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Abstract

Studying how isolation can impact population divergence and adaptation in co-distributed species 
can bring us closer to understanding how landscapes affect biodiversity. The Sargo, Anisotremus 
davidsonii (Haemulidae), and the Longjaw mudsucker, Gillichthys mirabilis (Gobiidae), offer a 
notable framework to study such mechanisms as their Pacific populations cross phylogeographic 
breaks at Point Conception, California, United States, and Punta Eugenia, Mexico, and are separated 
to those in the Sea of Cortez by the Baja California peninsula. Here, thousands of loci are genotyped 
from 48 Sargos and 73 mudsuckers using RADseq to characterize overall genomic divergence, and 
search for common patterns of putatively neutral and non-neutral structure based on outlier loci 
among populations with hypothesized different levels of isolation. We further search for parallels 
between population divergence and the total proportion of outliers, outlier FST distribution, and the 
proportion of outliers matching coding regions in GenBank. Statistically significant differentiation 
is seen across Point Conception in mudsucker (FST = 0.15), Punta Eugenia in Sargo (FST = 0.02), and 
on either side of the Baja California peninsula in both species (FST = 0.11 and 0.23, in Sargo and 
mudsucker, respectively). Each species shows structure using neutral and non-neutral loci. Finally, 
higher population divergence yields a more even distribution of outliers along their differentiation 
range but does not always translate into higher outlier proportions or higher rates in which outliers 
are matched to coding regions. If repeated in similar systems, observed genomic patterns might 
reveal speciation signatures in diverse networks of population isolation.

Subject areas: Population structure and phylogeography, Molecular adaptation and selection
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Under the biological species concept, speciation is the process by 
which 2 or more populations accumulate sufficient genetic differ-
ences to reach reproductive isolation (Mayr 1942). Divergence can 
be initiated by the appearance of a barrier physically separating 
populations (vicariance), or by occasional dispersal events where 
individuals are able to cross an existing barrier which normally 
impedes open migration between sites (dispersal). In the absence 
of gene flow populations may diverge randomly through genetic 
drift acting on neutral loci, or selectively by local adaptation chan-
ging the allele frequencies of the coding portions of the genome 
(Coyne and Orr 2004; Rocha and Bowen 2008; Bernardi 2013; 
Bowen et al. 2013).

Alternatively, populations might also differentiate in sympatry 
(without a physical barrier), or close geographic proximity (Rocha 
et al. 2005), if they experience distinct selective pressures from dif-
ferent environments and local adaptation overwhelms the effects of 
gene flow, which at high levels may prevent the accumulation of ad-
vantageous alleles in populations (Coyne and Orr 2004; Rundle and 
Nosil 2005; Bernardi 2013; Sexton et al. 2014). Yet, the effects of 
gene flow are more complex than a simple unequivocal homogeniza-
tion of genetic variation. Low levels of gene flow might be beneficial 
to local adaptation by providing new alleles from other populations 
that might impart higher local fitness (Sexton et al. 2014). Therefore, 
divergence is the outcome of historical events and the interplay of 
processes as drift, selection, and the level of gene flow between popu-
lations. Studies examining divergence mechanisms can shed light on 
the evolutionary histories of species and the similarities and dif-
ferences between the way distinct modes of speciation operate in 
populations and allow them to persist and adapt to different envir-
onments and landscapes.

Sympatric and Allopatric Populations of the Baja 
California Disjunct Fishes
Compared to freshwater systems, marine fishes with allopatric popu-
lations are scarce due to the paucity of hard physical barriers to gene 
flow in the ocean (such as the Isthmus of Panama) and the great dis-
persal potential of the pelagic larval stage of most fishes (Rocha et al. 
2002; Rocha and Bowen 2008; Helfman et al. 2009; Bernardi 2013; 
Bowen et al. 2013). The Baja California disjunct species are a rare 
example of temperate marine fishes (19 species) whose populations 
have been isolated by specific vicariant and dispersal events (Brusca 
1973; Riddle et al. 2000; Bernardi et al. 2003) (see Supplementary 
Table S1 for the full list of species). These species include sympatric 
populations that have no geographic barriers to dispersal throughout 
their Pacific distribution from central California to approximately 
Bahia Magdalena, in southern Baja California (Bernardi et al. 2003; 
Allen et al. 2006; Miller and Lea 1972). Likewise, populations occur 
without obvious geographic barriers in the northern and central 
zones of the Sea of Cortez (also known as the Gulf of California, 
and from here on, also referred as the Gulf) (Thomson et al. 2000). 
However, Gulf populations are separated from the Pacific by the 
Baja California peninsula and putatively maintained in isolation by 
factors such as seawater temperature, lack of suitable habitat, and 
salinity gradients at the entrance to the Sea of Cortez, where these 
species are either rare or absent (see Supplementary Figure S1 for a 
representation of the typical Baja California disjunct species distri-
bution) (Miller and Lea 1972; Thomson et al. 2000; Bernardi et al. 
2003; Allen et al. 2006; Inda-Diaz et al. 2014; Campbell et al. 2018; 
Garcia-De Leon et al. 2018). Other potential isolating mechanisms 
for northern Sea of Cortez populations include current eddies in the 

northern Gulf and oceanic fronts that are present across the Midriff 
archipelago region, where several islands are scattered from east 
to west in the northern Gulf (Bernardi et al. 2003; Inda-Diaz et al. 
2014; Garcia-De Leon et al. 2018). This study considers the studied 
Gulf sites to be allopatric to those in the Pacific. Comparisons 
among these sites will be called trans-peninsular, disjunct, or allo-
patric. Sites within the Pacific and Gulf distributions are here called 
cis-peninsular but referred as sympatric when discussing both focal 
species.

While disjunct populations are considered an early step toward 
allopatric speciation (Endler 1977), the absence of geographic bar-
riers in the Northeastern Pacific does not intrinsically translate into 
panmixia as gene flow in marine fishes in this area is also affected 
by environmental factors (Huang and Bernardi 2001; Bernardi et al. 
2003; Bernardi and Lape 2005; Allen et al. 2006). Point Conception 
(near Santa Barbara, California) is an established biogeographic 
boundary where fish communities north and south of this point 
change drastically due to temperature and oceanographic discon-
tinuities (Briggs 1974; Dawson et al. 2006; Briggs and Bowen 2012; 
Bowen et al. 2013). Similarly, Punta Eugenia (near the middle of the 
Baja California peninsula) has been shown to be a phylogeographic 
barrier that lowers genetic connectivity of some fish populations 
in this area potentially due to lack of habitat and strong upwelling 
north of this point (Bernardi 2000; Bernardi and Talley 2000; Terry 
et al. 2000; Huang and Bernardi 2001; Stepien et al. 2001; Schinske 
et al. 2010). Bernardi et al. (2013) found that disjunct species with 
low gene flow around the Baja California peninsula (8 out of 12 
studied species) also presented decreased gene flow across Punta 
Eugenia and Point Conception. The end result is multiple species 
with populations experiencing different levels of gene flow and a 
noteworthy system to study the mechanisms of divergence and sig-
nals of selection under different scenarios of isolation.

Despite significant ecological differences, the Sargo, Anisotremus 
davidsonii (grunts, Haemulidae), and the Longjaw mudsucker, 
Gillichthys mirabilis (gobies, Gobiidae), are among the species that 
showed most divergence (based on mitochondrial cytochrome b, 
mtCYTB) across Point Conception and Punta Eugenia as well as 
between disjunct populations (Table 1). Moreover, disjunct popula-
tions have been proposed to be in the process of incipient speciation 
as they formed well-supported clades that are sister to each other 
and reciprocally monophyletic (Bernardi et al. 2003; Bernardi and 
Lape 2005). However, since divergence is not homogeneous along 
the genome, these patterns might differ when assessing divergence 
with an increased number of markers from coding and non-coding 
regions (Nosil et al. 2009).

The present study scans thousands of loci throughout the 
genome using Restriction site-Associated DNA sequencing 
(RADseq) to characterize the genomic structure between sympatric 
and allopatric Northeastern Pacific and Sea of Cortez populations 
of Sargo and Longjaw mudsucker. We compare genomic structure 
to previously documented mitochondrial divergence and predict 
higher population differentiation across phylogeographic breaks 
and around the peninsula using RADseq data. Subsequently, by 
analyzing differentiation in neutral and outlier loci separately, we 
search for indications of having multiple drivers, such as drift and 
selection, creating population structure across the different levels of 
isolation. As Pacific and Sea of Cortez populations experience the 
highest environmental contrast, and are previously proposed to be 
reciprocal monophyletic, we hypothesize seeing the highest struc-
ture in both, neutral and non-neutral datasets, in trans-peninsular 
comparisons. We further expect to see weaker structure in both 
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datasets among Pacific populations in response to mentioned 
breaks, but no structure within the Sea of Cortez. Finally, we com-
pare trans- and cis-peninsular sites searching for signals of selec-
tion and common patterns in the total proportion of outliers, the 
distribution of outliers across their FST range, and the proportion 
of outliers that can be matched to a coding region. We hypothesize 
a positive relationship between site divergence and proportions of 
outliers and matches to coding regions, but similar outlier distribu-
tion patterns regardless of the level of differentiation.

Methods

Collections and DNA Extractions
Samples collections were done by previous (Huang and Bernardi 
2001; Bernardi et al. 2003; Bernardi and Lape 2005) and current 
study (recent collections performed in 2017). Sargo specimens were 
collected by pole spear during SCUBA or free diving, and mudsucker 
individuals were collected using minnow traps. See Figure 1 and 
Table 2 site and sampling information.

From all sites, only the northernmost sampling site for the 
mudsucker (Elkhorn Slough) occurs north of Point Conception. 
While the Sargo might be found at these latitudes during warm-
water-events such as El Nino, it is generally rare, and does not have 
established populations north of Point Conception. Between Point 
Conception and Punta Eugenia, samples were collected in 3 sites for 
the mudsucker, and one site for the Sargo. South of Punta Eugenia, 
both species were collected from one site only. We sampled a total 
of 3 distinct locations for each species within the northern and cen-
tral zones of the Sea of Cortez (Figure 1 and Table 2). Fin clips, 
gill, or muscle tissue, were extracted from specimens and stored in 
95% ethanol at room temperature in the field, and at −80°C in the 
lab. The DNeasy 96 tissue kits for purification of DNA from animal 
tissue (QIAGEN, Valencia, California, United States) were utilized 
following the manufacturer’s protocol to extract genomic DNA 
from subsampled tissue.

Marker Genotyping, Discovery, and Validation
We followed the original RADseq protocol utilizing the Sbf1 restric-
tion enzyme to digest DNA (Miller et al. 2007; Baird et al. 2008) and 
produced 2 RAD libraries. Each genomic DNA sample contained a 
concentration of 400 ng, which was then physically sheared using a 
Covaris S2 sonicator using an intensity of 5 for 30 s, 10% duty cycle, 

and cycles/burst of 200. Final amplification PCR was performed with 
50 µl reaction volumes and 18 amplification cycles. Subsequent puri-
fication and size selection steps were accomplished using Ampure 
XP beads (Agencourt). Unique barcodes were ligated to all samples, 
which were later sequenced using 2 illumina HiSeq 2000 lanes at UC 
Berkeley (Vincent J. Coates Genomics Sequencing Laboratory).

Discovery and genotyping of single nucleotide polymorphism 
(SNP) was performed using the STACKS software version 1.29 
(Catchen et al. 2011, 2013) and modified Perl scripts (Miller et al. 
2012). We excluded any reads without the 6-bp barcode or an exact 
match to the SBf1 restriction site sequence, or with a probability of 
sequencing error higher than 10% (Phred score = 33). Final quality-
filtered reads consisted of 80-bp after removing barcodes and re-
striction sites. Populations scripts in STACKS used these reads as 
the input for the population genomic analysis. The analysis of trans-
peninsular or allopatric sites in each species started by running one 
populations script with all the Pacific individuals pooled as a single 
population, and all the Gulf individuals as another. Thus, trans-
peninsular analyses compare pooled Pacific (Pac) versus pooled 
Gulf sites (Gulf) within species (Table 2). For cis-peninsular sites, 
one populations script was run per species considering each site as a 
separate population without pooling. Cis-peninsular analyses follow 
pairwise comparisons of adjacent sites from north to south in the 
Pacific and all possible comparisons within the Gulf. “Pacific-only” 
and “Gulf-only” comparisons refer to Pacific and Gulf sites from cis-
peninsular analyses, respectively.

Parameter optimization for de novo and populations scripts fol-
lowed a road map as seen in Paris et al. (2017). This study found a 
minimum stack depth of 3 (m) to be optimal for the formation of 
alleles in the de novo when measuring the impact that varying this 
parameter had on the number of loci and polymorphism observed 
from datasets of 3 distantly related organisms. We followed this rec-
ommendation in de novo computations, but given the small chance 
of encountering the same sequencing error in multiples individuals 
(Schunter et al. 2014), and to restrained false positives, we increased 
the minimum stack depth in the populations module. The likelihood 
of encountering false positives was further reduced by implementing 
stringent filters to exclude low-quality reads (Miller et  al. 2012). 
Subsequently, highly polymorphic loci were excluded by setting the 
value of 3 as the maximum number of mismatches between stacks 
(M) in the de novo analyses. This allows for the conservative cap-
ture of polymorphic loci and simultaneously offers an initial filtering 
of paralogs. We further minimized the probability of linkage in our 

Table 1. General characteristics and previously available mitochondrial information of studied species (based on mt CYTB)

Family Species Distribution Pa-
cific/Gulf

Habitat and 
depth 

PLD 
(days)

Gene flow 
across 
Point 
Concep-
tion

Gene flow 
across 
Punta 
Eugenia

Gene 
flow 
around 
penin-
sula

Proposed 
Gulf/
Pacific di-
vergence 
time 

References

Gobiidae Gillichthys 
mirabilis 
(Longjaw 
mudsucker)

Tomales bay 
to Bahia 
Magdanela/upper 
& central gulf

Intertidal 
shallow soft 
bottoms, 
estuaries and 
sloughs.

Unknown, 
but larvae 
settle at 
8-12mm

Moderate 
to high 
FST=0.13

Extremely 
low 
FST=0.73

Ex-
tremely 
low 
FST=0.67

0.76 to 
2.3 mya.

Huang and 
Bernardi (2001) 
Bernardi et al. 
(2003)

Haemulidae Anisotremus 
davidsonii 
(Sargo)

Monterey to cen-
tral Baja / upper 
& central gulf

Rocky reef. 
Occasionally 
sand bottoms. 
Up to 60m

40 to 50 n/a Low 
*FST=0.39

Ex-
tremely 
low 
FST=0.65

0.16 to 
0.64 mya.

Bernardi 
et al. (2003) 
Bernardi and 
Lape (2005)

*FST = 0.39 is an average value across Punta Eugenia of 4 species including A. davidsonii in Bernardi et. al (2003). Individual species values not given in reference.
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data by removing highly repetitive stacks in the de novo process, 
and by using the write_single_SNP flag in populations to select only 
the first SNP in reads that had more than one SNP. After substantial 
exploration of the different datasets, and to enable comparisons of 

sites using the same parameters, only reads with a minimum depth 
coverage of 6× (m = 6) that were present in at least 60% (r = 0.60) 
of the corresponding population were included in populations ana-
lyses. Reads passing the quality and population filters are presented 
as our total loci in Table 3.

Analysis of Genomic Divergence Between Sites
After running various populations analyses in STACKS to determine 
the optimal parameter set for our datasets, the final genepop output 
file from the populations run was converted into Arlequin format 
using PGDSpider (Lischer and Excoffier 2012). Arlequin version 
3.5.1.2 (Excoffier and Lischer 2010) was then used to compute gen-
omic indices of diversity for each site and determine genetic differ-
entiation between them. Fixation index (FST) was calculated using 
the total number of loci, computing a distance matrix, and using the 
number of different alleles, under 10  000 permutations, a signifi-
cance level of 0.05, and allowing a maximum of 0.1 missing level 
per site. Usable loci, polymorphic loci, percent polymorphism (poly-
morphic loci divided by usable loci), and the gene diversity or theta 
Θ (probability that 2 random homologous nucleotides are different), 
are also reported from the output of STACKS and Arlequin (Table 
3). Z-tests of proportions (with the significance level set to 0.01) 
were conducted in the Ausvet EpiTools calculator (http://epitools.
ausvet.com.au/content.php?page=z-test-2) to determine if the differ-
ence between the average polymorphism observed in cis- and trans-
peninsular sites was statistically significant.

Table 2. Number of samples per site, region, and species

Region Site Gillichthys 
mirabilis

Anisotremus 
davidsonii

Pacific (Pac) 45 18 
 California    
 Elkhorn Slough (ELK) 11

Goleta Slough (GOL) 10
Carpinteria Slough(CAS) 9  
Southern California (CAL) 10 

 Baja    
 California    
 Guerrero Negro (GNE) 8  

Estero El Coyote (ECO) 7  
Baja California Sur (BCS)  8

Sea of Cortez (Gulf) 28 30
Estero La Choya (ELC) 10  
Punta Choya (PC)  10
Estero Morua (EMO) 9  
Estero La Pinta (ELP) 9  
Bahia Kino (BK)  12
Bahia de los Angeles (BLA)  8

Figure 1. Map of Pacific and Sea of Cortez sampling sites and well-established phylogeographic breaks, Point Conception and Punta Eugenia, overlaid with 
mean annual Sea Surface Temperate (°C) from 2002 to 2010. The MARSPEC database (http://marspec.weebly.com) was used to obtain NASA Ocean Color Web 
temperature data. See Table 2 for the number of samples. ELK, Elkhorn Slough; GOL, Goleta Slough; CAS, Carpinteria Sough; CAL, southern California; GNE, 
Guerrero Negro; BCS, Baja California Sur; ECO, Estero El Coyote; ELC, Estero La Choya; PC, Punta Choya; EMO, Estero Morua; ELP, Estero La Pinta; BK, Bahia 
Kino; BLA, Bahia de Los Angeles.
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We further examined genetic structure in neutral and outlier loci, 
separately, to investigate the possibility that different factors have 
shaped population divergence in unique patterns. Presumed neu-
tral loci were obtained by excluding the outlier loci from the total 
number of loci. The cataloging of the FST outlier loci, or presumed 
loci under selection, is explained below. After this classification, we 
ran populations scripts employing the blacklist and whitelist options 
to produce data files for neutral and outlier loci, respectively. We 
then used 2 different approaches to explore and visualize genomic 
structure in each dataset.

First, we performed a Discriminant Analysis of Principal 
Components (DAPC) (Jombart et al. 2010) using neutral and out-
lier loci individually. DAPC combines the benefits of discriminant 
and principal component analyses, and is particularly useful to study 
differences between clusters (i.e., sites or populations) as it utilizes 
a multivariate approach to explore the entire variation in the data 
while minimizing that within clusters. This analysis was performed 
using the ADEGENET package (Jombart 2008) in R (R Core Team 
2013) with the structure file produced by the populations program in 
STACKS as input. The algorithm find.clusters identified the plausible 
number of clusters by comparing Bayesian Information Criterion 
(BIC) values, and the cross-validation tool xvalDapc determined the 
number of principal components that were retained.

Second, structure files from the populations output were ana-
lyzed using a Bayesian approach in STRUCTURE version 2.3.4 
(Pritchard et al. 2000) to determine if the assignment of samples 
into genetic clusters differs when analyzing neutral or outlier loci. 
For the neutral dataset, a range of K from 1 to 7 for A. davidsonii, 
and 1 to 10 for G.  mirabilis (corresponding to the number of 
sites for each species plus 2 more possible hypothetical popula-
tions) were performed with 10 000 as the burn-in parameter, and 
100  000 replicates under the admixture model. STRUCTURE 
runs with the outlier loci followed the same parameters but with a 
range of K from 1 to 5 for both species. Only the plots with the K 

obtaining the highest likelihood, according to the Evanno method 
(Evanno et al. 2005) implemented in Structure Harvester (Earl and 
VonHoldt 2012) are illustrated.

Cataloging and Analyzing FST Outliers
Although working with FST outliers might incorporate a series of 
shortfalls (Bierne et al. 2011, 2013; Lotterhos and Whitlock 2015), 
they are commonly used to show evidence of the diverging effects 
of selection between populations (Gaither et  al. 2015; Longo and 
Bernardi 2015; Bernardi et al. 2016; Stockwell et al. 2016). Outlier 
loci were identified directly from the phistats output file in STACKS 
by selecting loci above a threshold value equal to 3 standard devi-
ations above the mean AMOVA FST (or loci within the top 0.03% 
divergence values).

We then investigated the patterns of outlier divergence and 
abundance between sites. To begin the outlier analysis, a popula-
tions script was run using a whitelist containing the outlier identifi-
cations, and the resulting structure files were used to create DAPC 
and STRUCTURE plots following the same parameters as with 
the neutral loci (see above). Subsequently, violin plots (density and 
boxplot hybrid graphics) were produced using the package ggplot2 
and geom_violin() (Wickham 2016) in R to observe the FST range of 
outliers and their abundance along this range. We also performed 
Z-tests to determine whether the relative proportion of outliers 
(i.e., the number of outlier loci according to the corresponding total 
number of loci) was statistically different between intra- and inter-
specific site comparisons. In both species, we tested if the propor-
tion corresponding to the average number of outliers found in the 
cis-peninsular sites differed from that of the trans-peninsular sites, 
and whether differences in Pacific and Gulf outlier proportions were 
significant.

Outlier sequences were then uploaded into the GenBank data-
base specifying an Expect threshold of 10–6 (an E-value which re-
turns only matches with a one in a million chance to be paired with 

Table 3. Locus, polymorphism, and genetic diversity statistics of the Pacific and Sea of Cortez sites per species (after quality and popula-
tion filters)

Species Site Samples Total loci Usable loci Polym. loci % Polym. Theta Θ

G. mirabilis        
 ELK 11 4316 3002 270 9 0.01845
 GOL 10 4316 3900 304 8 0.01991
 CAS 9 4316 159 13 8 0.02902
 GNE 8 4316 24 7 29 0.08680
 ECO 7 4316 124 19 15 0.05113
 Pacific 45 15 058 352 89 25 0.02770
 ELC 10 4316 3344 1315 39 0.07139
 EMO 9 4316 129 38 29 0.05618
 ELP 9 4316 44 17 39 0.06654
 Gulf 28 15 058 168 121 72 0.05166
A. davidsonii
 CAL 10 15 338 8182 2609 32 0.06383
 BCS 8 15 338 5780 2046 35 0.07524
 Pacific 18 4379 2107 1031 49 0.06214
 PC 10 15 338 3108 1111 36 0.05951
 BK 12 15 338 8464 3693 44 0.06592
 BLA 8 15 338 3191 1141 36 0.07564
 Gulf 30 4379 1391 1004 72 0.05963

Percent polymorphism was calculated by dividing the number of polymorphic loci by the usable loci. ELK, Elkhorn Slough; GOL, Goleta Slough; CAS, 
Carpinteria Slough; GNE, Guerrero Negro; ECO, Estero El Coyote; Pac, Pacific; Gulf, Sea of Cortez; ELC, Estero La Choya; EMO, Estero Morua; ELP, Estero La 
Pinta; CAL, California; BCS, Baja California; PC, Punta Choya; BKI, Bahia Kino; BLA, Bahia de los Angeles.
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a record by chance alone) to document matches to protein-coding 
regions as well as matches to regions without annotation. We present 
the percentages of each category in horizontal stacked bar plots built 
in R. Similarly, Z-tests were conducted to determine if the percent of 
outliers that were matched to coding genes was statically different 
between sites and species, and whether or not this was related to 
higher number of outliers.

Results

Loci and Polymorphism Statistics
Genomic DNA was sequenced from a total of 121 samples (73 
G. mirabilis and 48 A. davidsonii) in 2 illumina lanes producing 
approximately 200 million reads. The de novo program from 
STACKS created a total of 3 994 606 unique stacks and identified 
a total of 708  055 SNPs (averaging to 33  013 stacks and 5852 
SNPs per individual). The number of loci passing all filters in the 
populations scripts with Pacific and Gulf pooled populations of 
G. mirabilis and A. davidsonii were 15 058 and 4379, respectively 
(Table 3). Total loci resulting from the scripts with multiple popu-
lations were 4316 for G. mirabilis and 15 338 for A. davidsonii. 
For both species, percent polymorphism was statistically higher 
in the pooled Gulf population than in the pooled Pacific popula-
tion (72% to 25% in G. mirabilis and 72% to 49% A. davidsonii; 
z-value  =  10.1, P-value < 0.001, and z-value  =  13.5, P-value < 
0.001). Percent polymorphism ranged from 8% to 39% and from 
32% to 49% in discrete mudsucker and Sargo sites, respectively. 
The average polymorphism in Gulf sites was also statistically 
higher than in Pacific sites for either species in the cis-peninsular 
analyses (z-value = 13.4 and P-value < 0.001 for mudsucker sites; 
z-value = 5.8 and P-value < 0.001 for Sargo sites). There was no 
discernable gene diversity (Theta Θ) pattern between cis-peninsular 
sites for any species but this was generally higher in the Gulf sites 

of G. mirabilis compared to its Pacific sites. See Table 3 for full loci 
and polymorphism statistics.

Genomic Divergence and Structure Between 
Sympatric and Allopatric Sites
The first step in our site comparison was to characterize the gen-
omic FST in Arlequin using the total number of loci. The disjunct 
Sargo and mudsucker populations (i.e., pooled Pacific sites versus 
pooled Gulf sites) respectively presented a genomic FST of 0.11 and 
0.23, and both were statistically significant (using a significance 
level of 0.05). Pacific sites of the Sargo (CAS and BCS) diverged 
by a FST = 0.02, and this was significant as well. In contrast, differ-
entiation between any pair of the Sargo Gulf sites only reached FST 
values lower than 0.01. Pairwise FST values between adjacent Pacific 
sites of the mudsucker from north to south ranged from 0 to 0.18, 
and all Gulf comparisons resulted in FST = 0 (See Table 4 for the 
complete distance matrix).

Subsequently, in order to determine if structure could have been 
produced by different factors, we dissected the observed genomic 
divergence by performing a DAPC analysis and STRUCTURE plots 
using neutral and outlier loci separately. Differences in the genetic 
composition of allopatric sites for both species resulted in separated 
sets of clusters in the DAPC graphs (Figure 2). Interestingly, Sargo 
Pacific sites and mudsucker Gulf sites are also well-separated within 
the plot for each species. DAPC patterns did not differ drastically 
between neutral and outlier loci. In contrast, STRUCTURE plots 
showed unique patterns of genomic structure when we analyzed 
either neutral or outlier loci (Figure 3). When using neutral loci in 
each species, Pacific individuals appeared to belong to a common 
cluster with Gulf individuals, but not without showing important 
differences. Plots utilizing outlier loci showed an extremely high 
probability that every Pacific individual belongs to a separate popu-
lation compared to that of all Gulf individuals. Structure Harvester 

Table 4. Genomic differentiation between cis-peninsular sites of Anisotremus davidsonii and Gillichthys mirabilis

Gillichthys mirabilis

ELK GOL CAS GNE ECO ELC EMO ELP

ELK  + + + + + + +
GOL 0.15  - + - + + +
CAS 0.12 0  + - + + +
GNE 0.18 0.05 0.04  - + + +
ECO 0.15 0 0 0  + + +
ELC 0.30 0.25 0.20 0.13 0.16  - -
EMO 0.31 0.26 0.21 0.14 0.19 0  -
ELP 0.28 0.23 0.19 0.10 0.14 0 0  
Pacific vs. Gulf FST = 0.23 +       

Anisotremus davidsonii

 CAL BCS PC BK BLA

CAL  + + + +
BCS 0.02  + + +
PC 0.12 0.11  - -
BK 0.12 0.11 0  -
BLA 0.12 0.11 0.01 0  
Pacific vs. Gulf FST = 0.11 +    

Matrix reports FST values (estimated by computing a distance matrix in Arlequin; below diagonal) and whether these were found to be significant (+) or non-
significant (-) (Significance level = 0.05; above diagonal). Results from pooled trans-peninsular populations (Pacific vs. Gulf) are given below matrices. ELK, 
Elkhorn Slough; GOL, Goleta Slough; CAS, Carpinteria Sough; CI, Catalina Island; SD, San Diego; GNE, Guerrero Negro; PEU, Punta Eugenia; PSR, Punta San 
Roque; ECO, Estero El Coyote; ELC, Estero La Choya; PC, Punta Choya; EMO, Estero Morua; ELP, Estero La Pinta; BK, Bahia Kino; BLA, Bahia de Los Angeles.
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selected a K of 4 for the analysis of neutral loci in A. davidsonii and 
a K of 2 for every other treatment.

Outlier Loci Patterns and Evidence of Selection
Outliers were identified for trans-peninsular populations and for 
pairwise comparisons of cis-peninsular sites from north to south in 
the Pacific, and for all pairwise comparisons within the Gulf, by 
selecting loci with a differentiation higher than 3 standard devi-
ations from the mean AMOVA FST. The number of outliers between 
allopatric populations of the Sargo and mudsucker were 721 loci 
with a FST range from 0.36 to 1, and 586 loci with a FST range from 
0.72 to 1, respectively (Figure 4). Among these, allopatric popula-
tions of Sargo and mudsucker had 40 and 49 fixed loci, respect-
ively. When comparing CAL and BCS Sargo sites, 202 outlier loci 
were identified with FST values ranging from 0.24 to 0.77. In Sargo 
Gulf sites, pairwise comparisons resulted in a range from 192 to 
224 outlier loci and FST values ranging from 0.19 to 0.81. Analyses 
of mudsucker cis-peninsular sites yielded a range of outlier loci from 
13 to 22 with an FST range of 0.19 to 0.94 in the Pacific, and 57 to 76 
outlier loci with an FST range of 0.18 to 0.55 in the Gulf (Figure 4). 
No fixed loci were detected between any cis-peninsular comparisons 
for either species.

We then tested if the difference between the proportions of the 
total loci that were classified as outliers in each analysis (cis- and 
trans-peninsular) was significant within or between species. When 
analyzing both species, results indicated that the proportion of out-
liers found comparing trans-peninsular populations of the Sargo 
was statistically different from that between mudsucker trans-
peninsular populations (z-value = 29.2, P-value < 0.001; Table 5) 
but the average outlier proportion among all cis-peninsular sites was 
similar in both species (z-value = 2.3, P-value = 0.02; Table 5). Yet, if 
we analyzed only Pacific sites, or only Gulf sites, the corresponding 
average outlier proportions were different between species. When 
analyzing each species individually, the proportion of outliers be-
tween Pacific sites was different from that between Gulf sites for the 
Longjaw mudsucker but not for the Sargo (Pacific-only and Gulf-
only in Table 5). Finally, the average proportion of outliers among 
all cis-peninsular sites was different from the proportion of outliers 
between trans-peninsular population for each species.

Identified outliers were further categorized based on whether 
they matched known coding regions, other sequences without an-
notation, or produced no match at all in GenBank when specifying 
a e-value cutoff of 1 × 10–6 (which returns only matches with one 
in a million chance to be paired with a record by chance alone). 

Figure 2. DAPC cluster plots of Gillichthys mirabilis and Anisotremus davidsonii cis-peninsular sites using putative neutral and outlier loci. For both species, 
Pacific sites (ELK, GOL, CAS, GNE, and ECO for G. mirabilis; CAL and BCS for A. davidsonii) are differentiated from Gulf sites (ELC, EMO, and ELP for G. mirabilis; 
PC, BK, and BLA for A. davidsonii), and the most northern Californian site (ELK for G. mirabilis; CAL for A. davidsonii) separates from Baja California clusters. 
Plots were created in R using the adegenet package using 6, 7, 4, and 4 discriminant functions, and retaining 30, 30, 30, and 15 principal components (selected 
by the validation tool xvalDapc) for panels a, b, c, and d, respectively. Each plot illustrates the first and second axes. See Supplementary Figure S2 for percent 
cumulative variance per PC for each plot.
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After this categorization, we tested if the proportion of outliers 
matching coding genes followed specific patterns within or between 
species. Out of the total outlier loci identified between allopatric 
Sargo and mudsucker sites, 25% and 17% were paired to coding 
regions by the BLASTn tool, respectively (Figure 4). The difference 
between these proportions was statistically significant (z-value = 3.6, 
P-value = 0.0004). On average, 38% of the outliers between Sargo 
Pacific sites and 27% between mudsucker Pacific sites produced 
matches to coding regions, but these 2 proportions were not sig-
nificantly different (z-value = 0.9, P-value = 0.3424). The difference 
between the average proportion of matches occurring among Sargo 
and mudsucker Gulf sites, 35% and 16%, respectively, was signifi-
cantly different (z-value = 2.8, P-value = 0.0046).

Sargo presented a statistically higher average proportion of out-
liers matching coding regions in cis-peninsular than in allopatric 
sites (z-value = 4.2, P-value = 0.0001). This difference was not sig-
nificant in the Longjaw mudsucker. Percentages and numbers of loci 
falling into each category for every population analysis are given 
in Figure 4.

Discussion

The Baja California disjunct species are a notable group that has a 
shared evolutionary history where genomic divergence, local adapta-
tion, and modes of selections can be examined. This study analyzed 
2 disjunct species that previously showed population structure and 
different levels of gene flow based on mtCYTB, and searched for 
common patterns of genomic divergence and outlier loci properties 
in trans- and cis-peninsular sites. Overall, the output from illumina 
sequencing yielded less reads in mudsucker compared to Sargo indi-
viduals, which could potentially due to older tissue samples, or lack 
of proper preservation (Graham et al. 2015). This is also reflected in 
the lower number of loci observed in mudsucker populations. The 

lower number of loci in trans-peninsular compared to cis-peninsular 
analyses in the Sargo might be a product of pooling sites that already 
contained variation between them, impeding a large number of loci 
from passing established filters. Regardless of these limitations, sub-
stantial numbers of loci were obtained for meaningful comparative 
analysis of sites (Table 3).

Divergence and Structure Between Allopatric 
Populations
Similar to previous mitochondrial DNA studies, the current genomic 
results indicate that the Pacific and Gulf regions are highly differ-
entiated from each other in either species. Genomic distance based 
on FST values is large and significant, DAPCs graphs separate Pacific 
from Gulf sites, and STRUCTURE plots show distinct genetic com-
positions in each region. The spatial placement of clusters does not 
differ drastically in the DAPCs graphs using the different type of loci. 
However, the contrasting probabilities of population assignment 
given to individuals in the different STRUCTURE panels (Figure 3) 
clearly show unique patterns of structure between disjunct popu-
lations when analyzing presumed neutral and loci under selection. 
When analyzing presumed neutral loci, Sargo Pacific and Gulf indi-
viduals show exclusive clusters (blue and yellow, respectively; Figure 
3c), and mudsucker individuals from the Gulf possess a visibly higher 
probability of belonging to an alternate genetic pool (red) compared 
to Pacific individuals (Figure 3a). When analyzing the outlier loci in 
either species, the probability of any Pacific individual belonging to 
the same genetic pool than any Gulf individual, or vice versa, is ex-
tremely low or null (Figure 3b,d). These results indicate the presence 
of neutral and selective structure in disjunct populations of both 
species, but do not identify the source of such structure. Under pre-
viously suggested scenarios with very low gene flow between these 
regions and species, genetic drift and selection might be important 
forces shaping the observed structure. Yet, effects from historical 

Figure 3. STRUCTURE plots with Bayesian assignment of individuals (vertical bars) from cis-peninsular sites into discernable genetic clusters or populations 
(green, red, blue, or yellow) based on presumed neutral loci (top panels) and outlier loci, or loci suspected to be under selection (bottom panels). Structure 
Harvester selected a k of 4 for neutral loci in A. davidsonii and a K of 2 for every other analysis. Structure Harvester results are presented in Supplementary 
Table S2. For G. mirabilis, neutral loci = 4170 and outlier loci = 147. For A. davidsonii, neutral loci = 15 059 and outlier loci= 281. ELK, Elkhorn Slough; GOL, Goleta 
Slough; CAS, Carpinteria Sough; CI, Catalina Island; SD, San Diego; GNE, Guerrero Negro; PEU, Punta Eugenia; PSR, Punta San Roque; ECO, Estero El Coyote; 
ELC, Estero La Choya; PC, Punta Choya; EMO, Estero Morua; ELP, Estero La Pinta; BK, Bahia Kino; BLA, Bahia de Los Angeles.

64 Journal of Heredity, 2020, Vol. 111, No. 1
D

ow
nloaded from

 https://academ
ic.oup.com

/jhered/article/111/1/57/5695852 by guest on 18 August 2020

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esz071#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esz071#supplementary-data


Figure 4. Outlier loci statistics in trans-peninsular populations (Pac-Gulf) and pairwise comparisons of cis-peninsular sites of Anisotremus davidsonii and 
Gillichthys mirabilis. Violin plots (left panels) depict the relative density of outliers as a function of the overall outlier FST distribution. Shape size is not scaled 
to the number of outliers. Numbers at the end of shapes give the total number of outlier loci. Horizontal stacked bar plots (right panels) illustrate the percent 
of outlier loci matching to a protein-coding region (blue/left stacks), or a sequence with no annotation (green/middle stacks), or returning no matches using the 
BLASTn tool in GenBank (salmon-colored/right stacks). Numbers inside stacked bars give the actual number of outliers in each category. ELK, Elkhorn Slough; 
GOL, Goleta Slough; CAS, Carpinteria Slough; GNE, Guerrero Negro; ECO, Estero El Coyote; Pac, Pacific; Gulf, Sea of Cortez; ELC, Estero La Choya; EMO, Estero 
Morua; ELP, Estero La Pinta; CAL, California; BCS, Baja California; PC, Punta Choya; BKI, Bahia Kino; BLA, Bahia de los Angeles.

Table 5. Analysis of the difference between the average proportion of outlier loci, and proportion of outliers matching a coding region in 
GenBank, between sites, compared by regions and species

Comparisons of sites Outlier loci Matches to coding regions

Interspecific   
ADA trans-peninsular vs. GMI trans-peninsular <0.001* 0.0004*
ADA cis-peninsular vs. GMI cis-peninsular 0.02 <0.001*
ADA Pacific-only vs. GMI Pacific-only <0.001* 0.34
ADA Gulf-only vs. GMI Gulf-only 0.48 0.0046*
Intraspecific   
ADA trans-peninsular vs. ADA cis-peninsular <0.001* <0.001*
ADA Pacific-only vs. ADA Gulf-only 0.94 0.48
GMI trans-peninsular vs. GMI cis-peninsular <0.001* 0.46
GMI Pacific-only vs. GMI Gulf-only <0.001* 0.28

Values report P-values from Z-tests of proportions (*significant difference at a 0.01 level). ADA, Anisotremus davidsonii; GMI, Gillichthys mirabilis. See Table 2 
for site and region information.
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colonization or range expansion events, as well as potential coup-
ling of endogenous and exogenous factors, are other scenarios that 
could also explain such patterns (Klopfstein et al. 2006; Bierne et al. 
2011; Marko and Hart 2011). Likewise, pooling several Pacific and 
Gulf populations might have inflated the observed patterns. Genetic 
incompatibilities between southern trans-peninsular populations 
(that might be exclusive to the very different biology of each species 
but having similar effects), and contemporary mechanisms such as 
different seawater temperate, lack of proper habitat, current eddies 
in the north and oceanic fronts in the south of the Sea of Cortez, 
are among the factors that could be maintaining the divergence be-
tween observed genetic compositions in the neutral and outlier loci, 
respectively (Thomson et al. 2000; Bernardi et al. 2003; Bierne et al. 
2011; Inda-Diaz et al. 2014; Garcia-De Leon et al. 2018). The ob-
served higher levels of polymorphism in Gulf compared to Pacific 
populations, may be a reflection of the environmental heterogeneity 
in the Gulf (Thomson et al. 2000; Inda-Diaz et al. 2014; Garcia-De 
Leon et al. 2018), or for instance, the proposed older age and bigger 
effective population sizes of the Sargo populations in this region 
(Bernardi and Lape 2005).

Divergence and Structure Between Sympatric 
Populations
Point Conception and Punta Eugenia are suggested to be important 
discontinuities for gene flow between Pacific populations of both 
species (Huang and Bernardi 2001; Bernardi et al. 2003; Bernardi 
and Lape 2005). Analyses of genomic divergence in this study 
show statistically significant FST values across Point Conception for 
mudsucker (FST  =  0.12–0.15 between ELK and the rest of Pacific 
sites), as well as across Punta Eugenia for Sargo (FST = 0.02 between 
CAL and BCS). Yet, GNE and ECO mudsucker sites do not show 
differentiation across Punta Eugenia, preventing the genomic diver-
gence from mirroring previously observed mitochondrial FST pat-
terns. Besides the comparisons of populations north and south of 
these phylogeographic points, results also report a low but signifi-
cant FST value between the mudsucker sites from Carpinteria Slough 
(CAS) and Guerrero Negro (GNE). This result was not surprising 
since genetic divergence has also been reported between similar sites 
in other disjunct species (Stepien et al. 2001; Bernardi et al. 2003), 
and estuarine fish assemblages sampled close to Guerrero Negro in 
Laguna Ojo de Liebre (or Scammon’s lagoon), are described as more 
representative of southern fish communities compared to those in 
the northern Pacific coast of Baja California (Bahia San Quintin), 
which themselves share more affinities with assemblages from 
southern California (Stepien et al. 2001; Allen et al. 2006). The large 
geographic distance between CAS and GNE, as well as current gyres, 
and the almost permanent upwelling regime between these sites (at 
the San Quintin region), might be responsible for the documented 
neutral and non-neutral divergence (Stepien et al. 2001; Allen et al. 
2006, Iacchel et al. 2013). Yet, endogenous barriers between Pacific 
populations (either shared or species-specific), might have multi-
plicative effects with increasing distance and thus could also be re-
sponsible for some of the observed population divergence along this 
coast (Bierne et al. 2011).

Interestingly, DAPC reveals differentiation between the 3 Gulf 
sites within each species that was not detected by FST analyses alone. 
On one hand, the source generating the observed structure among 
goby populations in these 3 geographically close Esteros is not clear. 
However, more genetic divergence within the genus Gillichthys 
has been revealed from the northern Gulf than anywhere else as 

the only other 2 recognized Gillichthys species (Gillichthys seta 
and Gillichthys detrusus) are endemic to this area (Barlow 1961; 
Thomson et al. 2000; Huang and Bernardi 2001; Allen et al. 2006; 
Swift et  al. 2011). Potential hybridization between these species 
might be influencing diversity indexes and inflating the number of 
FST outliers observed in these populations (Bierne et al. 2011, 2013). 
Habitat choice along with the dynamic history of the northern Gulf 
has been hypothesized to have played an important role in the spe-
ciation of these lineages (Barlow 1961; Huang and Bernardi 2001; 
Swift et al. 2011). Currently, G. mirabilis may co-occur within the 
same estuaries with congenerics but each species occupies different 
micro-habitats (Barlow 1961; Thomson et  al. 2000; Huang and 
Bernardi 2001; Swift et al. 2011). In this study, Longjaw mudsuckers 
where only found in outcrops or small soft-bottom channels re-
markably high in the intertidal zone, and this area was observed 
to be disconnected from any main flow in the estuaries due to the 
extremely large tidal fluxes prevalent in the northern Gulf. (Bernardi 
et al. 2003; Swift et al. 2011). Discerning the level of hybridization 
and just how much, if any, isolation is granted by the combination of 
the aforementioned factors requires additional studies. On the other 
hand, Sargo Gulf sites are relatively far from each other, but current 
eddies in the northern Gulf, as well as the series of islands between 
the peninsula and mainland Mexico, might be acting as mechanisms 
of larvae retention and stepping stone-dispersal across the northern 
Gulf (Inda-Diaz et al. 2014; Garcia-De Leon et al. 2018).

Outlier Loci Patterns and Signals of Selection
Results from this study strongly suggest the presence of differential 
selection in the Pacific and Gulf populations of each species. The 2 
regions contain very different outlier pools as analyses identify large 
numbers of substantially diverged loci, including many fixed differ-
ences (40 for Sargo and 49 for mudsucker allopatric populations). 
Subsequent evidence of selection includes having higher proportions 
of outliers matching coding regions in GenBank than expected in a 
group of randomly selected loci (up to 25% and 38% of the outliers 
matched a gene in trans- and cis-peninsular analyses, respectively). 
The relative proportion of outliers, considering the initial total loci 
in each analysis, is higher in trans-peninsular than in cis-peninsular 
comparisons (Figure 4, Table 5). The selective divergence between 
the Pacific and Gulf is clearly illustrated in the outlier STRUCTURE 
plots, where the genetic constitution of individuals from one region 
is considerably different from that of individuals from the other. 
Moreover, our exploratory examination reveals that outliers from 
trans-peninsular sites displayed substantially higher ranges of dif-
ferentiation compared to sites on either side of the peninsula, and 
these are distributed more evenly throughout such range (Figure 
4). In contrast, the great majority of outliers diverging between cis-
peninsular sites lie close to the lower end of the FST range instead. 
This trans-peninsular “outlier evenness” might be a byproduct dis-
tribution of groups of outliers with overall higher differentiation. 
However, this notion is not supported in current cis-peninsular 
comparisons as evenness does not increase with increasing outlier 
differentiation (except for CAS-GNE). The group of outlier loci 
with the highest differentiation between cis-peninsular sites (ELK-
GOL) have a highly uneven distribution similar to that in other cis-
peninsular comparisons with low differentiation ranges (Figure 4). 
Additionally, even when the Sargo trans-peninsular sites show an 
outlier loci distribution spanning from low to high FST, the scattering 
of loci remains fairly even. If these patterns remain constant in other 
disjunct species or other systems with allopatric and non-allopatric 
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populations, outlier evenness might represent a detectable signa-
ture of distinct mechanisms of differentiation responsive to different 
levels of isolation.

There was also an expectation for sites crossing Point 
Conception and Puta Eugenia (cis-peninsular Pacific-only) to har-
vest higher percentages of outlier loci than Gulf sites (cis-peninsular 
Gulf-only) given the higher average differentiation seen across the 
Pacific compared to the Gulf for each species. However, the percent 
of outlier loci is either higher in Gulf sites (for mudsucker), or not 
statistically different between the 2 regions (for Sargo). At the same, 
higher differentiation did not always translate into higher propor-
tions of outliers matching coding regions. While trans-peninsular 
comparisons were more differentiated and produced overall higher 
numbers of outliers than cis-peninsular, there is no statistical dif-
ference in the average proportion of outliers matching genes be-
tween analyses. The same occurred when we compared Pacific to 
Gulf cis-peninsular sites, as the proportion of matches did not differ 
significantly between regions for neither species (Table 5). Outlier 
patterns are also likely the product of the interaction between the 
same endogenous, exogenous, and natural barriers, discussed as 
possible factors creating and maintaining population divergence in 
these species (see above).

Altogether, results suggest a complex nature of population struc-
ture that include neutral and selective divergence. Disjunct species 
experience unique and vastly diverse environments on either side 
of the peninsula. Upwelling regimes, habitat discontinuities, as 
well as the latitudinal temperature gradient, may be some of the 
present-day pressures maintaining observed divergence in Pacific 
populations. Similarly, environmental seasonality in the central and 
northern zones of the Sea of Cortez, and the extensive tidal range in 
combination with habitat choice, may do the same for Gulf popula-
tions. A more in-depth revision of the identified outliers (as well as 
those loci matching a sequence without annotation but that could 
be adaptive) might shed light on specific details identifying if, and 
how different types of speciation operate in these populations. It is 
important to restate that while we list some of the environmental 
stressors that could be affecting these populations, observed pat-
terns are plausibly the product of the interplay of several factors 
not measured here including, but that may not be limited to drift, 
selection, historical vicariant and colonization events, past- and 
current gene flow, endogenous factors, and differences in effective 
population sizes and standing genetic variation, among the studied 
sites. A suite of other methods (including coalescence methods; see 
Marko and Hart 2011) are needed to assess these elements, and 
develop a better understanding the evolutionary histories of these 
populations. A higher number of populations within regions with 
larger and more consistent sampling than presented in some of the 
cis-peninsular sites might also be required for these analyses. The 
goal of the current study was, instead, to reveal spatial patterns of 
outlier distribution and genomic diverge while comparing the last to 
previously documented mtDNA divergence using similar sampling 
numbers. We have performed a power analysis to evaluate the vari-
ation in our estimates while decreasing the number of individuals in 
each cis-peninsular site by one at the time, for 3 times (final analysis 
decreased the number of individuals by 3 in each site). Calculated 
values for the proportion of polymorphic loci and theta Θ are 
considerably constant among the 4 tests (All current individuals, 
All -1, All -2, All -3, see Supplementary Material for full details). 
The actual number of total, usable, and polymorphic loci, follow 
a decreasing pattern with increasing number of individuals (from 

All -3 to All), but the rate in which these numbers decrease slows 
down steeply with increasing individuals as well. This suggests that 
the number of loci can be expected to decrease by increasing the 
number of individuals to the current sampling scheme, but this dif-
ference is unlikely to be significant. Furthermore, measurements of 
differentiation (FST) between pairwise cis-peninsular sites were not 
significantly different across all tests in the power analysis (with the 
exception of comparisons including GNE in the mudsucker) sug-
gesting that estimating divergence with higher number of individ-
uals might not change the observed patterns, which are the main 
focus of this study.

Conclusion

The evolutionary history of the Sargo and Longjaw mudsucker 
around the Baja California Peninsula has created a deep genetic di-
vergence between Pacific and Sea of Cortez populations. This differ-
entiation is present in both, putative neutral and selective portions 
of the genome. While the sites within the Sea of Cortez appear to 
be well connected, Point Conception and Punta Eugenia display 
structure in the Pacific, but patterns of population divergence may 
differ depending on the utilized markers. Overall, patterns of gen-
omic divergence are concordant, but do not mirror previous patterns 
based on mitochondrial sequences. Allopatric comparisons show 
higher numbers of outliers, and these are more evenly distributed 
across higher ranges of differentiation compared to analyses of sites 
throughout the sympatric distributions of these species. However, 
examining all site comparisons reveals that average differentiation 
in all loci does not always have a proportional relationship, and 
sometimes no relationship at all with the percentage of outliers and 
subsequent rate in which these are matched to coding regions. These 
patterns illustrate how speciation processes can operate in popula-
tions with different levels of isolation. Documenting the prevalence 
of these patterns in other natural populations with similar gradients 
of isolation can play an important role in understanding how bio-
diversity is shaped across landscapes.
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Supplementary data are available at Journal of Heredity online.
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