperature at a 
rate of +4 °C h-1 until loss of equilibrium (LOE), defined as the inability to maintain 
dorsoventral orientation for 60 s (Currie et al., 1998). Individual observations are 
shown as grey points. Differences between lineages were assessed using Welch’s 
two-tailed t-tests; corresponding p-values are reported above each panel. 
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Figure 1.7 - CTmax: Short-term thermal history. (A) Boxplot showing observed 
CTmax values for individuals from the SOC lineage before and after a 12 h 
pre-conditioning at 25 °C. (B) Boxplot showing observed CTmax values for individuals 
from the PAC lineage before and after a 12 h pre-conditioning at 25 °C. Individual 
observations are shown in grey. Differences between pre- and post-conditioning were 
assessed using Welch’s two-tailed t-tests, and corresponding p-values are reported 
above each panel. 
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TABLES 

Table 1.1 - Environmental Temperature Statistics. Maximum temperature, minimum 
temperature, total temperature range, and maximum  +/- rate of change on ΔºC min-1  
and ΔºC hr-1 timescales are reported for each location using the data displayed in Fig. 
3. Dates of temperature collection: March 2 – Jul 30, 2024 (SOC); Feb 23 – June 13, 
2024 and July 18 – Sept 26, 2024 (PAC). Measurements taken every 5 minutes, 
except for a 1-month period at PAC site when a logger was lost and subsequently 
replaced. 

 

Location 
Max. 
Temp 

Min. 
Temp  Range 

Max. 
Warming 

Max. 
Cooling 

Max. 
Warming 

Max. 
Cooling 

SOC 37.23 13.08 24.15 0.68 -0.57 6.31 -6.26 

PAC 27.67 8.41 19.26 0.27 -0.44 6.40 -7.80 
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Table 1.2 - Parameter Definitions. rTPC Model sharpeschoolhigh_1981 parameter 
definitions are reported. Parameter estimates from Sharpe–Schoolfield thermal 
performance models. All parameters were obtained directly from model fits except 
Q10 values which were calculated post hoc from model-predicted rates. 

Parameter Definition 

Breadth The range of temperatures over which performance remains above 
80% of rmax. 

CTmax Critical thermal maximum; the highest temperature at which the 
organism can maintain performance before mortality. Calculated 
by predicting beyond the maximum value in the dataset where the 
value closest to 0 is then extracted. 

e  Activation Energy; Describes the exponential rate of increase in 
performance with temperature below Topt. 

eh  Deactivation energy; Describes the steepness of the performance 
decline above Topt. 

Q10 Temperature coefficient; Unitless factor that describes the change 
in rate of respiration over every 10ºC increase in temperature.  

rmax Maximum performance rate; the peak of the thermal performance 
curve. 

Skewness Degree of asymmetry in the TPC. A negative skewness indicates 
the TPC is left skewed, the drop after the optimum is steeper than 
the rise up to the optimum. A positive skewness means that the 
TPC is right skewed and a value of 0 would mean the curve is 
symmetrical around the optimum. 

Thermal Safety 
Margin  

Thermal safety margin is calculated as: CTmax - Topt. 

Topt Optimum temperature (c) is calculated by predicting over the 
temperature range using the previously estimated parameters and 
determining the temperature where the largest rate value (rmax) 
occurs. 
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Table 1.3 - TPC Parameters. Mean, standard deviation, and p-value are reported for 
each lineage (SOC and PAC) at each parameter following acclimation to common 
garden ambient temperature (15.2 ± 1.3 °C) for  > 4 wks. The p-values reported are 
calculated from two-tailed Welch’s t-test. 

Parameter 
mean 
(SOC) 

mean 
(PAC) 

sd 
(SOC) 

sd 
(PAC) p 

Breadth (°C) 15.9 10.9 7.7 3.3 0.099 

CTmax (°C)  40.7 39.7 1.5 0.5 0.098 

e (eV) 0.2 0.2 0.1 0.1 0.269 

eh (eV) 2.6 2.6 0.8 0.5 0.935 

Q10 1.25 1.34 0.15 0.12 0.186 

rmax (mg O2 kg-1 h-1) 267.9 322.6 29.4 38.6 0.004** 

Skewness -2.5 -2.4 0.9 0.5 0.949 

Thermal Safety Margin 
(°C) 

4.5 3.2 2.1 0.2 0.100 

Topt (°C)  36.1 36.5 0.7 0.5 0.234 
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Chapter 2: Population genomics and speciation of a Baja California disjunct 
species, the longjaw mudsucker (Gillichthys mirabilis) 
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ABSTRACT 

Allopatric isolation can drive genomic divergence, but distinguishing 

population structure from speciation remains challenging in marine systems. The 

longjaw mudsucker (Gillichthys mirabilis) is one of 19 Baja California disjunct 

species, exhibiting a pronounced population disjunction between the Pacific coast and 

the Sea of Cortez. This system provides a natural test of how prolonged geographic 

isolation drives divergence and speciation. We generated a reference genome and 

low-coverage whole-genome data for 113 individuals from 14 localities spanning the 

Pacific coast and two localities in the northern Sea of Cortez. Genome-wide analyses 

reveal extreme divergence between Pacific and Sea of Cortez populations (FST = 

0.45–0.55), with reciprocal monophyly and no evidence of admixture, indicating 

long-term isolation. In contrast, Pacific populations show weak, clinal structure 

shaped by limited dispersal and habitat discontinuity, with a notable exception at 

Elkhorn Slough, a highly divergent site that may represent a historical refugium. 

Across the genome, we identify thousands of outlier loci, including protein-coding 

variants enriched for nonsynonymous substitutions (dN/dS = 1.41), implicating 

selection alongside drift. Among numerous candidate loci, genes with functions tied 

to environmental stress (i.e., protein homeostasis and ion transport) stand out as 

biologically plausible targets of selection, consistent with thermal and osmotic 

contrasts between regions. Together, these results reveal deeply diverged evolutionary 

lineages and suggest that Pacific and Sea of Cortez populations represent distinct 

37 



 
 
 

species, highlighting how prolonged allopatry and environmental heterogeneity drive 

genomic divergence in marine taxa. 

 

INTRODUCTION 

Marine fishes offer exceptional opportunities for studying mechanisms driving 

population divergence and speciation because they span a wide range of life histories, 

dispersal strategies, and environmental gradients (Bernardi, 2013). A central goal in 

speciation research is to identify conditions under which geographically separated 

populations accumulate sufficient genetic divergence to generate species (Rundle & 

Nosil, 2005; The Marie Curie SPECIATION Network, 2012). In marine systems, 

such conditions are often thought to be uncommon because the apparent absence of 

physical barriers promotes extensive dispersal and gene flow, which can homogenize 

populations and oppose local adaptation (Palumbi, 1992, 1994; Rocha & Bowen, 

2008; Sanford & Kelly, 2011).  

Species with disjunct distributions provide powerful natural experiments for 

studying speciation, as they are shaped by rare but persistent barriers to gene flow 

(Avise, 2000; Bernardi, 2013). Two classic examples include geological barriers such 

as the rise of the Isthmus of Panama, which created transisthmian geminate species 

(Knowlton et al., 1993; Lessios, 2008), and vast oceanic barriers that separate eastern 

and western Pacific faunas (Lessios & Robertson, 2006; Rocha et al., 2007). In such 

systems, prolonged geographic isolation prevents gene flow, allowing divergence to 

accumulate through drift, local adaptation, or both. 
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Selection can accelerate divergence between isolated populations, even over 

relatively short evolutionary timescales (Nosil, 2012; Schluter, 2001). When barriers 

to gene flow coincide with different selective pressures, isolated populations can 

rapidly diverge, promoting allopatric speciation (Nosil, 2012; Rundle & Nosil, 2005). 

Classic examples include adaptive divergence in sticklebacks across contrasting 

habitats (McKinnon & Rundle, 2002; Rundle et al., 2000) and repeated evolution of 

Atlantic mollies in extreme environments (e.g., sulphidic caves) (Kelley et al., 2012; 

Plath et al., 2007). However, relatively few marine fish systems combine clear 

barriers to gene flow with strong environmental gradients (Funk et al., 2006; Wolf et 

al., 2010), limiting our ability to disentangle the roles of isolation and selection in 

driving divergence. Moreover, it is often unclear whether such divergence represents 

transient population structure or early stages of speciation (Bernardi, 2013; Coyne & 

Orr, 2004; Palumbi, 1994).  

The Pacific–Baja California biogeographic disjunction represents a rare 

natural experiment for examining divergence in marine fishes. Approximately 19 fish 

species exhibit disjunct distributions between the temperate Pacific coast and the 

northern Sea of Cortez, a region characterized by strong thermal and environmental 

contrasts (Bernardi et al., 2003; Huang & Bernardi, 2001). Fish communities on the 

Pacific and Sea of Cortez sides of the Baja California Peninsula experience different 

thermal regimes, reflecting distinct oceanographic provinces (Spalding et al., 2007). 

Previous work on Pacific–Baja California disjunct species has documented varying 

degrees of morphological, ecological, and genetic differentiation, suggesting that 
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isolation across this region promotes divergence (Bernardi, 2014; Bernardi et al., 

2003; Garcia et al., 2020; Schinske et al., 2010; Terry et al., 2000). However, no 

studies have leveraged whole-genome data to assess the genomic basis and 

evolutionary significance of this divergence. 

Here, we focus on the longjaw mudsucker (Gillichthys mirabilis), a 

eurythermal estuarine goby with a Pacific–Sea of Cortez disjunct distribution and 

broad Pacific-coast range spanning approximately 10° of latitude (Eschmeyer & 

Herald, 1999). This species occupies highly variable thermal environments and spans 

one of the steepest temperature gradients experienced by coastal fishes in the eastern 

Pacific (Place & Hofmann, 2001), making it a powerful system for examining 

divergence across both geographic and environmental barriers. Previous studies using 

mitochondrial and reduced-representation genomic markers have revealed strong 

population structure in the longjaw mudsucker, particularly between Pacific and Sea 

of Cortez populations (Bernardi et al., 2003; Garcia et al., 2020; Huang & Bernardi, 

2001). However, the extent to which this structure reflects genome-wide divergence, 

local adaptation, or speciation remains unresolved. Building off earlier work, several 

key questions remain: (1) To what extent is previously observed genetic 

differentiation (e.g., mtDNA, RADseq) mirrored across the full nuclear genome?; (2) 

Is there evidence for local adaptation, particularly the presence of genes under strong 

selection across environmental gradients?; and (3) What is the genetic relationship 

between Pacific and Sea of Cortez populations, and do patterns of divergence support 

their classification as speciated lineages? In this study, we address these questions 
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using low-coverage whole-genome resequencing to characterize population structure, 

genomic differentiation, and signatures of selection in the longjaw mudsucker across 

its Pacific–Sea of Cortez range. 

 

METHODS 

Reference Genome 

We collected an adult male specimen by baited minnow trap from Elkhorn 

Slough, CA, USA (36.855338 °N, 121.754302 °W) for reference genome sequencing 

and assembly (CDFW permit S-221030003-24080-001). We sexed the specimen by 

dissection and sampled fin tissue for DNA extraction, after which the specimen was 

preserved in 95% ethanol and stored at -20°C. Genomic DNA was extracted from fin 

tissue using the Qiagen DNeasy Blood & Tissue Kit and high molecular weight was 

confirmed on a 0.7% agarose gel. Genomic DNA was then used to prepare libraries 

for Nanopore long-read sequencing. We prepared two libraries for two separate 

Nanopore sequencing runs using the SQK-LSK109 chemistry kit and protocol. 

Libraries were sequenced on a Nanopore MinION device using two R9.4.1 flow cells. 

In total, we obtained 26.2 Gb of raw sequence data (11,148,238 raw reads), with an 

N50 of 4,338 kb. 

Base-calling of Nanopore reads was done using Guppy (Oxford Nanopore 

Technologies, Oxford, UK; version 6.4.6), and only reads passing default quality 

filters were retained for downstream analyses. Basecalled reads from each sequencing 

run were concatenated and merged across runs when applicable. Read quality and 
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length distributions were assessed using NanoStat (De Coster et al., 2018) and FastQ 

utilities (Cock et al., 2010). Adapter and primer sequences were removed using 

Porechop (https://github.com/rrwick/Porechop), and quality control was repeated 

post-trimming using FastQC (Andrews, 2010). Reads were filtered by length and 

quality using NanoFilt (De Coster et al., 2018) to generate two datasets: (i) reads ≥ 

1000 bp with Q ≥ 3 and (ii) reads ≥ 500 bp with Q ≥ 5. De novo genome assemblies 

were generated for both datasets using wtdbg2 (Ruan & Li, 2020), and consensus 

sequences were produced with wtpoa-cns (Ruan & Li, 2020).  

Assembly quality was evaluated using assembly-stats (https://github.com 

/sanger-pathogens/assembly-stats), and completeness was assessed with BUSCO 

(v5.2.2) using the actinopterygii_odb10 database (Manni et al., 2021). For polishing, 

reads were mapped back to the assembly using minimap2 (Li, 2018), and consensus 

correction was performed with Racon (Vaser et al., 2017). Post-assembly 

contamination screening was conducted using Kraken2 (Wood et al., 2019), and 

contigs classified as bacterial were removed from the final assembly. Final assemblies 

were re-evaluated using assembly-stats to assess improvements in contiguity and 

completeness. 

Population Genomics Sampling 

We collected fish by baited minnow trap, seine, or hand net at 16 sites, 

covering the range of the species (Table 1) (CDFW permit S-221030003-24080-001). 

Several additional sites were surveyed using the same methods, but G. mirabilis was 

not encountered (e.g., Pescadero Marsh, Goleta Slough, and Tijuana Slough). 
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Specimens were sampled for fin clips, photographed, and returned to the 

environment. Fin clips were immediately placed in 95% ethanol and kept as cool as 

possible in the field (ambient temperature, on ice, or in a refrigerator) until reaching 

the laboratory where they were stored at −20°C. 

DNA Extraction and Library Preparation 

We extracted genomic DNA from all samples using the Promega Wizard 

Genomic DNA Purification Kit and confirmed DNA quality on a 0.7% agarose gel. 

Sequencing libraries were prepared from genomic DNA using half reactions of the 

NEBNext UltraExpress FS DNA Library Prep Kit (New England Biolabs) and unique 

dual indexes provided by the sequencing facility. We incubated the samples for 20 

min during the enzymatic fragmentation step and amplified the libraries for 5 cycles 

using dual unique indexes. We eluted each library in 15 uL of 0.1xTE. Prepared 

libraries were quantified via Qubit (Invitrogen), fragment analyzed (Agilent), pooled, 

and then sequenced (2x150 bp) on Illumina NovaSeq 6000 (S4) lanes at the Vincent 

J. Coates Genomics Sequencing Lab at the University of California, Berkeley with a 

target depth of 6x genome-wide coverage. 

Several of the analyses described were implemented using a published 

workflow from Toy et al., available on GitHub 

(https://github.com/Arthur-Oules/EJA_lcwgs_GenPop). 

Map Generation 

To contextualize patterns of genetic variation geographically and 

environmentally, sampling locations were projected onto an oceanographic base map 

43 



 
 
 

constructed from E.U. Copernicus Marine Service Information products. Sea surface 

temperature data were obtained from ‘SST_GLO_SST_L4_NRT_OBSERVATIONS_ 

010_001’ (1/20th degree grid) (European Union-Copernicus Marine Service, 2015), 

and surface current data from ‘GLOBAL_ANALYSISFORECAST_PHY_001_024’ 

(1/12th degree horizontal resolution) (European Union-Copernicus Marine Service, 

2016) (Figure 1B). For both data sets, daily values for 2023 were averaged to produce 

annual mean surfaces. High resolution coastlines were imported from the Natural 

Earth dataset in RStudio using the ne_states function of rnaturalearth 1.0.1 package 

(Massicotte P & South A, 2025). 

Mapping and Variant Calling 

        ​ We performed mapping and variant calling using the assembled reference 

genome described in Section 2.1. We used the snpArcher workflow (Mirchandani et 

al., 2024), an accelerated workflow for variant calling, to generate high-quality 

variant calls for downstream analysis. Reads were first quality-filtered and 

adapter-trimmed with fastp (Chen et al., 2018), then aligned to the concatenated 

reference genome using bwa mem (Li, 2013) with recommended parameters. Variant 

calling for each individual was performed using Sentieon Haplotyper (Kendig et al., 

2019), and joint genotyping was subsequently conducted with Sentieon Genotyper to 

generate the combined VCF (variant call format). Sites that failed GATK hard 

filtering thresholds defined in the snpArcher workflow were removed. We generated a 

second SNP dataset by applying minor allele frequency (MAF) filtering and 

removing multiallelic sites and indels. To reduce noise from rare variants, we used 
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bcftools (Danecek et al., 2021) to retain only variants with MAF ≥ 0.01. With the 

exception of Manhattan plots and genes under selection, the following methods and 

results are described using the MAF-filtered, biallelic SNP data set. 

Population FST and Hamming Distances 

To compute Wright's FST estimates between each pair of populations using 

Weir and Cockerham's estimate of FST (Weir & Cockerham, 1984), we used the --fst 

function of the PLINK v2.00a6 package (Chang et al., 2015). We also quantified 

pairwise Hamming distances among individuals using the --distance function in 

PLINK 1.9.0 beta 7 (Chang et al., 2015), based on allele count differences. Pairwise 

Hamming distances were then derived by averaging distances between individuals 

from different populations and correcting for within-population distances. 

Analysis of Population Structure and Ancestry 

        ​ Population structure was evaluated using principal components analysis 

(PCA) at the whole genome level using PCADAPT 4.4.0 (Privé et al., 2020). After 

converting the file to the ped file format using the –export function of PLINK 

v2.00a6 (Chang et al., 2015), it was converted to the geno file format for ancestry 

(admixture) analysis in sNMF using the ped2geno function of LEA 3.16.0 (Frichot & 

François, 2015). We used the snmf function from ped2geno to estimate individual 

ancestry coefficients and allele frequencies using Non-Negative Matrix Factorization 

algorithms and least-squares optimization algorithms. This approach produces 

comparable results to STRUCTURE– or ADMIXTURE–based analyses with similar 

underlying assumptions, while relaxing the Hardy-Weinberg equilibrium assumption 
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and offering faster computing time and resources for large datasets (Frichot et al., 

2014). 

Model fit was assessed using the cross-entropy criterion calculated by snmf, 

which evaluated the accuracy of masked genotype prediction and provides a basis for 

selecting the number of ancestral populations (K) (Frichot et al., 2014). We performed 

30 repeated runs of sNMF for a range of K values from 2 to 8 and compared the 

computed cross-entropy (Figure S2). The α regularization parameter was left at its 

default value of 10, as its effects are most pronounced in smaller datasets (<10,000 

SNPs). The run and K value minimizing the cross-entropy were used for downstream 

analyses (Figure 1C). 

Isolation-by-Distance (IBD) 

We evaluated patterns of isolation by distance (IBD) by testing the 

relationship between genetic and geographic divergence among individuals sampled 

along the Pacific Coast. Geographic distances among sampling sites were calculated 

as great-circle distances using the distm(…, fun = distVincentyEllipsoid) function 

from the R package geosphere (Hijmans, 2010). Genome-wide genetic differentiation 

was estimated in 10 kb windows using Hudson’s FST, implemented in scikit-allel 

v1.3.6 via the allel.windowed_hudson_fst() function (Miles, 2015). In addition, 

principal component (PC) scores from the PCA were used to construct an alternative 

genetic distance matrix in ordination space. Pairwise Cavalli-Sforza and Edwards 

chord distances were also calculated using the dist.genpop() function (method = 2) in 

the adegenet v2.1.10 package (Jombart, 2008). Relationships between pairwise and 
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chord distances were evaluated using a defined a linear model with the base R 

function stats::lm() (e.g., FST ~ m * Physical Distance + b). Statistical significance of 

isolation by distance was tested using the mantel.randtest function from the adegenet 

2.1.10 package (Jombart, 2008). 

Triangle Plots 

To distinguish between alternative explanations for spatial genetic structure, 

we used triangle plots (Wiens & Colella, 2025), which visualize hybrid index against 

interclass heterozygosity. In a two-population system, hybrid index reflects the 

proportion of ancestry derived from each parental group, while interclass 

heterozygosity measures the proportion of loci carrying alleles from both groups. 

Under this framework, parental individuals are expected to fall at opposite corners of 

the triangle (hybrid indices of 0 and 1, and zero interclass heterozygosity), whereas 

F1 hybrids and subsequent backcrosses are expected to plot above the 

Hardy–Weinberg expectation boundary. Deviations from Hardy–Weinberg 

equilibrium can result in individuals falling below this threshold (Wiens & Colella, 

2024). 

Simulation results have shown that this approach can distinguish isolation by 

distance (IBD) from neutral diffusion (ND) when introgression is sufficiently recent 

(Wiens & Colella, 2025). Under IBD, hybrid index and interclass heterozygosity are 

expected to exhibit a negative linear relationship, whereas ND produces a curved 

distribution within the triangle space. 
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Triangle plots were generated using the triangulaR package (Wiens & Colella, 

2024). We used the alleleFreqDiff() function to generate datasets filtered by allele 

frequency difference thresholds (δ) of 1, 0.75, and 0.5 between parental populations 

(n=8 (ELK) and n=8 (ECO)), identifying ancestry-informative markers (i.e., markers 

uniquely fixed in each parental populations). This resulted in 168,725 , 41,133, and 

5,120 retained sites, respectively. Hybrid index and interclass heterozygosity were 

then calculated for each dataset using the hybridIndex() function. 

Phylogenetic Analysis 

We constructed a maximum-likelihood (ML) phylogeny by converting the 

pruned VCF into a single sequence alignment using vcf2phylip.py (Ortiz, 2019). The 

resulting FASTA alignment was used to infer an ML tree in IQ-TREE v2.2.2.6 (Minh 

et al., 2020) under the GTR+G4 substitution model, with branch support assessed 

using 1000 replicates of the ultrafast bootstrap approximation (UFBoot; Hoang et al., 

2018). The ML consensus tree was visualized and annotated in FigTree 

(https://github.com/rambaut/figtree). 

Outlier Loci Analysis 

To identify candidate loci under selection, we converted the VCF file to the 

bed file format using the --make-bed function of the PLINK v2.00a6 package (Chang 

et al., 2015), we used PCADAPT 4.4.0 package (Privé et al., 2020) to first perform a 

PCA on the centered and scaled genotype matrix. Mahalanobis distance (distance 

from any point to the main distribution) is computed for each SNP using the K first 

Principal Components (PCs), squared and divided by the constant genomic inflation 
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factor. The resulting value is a test statistic that should follow a Chi-squared 

distribution with K degrees of freedom and allow the computation of p-values. We 

chose the K number of components to compute p-values following Cattell’s rule 

(components accounting for most of the dataset’s variance are retained) and checking 

biplots of PCs to ensure contribution of retained PCs to data structure. The negative 

log of the p-values produced by PCADAPT were mapped along the genome to create 

Manhattan plots (Figure 4). In some comparisons, Manhattan plots appear visually 

noisy due to the presence of a small number of loci containing missing genotype 

calls. Removal of all loci with any missing data substantially reduced this background 

noise while preserving the overall pattern of outlier peaks (Figure S5), indicating that 

the observed signal is robust to missing data.  We used the Bonferroni method to 

correct p-values for multiple testing, and a cutoff for candidate loci was set at 1E-300. 

We then took read windows of 500bp centered around each outlier and extracted the 

sequences written as a FASTA file for downstream analysis. 

 Functional Analyses 

To annotate the genomic regions found under selection using PCADAPT, 

nucleotide BLAST searches were conducted against a mudskipper, Periophthalmus 

magnuspinnatus (GenBank accession no. GCA_009829125.3), reference database 

using BLASTn (NCBI BLAST+). A maximum of five target sequences were retained 

per query and four CPU threads. Output was generated in tabular format (outfmt 6), 

including alignment statistics: percent identity, alignment length, e-value, and bit 

score. BLAST hits were filtered to retain only high-confidence matches (e-value <= 
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1e-10, percent identity >= 80%, alignment length >= 200bp). For each query window, 

the best hit was selected based on lowest e-value and highest big score. The resulting 

set of best hits represents putative functional annotations for each outlier region. 

When protein-coding matching sequences were found, they were classified using 

KEGG assignments (Kanehisa et al., 2007). 

Outlier SNPs: dN/dS Analysis 

​ To assess whether fixed genetic differences between Pacific and Gulf 

populations alter protein sequences, we performed a dN/dS analysis on single 

nucleotide polymorphisms (SNPs) located in coding regions. Genome annotation 

from the Periophthalmus magnuspinnatus  (GenBank accession no. 

GCA_009829125.3) reference genome was transferred to the Gillichthys mirabilis 

reference assembly using Liftoff v1.6.3 (Shumate & Salzberg, 2021), generating a 

.gff3 file containing coding sequence (CDS) coordinates. Outlier loci identified using 

PCADAPT were intersected with the filtered VCF, and only SNPs (i.e., excluding 

indels) were retained. SNPs fixed within Pacific and Sea of Cortez populations (allele 

frequencies of 0/0 or 1/1) were identified using bcftools (Danecek et al., 2021). Fixed 

differences between populations were defined as sites where Pacific and Sea of 

Cortez populations were fixed for alternate alleles. 

​ To determine which fixed differences fell within coding regions, SNP 

coordinates were intersected with CDS features from the Liftoff annotation. For SNPs 

located within CDS, a custom python script was used to determine codon context and 

functional effect. The script reconstructed CDS sequences for each gene using 
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reference genome sequence and CDS coordinates, accounting for gene strand 

orientation. For genes with multiple transcript isoforms, the longest CDS transcript 

was used as the representative model. At each SNP position, Pacific and Sea of 

Cortez alleles were substituted into the reference codon, translating using the standard 

genetic code, and compared. Sites that could not be classified (e.g., incomplete 

codons) were excluded. 

 

RESULTS 

Reference Genome of G. mirabilis 

The final reference genome assembly had a total length of 700 Mb across 

5,169 contigs, with a mean contig length of 135 kb, a maximum contig length of 3.8 

Mb, and an N50 of 483 kb. Coverage was on average 37x. The assembly had a GC 

content of 40.8%. Assembly completeness was assessed using BUSCO v5.2.2 (Simão 

et al., 2015) with the actinopterygii_odb10 dataset (n = 3,640 genes) in genome mode 

with MetaEuk as the gene predictor. The assembly contained 95.1% complete 

BUSCOs (93.4% single-copy, 1.7% duplicated), 1.2% fragmented, and 3.7% missing. 

This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank 

under the accession JBWLTA000000000. 

Sampling, Loci, and Polymorphism Statistics 

We sampled 113 individuals of Gillichthys mirabilis from Bodega Bay 

(California, USA) to the Estero Coyote (Baja California, Mexico) in the Pacific, as 

well as two sites in the northern Sea of Cortez (Figure 1B, Table 1). Low coverage 
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genomic sequencing of our samples resulted in an average 6.3X coverage per 

individual. In total, the dataset comprised 2,573,755 variant sites following initial 

GATK best practices filters (Van Der Auwera et al., 2013). After restricting the 

dataset to biallelic loci using PLINK v2.00a6 package (Chang et al., 2015), 908,249 

sites were removed, leaving 1,665,506 SNPs. We further filtered the dataset as 

described in the Materials and Methods section, retaining 1,424,602 biallelic SNPs. 

Population genomic analyses were performed using this MAF–filtered, biallelic SNP 

dataset unless otherwise stated. 

Population Structure 

Population structure was first assessed using a Principal Components Analysis 

(PCA). We visualized the first two components, which account for 35.0% (PC1) and 

4.0% (PC2) of the total variance (Figure 1A). PC1 clearly separated the Sea of Cortez 

sites from the Pacific sites, indicating deep divergence between regions. PC2 captured 

latitudinal structure among Pacific sites, with individuals and sampling locations 

forming a largely continuous north-south cline. Elkhorn Slough, however, deviated 

from this pattern, exhibiting the highest PC2 values despite its intermediate latitude 

relative to other Pacific sites. Individuals clustered by sampling site, though partial 

overlap among populations was observed among central Pacific sites and between 

two Sea of Cortez sites. Overall, these results support strong genetic differentiation 

between the Sea of Cortez and Pacific, coupled with more moderate, clinal population 

structure found along the Pacific coast. 
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These patterns were mirrored by the ancestry analysis, where the most likely 

number of clusters based on cross-entropy minimization corresponded to four 

ancestral genetic populations (Figures 1C, S2, S3). One cluster was exclusive to the 

Sea of Cortez and showed little to no shared ancestry with Pacific populations, 

consistent with strong regional isolation. The remaining three genetic clusters formed 

a gradient of ancestry proportions along the Pacific coast, broadly corresponding to 

the greater San Francisco Bay Area, the central and southern California coast, and the 

northern to central Baja California region. Based on these ancestry patterns, we 

hereafter refer to Pacific sampling locations as belonging to northern (Bodega Bay to 

Elkhorn Slough), central (Morro Bay to San Diego Bay), and southern (San Quintín 

to Estero Coyote) regions. Individuals with mixed ancestry proportions were 

observed and may reflect some level of current gene flow or the retention of ancient 

polymorphisms. Consistent with PCA results, individuals from Elkhorn Slough, CA 

deviated from the clinal pattern and displayed near-fixation for a single ancestral 

population, while adjacent populations showed only partial membership to that 

population (Figure 1C). 

Isolation by Distance, Neutral Diffusion, and Admixture 

Consistent with the patterns described above, genetic structure of G. mirabilis 

is characterized by a strong divergence between Pacific and Sea of Cortez 

populations, with Pacific individuals further partitioned into three ancestral clades. 

Average pairwise FST estimates between the Sea of Cortez population and each Pacific 

clade were high (Northern: 0.55; Central: 0.50; Southern: 0.45), indicating substantial 
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genomic differentiation. In contrast, differentiation among Pacific clades was 

markedly lower (North–South and 0.15; North–Central: 0.08; Central–Southern: 

0.06). Comparisons among any of the Pacific locations do not exceed 0.25 (Figure 5).  

We assessed isolation by distance (IBD) among Pacific populations. A weak 

correlation between genetic and geographic distance was detected, but it was not 

statistically significant (Mantel test p = 0.089; Figure 2A). Notably, individuals from 

Elkhorn Slough exhibit near-fixation for a single ancestral population despite 

occupying an intermediate geographic position, potentially weakening the overall 

IBD signal. While a weak signal of correlation was found between genetic and 

geographic distances, which is generally considered to be IBD, it is important to 

discern if the pattern is the result of true IBD of a single population, or of admixture 

between historically allopatric groups followed by neutral outward diffusion of 

admixed genotypes (Wiens & Colella, 2024). Triangle plots of our data do not clearly 

match simulated patterns expected for either history, but there is a linear trend of 

decreasing interclass heterozygosity moving from the south (e.g., Estero Coyote, 

B.C.) to the north (e.g., Elkhorn Slough) (Figure 2B), indicative of a northward 

expansion and IBD (Wiens & Colella, 2025). 

Evolutionary Relationships of Populations 

We constructed a maximum likelihood tree of individuals (Figure 3). We 

observe monophyletic grouping of the Sea of Cortez population (100% UFBoot) that 

is clearly separated from remaining populations, with Guerrero Negro being the most 

closely related Pacific locality. Pacific samples form a single large clade with internal 
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structure. From Guerrero Negro to Santa Barbara, individuals form a continuum 

rather than separated groups, which could be due to IBD or ongoing gene flow. Morro 

Bay and the northern Pacific population show separation from other Pacific 

populations. One Newport Bay individual clusters more closely to the southern 

Pacific localities, which could indicate recent dispersal or incomplete lineage sorting. 

Outlier Loci and Signals of Selection 

We identified outlier loci using PCADAPT, a non-FST based method shown to 

be more appropriate for species with strongly structured populations (Toy et al., 

2025). Principal components (PCA), ADMIXTURE, and phylogenetic analyses 

(Figures 1A, 1B, 3) consistently resolved two major clades, alongside finer-scale 

clinal structuring within Pacific populations. Genome-wide Manhattan plots provide 

further insight into these patterns (Figure 4). When comparing all Pacific and Sea of 

Cortez populations, we discovered 12,015 outlier loci (out of 1,665,506 loci), of 

which 507 loci mapped to 444 unique protein coding genes (Table S1), with several 

genes containing multiple outlier loci. Out of those 444 protein coding genes, 400 

were annotated with known functional pathways (Figure S4), with the largest 

proportions mapping to genetic information processing (22.6%), environmental 

information processing (16.6%), cellular signaling and processes (12.5%), and 

genetic information processing pathways (11.4%). 

Among the 507 outlier loci mapping to protein coding genes, 171 sites 

occurred within annotated coding regions. Of these, 169 sites were successfully 

classified as synonymous or nonsynonymous substitutions. 99 sites (58.6%) were 
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nonsynonymous, and 70 sites (41.4%) were synonymous, corresponding to a dN/dS 

ratio of approximately 1.41:1, consistent with potential functional differentiation in 

highly divergent loci.  

Genes Under Directional Selection  

Among outlier loci intersecting coding regions, nonsynonymous variants are 

of greatest interest because unlike synonymous changes, they alter the amino acid 

sequence of the encoded protein. Therefore, they represent candidates for functionally 

significant divergence between Pacific and Sea of Cortez populations. Examination of 

the genes harboring these nonsynonymous variants revealed several recurring 

biological categories: neurological and synaptic signaling (gabra1, gabra5, grm5b, 

shank3a), ion and solute transport (slc12a4, slc45a2, slc7a1a), chromatin remodeling 

(chd8, raraa, arid1ab), protein quality control and ER stress response (uggt2, p4hb, 

arel1), and cytoskeletal dynamics (mical3a, kif18a, rock2a). Notably, two genes 

harbored multiple nonsynonymous substitutions within the same coding sequence: 

mical3a and tut7, suggesting these loci may have experienced repeated or sustained 

divergent selection. The mical3a gene encodes a multifunctional protein involved in 

guiding neuron growth, coordinating cell movement, and regulating the cytoskeleton 

(Xue et al., 2010). The tut7 gene encodes an enzyme that regulates gene expression 

by tagging specific microRNAs for degradation (small regulatory RNAs that silence 

target genes). In doing so, tut7 influences the expression of genes controlling cell 

differentiation and body patterning during development (Thornton et al., 2014). 

Among nonsynonymous variants, five involved stop codon changes: three were stop 
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codon losses (mrps34, shank3a, LOC117380625) and two were stop codon gains 

(hmcn2, prr36a) in the Sea of Cortez population relative to the Pacific. The remaining 

70 synonymous variants, while not altering amino acid sequence, may reflect linked 

selection or regulatory divergence at these loci.  

 

DISCUSSION 

Speciation is increasingly viewed as a continuum of divergence rather than a 

discrete transition between population differentiation and fully isolated species (Feder 

et al., 2012; Nosil, 2012). This perspective is particularly relevant in allopatric 

systems, where prolonged geographic isolation will lead to substantial genomic 

divergence, complicating species delimitation (Nosil & Feder, 2012). Genomic 

studies have shown that divergence under isolation is often heterogeneous across the 

genome, with some regions exhibiting pronounced differentiation (e.g., islands of 

speciation), while others remain comparatively conserved (Nosil & Feder, 2012; Wolf 

& Ellegren, 2017). Such patterns can arise through the combined and sometimes 

competing effects of genetic drift, which acts genome-wide and is amplified in small 

or isolated populations, and local adaptation, which targets specific loci or genomic 

regions associated with environmental differences (Nosil et al., 2009). For marine 

organisms, high dispersal and connectivity are often assumed to limit population 

divergence, making cases of strong geographic structure particularly informative for 

understanding speciation processes (Faria et al., 2021).  
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In allopatric marine systems, prolonged geographic isolation can promote 

divergence through a combination of genetic drift and local adaptation, yet 

distinguishing deep population structure from speciation remains challenging, 

particularly in marine vertebrates, where clear phenotypic or reproductive barriers are 

often absent (Butlin & Faria, 2024). The longjaw mudsucker, Gillichthys mirabilis, 

presents a compelling system in this context, with disjunct populations between the 

Pacific coast and the Sea of Cortez isolated since the late Miocene (Bernardi et al., 

2003). Limited dispersal and strong geographic and environmental discontinuities 

associated with the Baja California Peninsula created conditions for long-term 

divergence and have made this system well suited to evaluate how historical isolation 

shapes genomic differentiation, as well as investigating whether deeply structured 

allopatric populations represent genetically divergent species.  

Allopatry and Dispersal 

Species with allopatric distributions are expected to exhibit high FST due to 

restricted gene flow and the effects of genetic drift (Holsinger & Weir, 2009). Our 

results are consistent with this expectation. PCA and phylogenetic analyses reveal 

strong genetic differentiation between allopatric populations, with deep differentiation 

consistent with long-term isolation. Phylogenetic relationships further inform the 

historical origin of this isolation. Guerrero Negro represents the earliest-diverging 

lineage within the Pacific clade (Fig. 3), rather than the southernmost Pacific site of 

Estero Coyote. This pattern is consistent with predictions of the midpeninsular 

seaway hypothesis, which proposes that during the Miocene several seaways were 
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present along the peninsula (Riddle et al., 2000), allowing marine species to move 

between the Gulf of California and the Pacific coast before subsequent isolation. 

Further support is found in Manhattan plots (Fig. 4), which show abundant 

genome-wide outlier loci and substantial fixed differences between Pacific and Sea of 

Cortez populations. 

Along the Pacific coast, Gillichthys mirabilis exhibits genetic structure 

broadly consistent with isolation by distance (Fig. 2). The longjaw mudsucker is a 

benthic species exhibiting high site fidelity, completing its life cycle within a single 

estuary (Weisel, 1947; Yoklavich et al., 1992). Adjacent sampling sites showed 

relatively low differentiation (pairwise FST as low as 0.01), however, notable 

exceptions occurred. Elkhorn Slough and Alviso slough exhibited high differentiation 

(FST = 0.25) despite close geographic proximity, a pattern that may reflect the more 

isolated, interior position of Alviso Slough within San Francisco Bay. This is 

consistent with phylogenetic results indicating more recent common ancestry between 

Elkhorn Slough and the more coastal Bodega Bay and Tomales Bay localities. 

However, the pronounced genetic distinctiveness of Elkhorn Slough despite its 

proximity to other sites suggests an additional process beyond simple geographic 

isolation. Near-fixation of a single ancestral population (Figure 1C) supports a 

refugium-like scenario, in which persistent habitat in Monterey Bay during 

Pleistocene sea-level fluctuations preserved that ancestral lineage. 

Given the strong association of G. mirabilis with demersal estuarine habitats, 

we predicted that long stretches of coastline lacking suitable habitat would act as 
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barriers to dispersal. Indeed, populations separated by such habitat discontinuities, 

such as Elkhorn Slough and Morro Bay (FST = 0.23), were among the most 

genetically distinct. Conversely, regions with greater estuarine habitat availability 

exhibited lower overall levels of FST (e.g., Los Angeles–Orange County region), 

likely because increased availability of nearby suitable habitat facilitates larval export 

from estuaries and subsequent settlement in adjacent habitats. 

Most marine fishes are characterized by high dispersal potential due to pelagic 

larval stages that facilitate extensive gene flow and reduce opportunities for 

population divergence (Cowen & Sponaugle, 2009), with ocean currents further 

enhancing connectivity among populations, often obscuring the effects of geographic 

isolation (White et al., 2010). The longjaw mudsucker exhibits a coastal, benthic 

ecology with limited adult movement and strong association with estuarine habitats. 

Due to limited adult dispersal, gene flow is thought to be facilitated by their 

planktonic larval stage (Barlow, 1963; Saha et al., 2025).  

Larval Dispersal and Retention. While pelagic larval duration has not been 

explicitly studied for G. mirabilis, other ecologically similar gobies have PLD of 

~14-39 days (Beldade et al., 2007; Maeda et al., 2022). However, several lines of 

evidence suggest effective dispersal may be rare. Larval entrainment surveys at 

coastal power plants consistently capture G. mirabilis larvae at within-bay sites (e.g., 

Morro Bay and San Diego Bay), but not at the adjacent coastal site at Diablo Canyon 

Power Plant, located approximately 15 miles south of the Morro Bay estuary mouth 

(Raimondi, 2011). Additionally, California Cooperative Oceanic Fisheries 
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Investigations (CalCOFI) surveys, which take place four times per year since 1951, 

have captured G. mirabilis larvae in plankton tows on only three occasions between 

1975 and 2008 at nearshore localities off California and Baja California (NOAA 

SWFSC, 2024). While larval fish distributions are often highly patchy and influenced 

by fine-scale oceanography, these observations suggest limited offshore presence. We 

infer that planktonic larvae are frequently present within bays and estuaries and are 

likely exported via tidal outflow, with successful settlement depending on the 

probability of encountering nearby suitable habitat, which is strongly influenced by 

spatial proximity, consistent with the rarity of offshore detections in CalCOFI surveys 

and the observed spatial structure in genomic differentiation.  

Postlarval settlement filtering. Nektonic postlarvae have been observed to 

have heavily pigmented coloration at a relatively small size (8–12mm), potentially 

increasing predation risk compared to more translucent taxa (Barlow, 1963). 

Behavioral observations indicate that postlarvae resist passive transport by 

descending and holding position when current strength increases (Barlow, 1963). 

Moreover, successful recruitment of juveniles requires a suite of environmental 

conditions, such as appropriate salinity, soft sediment habitat for burrowing, and 

thermal conditions; these requirements likely impose a strong post-settlement 

bottleneck. Given that patchy, discontinuous distribution of estuarine habitat along the 

California coast, these constraints likely restrict gene flow even when larval dispersal 

occurs. Although rare long-distance dispersal events may occur during big storms, the 

high genetic differentiation observed between the north and south distribution of 
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Pacific G. mirabilis (FST = 0.15) suggests that such events contribute little to ongoing 

gene flow.  

Life-history and demographic constraints. Gillichthys mirabilis is relatively 

short-lived for a marine fish, with a maximum recorded age of approximately six 

years (McGourty et al., 2009), implying high generational turnover. Under restricted 

connectivity, such life-history traits facilitate the accumulation of genetic divergence 

over comparatively few generations. The density-dependent life history of G. 

mirabilis may further limit effective gene flow: males establish and defense breeding 

territories, and recruitment is therefore constrained in stable populations, with 

young-of-the-year occupying marginal habitats until territory becomes available (e.g., 

when older individuals die) (McGourty et al., 2009). Phylogenetic analyses further 

indicate population structure is shaped strongly by habitat availability and 

oceanographic and environmental discontinuities than by simple geographic distance. 

Natural Selection 

Allopatrically distributed species are expected to diverge inevitably from 

genetic drift, resulting in high genome-wide FST values between populations, as is 

observed in longjaw mudsuckers. Under such conditions, identifying outlier loci can 

be difficult because the neutral baseline is very high. Despite this, we observed 

numerous outlier loci, many with fixed differences between Pacific and Sea of Cortez 

populations, suggesting that divergence at these loci exceeds what drift alone would 

predict. Codon-based analyses further support this interpretation. SNPs within coding 

regions exhibit elevated dN/dS ratios between Pacific and Sea of Cortez lineages, 

62 



 
 
 

consistent with positive selection rather than neutral divergence alone. The Sea of 

Cortez presents a markedly different environmental regime from the Pacific coast, 

characterized by hotter and more variable water temperatures (Allen, 2006; Lavín & 

Marinone, 2003; Sanchez-Cabeza et al., 2022), elevated salinity (Beron-Vera & Ripa, 

2002; Lynn, 1967), greater tidal amplitude (Roden & Groves, 1959), and reduced 

oceanic connectivity (Lavín & Marinone, 2003; Marinone et al., 2008). These 

environmental differences provide a plausible ecological basis for the pattern of 

protein-coding divergence observed here.  

Temperature. Of high ecological significance are genes involved in protein 

quality control and ER stress response (uggt2, p4hb, arel1). The endoplasmic 

reticulum is acutely sensitive to elevated temperatures (Malhotra & Kaufman, 2007). 

Proteins are highly temperature-sensitive, and clear patterns of adaptive variation 

have been discovered in structural and functional properties of proteins from species 

adapted to different temperatures (Somero, 2020). Divergence in the proteins that 

monitor and correct misfolding under heat stress would be expected in populations 

experiencing chronic thermal differences. Indeed, protein processing in the 

endoplasmic reticulum represents one of the most significantly enriched pathways in 

transcriptomic responses to heat stress in fish (Huang et al., 2018; Zhao et al., 2022). 

Genes uggt2, p4hb, and arel1 are ER-resident components of the unfolded protein 

response and oxidative protein folding machinery that form an integral part of the 

cellular response to thermally induced protein misfolding. Notably, p4hb encodes a 

protein disulfide isomerase — the same enzyme family as PDIA3 and PDIA4, which 
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are among the protein-folding genes most strongly upregulated in warm-acclimated 

G. mirabilis gill tissue (Logan & Somero, 2010). That divergence at p4hb 

specifically, rather than at the more commonly studied canonical HSPs, may reflect 

that constitutive oxidative folding capacity represents an axis of thermal adaptation 

distinguishing chronically warm Sea of Cortez populations from their Pacific 

counterparts. 

Osmoregularity. Among the most ecologically compelling candidate genes are 

members of the solute carrier superfamily (slc12a4, slc45a2, slc7a1a), which mediate 

ion and solute transport across epithelial membranes (Verri et al., 2012) and represent 

strong candidates for osmoregulatory adaptation. Selection on solute carrier genes 

across salinity boundaries has been documented repeatedly, including Atlantic cod 

adapting to the low-salinity Baltic Sea (Berg et al., 2015), killifish populations 

diverging across osmotic gradients (Brennan et al., 2015), and watersnakes inhabiting 

inland versus coastal saline habitats (Rautsaw et al., 2021), suggesting that this gene 

family may represent a convergent genomic target of osmoregulatory adaptation. The 

solute carrier family has been identified as a shared selected gene family across at 

least eight species of teleost fishes adapting to different salinity regimes, with 

selection appearing to act at the level of core osmoregulatory pathways rather than 

being constrained to any specific genes or loci (Velotta et al., 2022). Together, the 

functional identity of these candidate genes is consistent with the environmental 

differences between the two systems, lending ecological credibility to the genomic 

patterns observed here. 
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Beyond amino acid substitutions, five fixed nonsynonymous variants involved 

stop codon changes. While stop codon changes can reflect pseudogenization (Albalat 

& Cañestro, 2016), they may also represent functional isoform diversification (Lewis 

et al., 2003), particularly when occurring in large multidomain proteins (Vogel et al., 

2004), such as hmcn2 . In sum, the elevated dN/dS ratio, the functional identity of 

candidate genes, and the presence of radical amino acid changes among outlier loci 

collectively suggest that divergence between Pacific and Sea of Cortez populations 

reflects not only inevitable accumulation of neutral differences under allopatry, but 

also the signature of selection acting on ecologically relevant protein-coding 

sequence. This pattern, combined with the extreme levels of genomic differentiation 

documented here, raises the question of whether these populations represent more 

than simply divergent conspecifics. 

Speciation in Longjaw Mudsucker 

This study revealed a high magnitude of genetic differentiation between 

allopatric populations of Gillichthys mirabilis. Analyses of ancestry proportions, 

PCA, and FST consistently indicate long-term absence of gene flow, deep coalescent 

times, and genome-wide divergence. Pairwise FST values were extremely high 

between Pacific and Sea of Cortez populations (as high as FST =  0.55), exceeding 

levels typically reported among conspecific populations and comparable to those 

observed between recognized species in marine fishes (Gandra et al., 2021). 

Consistent with this pattern, Manhattan plots revealed a large number of fixed 

differences and outlier loci across the genome. 
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Together, these results support long-term separation of Pacific and Sea of 

Cortez lineages. Divergence is not solely attributable to neutral processes: several 

outlier loci occur in genes with ecologically relevant functions, suggesting a role for 

both drift and local adaptation. Within the Pacific coast, genetic differentiation is 

lower but structured (FST = 0.01–0.25), indicating heterogeneous connectivity among 

estuarine populations. This pattern is consistent with restricted dispersal across 

discontinuous coastal habitats and patchy estuarine habitat, which together limit 

exchange despite pelagic larval stages. Life-history traits further reinforce this 

structure, including short lifespan (~6 years; McGourty et al., 2009), limited adult 

dispersal, postlarval settlement filtering, and male territorial brooding. These features 

collectively reduce effective gene flow and increase the influence of drift while 

maintaining opportunities for local selection.  

Taken together, the absence of gene flow, reciprocal phylogenetic monophyly, 

extreme genetic differentiation, and the abundance of outlier and fixed loci, alongside 

evidence for selection on ecologically relevant genes, support the interpretation that 

Pacific and Sea of Cortez populations represent deeply diverged evolutionary 

lineages. While formal taxonomic revision is beyond the scope of this study, these 

patterns are consistent with long-term isolation and may warrant their recognition as 

distinct species. 

 

CONCLUSION 
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This study demonstrates extreme genomic divergence between Pacific and Sea 

of Cortez populations of Gillichthys mirabilis, characterized by deep phylogenetic 

separation, genome-wide differentiation, and a lack of contemporary gene flow. 

Together with signals of putative local adaptation and life-history constraints that 

limit dispersal, these results indicate long-term allopatric isolation. Disjunct marine 

systems such as this reveal how geographic and ecological barriers interact to 

generate and maintain divergence across the speciation continuum, even in taxa with 

potential for high dispersal. Future work can build on results presented here, taking 

advantage of this unique system and advances in low-coverage whole genome 

sequencing (lcWGS), to investigate whether common genomic signatures are shared 

across disjunct marine species. High-throughput genomic approaches in such systems 

offer critical insight into fundamental speciation processes. 
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FIGURES 

 
 

 
 
Figure 2.1 - Genetic population structure of the Longjaw mudsucker, Gillichthys 
mirabilis. Panel A) Principle Components Analysis (PCA) of 113 individuals’ whole 
genomes of G. mirabilis, colored by sampling location. Panel B) Map of the study 
region showing sampling locations used in this study and yearly average current and 
sea surface temperatures. Panel C) Ancestry plot divided into four genetic clusters. 
Each vertical bar represents an individual, populations are indicated on the x-axis and 
are placed from north to south along the Pacific coast. Sea of Cortez populations are 
placed on the far right side of the plot. 
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Figure 2.2 - Isolation by Distance in Pacific populations of the Longjaw mudsucker, 
Gillichthys mirabilis. Panel A). Mantel test of the correlation between the 
geographical distance matrix and the genetic distance matrix between Pacific 
populations. First line at the bottom right shows linear regression fit and associated R2 
and p‐value, second line shows Mantel test R2 and p‐value. Panel B). Triangle plots 
using the same populations and colour codes as in Figure 1. Triangle plots with 
Elkhorn Slough and Estero Coyote set as parental population, allele frequency 
thresholds (δ) of 0.5, 0.75 and 1 (top to bottom) allow the selection of 
Ancestry‐Informative Markers. Upper part of the triangle over the dotted lines 
represents the expected position of hybrids and backcrossed individuals under 
Hardy–Weinberg equilibrium (Wiens and Colella 2024a, 2024b). The mantel test 
displays strong correlation between the geographical and genetic distance between 
populations which is characteristic of an isolation by distance (IBD) scenario. The 
linear relationship between Interclass heterozygosity and hybrid index in the triangle 
plot for δ = 0.5 also suggests IBD but the pattern is fading for higher δ values, 
suggesting an older event. 
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Figure 2.3 - Maximum‐likelihood tree constructed using the pruned SNP set. This 
unrooted tree is shown midpoint‐oriented. Branch labels are UFBoot support values 
(1000 iterations). 
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Figure 2.4 - Panel A) Manhattan plots of pcadapt ‐log10(p values) based on pairwise 
comparisons of longjaw mudsucker populations. Panel B) Manhattan plot of all 
Pacific and Sea of Cortez populations. Outlier loci are shown in red. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

71 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5 - Gene flow among populations of Longjaw mudsucker. Panel A) Pairwise 
FST and Distance (Mb) among the four major populations. Panel B) Pairwise FST 
values among sampling localities. 
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TABLES 

Table 2.1 - Sampling locations and sampling numbers of longjaw mudsucker (G. 
mirabilis). 

Sample Code Locality Number Latitude, longitude 

BOD Bodega Bay 4 38.314665, -123.032296 

TOM Tomales Bay 7 38.211092, -122.924553 

ALV Alviso Slough 2 37.438783, -121.961516 

ELK Elkhorn Slough 8 36.855232, -121.752256 

MRR Morro Bay 8 35.335103, -120.821086 

SBL Santa Barbara Lagoon 8 34.410845, -119.850049 

CSM Carpinteria Salt Marsh 8 34.397514, -119.526709 

BAL Ballona Wetlands 7 33.962682, -118.445631 

NEW Newport Lagoon 8 33.633381, -117.884788 

TOR Torrey Pines 6 32.931994, -117.251956 

SDB San Diego Bay 8 32.586942, -117.105197 

SQU San Quintín 8 30.463467, -115.975372 

GNE Guerrero Negro 8 27.982412, -114.083009 

ECO Estero Coyote 8 26.808196, -113.478885 

ELC Estero la Choya 8 31.340528, -113.613102 

ELP Estero la Pinta 7 31.248660, -113.260285 
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Chapter 3: Selection on reproductive compatibility drives incipient speciation 
across a habitat break in the barred surfperch (Amphistichus argenteus) 
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ABSTRACT  

Dispersal limitation and environmental heterogeneity can interact to generate 

pronounced population structure and promote divergence in coastal marine fishes. 

The barred surfperch (Amphistichus argenteus), a viviparous species lacking a pelagic 

larval stage, offers an opportunity to examine how life history, habitat context, and 

selection shape population genomic patterns along a dynamic coastline. Using 

low-coverage whole-genome resequencing of 253 individuals spanning the complete 

range of the species from northern California to Baja California, Mexico, we identify 

four genetic groups based on PCA, ancestry (sNMF), and phylogenetic analyses: 

three mainland clades separated by breaks at Big Sur and the Palos Verdes Peninsula, 

and a highly differentiated Santa Rosa Island lineage of likely central-coast origin. 

Pairwise mainland clade FST values range from 0.03–0.12; island–mainland 

divergence ranges from 0.10–0.17. Triangle plots reveal a pronounced deficit of 

genomic intermediates across the Palos Verdes break, a signature inconsistent with 

isolation-by-distance and indicative of two deeply diverged lineages. Near-fixed 

allele-frequency differences at multiple unlinked loci functionally enriched for 

spermatogenesis and fertilization suggest that this break is not merely a historical 

artifact but is being actively maintained by selection on reproductive compatibility. 

This focused selection signal at loci governing spermatogenesis and sperm motility 

mirrors findings in the confamilial black surfperch along the same coastline. 

Combined with a long–documented difference in breeding phenology near this break, 

this strongly suggests the northern–central and southern lineages are reproductively 
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isolated and may represent incipient species. This work establishes the first 

population genomic baseline for a recreationally important apelagic marine fish and 

illustrates how historical vicariance, habitat discontinuity, and selection on 

reproductive compatibility together initiate speciation in vertebrates with limited 

dispersal. 

 

INTRODUCTION 

Species diversity within sympatric systems has been a longstanding focus in 

evolutionary biology, particularly in marine environments where clear physical 

barriers to dispersal are often absent (Faria et al., 2021; Lessios & Robertson, 2006; 

Palumbi, 1994; Rocha & Bowen, 2008). Many marine organisms display a bipartite 

life history strategy, in which pelagic larvae disperse and are transported over 

potentially vast distances by ocean currents. Under such conditions, high gene flow 

and weak population structure is expected (Cowen & Sponaugle, 2009; Palumbi, 

1992; Pinsky et al., 2017). Yet, gene flow is affected by a variety of factors beyond 

pelagic larval duration (PLD), as studies have shown a weak correlation of PLD with 

gene flow (Riginos et al., 2014; Weersing & Toonen, 2009). Present-day population 

structure often reflects a complex interplay among historical vicariance, dispersal, 

demographic processes, and selection, necessitating system-specific context (Bowen 

et al., 2020; Hedgecock et al., 2007; Hellberg et al., 2002; Nosil, 2012; Selkoe & 

Toonen, 2011).  
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While PLD and dispersal potential are often emphasized in marine population 

genomic studies, patterns of gene flow in sympatric marine populations can be shaped 

by numerous factors including adult movement (Green et al., 2015), oceanographic 

patterns (e.g., currents, eddies, storm-driven events) (Cowen & Sponaugle, 2009), 

habitat availability (Selkoe et al., 2016), effective population size (Ne) (Hedgecock & 

Pudovkin, 2011), and local selective pressures (Bernardi et al., 2016; Sanford & 

Kelly, 2011). Genetic differentiation among populations cannot be interpreted as a 

simple proxy for dispersal, nor does genetic homogeneity necessarily indicate high 

gene flow (Hedgecock et al., 2007); rather, robust inference requires integrating 

genetic patterns with ecological and demographic context. These interacting 

processes determine not only whether individuals move, but whether migrants survive 

and successfully reproduce, ultimately governing effective gene flow (Hellberg et al., 

2002; Slatkin, 1987). Understanding how such factors generate and maintain 

population structure is a central goal of molecular ecology (Nosil, 2012; Seehausen et 

al., 2014). 

​ Marine fishes provide a wide variety of systems for investigating the role of 

these processes, and insights from population genomics carry important applied 

implications (Carbonneau et al., 2024; Perrot et al., 2026). Patterns of genetic 

structure can directly affect how populations are defined, conserved, and managed. 

For example, genomic analyses have informed conservation strategies for threatened 

marine species (Gruenthal et al., 2014; Prince et al., 2017) and have revealed 

unexpected population structure in commercially important fishes (Bradbury et al., 
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2010; G. C. Longo et al., 2025), underscoring the need to manage biologically distinct 

units informed by population genomics. Population genomics provides a powerful 

framework for linking evolutionary processes to conservation and fisheries 

management in marine systems. 

Applying population genomics frameworks to taxa with unusual life histories 

can yield valuable insight into how dispersal, demography, and selection interact to 

shape population structure. Surfperches (family Embiotocidae), are an informative 

group for examining the relationship between life history and population structure. 

The surfperches comprise an adaptive radiation in which niche partitioning (e.g., 

kelp–, seagrass–, rocky reef–, sand–associated species) has been implicated in 

ecological speciation within the family (DeMartini, 1969; G. Longo & Bernardi, 

2015). The family includes 23 species found in temperate coastal waters of the North 

Pacific from Mexico to Japan, but are absent from northern latitudes along the 

Aleutian Islands. All surfperches are viviparous, with internal fertilization and direct 

development, giving birth to fully-formed juveniles. Consequently, they differ from 

most marine fishes in lacking a pelagic larval stage, also known as “apelagic” species. 

This reproductive mode is expected to reduce dispersal and promote population 

structure (Bernardi, 2000, 2005). Previous genomic work on embiotocids has 

revealed pronounced phylogeographic subdivision consistent with these expectations 

(Toy, 2022; Toy et al., 2025). However, linking patterns of divergence to ecological 

specialization represents an important next step, particularly through the first 
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population genomic investigation within the sand-dwelling surfperches (genus 

Amphistichus). 

The barred surfperch (Amphistichus argenteus) is a sand–specialist that 

occupies surf-zone habitats along much of the California coast and into the northern 

Baja California peninsula, spanning approximately ten degrees of latitude (28°–38° 

N) (Figure 1). Sandy beach habitat is broadly but discontinuously distributed across 

this range, interrupted at multiple points by rocky headlands and complex shorelines 

(Allen, 2006). The species' apelagic life history further restricts long-distance 

dispersal to juvenile and adult movement (Bernardi, 2000, 2005). Gene flow is 

therefore expected to depend on the location and continuity of sandy habitat along the 

coast. Barred surfperch are unique among surfperches because they support a popular 

recreational fishery (Carlisle et al., 1960; Oda et al., 2019). Recent evaluations of 

marine protected areas (MPAs) in California reported significantly higher abundances 

of juvenile and large adult barred surfperch within protected areas (Marraffini et al., 

2024), suggesting that fishing pressure affects population size and age structure in 

this species. Such exploitation may reduce effective population size by 

disproportionately removing large reproductive individuals, potentially increasing the 

influence of genetic drift and promoting population divergence even in the presence 

of occasional dispersal (Hauser et al., 2002; Hauser & Carvalho, 2008). This 

combination of ecological, life-history, and anthropogenic factors presents a rare 

opportunity to examine how multiple evolutionary drivers operate simultaneously to 

shape population genomic patterns in the barred surfperch.  
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In the present study, we address: (1) to what extent does gene flow occur 

among coastal populations?; (2) what is the genetic status of Santa Rosa island 

individuals?; (3) is there evidence for local adaptation, particularly genomic regions 

under strong selection? Here, we address these questions using genome-wide nuclear 

markers generated through low-coverage whole-genome resequencing. By integrating 

population structure analyses, estimates of gene flow, and genome scans for selection, 

we evaluate whether divergence in barred surfperch reflects genome-wide isolation, 

heterogeneous genomic differentiation maintained by selection, or a combination of 

both. This work provides new insight into how low dispersal, demography, and 

selection interact to shape genomic variation in nearshore marine fishes and 

establishes a baseline for assessing future genetic change under ongoing 

environmental and anthropogenic pressures. 

 

METHODS 

Reference Genome 

We collected an adult male specimen by hook and line from Carmel, CA, 

USA (36.5546°N, 121.93103°W) for reference genome sequencing and assembly 

(CDFW permit S-221030003-23277-001). We visually sexed the specimen and 

sampled fin tissue for DNA extraction, after which the specimen was preserved in 

95% ethanol and stored at -20°C. Genomic DNA was extracted from fin tissue using 

the Qiagen DNeasy Blood & Tissue Kit and high molecular weight was confirmed on 

a 0.7% agarose gel. Genomic DNA was then used to prepare libraries for Nanopore 
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long-read sequencing. We prepared two libraries for two separate Nanopore 

sequencing runs using the SQK-LSK109 chemistry kit and protocol. Libraries were 

sequenced on a Nanopore MinION device using two R9.4.1 flow cells. In total, we 

obtained  9.69 Gb of raw sequence data (1,598,015 raw reads), with an N50 of 7.2kb.  

Raw reads were base-called with Guppy v6.4.6 (Oxford Nanopore Technologies, 

Oxford, UK), retaining only reads that passed the default quality filters. Outputs from 

the two runs were concatenated into a single dataset, and read length and quality 

distributions were characterized with NanoStat (De Coster et al., 2018) and the FastQ 

utilities (Cock et al., 2010). Adapter and primer sequences were trimmed with 

Porechop (https://github.com/rrwick/Porechop), and post-trimming quality was 

re-verified with FastQC (Andrews, 2010). To balance read depth against sequence 

quality, we used NanoFilt (De Coster et al., 2018) to generate two filtered datasets: 

one comprising reads ≥1000 bp with Q ≥3, and a second comprising reads ≥500 bp 

with Q ≥5. Each dataset was independently assembled de novo using wtdbg2 (Ruan 

& Li, 2020), and consensus sequences were produced with wtpoa-cns (Ruan & Li, 

2020). Assembly contiguity was summarized with assembly-stats 

(https://github.com/sanger-pathogens/assembly-stats), and gene-content completeness 

was evaluated with BUSCO v5.2.2 against the actinopterygii_odb10 lineage database 

(Manni et al., 2021). The assemblies were then polished by realigning the input reads 

with minimap2 (Li, 2018) and applying consensus correction in Racon (Vaser et al., 

2017). Finally, we screened the polished assemblies for contamination with Kraken2 

(Wood et al., 2019) and removed any contigs classified as bacterial. 
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        ​ To improve genome completeness, the A. argenteus genome assembly was 

scaffolded using RagTag v2.1.0 (Alonge et al., 2019). The reference genome of 

Embiotoca jacksoni (GenBank accession no. GCA_022577435), a closely related 

species, was used as a guide (Bernardi et al., 2022). Pairwise alignments between the 

draft assembly and the reference genome were generated using minimap2 v2.30 (Li, 

2018) with the asm5 preset. RagTag was then used to infer contig order and 

orientation based on conserved synteny. Assembly quality and completeness were 

assessed before and after scaffolding using BUSCO v5 (Simão et al., 2015) with the 

Actinopterygii_odb10 lineage dataset. Based on improvements in scaffold contiguity 

and gene completeness, the RagTag-scaffolded assembly was used as the reference 

genome for all downstream analyses. 

Population Genomics Sampling 

We collected 253 fish by hook and line at 21 sites, covering the range of the 

species (Table 1) (CDFW permit S-221030003-23277-001; RPRS permit 

CHIS-2024-SCI-0005). Specimens were sampled for fin clips, sexed, photographed, 

and returned to the environment. Fin clips were immediately placed in 95% ethanol 

and kept as cool as possible in the field (ambient temperature, or on ice) until 

reaching the laboratory where they were stored at −20°C. 

DNA Extraction and Library Preparation 

Genomic DNA was isolated from all samples using the Promega Wizard 

Genomic DNA Purification Kit, and DNA quality was assessed on a 0.7% agarose 

gel. Sequencing libraries were prepared from genomic DNA using half-reaction 
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volumes of the NEBNext UltraExpress FS DNA Library Prep Kit (New England 

Biolabs), together with unique dual indices supplied by the sequencing facility. The 

enzymatic fragmentation step was carried out with a 20-minute incubation, and 

libraries were amplified for five PCR cycles using dual unique index primers. Final 

libraries were eluted in 15 µL of 0.1× TE buffer. Library concentrations were 

measured using a Qubit fluorometer (Invitrogen), and fragment size distribution was 

evaluated on an Agilent system prior to pooling. Pooled libraries were sequenced as 

150 bp paired-end reads on an Illumina NovaSeq 6000 (S4) platform at the Vincent J. 

Coates Genomics Sequencing Laboratory at the University of California, Berkeley, 

targeting approximately 8× genome-wide coverage. 

The analyses described in Sections 2.4–2.5 and 2.7–2.11 were implemented 

using a published workflow from Toy et al., available on GitHub 

(https://github.com/Arthur-Oules/EJA_lcwgs_GenPop). 

Map Generation 

To contextualize the observed genetic variation within its geographical and 

environmental setting, sampling sites were overlaid onto an oceanographic map 

constructed from E.U. Copernicus Marine Service Information products. Sea surface 

temperature data were drawn from 'SST_GLO_SST_L4_NRT_OBSERVATIONS_ 

010_001' (1/20th degree grid) (European Union-Copernicus Marine Service, 2015), 

while surface current data were obtained from 'GLOBAL_ANALYSISFORECAST_ 

PHY_001_024' (1/12th degree horizontal resolution)  (European Union-Copernicus 

Marine Service, 2016) (Figure 1B). Daily values through 2023 were averaged across 
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both datasets. High-resolution coastlines were sourced from the Natural Earth dataset 

and imported into RStudio via the ne_states function from the rnaturalearth 1.0.1 

package (Massicotte & South, 2025). 

Mapping and Variant Calling 

Read mapping and variant calling were carried out against the reference 

genome described in Section 2.1, using the snpArcher workflow (Mirchandani et al., 

2024) to produce high-quality variant calls suitable for downstream analysis. Raw 

reads underwent quality filtering and adapter trimming with fastp (Chen et al., 2018) 

prior to alignment against the concatenated reference genome with bwa mem (Li, 

2013) using recommended parameters. Per-individual variant calling was then 

performed with Sentieon Haplotyper (Kendig et al., 2019), followed by joint 

genotyping via Sentieon Genotyper to produce a combined VCF (variant call format) 

file. Sites that failed GATK hard filtering thresholds defined in the snpArcher 

workflow were removed. We generated a second SNP dataset by applying minor 

allele frequency (MAF) filtering and removing multiallelic sites and indels. To reduce 

noise from rare variants, we used bcftools (Danecek et al., 2021) to retain only 

variants with MAF ≥ 0.01. With the exception of Manhattan plots and genes under 

selection, the following methods and results are described using the MAF-filtered, 

biallelic SNP data set. 

Sex-associated regions 

Prior to population genomic analyses, sex-associated genomic regions were 

identified and excluded from the dataset to prevent confounding signals from 
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distorting inference of population structure. An initial PCADAPT run on the full SNP 

dataset revealed that PC2 (5.59% variance explained) separated males and females 

into two discrete groups within each geographic clade (Figure S6A), a pattern 

inconsistent with broad-scale population structure. Inspection of the corresponding 

Manhattan plot confirmed that this signal was driven by a small number of contigs 

exhibiting extraordinarily elevated −log₁₀(p-values) far exceeding the Bonferroni 

significance threshold relative to the broader genomic background (Figure S6B). Five 

contigs displaying this extreme differentiation (9.1, 10.1, 45.1, 75.1, and 82.1) were 

flagged as putatively sex-linked. For each contig, the genomic interval spanning all 

SNPs with −log₁₀(p-value) > 50 was extracted and written to a BED file. These 

regions were then masked from the VCF using bcftools view (Danecek et al., 2021), 

and all subsequent analyses were conducted on the resulting autosomal SNP dataset. 

Population FST and Hamming Distances 

We used the --fst option in PLINK v2.00a6 (Chang et al., 2015) to estimate 

Wright’s fixation index (FST) for each pair of populations, applying the Weir and 

Cockerham (1984) estimator. In addition, we calculated pairwise Hamming distances 

among individuals using the --distance function in PLINK v1.9.0 beta 7 (Chang et al., 

2015), which reports differences in allele counts. Population-level Hamming 

distances were then obtained by averaging distances between individuals from 

different populations, with a correction applied based on within-population distances. 

 Analysis of Population Structure and Ancestry 
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To assess population structure, we conducted a genome-wide principal 

component analysis (PCA) using PCADAPT v4.4.0 (Privé et al., 2020). Raw data 

were first converted to PED format using the --export option in PLINK v2.00a6 

(Chang et al., 2015), and subsequently transformed into GENO format for ancestry 

inference with sNMF using the ped2geno function in LEA v3.16.0 (Frichot & 

François, 2015). Individual ancestry proportions and allele frequencies were 

estimated using the snmf function, which implements a non-negative matrix 

factorization framework with least-squares optimization. This approach yields results 

comparable to STRUCTURE or ADMIXTURE analyses under similar assumptions 

(e.g., absence of genetic drift and linkage equilibrium in ancestral populations), while 

not requiring Hardy–Weinberg equilibrium and offering improved computational 

efficiency for large SNP datasets (>10,000 markers) (Frichot et al., 2014). 

The snmf procedure also computes a cross-entropy criterion based on masked 

genotype prediction, which is used to evaluate model fit across different numbers of 

ancestral populations (K) and to select among replicate runs for a given K (Frichot et 

al., 2014). To identify the most appropriate value of K, we performed 30 independent 

runs of sNMF for K values ranging from 2 to 8 and compared cross-entropy scores 

(Figure S2). The α-regularization parameter was kept at its default value of 10, as its 

influence is primarily relevant for smaller datasets (<10,000 SNPs). The optimal run 

and corresponding K value, defined by the lowest cross-entropy, are presented in 

Figure 1C. 

Isolation-by-Distance (IBD) 
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We evaluated the relationship between genetic differentiation and geographic 

separation (isolation by distance, IBD). Geographic distances among sampling sites 

were calculated as great-circle distances using the distm() function with 

distVincentyEllipsoid from the R package geosphere (Hijmans, 2010). Genetic 

distances were estimated from a pruned SNP dataset in 10 kb windows using 

Hudson’s FST, implemented with the allel.windowed_hudson_fst() function in 

scikit-allel v1.3.6 (Miles, 2015). We also used the PCA results, treating sample 

coordinates in principal component space as an additional representation of genetic 

structure for distance-based comparisons. In addition, pairwise Cavalli-Sforza and 

Edwards chord distances were calculated using dist.genpop() (method = 2) in the R 

package adegenet v2.1.10 (Jombart, 2008). To further explore the relationship 

between genetic and geographic distance, we fit linear models using the base R 

function stats::lm() (e.g., FST ~ m * Physical Distance + b). The significance of 

isolation by distance patterns was assessed using Mantel permutation tests 

implemented with mantel.randtest() in adegenet v2.1.10 (Jombart, 2008). 

Triangle Plots 

To distinguish among alternative explanations for spatial genetic structure, we 

used triangle plots (Wiens & Colella, 2025), which depict the relationship between 

hybrid index and interclass heterozygosity. In a two-population framework, the hybrid 

index represents the proportion of ancestry derived from each parental population, 

while interclass heterozygosity quantifies the fraction of loci carrying alleles from 

both parental groups. Under this model, parental individuals are expected to occupy 
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opposite vertices of the triangle (hybrid indices of 0 and 1 with zero interclass 

heterozygosity), whereas F1 hybrids and later-generation backcrosses should fall 

above the Hardy–Weinberg expectation boundary. Individuals deviating from 

Hardy–Weinberg equilibrium may instead plot below this boundary (Wiens & 

Colella, 2024). 

Simulation work indicates that this approach can help discriminate isolation 

by distance (IBD) from neutral diffusion (ND) when introgression is relatively recent 

(Wiens & Colella, 2025). Specifically, IBD is expected to produce a negative linear 

relationship between hybrid index and interclass heterozygosity, whereas ND 

generates a curved distribution within the triangle space. 

Triangle plots were generated using the triangulaR package (Wiens & Colella, 

2024). We first applied the alleleFreqDiff() function to filter loci based on allele 

frequency differences (δ) of 0.5, 0.75, and 1 between parental populations (n = 11 

(STI) and n = 15 (PLM)), thereby identifying ancestry-informative markers (i.e., loci 

fixed or nearly fixed between parental groups). This yielded 41,957, 8,116, and 721 

retained SNPs, respectively. Hybrid index and interclass heterozygosity were then 

calculated for each filtered dataset using the hybridIndex() function. 

 Outlier Loci Analysis 

To identify candidate loci under selection, the VCF file was converted to BED 

format using the --make-bed function in PLINK v2.00a6 (Chang et al., 2015). We 

then applied the PCADAPT 4.4.0 package (Privé et al., 2020) to perform a PCA on 

the centered and scaled genotype matrix. For each SNP, a Mahalanobis distance — 
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representing each point's deviation from the main distribution — was computed 

across the K retained principal components, then squared and divided by the genomic 

inflation factor to yield a test statistic approximating a chi-squared distribution with K 

degrees of freedom, from which p-values were derived. The number of components 

retained (K) was determined using Cattell's rule, with biplots examined to confirm 

that retained PCs contributed meaningfully to data structure. Negative 

log-transformed p-values were plotted along the genome to produce Manhattan plots, 

and Bonferroni correction was applied for multiple testing with a significance cutoff 

of α = 0.01. Outlier SNP positions were subsequently mapped onto an annotated 

reference genome of the closely related species Embiotoca jacksoni (GenBank 

Accession: GCF_022577435.1-RS_2024_1) (Bernardi et al., 2022) to extract 

associated gene annotations. 

Phylogenetic Analysis 

We created a maximum-likelihood (ML) tree by converting the VCF into a 

single sequence alignment using vcf2phylip.py (Ortiz, 2019). The resulting FASTA 

alignment was used to infer an ML tree in IQ-TREE v2.2.2.6 (Minh et al., 2020) 

under the GTR+G4 substitution model, with branch support assessed using 1000 

replicates of the ultrafast bootstrap approximation (UFBoot; Hoang et al., 2018). The 

ML consensus tree was visualized and annotated in FigTree 

(https://github.com/rambaut/figtree). 

 

RESULTS 
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Reference Genome of A. argenteus 

The final reference genome assembly spanned 571 Mb across 354 scaffolds, 

with a mean scaffold length of 16 Mb, a maximum scaffold length of 25.55 Mb, an 

N50 of 16.12 Mb, and an overall GC content of 41.6%. Scaffolding with RagTag 

substantially reduced assembly fragmentation, decreasing the number of scaffolds 

from 3,150 to 354, and improved BUSCO completeness from 92.6% to 94.1%, driven 

primarily by a reduction in fragmented BUSCOs. Assembly completeness was 

assessed using BUSCO v5.2.2 (Simão et al., 2015) with the actinopterygii_odb10 

dataset (n = 3,640 genes) in genome mode using MetaEuk as the gene predictor, 

yielding 94.1% complete BUSCOs (93.4% single-copy, 0.7% duplicated), 1.0% 

fragmented, and 4.9% missing.  

Sampling, Loci, and Polymorphism Statistics 

 ​ We sampled 253 individuals of Amphistichus argenteus from Stinson Beach 

(California, USA) in the north to the Playa la Misión (Baja California, Mexico) in the 

south, covering nearly the entire known latitudinal range of the species (Figure 1B). 

Our sampling included one of the northern California Channel Islands, Santa Rosa 

Island (California, USA) (Figure 1B, Table 1). Low coverage genomic sequencing of 

our samples resulted in an average 8.5X coverage per individual. In total, 15,805,202 

SNPs were discovered before any filters were applied. The GATK best practices 

filters (Van Der Auwera et al., 2013) were then applied to this dataset; 2,389,190 were 

removed, leaving 13,416,012 SNPs. We further filtered the dataset as described in the 
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methods section, resulting in 1,432,059 biallelic SNPs. Population genomic analyses 

were performed using the filtered data set, unless stated otherwise. 

Population Structure 

        ​ Population structure was first assessed using a Principal Components Analysis 

(PCA). PC1 (7.0% of variance) separated Santa Rosa Island individuals from all 

coastal populations, while PC2 (3.1%) resolved three distinct coastal clusters 

corresponding to northern (Stinson Beach to Carmel), central (Gamboa to Venice 

Beach), and southern (Newport Beach to Playa La Misión) populations (Figure 1A). 

The sharp discontinuities between clusters, rather than a gradual spread of points 

along the axes, are consistent with discrete population breaks rather than continuous 

isolation-by-distance, a pattern that persists when the PCA is restricted to only 

mainland individuals (Figure S1).  

These patterns were mirrored by the ancestry analysis, in which cross-entropy 

minimization identified K=4 as the optimal number of ancestral genetic populations 

(Figures 1C, S2, S3). The three coastal clades each correspond to a distinct genetic 

cluster, with abrupt transitions in ancestry proportions between Carmel and Gamboa 

in the north and between Venice Beach and Newport Beach in the south (Figure 1C). 

The central clade shows modest admixture with both the northern and southern 

clusters, which may reflect ongoing gene flow across these boundaries or retention of 

shared ancestral polymorphisms. Santa Rosa Island individuals comprised the fourth 

cluster, showing largely distinct ancestry with minimal signal of shared ancestry with 

any mainland population. 
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Isolation by Distance, Neutral Diffusion, and Admixture 

The genetic structuring of A. argenteus can be described as a separation of the 

coastal populations from the island population, with the coastal individuals showing a 

distinct clustering of three unique ancestral populations. Pairwise FST estimates 

between the Santa Rosa Island population and each of the coastal groups are 0.13 

(Northern Clade), 0.10 (Central Clade), and 0.17 (Southern Clade); pairwise FST 

estimates between coastal populations was 0.03 (Northern vs. Central), 0.06 (Central 

vs. Southern), and 0.12 (Northern vs. Southern) (Figure 5A). Comparisons among 

coastal sampling sites do not exceed 0.17 (Figure 5B). A phylogenetic analysis based 

on FST distances again shows the same pattern, with the coastal populations grouping 

together as separate clusters separate from the Santa Rosa Island population (Figure 

S4). 

Our analysis of isolation by distance was conducted for the coastal 

populations, excluding the Santa Rosa Island population. Isolation-by-distance (IBD) 

was found to be present and significant (Mantel test p = 0.001) (Figure 2A), 

indicating that geographic distance contributes to genetic differentiation among 

coastal populations. However, a significant IBD signal alone does not distinguish 

between continuous gene flow across a single panmictic population and secondary 

contact between historically isolated groups followed by admixture (Wiens & Colella, 

2025). To further investigate this, we examined triangle plots of hybrid index against 

interclass heterozygosity across three allele frequency thresholds (δ; Figure 2B). At δ 

= 0.5, individuals from each sampling site group tightly, with moderate separation 
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between northern/central and southern trajectories, consistent with two partially 

differentiated groups sharing a substantial proportion of alleles. At δ = 0.75, the gap 

between the northern/central and southern clusters widened, and interclass 

heterozygosity increased, suggesting that loci of moderate-to-high differentiation 

disproportionately mark the boundary between these groups. The pattern was most 

striking at δ = 1, where individuals collapsed to opposite corners of the triangle with a 

large gap between groups, a signature of fixed differences between two deeply 

diverged groups with no shared alleles at the most differentiated loci. Some 

individuals retain intermediate hybrid index values across thresholds, suggesting 

residual shared ancestry or limited admixture across the break. 

This progression stands in contrast to what would be expected under a simple 

IBD model, in which points would form a continuous spread across the hybrid index 

axis with uniformly elevated interclass heterozygosity, rather than discrete clusters at 

opposing poles. Taken together, the triangle plot results suggest that the coastal 

population structure of A. argenteus reflects a deep divergence between 

northern–central and southern lineages rather than clinal differentiation driven by 

geographic distance. The sharpest break in this system falls between Venice Beach 

(Los Angeles County) and Newport Beach (Orange County), across the Palos Verdes 

Peninsula. The peninsula itself represents a substantial physical barrier to coastal 

movement as a rocky headland. Palos Verdes interrupts the otherwise continuous 

nearshore habitat that A. argenteus occupies.  

Evolutionary Relationships of Populations 
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A maximum likelihood tree of individuals (Figure 3) and a neighbor-joining 

tree of populations constructed from pairwise FST values (Figure S4) both recovered 

three main clades corresponding to the northern, central, and southern populations 

identified in the PCA and ADMIXTURE analyses. In both trees, the southern clade 

(Newport Beach–Playa la Misión) is monophyletic, while the central clade 

(Gamboa–Venice Beach) is paraphyletic with respect to the northern clade. In the FST 

tree, Carmel is subtended by a notably longer branch than the other northern sites, 

suggesting it is more genetically distinct within the northern clade. The Santa Rosa 

Island lineage nests within the central clade in the ML tree, with two individuals from 

central clade sites (Moonstone Beach and Morro Beach) grouping in close proximity 

to the island lineage, a pattern consistent with ongoing gene flow between the island 

and adjacent central mainland populations or retention of shared ancestral variation. 

This placement is consistent with the pairwise FST data, in which Santa Rosa Island 

shows the lowest differentiation from the central clade (FST = 0.10) relative to the 

northern (FST = 0.13) and southern (FST = 0.17) clades (Figure 5). Together, these lines 

of evidence are most consistent with a central mainland origin for the Santa Rosa 

Island population. 

Outlier Loci and Signals of Selection 

 ​ We identified outlier loci using PCADAPT, a non-FST based method well 

suited for detecting selection in structured populations (Toy et al., 2025). Principal 

components (PCA), ADMIXTURE, and phylogenetic analyses (Figures 1A, 1C, 3) all 

show that the species forms four genetically distinct groups: a northern clade, central 
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clade, southern clade, and island clade. This pattern is further supported by 

genome-wide Manhattan plots. Pairwise plots comparing each of these 4 groups 

reveal different levels of divergent alleles (figure 4A). Depending on the comparison, 

the number of outlier loci (SNPs) varied between 31 and 440 (out of 1,432,059), 

which mapped to 19 to 119 genes, respectively. When all mainland locations were 

considered (Figure 4B), we identified 316 outlier loci and 69 genes as outliers. 

Genes Under Directional Selection – male reproductive biology 

The single strongest signal in the scan was at SDK2B (sidekick cell adhesion 

molecule 2b; −log₁₀ p ≈ 413; Figure S5A), where Carmel (CAR) was fixed for the 

reference allele while all other mainland localities were near-fixed for the alternate 

(Figure S5B). Among the 69 annotated PCADAPT outliers detected across mainland 

localities, five additional loci stood out for their combination of statistical strength 

and biological coherence: MFN2, FAT3A, IGF3, TRDMT1, and CEP290 (Figure 

S5A). All five have well-supported roles in male reproductive biology. CEP290 

encodes a transition-zone ciliary protein required for sperm flagellum assembly (Wu 

et al., 2020). MFN2 mediates mitochondrial fusion in the spermatid midpiece and is 

required for sperm motility and energetics (Varuzhanyan et al., 2019). IGF3 is a 

teleost-specific insulin-like growth factor expressed predominantly in the testis and 

acts as a central regulator of spermatogenesis (Nóbrega et al., 2015). 

TRDMT1/DNMT2 is a tRNA cytosine methyltransferase that packages paternal 

small-RNA cargo for intergenerational transmission (Zhang et al., 2018). FAT3A, an 

atypical cadherin, has been identified as a target of fisheries-induced evolution 
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affecting age and size at maturity (Sun et al., 2025). Per-population genotype 

proportions at each of the five reproductive–biology loci (Figure S5B) revealed a 

consistent pattern: northern and central populations were nearly fixed for the 

reference homozygote, while southern populations were nearly fixed for the alternate 

homozygote. Heterozygotes were rare and were largely restricted to a handful of 

transitional populations. 

 

DISCUSSION 

Dispersal 

The genomic patterns we recovered for Amphistichus argenteus are consistent 

with the limited dispersal capacity that is characteristic of surfperches (Baltz, 1984; 

Wourms, 1981) whose newborn juveniles are released directly into the nearshore surf 

zone at relatively large body sizes (42–53 mm) (Carlisle et al., 1960). Marine fishes 

lacking a pelagic larval stage have been known to exhibit limited gene flow 

(Bernardi, 2005; Toy et al., 2025; Weersing & Toonen, 2009), as opportunities for 

long-distance dispersal are restricted to juvenile or adult movement. In a species with 

restricted movement, the effective migration rate between geographically separated 

localities is low, and genetic drift becomes a comparatively more potent force in 

driving genomic divergence between sites (Hellberg et al., 2002; Slatkin, 1987). Data 

presented here extend this expectation to the sand-dwelling surfperches 

(Amphistichus), which have not previously been examined at the population genomic 

level.  

96 



 
 
 

Genetic structure among coastal A. argenteus populations was lower than that 

reported for other surfperches (Toy et al., 2025), with pairwise FST values as low as 

0.01 for localities up to 400 km apart (e.g., Moonstone Beach–Venice Beach; Figure 

5). Within clades, adjacent coastal populations generally show low differentiation (FST 

= 0.01—0.02), a pattern suggesting substantial regional adult movement. Notable 

exceptions include sites flanking the boundaries of the major clades (e.g., 

Carmel–Gamboa FST = 0.10; Venice Beach–Newport Beach FST = 0.05). These breaks 

coincide with complex regions. Although kelp cover off Palos Verdes has declined 

substantially since the 1950s (Foster & Schiel, 1985), these breaks coincide with 

areas of complex rocky headlands and historically extensive kelp habitat (Jacobs et 

al., 2004), suggesting that habitat structure may have contributed to reduced 

alongshore dispersal. This pattern supports our prediction that habitat discontinuities 

may contribute to reduced gene flow.  

The phylogeographic break we observe near Palos Verdes is particularly 

notable in light of mark-recapture data. Carlisle et al. (1960) documented an 

individual tagged in Long Beach (south of Palos Verdes), that was recovered in Santa 

Monica (north of Palos Verdes), corresponding to a movement of roughly 50 km 

across the peninsula. This observation contrasts with our genetic results and 

underscores an important distinction between dispersal and effective gene flow. 

Individuals may disperse, yet if migrants or their offspring experience reduced 

survival or reproductive success, genetic structure may persist (Lowe & Allendorf, 

2010). We speculate whether post-dispersal processes, such as selection against 
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migrants or reduced habitat-specific performance, could contribute to maintaining 

divergence across this region. Notably, Carlisle et al. (1960) also reported mixing 

among adjacent beaches, a pattern that aligns with our finding of low differentiation 

among neighboring sandy sites.  

Depth distribution adds a further constraint. Barred surfperch occupy the 

breaking surf along sandy beaches and are rarely observed deeper than 27 m, 

although captures as deep as 73 m have been reported (Carlisle et al., 1960). This 

shallow-water ecology makes the deep water separating coastal California from the 

Channel Islands a likely dispersal barrier, although rare dispersal events to offshore 

islands may occur (e.g., in heavy storms). Consistent with this expectation, island and 

mainland populations are highly differentiated (FST = 0.12–0.19), indicating that 

successful cross-channel dispersal events are rare. The historical and biogeographic 

origin of this island lineage is addressed in detail in Section 4.2. 

The significant Mantel correlation between geographic and genetic distance (p 

= 0.001; Figure 2A) is consistent with an IBD signal. However, it more likely reflects 

the cumulative effect of crossing discrete habitat discontinuities (Carmel–Big Sur; 

Los Angeles–Orange County) than a smooth, distance-dependent decay in gene flow 

along the entire coastline, as is observed in the Black surfperch (Toy et al., 2025). 

This interpretation is supported by discrete clades visualized by PCA (Figure 1A), 

ADMIXTURE (Figure 1C), pairwise FST (Figure 5) and long branches subtending 

certain localities (e.g., Carmel; Gamboa) in the FST tree (Figure S4). Such 

locality-specific divergence is expected when semi-isolated populations accumulate 
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drift independently of neighboring sites. Carmel is the most distinct of these. It 

exhibits the highest pairwise FST in the matrix (0.19; Carmel–Santa Rosa Island) and 

is consistently elevated against every other site (Figure 5). Carmel Beach is a small 

pocket of sandy habitat (~1 km) flanked on both sides by a rocky coastline. To the 

north are the headlands of Pebble Beach and Pacific Grove, and to the south are the 

cliffs and granite outcroppings of Point Lobos and Big Sur. These features interrupt 

the continuous sandy-beach habitat A. argenteus requires for alongshore movement. 

Functioning as a long-standing habitat “island”, the Carmel population may receive 

very few immigrants from neighboring sandy beaches and may have accumulated 

drift largely independently. 

Limited dispersal and genetic drift alone do not fully account for the broad 

coastal structure we observe. Triangle plots show discrete clusters at opposing poles 

of the hybrid index at high δ rather than a continuous spread (Figure 2B). This type of 

pattern is difficult to generate under a pure stepping-stone model of drift and 

migration along a linear coastline. A simple IBD scenario predicts a smooth gradient 

of intermediate genotypes, not the bimodal genotype distributions we observe at the 

most differentiated loci (Wiens & Colella, 2025). The bimodal pattern instead implies 

that the northern–central and southern groups carry many fixed allele differences, a 

signature of historically isolated lineages. Equally informative is the gap in the center 

of the triangle plot: individuals with intermediate hybrid index are absent (Figure 2B), 

indicating that contemporary hybridization between the two groups is rare, even at 

sites immediately adjacent to the Palos Verdes break. We therefore interpret the 
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coastal structure as the joint outcome of (i) chronically low dispersal, which makes 

drift effective at regional scales, and (ii) a historical reduction in gene flow across the 

Palos Verdes Peninsula, which permitted the northern–central and southern groups to 

drift apart as semi-independent evolutionary units before any secondary contact.  

Historical context: Pleistocene sea-level oscillations and the Santarosae Island 

complex 

The population structure recovered for A. argenteus must be interpreted in the 

context of the dynamic Quaternary history of the California coastline. The southern 

California Bight is one of the best-studied regions of coastal phylogeographic 

discontinuity in the northeastern Pacific. Phylogeographic breaks at the Los Angeles 

region, Palos Verdes Peninsula, and Point Conception have been documented in 

multiple dispersal-limited fishes and invertebrates along the southern California coast 

(Bernardi, 2000; Dawson, 2001; Dawson et al., 2002; Jacobs et al., 2004), although 

species with broader dispersal capacity often show no breaks (Burton, 1998; Palumbi, 

1994). The deep break we observe across the Palos Verdes Peninsula in A. argenteus 

falls within the dispersal-limited pattern, and its concordance with previously 

described breaks in the confamilial surfperches Embiotoca jacksoni and E. lateralis 

(Bernardi, 2005) suggests a potential shared historical driver rather than a unique 

feature of A. argenteus.  

Repeated Pleistocene glacial–interglacial cycles produced sea-level 

fluctuations on the order of 120m (Siddall et al., 2003), reorganizing the position and 

connectivity of sandy-beach habitats along the coast. These events likely fragmented 
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continuously distributed nearshore species into regional refugia separated by stretches 

of unsuitable rocky or steeply incised shoreline (Marko et al., 2010). The Illinoian 

glaciation (~400 ka) has been invoked to account for the timing of the E. jacksoni 

north–south split (Bernardi, 2005). A similar mechanism resulting in the divergence 

of northern and southern lineages during a glacial lowstand, followed by post-glacial 

range expansion and secondary contact at Palos Verdes, provides a parsimonious 

explanation for the bimodal triangle-plot configuration (Figure 2B) and the 

fixed-difference outliers (Figure S5) reported here. Under this scenario, the 

contemporary genetic break is in part a legacy of historical allopatry, with dispersal 

limitation along the present-day coastline maintaining but not generating the 

divergence. 

Origin of the Santa Rosa Island population. The geographic origin of island 

populations is of particular interest in marine phylogeography. The deep 30 km Santa 

Barbara Channel is a major barrier for a species lacking a pelagic dispersive stage, 

and successful crossings are likely restricted to rare events such as offshore transport 

during major storms. Such crossings were more likely during Pleistocene lowstands, 

when the channel was far narrower. Though the northern Channel Islands (Anacapa, 

Santa Cruz, Santa Rosa, and San Miguel) are distinct islands today, they previously 

existed as a single island, Santarosae (Orr, 1968), during the Last Glacial Maximum 

when sea level was ~120 m lower (Siddall et al., 2003), and the distance from the 

mainland was just ~7 km (Kennett et al., 2008). It is therefore possible that island 

populations were established on Santarosae prior to the isolation of Santa Rosa Island 
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as sea levels rose. ​​This hypothesis is supported by mitochondrial data from the black 

surfperch (Embiotoca jacksoni), which exhibits shared maternal haplotypes among 

the four northern Channel Islands, suggesting historical connectivity or a common 

source population (Bernardi, 2000).  

Several lines of evidence point to a central-coast founder source for the Santa 

Rosa Island lineage. The lineage forms a discrete ancestry component (Figure 1C, 

S2), separates cleanly from the mainland on PC1 (Figure 1A), and exhibits high FST 

(0.10–0.17; Figure 5) against every mainland clade. Its placement within the central 

clade in the ML tree (Figure 3) and its minimum FST against central sites (Figure 5) 

point to what is today the central coast as the likely source population. The magnitude 

of differentiation is consistent with a founder event followed by sustained drift in a 

small, isolated population. Two central-coast individuals (Moonstone Beach 14, 

Morro Beach 1; Figure 3) cluster near the island lineage which could reflect 

occasional contemporary exchange or incomplete lineage sorting. Future work 

sampling additional Channel Islands would help resolve whether the Santarosae 

founding signal is shared across the system. 

Taken together, the population structure of A. argenteus is best understood as 

the joint product of two interacting forces operating on different timescales: deep 

historical events that established the major lineages we observe today, and the 

restricted contemporary dispersal regime that prevents those lineages from being 

homogenized by gene flow in the present. This combination of historical vicariance 

and ongoing dispersal limitation is similar in form to what has been proposed for E. 
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jacksoni (Bernardi, 2000, 2005) and the tidewater goby Eucyclogobius newberryi 

(Dawson et al., 2001, 2002), and reinforces the California coast as a region in which 

Pleistocene history is preserved in extant phylogeographic structure with particular 

fidelity in low-dispersal, habitat-restricted marine taxa. 

Natural Selection 

Set against the drift-dominated demographic backdrop of this system, the 

PCADAPT scans reveal a focused signal of locus-specific selection that drift alone 

cannot explain. Across all mainland individuals, an outlier scan identified 316 outlier 

loci in 69 genes (Figure 4B), with the strongest outliers reaching extreme values and 

configured in a way that is qualitatively dissimilar to the rest of the genome. At the 

five top loci (MFN2, FAT3A, IGF3, TRDMT1, CEP290; Figure S5B), northern and 

central populations are nearly fixed for the reference homozygote while southern 

populations are nearly fixed for the alternate homozygote, with heterozygotes 

appearing at only a handful of transitional sites. This bimodal, near-private 

configuration at a non-random subset of loci is the type of pattern that requires 

divergent selection of sufficient strength to overcome ongoing gene flow, or historical 

allopatry maintained by current dispersal limitation, or a combination of the two.  

The functional composition of these outliers maps remarkably closely to 

outliers recovered for the black surfperch (Toy et al., 2025). In their five-cluster 

system, the top divergent loci among groups mapped to SPAG1 (sperm-associated 

antigen 1-like), IZUMO1 (the canonical sperm–egg fusion factor), SMOX (spermine 

oxidase), and SPATA18 (spermatogenesis associated 18). Among our top A. argenteus 
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outliers are: CEP290 (transition-zone ciliary protein required for sperm flagellum 

assembly; (Z. Wu et al., 2020)), MFN2 (mitochondrial fusion in the spermatid 

midpiece, sperm motility and energetics; (Varuzhanyan et al., 2019)), IGF3 

(teleost-specific testis-restricted regulator of spermatogenesis; (Nóbrega et al., 2015)), 

and TRDMT1/DNMT2 (tRNA cytosine methyltransferase, paternal small-RNA cargo 

and epigenetic transmission; (Zhang et al., 2018)). While these represent a different 

set of genes, they converge on the same functional axis: spermatogenesis, sperm 

motility and structural integrity, fertilization, and paternal-effect transmission to 

offspring. The probability that two independent population-genomic scans, on two 

confamilial species sampled along the same coastline but occupying very different 

ecological guilds (Amphistichinae: sandy-beach surf zone; Embiotocinae: rocky reef 

and kelp forest), would each recover their strongest selection signal in male-gamete 

biology is low. The most parsimonious interpretation is that the shared reproductive 

biology of Embiotocidae (i.e., internal fertilization, viviparity, sperm storage of up to 

several months, delayed fertilization, and multiple paternity (Bond & Forsgren, 2022; 

Froeschke et al., 2007; Izumiyama et al., 2020; Reisser et al., 2009)) generates 

persistent sexual and post-copulatory selection on sperm performance and gamete 

recognition. Such selection can drive rapid divergence at reproductive loci even in the 

face of high dispersal, as documented in Echinometra sea urchins, where it produces 

species-level fertilization barriers between broadly distributed congeners (Palumbi & 

Metz, 1991). In low-dispersal embiotocids, the same kind of selection appears to 

drive analogous divergence at the population level within a species, likely because 
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restricted gene flow allows locus-specific differences to accumulate among 

demographically isolated populations. The near-fixed, functionally clustered hits we 

recover here, and that are seen in E. jacksoni (Toy et al., 2025), are consistent with 

this scenario (Bernardi, 2013; Palumbi, 2009). 

This convergent functional signature strengthens the inference that the coastal 

genetic break across the Palos Verdes Peninsula is not merely a historical artifact but 

is being actively maintained, and perhaps deepened, by selection on traits directly 

relevant to reproductive compatibility. This process is often referred to as 

reinforcement (Servedio & Noor, 2003). The combination of near-fixed 

allele-frequency differences at multiple unlinked loci that are functionally enriched 

for fertilization and spermatogenesis is the same configuration interpreted as 

supporting evidence of incipient or cryptic speciation between coastal E. jacksoni and 

their offshore island lineages (Toy et al., 2025). Our system shows a similar signature, 

ultimately suggesting that the northern–central and southern A. argenteus lineages are 

best viewed as partially reproductively isolated rather than as endpoints of a smooth 

cline.  

The outlier set is not exclusively reproductive, however. For example, FAT3A, 

an atypical cadherin identified as a GWAS hit for body weight under experimental 

size-selective harvest in marine medaka (Sun et al., 2025), emerged as one of our 

strongest candidates. Given the intense size-selective fishing pressure experienced by 

A. argenteus, this locus may reflect selection on growth- or size-related traits, 

although this possibility remains speculative. The species' broad latitudinal range also 
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raises the possibility that thermal and other abiotic clines impose additional selection 

along the coast, a hypothesis that environmental association analyses could test 

directly. 

Incipient Speciation – Reproductive Isolation across the Palos Verdes peninsula 

The central evolutionary finding of this study is that barred surfperch 

collected on either side of the Palos Verdes Peninsula carry fixed or near-fixed 

allele-frequency differences at a small set of loci governing spermatogenesis, sperm 

motility, and paternal epigenetic transmission (MFN2, IGF3, TRDMT1, CEP290; 

Figure S5B). Genome-wide pairwise FST across this break is 0.06 (Venice 

Beach–Newport Beach; Figure 5) signaling that populations remain broadly similar 

across most of the genome. Two non-mutually-exclusive explanations can produce 

this disconnect: divergence is evolutionarily recent and the broader genome has not 

yet differentiated, or persistent gene flow homogenizes the neutral background while 

divergent selection sustains differentiation at a focused set of loci. Both converge on 

the same conclusion. The northern–central and southern coastal lineages of A. 

argenteus are not the ends of a continuous cline; they are two semi-independent 

reproductive units, and their divergence is concentrated in genes that govern 

reproductive compatibility. 

This molecular signature aligns with the earliest reported biological 

discontinuity in A. argenteus. Carlisle et al. (1960) found that the reproductive season 

is earlier in southern populations than in northern ones (north of Oxnard): gravid 

females sampled in late February already carried advanced embryos in the south, 
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while females further north still carried unfertilized eggs. They attributed this 

latitudinal phenology gradient to water temperature, but in light of our data it raises a 

second possibility: allochronic isolation, in which divergence is reinforced by 

asynchronous breeding seasons (Taylor & Friesen, 2017). If southern females reach 

advanced gravidity weeks before northern ones, gametic mismatch reduces 

opportunities for gene exchange even where the lineages contact, and the 

reproductive-gene differences we recover may both reflect and reinforce this temporal 

separation. 

Considering (i) fixed and near-fixed differences at multiple unlinked 

reproductive-biology loci (Figure S5B), (ii) the bimodal hybrid-index distribution 

with an empty central region indicating an absence of contemporary hybrids (Figure 

2B), (iii) the documented north–south gradient in breeding phenology consistent with 

allochronic isolation (Carlisle et al., 1960; Taylor & Friesen, 2017), and (iv) the sharp 

ancestry transition between Venice Beach and Newport Beach (Figure 1A, 1C), a 

cogent argument can be made that the northern–central and southern A. argenteus 

lineages represent incipient species. Under the Biological Species Concept (Mayr, 

1963), species are defined by reproductive isolation, and our data are consistent with 

substantial restrictions on contemporary gene flow between the two lineages. Under 

the Genotypic Cluster Species Concept (Mallet, 1995), species are recognized as 

discrete genetic clusters separated by a deficit of intermediates, and the pronounced 

bimodality in ancestry and hybrid-index values is consistent with this expectation. 

The modest genome-wide FST is not a counterargument: reproductive isolation 
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routinely persists at small subsets of loci against a backdrop of low overall 

differentiation (e.g., "islands of speciation" pattern; Nosil et al., 2009; C.-I. Wu, 

2001), and the profile we recover fits that model directly. We therefore interpret the 

northern–central and southern mainland A. argenteus lineages as effectively 

reproductively isolated under modern operational species concepts. These lineages 

may constitute incipient species and are the most informative system in our dataset 

for understanding how speciation begins in apelagic marine vertebrates. 

 

CONCLUSION 

Barred surfperch (Amphistichus argenteus) are sand-associated nearshore 

fishes that share the defining reproductive traits of the surfperch family. Internal 

fertilization, sperm storage, delayed fertilization, and multiple paternity are 

characteristics that create persistent post-copulatory selection on sperm performance 

and gamete recognition. Our genomic analyses reveal a hierarchical pattern of 

population structure along the California coastline shaped by the interplay of 

historical vicariance, habitat discontinuity, and dispersal limitation, with the deepest 

break occurring across the Palos Verdes Peninsula. A combination of discrete 

ancestry clusters, pronounced bimodality in hybrid-index distributions with an 

absence of contemporary intermediates, documented north–south differences in 

breeding phenology consistent with allochronic isolation, and near-fixed 

allele-frequency differences at loci governing spermatogenesis, sperm motility, and 

paternal epigenetic transmission provides a compelling case that the northern–central 
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and southern lineages of A. argenteus represent incipient species. This conclusion is 

reinforced by the striking convergence between our top selection candidates and the 

reproductive-biology loci independently identified under selection in the confamilial 

black surfperch, Embiotoca jacksoni, surveyed along the same coastline. The 

surfperch family comprises 23 recognized species that share these reproductive 

life-history characteristics while differing markedly in ecology. This makes them an 

unusually tractable comparative framework for understanding how dispersal regime 

and habitat context modulate the pace and genomic architecture of speciation. Future 

work can build on results presented here, taking advantage of this unique family to 

more deeply understand how differences in ecology shape genomic divergence, and 

how selection on reproductive compatibility can drive populations toward 

reproductive isolation even across short geographic distances. Lastly, this work 

establishes a genomic baseline for a recreationally important species, underscoring 

the broader value of population genomics for informing the management of 

biologically distinct units under ongoing environmental and anthropogenic pressures. 
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FIGURES 

 

 

 

 
Figure 3.1 - Genetic population structure of the barred surfperch, Amphistichus 
argenteus. Panel A) Principle Components Analysis (PCA) of 253 individuals’ whole 
genomes of A. argenteus, colored by sampling location. Panel B) Map of the study 
region showing sampling locations used in this study and yearly average current and 
sea surface temperatures. Panel C) Ancestry plot divided into four genetic clusters. 
Each vertical bar represents an individual, populations are indicated on the x-axis and 
are placed from north to south along the coastline. Santa Rosa Island individuals are 
placed on the far right side of the plot. 
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Figure 3.2. - Isolation by Distance in coastal populations of the barred surfperch, 
Amphistichus argenteus. Panel A). Mantel test of the correlation between the 
geographical distance matrix and the genetic distance matrix between mainland 
populations. First line at the bottom right shows linear regression fit and associated R2 
and p‐value, second line shows Mantel test R2 and p‐value. Panel B). Triangle plots 
using the same populations and colour codes as in Figure 1. Triangle plots with 
Stinson Beach and Playa la Misión set as parental populations, allele frequency 
thresholds (δ) of 0.5, 0.75 and 1 (top to bottom) allow the selection of 
Ancestry‐Informative Markers. Upper part of the triangle over the dotted lines 
represents the expected position of hybrids and backcrossed individuals under 
Hardy–Weinberg equilibrium (Wiens and Colella 2024a, 2024b). The mantel test 
displays statistically significant correlation between the geographical and genetic 
distance between populations which is characteristic of an isolation by distance (IBD) 
scenario. Greater separation between North–Central (left) and Southern (right) 
trajectories at higher δ values suggests a deep coastal divergence driven by highly 
differentiated and fixed loci. 
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Figure 3.3 - Midpoint rooted maximum‐likelihood (ML) tree constructed using the 
full SNP set. Clades coloured according to the 4 groups discussed in this paper. 
Branch labels are UFBoot support values (1000 iterations). 
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Figure 3.4 - Panel A) Manhattan plots of pcadapt ‐log10(p values) based on pairwise 
comparisons of barred surfperch populations. Panel B) Manhattan plot of all 
individuals. Outlier loci are shown in red. 
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Figure 3.5 - Gene flow among populations of barred surfperch. Panel A) Pairwise FST 
and mean pairwise genetic distance among the four major clades. Panel B) Pairwise 
FST values among sampling localities. 
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TABLES 

Table 3.1 - Sampling locations and sampling numbers of barred surfperch (A. 
argenteus). 

Sample Code Locality Number Latitude, longitude 

STI Stinson Beach 11 37.89693, -122.64186 

OCB Ocean Beach 12 37.75644, -122.51085 

PES Pescadero 11 37.27028, -122.41141 

BDB Bonny Doon Beach 11 37.00027, -122.18192 

NAB Natural Bridges, Santa Cruz 10 36.95055, -122.05795 

MOS Moss Landing 10 36.81449, -121.79142 

DMB Del Monte Beach, Monterey 11 36.60573, -121.86814 

CAR Carmel 12 36.55460, -121.93103 

GAM Gamboa, Big Sur 11 36.06963, -121.60053 

MNS Moonstone Beach 14 35.57372, -121.11332 

MSB Morro Beach 12 35.37790, -120.86465 

PIS Pismo Beach 13 35.13758, -120.64323 

JAL Jalama Beach 14 34.50959, -120.50182 

ELC El Capitán 12 34.45885, -120.02544 

VEN Ventura Beach 11 34.27198, -119.28497 

SRI Santa Rosa Island 16 34.00760, -120.04822 

VBE Venice Beach 12 33.98036, -118.46986 

NEW Newport Beach 12 33.60553, -117.92509 

OCP Oceanside 12 33.19462, -117.38526 

IMP Imperial Beach 11 32.57960, -117.13296 

PLM Playa la Misión 15 32.09928, -116.88482 
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Synthesis 

Understanding how marine populations diverge and persist in a rapidly 

changing ocean requires integrating ecological, physiological, and evolutionary 

perspectives. Patterns of population structure observed today reflect not only 

contemporary dispersal and environmental conditions, but also the cumulative effects 

of historical isolation, habitat continuity, and selection acting over evolutionary time. 

I designed this dissertation as a comparative investigation of how population structure 

is generated and maintained across marine fish systems that differ in biogeographic 

context, life history, and environmental regime. By combining physiological 

experiments with whole-genome population genomic analyses, this work provides 

new insight into how historical processes, environmental heterogeneity, and selection 

interact to shape population divergence in marine fishes. 

In Chapter 1, I demonstrated that disjunct Pacific and Sea of Cortez lineages 

of the longjaw mudsucker (Gillichthys mirabilis) exhibit subtle but biologically 

meaningful differences in thermal physiology. Broad thermal performance curves 

were largely similar between populations, though Pacific individuals reached a higher 

maximum metabolic rate, while Sea of Cortez individuals showed lower thermal 

sensitivity and higher acute thermal tolerance following warm pre-conditioning. This 

contrast, higher peak performance in Pacific fish versus greater thermal tolerance and 

plasticity in Sea of Cortez fish, mirrors the demands of each population's thermal 

environment, though a two-lineage comparison cannot establish adaptation. These 

patterns align with environmental temperature data showing that Sea of Cortez 
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habitats experience both higher maximum temperatures and faster short-term thermal 

fluctuations. Together, these results indicate that population-level physiological 

differentiation can be revealed under ecologically relevant thermal contexts and 

suggest that both plasticity and local adaptation may contribute to shaping thermal 

tolerance in this species. 

In Chapter 2, I used low-coverage whole-genome resequencing to examine 

genomic divergence between Pacific and Sea of Cortez populations of G. mirabilis. I 

found exceptionally high levels of genomic differentiation, extensive fixed 

differences, and reciprocal phylogenetic monophyly, patterns consistent with 

long-term isolation. In addition to genome-wide divergence, I identified numerous 

candidate loci under selection, including genes involved in protein homeostasis and 

the endoplasmic reticulum stress response, as well as ion and solute transporters 

implicated in osmoregulation, consistent with selection acting on genes tied to the 

thermal and osmotic contrasts between regions. These results indicate that divergence 

between Pacific and Sea of Cortez populations reflects not only genetic drift under 

prolonged isolation, but potentially adaptive differentiation associated with 

contrasting environmental conditions. Collectively, the physiological and genomic 

results support the interpretation that these populations represent deeply diverged 

evolutionary lineages that may warrant recognition as distinct species. 

In Chapter 3, I extended this population genomic framework to the barred 

surfperch (Amphistichus argenteus), a nearshore species lacking a pelagic larval 

stage. In contrast to the mudsucker, barred surfperch exhibited modest genome-wide 
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differentiation among most coastal localities, yet resolved into four genetically 

distinct groups, three coastal clades plus a highly divergent Santa Rosa Island lineage, 

with strong divergence concentrated at a subset of loci. Patterns of structure were 

closely associated with habitat continuity, with low differentiation along continuous 

sandy coastline and pronounced breaks at rocky headlands and the deep water 

separating the mainland from offshore islands. Although tagging data indicate that 

individuals can move across some of these boundaries, genomic patterns suggest that 

successful gene flow is limited, highlighting the importance of post-dispersal 

processes in maintaining structure. At the sharpest coastal break, across the Palos 

Verdes Peninsula, genome scans identified candidate genes under selection related to 

spermatogenesis, sperm motility, and fertilization, a signal that parallels findings in a 

confamilial surfperch along the same coastline and, together with a documented 

difference in breeding phenology across this break, suggests that selection on 

reproductive compatibility is actively maintaining, and may be deepening, this 

divergence. 

Taken together, these chapters demonstrate that contemporary population 

structure in marine fishes is best understood as a mosaic shaped by interacting 

historical, ecological, and evolutionary processes. Deep historical isolation can 

produce genome-wide divergence approaching species-level differentiation, as 

observed in the longjaw mudsucker, whereas partial connectivity combined with 

selection can generate heterogeneous genomic divergence and persistent population 

structure, as observed in barred surfperch. Across both systems, environmental 
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heterogeneity emerges as a consistent driver of physiological and genomic 

differentiation, reinforcing the role of local selective pressures in shaping 

evolutionary trajectories. 

This work has important implications for both evolutionary theory and applied 

management. Results presented here show that simple predictors such as dispersal 

potential or geographic distance alone are insufficient to explain population structure, 

as much of the genome may appear connected while key regions linked to 

environmental performance and physiological tolerance remain strongly 

differentiated, consistent with heterogeneous genomic divergence and potential 

adaptive structure. These findings highlight the value of considering population 

structure, ecological context, and evidence of adaptive differentiation when 

evaluating population boundaries. Managing genetically and ecologically distinct 

populations as a single stock risks eroding locally adapted variation critical for 

long-term persistence, and, as demonstrated in other harvested marine species, the 

consequences of collapsing discrete evolutionary units into one stock can be more 

severe than those of managing a largely panmictic population as multiple units (Kerr 

et al., 2017; Spies & Punt, 2015). 

Moreover, the observation that populations differ in physiological tolerance 

and in genes associated with environmental performance suggests that responses to 

future climate change will be uneven across the species’ range. Populations adapted 

to extreme or variable environments may exhibit greater resilience to certain 

stressors, whereas others may be more vulnerable or dependent on local recruitment. 
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Recognizing and preserving this adaptive heterogeneity will likely be critical for 

maintaining productivity and evolutionary potential under ongoing environmental 

change. 

Overall, this dissertation advances understanding of how population 

divergence arises and persists in marine fishes by demonstrating that population 

structure reflects layered histories and ongoing ecological and evolutionary processes. 

By integrating physiological and genomic perspectives across contrasting systems, 

this work provides a more comprehensive framework for interpreting marine 

population structure and for anticipating how marine species may respond to 

continued environmental change. 
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Appendix 1: Supplementary material for Chapter 1 

 

Figure S1.1 - Thermal performance curve (TPC) parameters. Parameter estimates of 
e, eh, skewness, and thermal safety margin (TSM) derived from the 
Sharpe–Schoolfield high-temperature model (sharpeschoolhigh_1981) are shown for 
each lineage following acclimation to common garden ambient temperature (15.2 ± 
1.3°C) for > 4 wks. The PAC lineage in blue is shown and the SOC population in red. 
Welch’s two-sample t-tests were used to assess differences in each parameter between 
lineages; corresponding p-values are reported above each panel. Definitions of all 
parameters are provided in Table 1.2 and values are reported in Table 1.3. 
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Figure S1.2 - Common garden ambient temperature during experimental acclimation. 
Ambient temperature in the wet laboratory recorded continuously over time during 
the common garden acclimation period. The solid line shows ambient tank 
temperature, while points indicate the dates on which experimental TPC trials were 
conducted. Trials from the PAC lineage are shown in blue and those from the SOC 
lineage in red. Temperatures the morning of each trial ranged from 12.48–17.37°C. 
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Figure S1.3 - Short-term thermal history and Topt. Relationship between ambient 
seawater temperature on the day of respirometry trials and estimated thermal optima 
(Topt) based on individual respirometry data fit to Sharpe–Schoolfield 
high‐temperature model (Schoolfield et al., 1981). Panels show thermal history at 
different timescales prior to each trial: A) temperature on the day of respirometry; B) 
average temperature 72 h prior; C) average temperature 1 week prior; D) average 
temperature 2 weeks prior. Points represent individual fits, colored by lineage (PAC = 
blue, SOC = red). Solid lines show lineage-specific linear regressions; equations and 
R² values are shown for each lineage. 
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Table S1.1 - CTmax: Inter-Lineage Comparison. CTmax values from Figure 1.6 are 
reported, including mean, standard deviation, and p-value comparing the two lineages 
(SOC and PAC) pre-conditioned to ambient common garden temperature (13.5 ± 
1.8°C) or 25ºC for 12 hours using two-tailed Welch’s t-test. 
 

 
Acclimation or 

Pre-Conditioning  
Temp. (ºC)  

mean (SOC)  mean (PAC)  sd (SOC)  sd (PAC)  p  

Ambient ​  36.29  36.44  0.67  0.41  0.5987  

25  37.44  36.71  0.43  0.21  0.0015**  
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Table S1.2 - CTmax: Acclimatory Response. CTmax values from Figure 1.7 are 
reported, including mean, standard deviation, and p-value comparing the CTmax at 
each acclimation or pre-conditioning temperature (Common Garden Ambient (13.5 ± 
1.8°C) and 25ºC) for each lineage using two-tailed Welch’s t-test. 
 
 

Lineage  mean 
(ambient)  

mean  
(25ºC)  

sd 
(ambient)  

sd   
(25ºC)  

p  

SOC  36.29  37.44  0.67  0.43  0.0016**  

PAC  36.44  36.71  0.41  0.21  0.1297  
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Appendix 2: Supplementary material for Chapter 2 

 
 
 
 
 
 

Figure S2.1 - Principal Component Analysis (PCA) of 98 individuals' whole 
genomes of Longjaw mudsuckers, Gillichthys mirabilis, from Pacific sampling 
localities. Individuals are coloured by sampling locations showing distribution of 
samples for the first and second principal components (Panel A) and the second and 
third principal components (Panel B). 
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Figure S2.2 - Cross entropy plot, indicating the most likely value of K (K = 4)—i.e 
the lowest cross-entropy—in ancestry(sNMF) analysis. 
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Figure S2.3 - Ancestry (admixture) plots generated using sNMF with alternative 
values of K (genetic clusters). 
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Figure S2.4 - KEGG analysis of outlier protein coding genes found in Longjaw 
mudsuckers. 
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Appendix 3: Supplementary material for Chapter 3 

 

  

Figure S3.1 - Principal Component Analysis (PCA) of 253 individuals' whole 
genomes of barred surfperch, Amphistichus argenteus, from mainland sampling 
localities. Individuals are coloured by sampling locations showing distribution of 
samples for the first and second principal components (Panel A) and the second and 
third principal components (Panel B).  
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Figure S3.2 - Cross entropy plot, indicating the most likely value of K (K = 4)—i.e 
the lowest cross-entropy—in ancestry(sNMF) analysis.  
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Figure S3.3 - Ancestry (admixture) plots generated using sNMF with alternative 
values of K (genetic clusters).  
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Figure S3.4 - A midpoint-rooted population-level tree generated using the ape 
package, using the matrix of pairwise population FST values as a distance matrix 
(Figure 5).  
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Figure S3.5 - Outlier loci identified by PCADAPT in mainland Amphistichus 
argenteus. Panel A) Manhattan plot of PCADAPT −log₁₀(p-values) across the 
genome for the all-mainland scan, with alternating black and gray shading 
distinguishing scaffolds. Outlier SNPs above the Bonferroni-corrected significance 
threshold (dashed red line) are shown in red. Six loci of biological interest are 
labeled: SDK2B (the strongest signal in the scan), and five additional outliers — 
CEP290, MFN2, IGF3, TRDMT1, and FAT3A. Panel B) Per-population genotype 
proportions at each of the six labeled loci. Sampling localities are ordered from north 
(left) to south (right) on the x-axis. Bars show the proportion of individuals carrying 
the reference homozygote (0/0, red), heterozygote (0/1, green), alternate homozygote 
(1/1, blue), or missing data (NA).  
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Figure S3.6 - Identification of sex-associated genomic regions in Amphistichus 
argenteus prior to population genomic analyses. Panel A) Principal Component 
Analysis (PCA) of 253 individuals based on the full SNP dataset. PC1 (6.59%) 
recovers the four geographic groups, while PC2 (5.59%) separates males (blue) from 
females (red) within each clade. Panel B) Manhattan plot of PCADAPT 
−log₁₀(p-values) from the same K = 3 scan, with alternating black and gray shading 
distinguishing scaffolds. SNPs above the Bonferroni-corrected significance threshold 
(dashed red line) are shown in red. Five contigs (9.1, 10.1, 45.1, 75.1, 82.1) carry 
large regions containing SNPs with extreme −log₁₀(p-values), consistent with sex 
linkage, and were masked from downstream analyses.  
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