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Diopatra cuprea Bosc, 1802 (Annelida; Polychaeta; 
Onuphidae) plays a critical ecological role within high-salin-
ity estuaries of the southern and eastern United States (Berke 
2012; Seixas et al. 2021). Residing in a self-constructed 
parchment tube reinforced with debris, D. cuprea are able 
to engineer their environment (sensu Jones et al. 1994) by 
providing physical structure for macroinvertebrates (Berke 
2012, 2022; Kollars et al. 2016), altering microbial commu-
nities (Eckman 1985; Gonzalez et al. 2014), and stabilizing 
sediment (Carey 1983; Eckman et al. 1981; Friedrichs et al. 
2000; Luckenbach 1986). D. cuprea decorates its tube cap 
by adhering pieces of shell fragments and algae. In the last 
two decades, D. cuprea has associated with the introduced 
algal species Agarophyton vermiculophylla on southeastern 
Atlantic mudflats (Berke 2012; Thomsen and McGlathery 
2005), a novel mutualistic relationship (Kollars et al. 2016) 
that has allowed the introduced A. vermiculophylla to thrive.

Diopatra cuprea was first described from Charleston 
Harbor, South Carolina. Early work suggested it had a 
cosmopolitan distribution ranging from Cape Cod through 
Brazil (Budaeva et al. 2008; Seixas et al. 2021). However, 
such wide-ranging distributions of a single morphospecies 

Introduction

Cryptic species refer to two or more morphologically similar 
lineages with species-level divergence at molecular markers 
(Knowlton 2000) and are widespread across the tree of life 
(e.g., Goodall et al. 2021; Miranda et al. 2018; Pérez-Por-
tela et al. 2013), including marine annelids (Brickford et al. 
2007; de León and Nadler 2010; Nygren et al. 2018; Jones 
et al. 2016; Vodá et al. 2015). One exemplary group are the 
Diopatra polychaete worms, which house multiple cryptic 
species complexes (Hektoen et al. 2022; Seixas et al. 2021).
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Abstract
The decorator worm Diopatra cuprea Bosc, 1802 (Annelid; Polycheate; Onuphidae) is an ecosystem engineer within 
high-salinity estuaries of the southern and eastern United States. A previous study revealed five morphologically cryptic 
mitochondrial lineages across its broad geographic distribution. Here, we explore mitonuclear concordance of these lin-
eages using single nucleotide polymorphisms (SNPs) genotyped with RADseq. We genotyped 3,162 SNPs from 233 D. 
cuprea and detected four deep lineages in the nuclear genome: a northern US clade (Massachusetts), a single nuclear clade 
within mid-Atlantic populations (i.e., Virginia south through northeastern Florida), a southeastern Florida clade, and a Gulf 
of Mexico clade. There was mitonuclear concordance within most individuals for three lineages, while two mitochondrial 
lineages were detected in a single mid-Atlantic nuclear lineage. Thus, there appear to be four cryptic lineages of D. cuprea 
that suggest four distinct species that rarely hybridize. Within the mid-Atlantic lineage, we detected increasing genetic 
isolation of populations with increasing geographic distance, a pattern consistent with low dispersal of D. cuprea larvae. 
Cryptic diversity within the D. cuprea complex is consistent with other common and geographically widespread annelid 
and Diopatra species that are now being revealed using high-throughput sequencing.
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likely reflects a complex of multiple cryptic species (Hutch-
ings and Kuprivanova 2018). Indeed, a recent study failed 
to locate D. cuprea in Brazil and instead erected four new 
Diopatra species (Seixas et al. 2021). Along the North 
American coast, morphologically-similar D. cuprea con-
tained five mitochondrial lineages that diverged by approxi-
mately 14.6–20.5% (Sotka et al. 2023). These lineages 
were split across well-recognized phylogeographic barriers 
(Avise 1992; Engle and Summers 2000; Wares 2002). Clade 
A is a monophyletic group found in Florida that consists 
of two subgroups: A1 dominated a single population in the 
Gulf of Mexico (81% of haplotypes) and A2 dominated two 
populations of the southeastern coastline of Florida (100% 
of haplotypes). Clade B dominates the mid-Atlantic states, 
from northeastern Florida to Virginia, and rarely occurred 
in other locations. Clade C was only found in North Caro-
lina and Clade D dominated Massachusetts populations and 
rarely occurred in mid-Atlantic states (Sotka et al. 2023). 
renders.

It remains unclear whether these mitochondrial lineages 
represent species-level divergence, in part because mito-
chondrial loci do not always reflect the evolutionary his-
tory of the nuclear genome (e.g., Harper et al. 2022; Avise 
2009). In recent years, next-generation sequencing (NGS) 
technologies have made genotyping single nucleotide poly-
morphisms, or SNPs, across the nuclear genome affordable 
for ecologists. SNPs occur throughout the whole genome, 
making them ideal for describing speciation and historical 
demography with greater statistical confidence than can be 
attained with a single mitochondrial locus (Brumfield et al. 
2003). SNPs can also allow ecologists the opportunity to 
estimate patterns of genetic differentiation within cryptic 
lineages.

We predicted the presence of geographically restricted 
gene flow in D. cuprea based on its life history and early 
development. D. cuprea eggs are clutched within a dissolv-
able gelatinous mass for broadcast spawning (Allen 1959; 
Paxton 1993; Wilson 1991). The lecithotrophic larvae bear 
cilia and apical tufts consistent with a pelagic stage, which 
in laboratory culture appears to last 3–4 days before settle-
ment (Allen 1959). We would expect these larvae, like other 
marine larvae, to be passively transported by water currents 
to more restricted distances than planktotrophic larvae with 
longer development times (Cowen and Sponugle 2009; 
Eckman 1996; Shanks et al. 2003). Restricted dispersal is 
also consistent with a previous study on the spatial dynam-
ics and simulations in the European species Diopatra.bis-
cayensis (Woodin et al. 2014) and the restricted gene flow 
seen in other annelid species which occupy the same geo-
graphic range as D. cuprea (Bastrop et al. 1998; Jennings et 
al. 2009; Zakas and Wares 2012).

Physical identification of cryptic species can be difficult 
due to variability or stasis in morphological traits (Fišer et 
al. 2018; de León and Nadler 2010), and lack of detail in 
original species descriptions (Elgetany et al. 2020). The 
Diopatra genus expresses multiple, overlapping colors 
across several species, further blurring the demarcation of 
lineages. D. cryptornata can be light or brown (Fauchald et 
al. 2012), D. marocensis can range from white with black 
rings to brown (Fauchald et al. 2012; Çinar et al. 2014)D. 
neapolitana displays green coloration in females and appears 
light cream to gray in males. Documented coloration for D. 
cuprea, or worms believed to be D. cuprea, further support 
varying coloration and include dark-gray-green and yellow-
ish cream (Allen 1959; Warren 1942). The lack of morpho-
logical variation means that genetic tools may represent the 
best opportunity to describe species-level divergence. Here, 
we explore cryptic speciation, patterns of gene flow, and 
coloration in North American D. cuprea along the eastern 
United States and Gulf of Mexico coastlines, with particu-
lar emphasis on expanding sampling along the mid-Atlantic 
shoreline.

Materials and methods

Sampling collection

Diopatra cuprea were sampled from 19 locations (Table 1) 
on the United States east coast, from Duxbury MA (the 
genus’ northern limit) to St. Teresa Beach FL. Tubes were 
excavated with a shovel, the worm removed, and antennae 
clipped off and preserved in 95% ethanol for later DNA 
extraction. The first sampling effort occurred in 2009–2012 
as described in Sotka et al. (2023). A second sampling effort 
occurred in 2022, with the added step of categorizing worm 
coloration through visual inspection before preservation in 
95% ethanol within 1.5-mL centrifuge tubes. Coloration 
was broken down into three categories based solely on the 
exterior phenotypic color of the worm, and included: black, 
golden, and olive (see Fig. 6). In most instances, a whole 
Diopatra was not successfully excised from their tube, and 
generally the anterior end was collected. When a whole 
worm was collected, a portion of the anterior end was placed 
within a 1.5-mL tube. In events where worms were regener-
ating (Berke et al. 2009), coloration of worm was recorded 
for the main body due to the likelihood that this region does 
not undergo predation and subsequent regeneration.
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DNA extraction and RADSeq library 
preparation

For 2022 samples, twenty-five randomly selected individu-
als from each population were extracted for DNA, with the 
exception of Broad River Estuary populations from which 
20 and 22 samples were collected (Table 1). Approximately 
25 mg of tissue wet weight were rinsed of ethanol with deion-
ized water and extracted with the Qiagen DNeasy Blood and 
Tissue Kit (Qiagen, Valencia, CA, USA) following the man-
ufacturer’s extraction protocol. Extractions were screened 
with 1.5% agarose gels and DNA was quantified using a 
NanoDrop 200 spectrophotometer (Thermo Scientific, 
Waltham, MA, USA) to obtain concentration values and 
purity. Double digest restriction-associated DNA sequenc-
ing (or ddRADSeq) library was prepared on 312 samples 
following the protocol in Parchman et al. (2012). Briefly, 
we digested gDNA with two restriction enzymes, EcoRI and 
MseI, and ligated adaptors containing unique 8 to 10 bp bar-
codes to the digested DNA of each individual. The products 
were then PCR amplified in two independent reactions with 
standard Illumina primers. All amplicons were pooled and 
shipped to the University of Texas Genomic Sequencing 
and Analysis Facility or the Tufts University Core Facility, 
which used Pippin Prep® to isolate the 300–450 bp fraction. 

This fraction was then single-read sequenced (100 base-
pairs) with Illumina HiSeq 4000 machine.

De Novo assembly & genotype calls

FASTQ sequences were demultiplexed using custom 
Unix code. 510 million reads contained barcode sequence 
(range = 39 to 6.8 million (M) reads per sample; mean = 1.6 M 
reads), and 234 individuals had at least 200  K reads that 
were analyzed. We used the dDocent pipeline to generate 
a de novo reference assembly (Puritz et al. 2014) and set 
the percentage of similarity to group contigs (-c parameter 
within the cd-hit-est software) 80%, 90%, and 99%. We 
then aligned reads to the 90% de novo assembly using bwa 
(Li and Durbin 2010; 296,866 contigs; mean depth read per 
locus = 447.9 reads per sample per locus; range = 33 − 23,185 
reads per sample per locus). Genotype calls were made with 
samtools/bcftools (Danecek et al. 2021), and vcftools filtered 
loci by missingness for 10%, 5%, and 0% of individuals. A 
final vcf-formatted file with 5% missingness was selected 
for statistical analysis (233 individuals and 3,162 SNPs).

Table 1  The sampling collection data of D. Cuprea from 2009 to 2022 with latitude and longitude provided for each population in addition to the 
number of samples available for this study, and the collector
State Population Number of 

samples
Latitude Longitude Year 

collected
Researcher

Florida St. Teresa Beach 14 29.91583 N 84.51061 W 2009–2012 Bell
Florida Fort Pierce 9 27.45750 N 80.30600 W 2009–2012 Berke
Florida Amelia Island 7 30.66833 N 81.42989 W 2009–2012 Berke
South Carolina Broad River Estuary- Broad River Public Boat 

Ramp
20 32.39161 N 80.77629 W 2022 Ziegler

South Carolina Broad River Estuary- Fish Haul Beach 22 32.25070 N 80.69827 W 2022 Ziegler
South Carolina St. Helena Sound- Brickyard Creek Boat Ramp 39 32.50119 N 80.67869 W 2022 Ziegler
South Carolina St. Helena Sound- Russ’s Point Boat Ramp 26 32.34418 N 80.46648 W 2022 Ziegler
South Carolina Charleston Harbor- Grice Beach 32 32.75214 N 79.89753 W 2022 Ziegler
South Carolina Charleston Harbor- Remley’s Point Boat Ramp 30 32.81348 N 79.90776 W 2022 Ziegler
South Carolina Charleston Harbor- SCDNR 20 32.75149 N 79.90131 W 2022 Ziegler
South Carolina Bulls Bay- Buck Hall Landing 35 33.03834 N 79.56071 W 2022 Ziegler
South Carolina Winyah Bay- East Bay St. Boat Ramp 28 33.43885 N 79.11846 W 2022 Ziegler
South Carolina Winyah Bay- Tom Crocker Boat Ramp 43 33.44009 N 79.11704 W 2022 Ziegler
North Carolina Mitchell’s Village 15 34.72539 N 76.78862 W 2009–2012 Bell
North Carolina Beaufort 1 34.72195 N 76.68700 W 2009–2012 Berke, 

Bell
North Carolina North River Estuary 9 35.52795 N 77.04004 W 2009–2012 Bell
Virginia Wachapreague 15 37.60775 N 75.68596 W 2009–2012 Berke
New Jersey Rutgers University Field Station 15 39.07372 N 74.91222 W 2009–2012 Berke
Massachusetts Barnstable Harbor 15 41.70911 N 70.30297 W 2009–2012 Berke
Massachusetts Wellfleet 15 41.90941 N 69.99714 W 2009–2012 Bell
Massachusetts Duxbury 5 42.04647 N 70.65025 W 2009–2012 Berke
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number of PCs was set to 100. Through sequential K-means 
selection, the number of clusters were set to 5 based on 
the “elbow” location of the BIC plot. DAPC analysis was 
performed with the number of groups set to 5, number of 
PCs set to 150, and the number of DAs set to 5. Once the 
analysis was complete, individuals were assigned to each of 
the five clusters using R::predict. We visualized results for 
populations with greater than five samples. We tested for 
genetic differentiation among D. cuprea morphocolor via a 
PCA on 3,162 SNPs for all samples in the mid-Atlantic that 
were phenotyped.

Additional cluster analysis and subsequent mixed-ances-
try analysis was performed through sparse nonnegative 
matrix factorization (sNMF) using LEA: dapc (Frichot and 
François 2015), hierfstat (De Meeûs and Goudet 2007), and 
adegenet (Jombart and Collins 2017). The range for K val-
ues to evaluate cross validation were set between 2 and 10. 
Each run was replicated 10 times with the optimal number 
of clusters found where model likelihood was highest.

To quantify the degree of genetic differentiation between 
populations, Weir and Cockerham (1984) PhiST was calcu-
lated using strataG (Archer et al. 2017). We assessed the 
increase in genetic isolation (PhiST) with geographic distance 
(e.g., IBD; Slatkin 1993) among populations with more than 
five sequenced samples in the mid-Atlantic region, which 
had one deep genetic lineage with a wide geographic dis-
tribution (northern Florida to New Jersey). Other nuclear 
lineages that were clearly vicariant were not included in the 
IBD analysis. Geographic distance between pairs of popu-
lations was measured using Google Earth. Visualization of 
the regression was performed through ggplot2. A non-para-
metric Mantel test was performed to assess the correlation 
between the PhiST and geographic distance matrices using 
ape (Paradis et al. 2004).

An analysis of molecular variance (AMOVA) was per-
formed to assess population differentiation using pegas 
(Paradis et al. 2023). Individuals were broken into groups: 
mid-Atlantic, Gulf of Mexico, Southeast Florida, and Mas-
sachusetts. Mean square deviations (MSD), degrees of free-
dom, PhiST, and p-values were calculated.

Results

The maximum-likelihood phylogenies of COI and nuclear 
SNPs for 43 individuals revealed that five mitochondrial lin-
eages were split across four relatively deep nuclear lineages 
(Fig. 1). Moving from north to south, the nuclear genome 
diverged among samples with mitochondrial clade D (Mas-
sachusetts), mitochondrial clades B and C nested together 
(North Carolina, Virginia, and northern Florida), mitochon-
drial clade A2 (southeastern Florida) and clade A1 (Gulf of 

Statistical analyses

All statistical analyses were performed in R (v 4.3.0) through 
the interface RStudio. Vcf-formatted files were imported, 
and genotypes were extracted using the vcfR package (Knaus 
and Grünwald 2017). Missing genotypes were replaced by 
the most common genotype found at that SNP, which is a 
conservative approach for detecting divergent lineages. We 
also note that imputation of the most common genotype will 
likely generate an underestimate of the degree of genetic 
differentiation among lineages, given that we have sampled 
the mid-Atlantic lineages more than the Florida and New 
England lineages. All genotypes were then assigned a value 
of 0, 1, and 2 for the number of the most common allele per 
diploid individual for downstream analysis.

Of the 233 individuals, 43 samples were previously 
Sanger-sequenced at a 539 bp region of the mitochondrial 
locus COI (Sotka et al. 2023). FASTA files of polymorphic 
SNPs for these 43 individuals were generated through cus-
tom R script from vcf-formatted file sequences and opened 
in SeaView (v.5; Gouy et al. 2021). BIONJ neighbor-joining 
trees on both COI and SNP datasets were then generated 
using the Jukes-Cantor genetic distance and 100 bootstrap 
replicates and a maximum-likelihood phylogeny on COI 
was generated using PhyML (Guindon et al. 2010) with 
default parameters and 100 bootstrap replicates. A ML phy-
logeny on the SNP dataset was generated with IQ-TREE 
(Nguyen et al. 2015) using default parameters and 1000 
bootstrap replicates. The Newick-formatted phylogenies 
were then imported into R and used by phytools::cophylo 
(Revell 2012) to create a cophylogeny of the mitochondrial 
and nuclear genetic partitions, with the root chosen to a 
sample from the northernmost population (i.e.,. Massachu-
setts sample MaWF01).

We generated a principal component analysis (PCA) on 
SNP genotypes to assess genetic similarity of individuals 
with no a priori knowledge of populations. PCAs were con-
ducted for multiple datasets: (1) all populations, (2) popula-
tions excluding Florida, (3) populations excluding Florida 
and Massachusetts, and (4) inland and coastal populations 
for three South Carolina harbors (Broad River, Charleston 
Harbor, and St. Helena). PC values were generated using 
R::prcomp and visualized by state and population through 
the package ggplot2 (Wickham 2016).

We generated a discriminant analysis of principal com-
ponents (DAPC), a multivariate analysis that implements 
principal component analysis where an apriori number of 
clusters are identified through discriminant analysis (DA). 
DAPC was performed in R using the adegenet package 
(Jombart and Collins 2017). Clusters were identified from 
K = 2 to the maximum number of clusters set to equal the 
number of populations sampled (n = 15). The maximum 
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consistent with southern Florida but a mitochondrial clade 
C.

A PCA also revealed that nuclear genotypes for 233 D. 
cuprea individuals clustered into four groups (Fig. 2) that 
were geographically differentiated: a Massachusetts group, 
a mid-Atlantic group (Amelia Island, Florida; South Caro-
lina; North Carolina; Virginia; New Jersey), a southern 

Mexico, or GOM). Three exceptions to mitonuclear concor-
dance were found: the GOM sample FlSB14 had a nuclear 
background consistent with other GOM samples and mito-
chondrial clade B, the North Carolina sample NcFR12 had 
a nuclear background consistent with other North Carolina 
samples but mitochondrial clade A1 assignment, and the 
North Carolina sample NcFR10 had nuclear background 

Fig. 1  Maximum-likelihood trees of mitochondrial (Sotka et al. 2023) 
and nuclear sequences from 43 individuals identified by the state and 
location they were collected and color-coded to show linage assort-
ment (black is Massachusetts, purple is Gulf of Mexico, green is south-

eastern Florida, and red is the mid-Atlantic region), where individuals 
with discordance between COI and SNP phylogenies are noted with 
thick red lines. All nodes of the ML nuclear tree reflect are 100% con-
sensus across 1000 bootstrap replicates
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South Carolina (CHHS26) and one from North Carolina 
(NcFR10). The presence of a hybrid signal suggests that 
transport of D. cuprea across a great distance from one pop-
ulation to another is possible and has previously happened, 
potentially with the aid of anthropogenic vectors. This is 
consistent with the results with three individuals that did 
not have mitonuclear concordance (see first paragraph of 
Results); although these individuals do not express a hybrid 
signal within their nuclear genome, the lack of mitonuclear 
concordance emphasizes the transfer of genetic material 
between populations across phylogeographic barriers.

An analysis of molecular variance (AMOVA) indicated 
that genetic variance was strongly partitioned among and 
within biogeographic regions (Table  2). The level of dif-
ferentiation among the four regions (i.e., Gulf of Mexico, 
southeastern Florida, mid-Atlantic, Massachusetts) was 
stronger (PhiST = 0.567; P < 0.001) than the level of diver-
gence among populations within regions (PhiST = 0.011; 
P = 0.005). These patterns were also reflected in pairwise 
PhiST values across all collections (Table 3). For example, 
PhiST = 0.39 between the Gulf and Atlantic coasts (e.g., 
St. Teresa and Fort Pierce), PhiST was between 0.38 and 
0.51 across Cape Canaveral (e.g., Fort Pierce and popula-
tions within the mid-Atlantic), and PhiST between the mid-
Atlantic and Massachusetts was between 0.14 and 0.45. 
PhiST scores between populations within the mid-Atlantic 
displayed far lower values at 0.0 to 0.03 (excluding popula-
tions sizes less than five).

Florida group (Fort Pierce), and a Gulf of Mexico group 
(St. Teresa Beach). PC1 axis delineates northern (Massa-
chusetts and mid-Atlantic; 16.66%) versus southern groups 
(southern Florida and GOM), while the PC2 axis delineates 
GOM from all other regions (6.81%). The only exceptions 
are three individuals that appear to reflect a mixture of geno-
types from these groups: one individual from South Caro-
lina (CHHS26), one from North Carolina (NcFR10), and 
one from the Gulf of Mexico (FlSB10).

A DAPC analysis yielded a similar pattern of differentia-
tion to the PC. The optimal number of DAPC clusters was 
K = 5 (Supplemental Fig. 1), and these clusters grouped into 
four distinct geographic areas: Massachusetts, the Gulf of 
Mexico (St. Teresa Beach), southern Florida (Fort Pierce), 
and the mid-Atlantic complex (two clusters with no obvious 
spatial separation; Fig. 3).

Analysis of admixture using sNMF for the 233 individu-
als yielded six genetic clusters (K = 6) with the lowest cross-
entropy fit (Supplemental Fig. 2; Fig. 4). Like the PC and 
DAPC analyses, clusters were geographically distinct and 
correspond with known phylogeographic barriers: one clus-
ter each dominated the Gulf of Mexico, southern Florida, 
and Massachusetts, while three clusters were mixed within 
individuals from northern Florida to New Jersey. sNMF 
plots also show consistency of the differentiation of these 
lineages between the three phylogeographic barriers at mul-
tiple Ks (Fig. 4).

There are three individuals with a hybrid signal: one from 
Gulf of Mexico (FlSB10), one from Charleston Harbor, 

Fig. 2  PC analysis of 233 samples across the eastern United States 
coastline with 3,162 SNPs forming four distinct groupings: Massa-
chusetts, St. Theresa Beach (Gulf of Mexico), and Fort Pierce (Cape 

Canaveral) with three individuals not aligning to a cluster (FlSB10, 
CHHS26, and NcFR10)
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Within South Carolina estuaries, there were weakly sig-
nificant levels of genetic differentiation between coastal vs. 
inland samples in Charleston Harbor (CHHS vs. CHLS; 
PhiST = 0.006; P = 0.012) and Broad River (BRHS vs. 
BRLS; PhiST = 0.003; P = 0.096), and no differentiation 
within St. Helena Sound (SHHS vs. SHLS; PhiST < 0.001; 
P = 0.504; Table 3). These weak patterns of differentiation 
were reflected in PC analysis (Supplemental Fig. 3), which 

Table 2  AMOVA table showing the mean square deviations (MSD), 
degrees of freedom, p-values, and PhiST for four regions (mid-Atlan-
tic, Gulf of Mexico, southern Florida, and Massachusetts) and among 
populations within regions
ID MSD Df P Value Variance PhiST

Groups 6840.5 3 0.000 12.55 0.567
Pop 269.8 15 0.005 9.48 0.011
Error 237.4 214 NA 20.97
Total 324.9 232

Fig. 4  Mixed genetic ancestry (sNMF) for the 233 samples where each 
column along the x-axis represents a unique sample and are arranged 
along latitudinal gradient from south to north (K = 2–6), with three 

individuals expressing a hybrid signal labeled by a “*” above (FlSB10, 
CHHS26, and NcFR10 respectively)

 

Fig. 3  Comparison of the frequency of mitochondrial lineages in Sotka et al. (2023) (left panel) and the frequencies of SNP lineages assigned by 
DAPC analysis with populations greater than five samples (right panel)
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D (Fig.  1) show divergence in mitochondrial and nuclear 
genomes that occur along distinct biogeographic zones, 
while the two mitochondrial lineages from the mid-Atlantic 
(B & C; Fig. 1) display a homogenized nuclear background, 
suggesting introgression and hybridization have occurred 
since the mitochondrial lineages arose.

These four lineages are geographically separated by the 
Florida peninsula, Cape Canaveral, and at some location 
between Virginia and Cape Cod (Fig. 2). These phylogeo-
graphic barriers are common to several other co-occurring 
estuarine and coastal species (Altman et al. 2013; Avise 
1992; Roy et al. 2012; Tepolt et al. 2020; Zakas and Wares 
2012), including other annelids (Bastrop et al. 1998; Jen-
nings et al. 2009; Zakas and Wares 2012). The breaks are 
likely maintained at least in part by local oceanographic bar-
riers. For example, the Gulf Stream shifts offshore at Cape 
Canaveral, minimizing successful recruitment of larvae 
north of this point (Avise 1992; Hellberg et al. 2002; Pelc et 
al. 2009; Reeb and Avise 1990).

Restricted dispersal in D. cuprea is indicated by the pres-
ence of significant slope of genetic isolation by distance 
(IBD) in the mid-Atlantic (Fig.  5). It is unlikely that this 
IBD pattern arose because of vicariance events and geo-
graphic distribution of multiple lineages, which are known 
to bias IBD estimates (Bradburd et al. 2018; Frantz et al. 
2009; Meirmans 2012). This is because we focused our 
analyses within and not across phylogeographic barriers, 
and visual analysis of the distribution of DAPC lineages in 
the mid-Atlantic suggests no geographic differences in their 
frequency across space (Fig. 3).

revealed no overall differentiation between estuaries and 
slight differences between coastal and more inland sites of 
Charleston Harbor, Broad River, and St. Helena.

When comparing populations of the mid-Atlantic (e.g., 
from northern Florida to Virginia, ~ 1021  km), increased 
pairwise genetic differentiation correlated with increased 
pairwise geographic distance (i.e., isolation by distance, or 
IBD), when collections at upper and lower ends of South 
Carolina estuaries were treated as independent values 
(R2 = 0.21, P = 0.001, Fig. 5) or grouped together by estuary 
(R2 = 0.27, P = 0.001; Supplemental Fig. 4).

Among 190 worms in South Carolina, there were 8 olive 
worms, 37 black worms, and 145 golden worms (Fig.  6). 
Golden coloration was the most commonly occurring pheno-
type through sampling, with the two southernmost sampling 
locations displaying the lowest number of collected olive 
samples. A PC analysis revealed no clear pattern of genetic 
differentiation between the three phenotypes (PC1 = 6.72%, 
PC2 = 2.93%; Fig. 6). Proportions matched those expected 
if three phenotypes are controlled by a single gene with two 
alleles and incomplete dominance, with black worms being 
the heterozygote. A χ2 test showed a value of 6.59 which 
fails to reject this hypothesis at the 0.01 alpha level.

Discussion

There is concordance between the mitochondrial and 
nuclear phylogenies, indicating the presence of four cryptic 
lineages that rarely interbreed. Mitochondrial A1, A2, and 

Fig. 5  Isolation by distance of populations that had greater than five 
samples, and excluding Massachusetts, St. Teresa, and Fort Pierce 
populations. IBD was performed through a linear regression followed 

by a Mantel test to determine significance. Broad River, Charleston 
Harbor, and St. Helena Sound from coastal and inland sites were 
treated as independent samples
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regions beyond phylogeographic barriers (Fig. 4). This sug-
gests that worms from southeastern Florida made a recent 
introduction across a phylogeographic barrier to these areas 
and subsequently hybridized with local populations. Well-
studied vectors, such as ballast water, have allowed invasive 
species to conquer areas previously unobtainable through 
water currents alone (Bailey 2015; Endresen et al. 2004; 
Cusack et al. 2009; McMahon 1996). It stands to reason that 
with its lecithotrophic larval stage. Diopatra cuprea could 
be moved through similar means and explain the hybrid 
individuals seen.

The morphological coloration of D. cuprea found in this 
study was not genotypically differentiated with our SNP 
panel. It is unsurprising that a variety of colors was seen 
amongst South Carolina samples, as other Diopatra spe-
cies show similar diversity in phenotypic coloration (Allen 
1959; Çinar et al. 2014; Dağli et al. 2005; Fauchald et al. 
2012; Pires et al. 2012; Warren 1942).

The break between mitochondrial clades A and B in the 
vicinity of Amelia Island, FL, is consistent with previous 
work showing that Nassau Sound represents a break in 
Diopatra abundance– no localities in Florida support the 

Restricted gene flow in Diopatra is predicted by its life 
history, larval biology and its estuarine habitat. D. cuprea 
larvae are lecithotrophic, which remain in the water column 
on a shorter timescale than do planktotrophic larvae because 
of restricted energy supply in the yolk sac. Furthermore, 
lecithotrophic larvae often produce smaller brood sizes 
than planktotrophic larvae, therefore generating a smaller 
number of potential recruits (Levin 1984; Richmond 1987). 
Moreover, adult D. cuprea reside within a tube (Myers 
1972), and do not travel to mate (Allen 1959; Paxton 1993; 
Ruppert et al. 2004; Wilson 1991), allowing the only natural 
gene flow to occur from passively transported lecithotrophic 
larvae. Estuaries themselves also act as a genetic barrier 
through current patterns that reduce water flow out of the 
estuary and across opposite sides of an inlet within an estu-
ary (e.g., Marko and Barr 2007).

There is evidence of rare transplantation events and 
hybridization of cryptic lineages. For example, the pres-
ence of three individual worms (FlSB10, CHHS26, and 
NcFR10) that held a large portion of their genetic ancestry 
to the southeastern Florida clade and were assigned to that 
genetic lineage despite being physically located in adjacent 

Fig. 6  The proportion of phenotypes observed within each South Carolina harbor sampled during the summer of 2022 (A) and a principal compo-
nent analysis performed on South Carolina samples grouped by their assigned phenotypic coloration (B)
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1924599 (to EES and AES) and OCE-1851262 (to EES).

Data availability  All data, code, and figures are publicly available at: ​
h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​e​​s​o​t​​k​a​/​​D​i​o​p​a​t​r​a​S​N​P​s​/. Custom Unix code used for 
demultiplexing FASTQ files is available at: ​h​t​t​​p​s​:​/​​/​g​i​​t​h​u​​b​.​c​o​m​/​s​t​r​a​n​
d​a​/​d​e​m​u​x​.​g​i​t​. The raw fastq files are linked to BioProject accession 
number PRJNA1103840 in the NCBI BioProject database ​(​h​t​t​​p​s​:​​/​/​w​w​​
w​.​​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​)​.​​
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