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et al. 2018). The number of successful invaders to some 
estuaries ranges from dozens to hundreds of known spe-
cies (Ruiz et al. 1997, 2011; Bax et al. 2003; Molnar et al. 
2008). However, due to a relative lack of systematic, bio-
geographic, and historical data for marine species relative to 
terrestrial or freshwater species, many species remain cryp-
togenic as their status as native or introduced is unknown or 
is unreliable (Carlton 1996; Geller et al. 2010; McGeoch et 
al. 2010). Correctly identifying native vs. non-native spe-
cies is important for understanding their community-level 
impacts, and is a critical first step in any effort to manage or 
prevent future invaders (Darling et al. 2017).

The widespread presence of morphologically indis-
tinguishable species complexes makes inferring rates 
and patterns of dispersal difficult, necessitating the use of 
molecular methods to accurately quantify cryptic diversity 
(Knowlton 1993). Cryptic species complexes are especially 
common among geographically widespread species (Geller 
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been reported for a number of marine species (Rilov and 
Crooks 2009). For example, the cryptogenic colonial ascid-
ian, Botryllus schlosseri, was thought to be introduced to the 
northwest Atlantic but a population genetic survey found its 
lineage was native (Yund et al. 2015).

Introductions of cryptic species or lineages may result in 
the formation of novel hybrids (Morais and Reichard 2017). 
Introgression of introduced alleles can result in the loss of 
native genotypes or complete replacement of a native spe-
cies or population. Recombination of native and introduced 
parental genotypes can also result in the creation of novel, 
adaptive genotypes that increase hybrid fitness and/or lead 
to hybrid speciation (Lee 2002). At times, such hybrids can 

et al. 2010) and small invertebrates with high rates of spe-
ciation (Morais and Reichard 2017). Failure to recognize 
cryptic diversity may result in under- or overestimating 
the frequency of invasions. Underestimates arise when an 
introduced cryptic species is mistaken for a related, mor-
phologically similar native species or lineage, while overes-
timates occur when a native species that is morphologically 
identical to a species described elsewhere is incorrectly 
identified as introduced. Underestimates have occurred in 
a variety of taxonomic groups including hydrozoans, mol-
lusks, bryozoans, seaweeds, decapods, and arthropods, 
among others (Morais and Reichard 2017). As the default is 
to classify species as native, overestimates are rare but have 

Region Location Date first 
reported

Reference

North-Western Atlantic
Eastern USA Great Egg Bay, NJ 1873 Smith 1873
South-Western Atlantic
Argentina Puerto Madryn 1980 de Pina 1997
Caribbean Sea
Venezuela Isla Garrapata & Playa Esteban 1991–2002 Martin and Diaz 

2003
North-Eastern Atlantic
Portugal Mondego Estuary 1992 Pardal et al. 2000
Portugal Ria de Averio 1999 Cunha et al. 1999
France Balaruc-les-Bains (Bassin de 

Thau)
2000 Faasse 2015

France Martigues (Etange de Berre) 2003 Faasse 2015
Netherlands Port near Vlissingen 2014 Faasse 2015
North-Eastern Pacific
Korea Cheju Island 1985 Kim and Kim 1987
Japan/China various unclear see Nagata 1960
North-Western Pacific
Western USA Tomales Bay, CA 1941 Carlton 1979
Western USA San Francisco Bay,CA 1941 Carlton 1979
Western USA Newport Bay, CA 1942 Barnard 1965; 

Carlton 1979
Western USA Coos Bay, OR 1950 Barnard 1954
British Columbia Haida Gwaii 1957 Sloan and Bartier 

2004
Western USA Morro Bay, CA 1965 Carlton 1979
Western USA Bodega Harbor, CA 1975 Carlton 1979
Western USA Elkhorn Slough, CA 1988 Wasson et al. 2001
Western USA Puget Sound, WA 1998 Cohen 1998
Western USA Willapa Bay, WA 2000 Cohen et al. 2001
Western USA Humboldt Bay, CA 2000 Boyd et al. 2002
Western USA Channel Islands Harbor, CA 2001 Cohen et al. 2002
Western USA Long Beach Harbor, CA 2001 Fairey et al. 2002
Western USA Oceanside Harbor, CA 2001 Fairey et al. 2002
Western USA San Diego Bay, CA 2001 Fairey et al. 2002
British Columbia Prince Rupert Harbor 2005 Lu et al. 2007
British Columbia Vancouver Harbor 2005 Lu et al. 2007
Western USA Yaquina Bay 2006 Pilgrim and Darling 

2010

Table 1  Dates Ampithoe valida was first 
collected or seen in the Atlantic and Pacific 
Ocean
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Table 2  Amphipod collection localities for genetic and genomic analyses. We provide the number of individuals with the three mtDNA clades (A, 
B, and C) as defined here and in Pilgrim and Darling 2010, and sample size genotyped for SNPs. The Notes contains either the collector (ES = E. 
Sotka, CS = C. Sotka, RT = R. Terada, MV = M. Valinas, KH = K. Harper, LS = L. Scheinberg, HE = H. Endo, SKH = S. Krueger-Hadfield, NK = N. 
Kollars, JP = J. Pocklington, TK = T. Krueger, BK = B. Krueger, BH = B. Hughes) or GenBank numbers
Site Region Site.Code Latitude Longitude mtDNA.A mtDNA.B mtDNA.C SNPs Notes
Argentina, Playa 
Bonita Beach

Argentina ARG -43.37 -65.05 21 0 0 21 MV

Charleston Harbor, 
SC

Eastern US NA 32.75 -79.9 7 0 0 NA GU048371-
GU048377

Charleston Harbor, 
SC

Eastern US CHS 32.7513 -79.9 22 0 0 22 KH,LS

Chesapeake Bay, 
Goodwin Islands 
(VA)

Eastern US CBV 37.2167 -76.3833 24 0 0 22 LS

Millstone Point, CT Eastern US NA 41.3 -72.17 18 0 0 NA GU048353-
GU048370

Sandwich Marina, 
MA

Eastern US SND 41.7703841 -70.503639 18 0 0 18 KH

Allan Harbor, RI Eastern US ALN 43 -71.412556 20 0 0 20 KH
Shimabira Japan SHI 31.42393 130.16317 0 20 0 20 ES,CS,RT
Kaeda Japan KAE 31.82067 131.4481 0 8 0 8 ES,CS,RT
Wajiro Japan WAJ 33.673563 130.426959 0 2 5 7 ES,CS,RT,SKH
Osaka: Misaka, 
mouth of Higashi 
River

Japan OSA 34.3166667 135.116667 0 3 17 20 LS

Mangoku-ura Japan MNG 37 142 0 0 18 20 SKH,CH,HE,JP
Matsushima Bay Japan SOU 38.352839 141.059694 0 1 22 23 SKH,CH,HE,JP,ES
Moune Bay Japan MOU 38.9012 142.5 0 1 20 21 ES,HE,JP
Elkhorn Slough, CA Western US EHS 36.504474 -121.45131 0 0 20 20 SKH, TK, BK, BH
San Francisco Bay, 
CA

Western US NA 37.72 -122.28 4 63 0 NA GU048411-
GU048477

San Francisco Bay, 
CA

Western US SFB 37.95 -122.5 0 51 0 51 LS

Tomales Bay, CA Western US TMB 38.17 -122.91 0 0 17 17 SKH,NK,LS
Tomales Bay, CA Western US NA 38.17 -122.91 0 0 31 NA GU048478-

GU048508
Bodega Bay, CA Western US NA 38.31 -123.05 0 0 2 NA JX545458-

JX45459
Humboldt Bay, CA Western US NA 40.72 -124.24 32 0 1 NA GU048378-

GU048410
Humboldt Bay, CA Western US HUM 40.7333333 -124.21667 19 0 4 23 LS
Coos Bay, OR Western US NA 43.41 -124.21 0 0 15 NA GU048179-

GU048193
Yaquina Bay, OR Western US NA 44.62 -124.02 0 0 9 NA GU048170-

GU048178
Willapa Bay, WA Western US NA 46.54 -123.99 1 0 95 NA GU048257-

GU048352
Willapa Bay, WA Western US WIL 46.6666667 -124 0 0 26 16 LS
Grays Harbor, WA Western US NA 46.95 -124.04 0 0 7 NA GU048250-

GU048256
Puget Sound, WA Western US NA 47.94 -122.53 0 0 56 NA GU048194-

GU048249
Ampithoe caddi Australia NA NA NA NA NA NA NA KP316287
Ampithoe dalli California, 

US
NA NA NA NA NA NA NA KP316288

Ampithoe 
longimana

Rhode 
Island, US

NA NA NA NA NA NA NA KP316293

Ampithoe lacertosa Japan NA NA NA NA NA NA NA KP316294
Ampithoe sectimanus California, 

US
NA NA NA NA NA NA NA KP316301
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of three objectives. First, phylogenetic analysis of mtDNA 
sequence data for samples from Japan, Argentina, and the 
east and west coasts of the US was used to test for con-
firmation of the existence of a cryptic species complex 
within A. valida. Second, to construct a full picture of A. 
valida’s population genetic structure, combined mitochon-
drial and nuclear DNA data were used to evaluate whether 
mitonuclear discordance is present in its cryptic lineages. 
Lastly, combined mitochondrial and nuclear DNA were also 
used to determine if introgression among cryptic lineages 
occurred following introduction events.

Materials and methods

Sampling

A total of 359 individuals of amphipods identified mor-
phologically as A. valida from 17 populations across its 
geographic distribution were collected and/or supplied by 
colleagues from 2014 to May 2016 (Table 2). Individuals 
were collected by hand from eelgrass beds and from algae 
(primarily Ulva lactuca, Gracilaria vermiculophylla and 
Fucus vesiculosus) on docks, mudflats, and sandy/rocky 
shores. They were immediately euthanized and stored in 
95% ethanol until use.

Extractions, PCR amplification, and mtDNA 
sequencing

Molecular lab work was conducted at the Center for Com-
parative Genomics (CCG) at the California Academy of Sci-
ences (CAS) and at Grice Marine Laboratory at the College 
of Charleston. Genomic DNA was extracted from amphipod 
tissue using either a Qiagen DNeasy spin-column kit fol-
lowing the manufacturer’s protocol for animal tissues or a 
Macherey-Nagel Nucleospin Tissue kit. For individuals that 
were less than approximately one centimeter in length or 
severely degraded, the entire individual was used; otherwise 
only half of the individual was used in the extraction. An 
approximately 547 bp fragment of the mitochondrial gene, 
cytochrome c oxidase subunit 1 (COI) was amplified using 
standard PCR conditions and forward and reverse custom 
made primers from Pilgrim and Darling (2010). PCR prod-
ucts were purified using an Exo-sap it protocol and were 
either sequenced on an Applied Biosystems 3130 Genetic 
Analyzer or sent to Eurofins Genomics for sequencing.

become invasive as a result of hybrid vigor, as evidenced in 
San Francisco Bay where the introduced cordgrass, Spar-
tina alterniflora, introduced to the area in 1975, extensively 
hybridized with the native cordgrass, S. foliosa, ultimately 
driving out local genotypes via pollen swamping (Ayres et 
al. 1999; Daehler and Strong 1997; Strong and Ayres 2013). 
Molecular data can also be used to identify hybrid invasions 
and assess the extent of introgression of introduced alleles 
into native populations.

Ampithoe valida is a benthic, tube-building gammarid 
amphipod with a cosmopolitan distribution (Table 1). Origi-
nally described by Smith (1873) from Long Island Sound 
on the east coast of the United States, it was later observed 
elsewhere along this coast and along the west coast of the 
US, including California (Alderman 1986), Oregon and 
Washington (Barnard 1954). Its distribution also extends to 
Japan and Korea and has more recently been recorded to 
occur in Argentina as well as Europe, specifically France 
and Portugal (Alonso et al. 1995; Pardal et al. 2000; Chap-
man 2007; Kim 2011; Faasse 2015). A. valida is a grazer, 
typically feeding on a mixture of macroalgae and epiphytic 
algae that grows on seagrass, but not the seagrass itself (e.g., 
Douglass et al. 2011). In contrast, this amphipod directly 
consumes large quantities of Zostera marina (eelgrass) 
leaves and fruits in San Francisco Bay, in addition to algae 
(Reynolds et al. 2012; Carr and Boyer 2014; Lewis and 
Boyer 2014). This switch from a mutualistic partner with 
eelgrass to a pest manifests as extensive damage to natural 
beds and interference with eelgrass restoration efforts in San 
Francisco Bay (Lewis and Boyer 2014).

Previously, Pilgrim and Darling (2010) investigated 
genetic diversity in A. valida from the east and west coasts 
of the US using the mitochondrial cytochrome c oxidase I 
(COI) gene. Their data supported three distinct evolutionary 
lineages that have been diverging for almost three million 
years, suggesting both cryptic species-level diversity and 
multiple introduction. However, the Pilgrim and Darling 
(2010) analyses were limited in geographic scope relative to 
the entirety of the A. valida described range. Moreover, the 
analyses were based on a single genetic marker, mitochon-
drial COI, which has several limitations: it has less power 
than nuclear genes to accurately resolve some evolutionary 
relationships due to its high mutation rate, which can over-
estimate differences between closely related taxa (Funk and 
Omland 2003, but see Kemppainen et al. 2009), its mater-
nal mode of inheritance can indicate erroneous divergences 
if the species exhibits sex-biased dispersal, and differen-
tial introgression relative to other markers is impossible to 
detect and impedes discovery of admixture following intro-
duction events (Dupuis et al. 2012).

Here, we investigated cryptic diversity and inferred his-
toric and recent movement of A. valida through the pursuit 
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minimum match percent set to 92% and pruned with a mini-
mum sequence length of 50 bp. To remove potential para-
logs, consensus sequences obtained for each contig were 
assembled de novo to each other with a minimum match 
percent set to 83%. Parsed reads were then assembled, with 
a maximum edit distance set to 6  bp, to the pruned con-
tigs coming out of the de novo assembly using bwa (Li and 
Durbin 2009). These alignments were then used to call vari-
ant SNP sites with samtools / bcftools version 0.1.19 (Li et 
al. 2009). We analyzed a single SNP per contig to reduce the 
effects of physical linkage on population genetic parameters 
and filtered out SNPs that were recorded in fewer than 50% 
of individuals, had greater than two alleles per individual and 
possessed a minor allele frequency < 5%. We generated a set 
of genotype likelihoods that combine the uncertainty gener-
ated by sequence coverage, sequencing error, and alignment 
error. We converted the phred-scale genotype likelihoods 
(from samtools/bcftools) per SNP-sample combination into 
probabilities that summed to 1, and then converted these to a 
single value that ranges from 0 to 2, where 0, 1 and 2 repre-
sent the highest probability of a homozygote, heterozygote, 
and alternative homozygote, respectively.

Population genomic analyses

Admixture analyses were performed with the final, filtered 
set of 10,295 SNPs using the program Entropy (Gompert 
et al. 2014). Entropy uses a Bayesian clustering algorithm 
that incorporates uncertainty in sequencing coverage and 
uses allele frequencies as a prior. Genotype estimates were 
used to create starting values for the Bayesian cluster-
ing algorithm in Entropy. Entropy runs (five independent 
chains) were each initiated with a discriminant analysis of 
principal components function (DAPC; Jombart et al. 2010) 
and a k-means clustering for numbers of putative clusters 
(k = 2–8) based on the genotype estimates. The optimal 
number of clusters was determined by comparing the devi-
ance information criteria (DIC) for each number of clusters. 
From Entropy, genotype probabilities and admixture pro-
portions were extracted for each respective cluster, k = 2–8. 
Bar plots of the admixture proportions for all k clusters were 
created in R (R Core Team 2018).

To visualize geographic structure, posterior genotype 
probabilities were extracted for all k clusters and principal 
component analyses performed for each using the prcomp 
function in R.

To provide a view of hybridization across loci, we filtered 
loci that were highly divergent between Pacific (all Japanese 
plus Willapa Bay, Tomales Bay and Elkhorn Slough) and 
Atlantic populations and all populations, including those 
that appeared using PCA to be composed of hybrids (i.e., 
Humboldt and San Francisco Bay). We generated genotypes 

mtDNA sequence alignment and phylogenetic 
analyses

Sequences of our 359 individuals were combined with 
sequences for 342 individuals sampled by Pilgrim and Dar-
ling (2010; GU048170-GU048508; Table  2). To serve as 
outgroups for phylogenetic analyses, we used previously 
sequenced samples of Ampithoe caddi (KP316287), A. 
dalli (KP316288), A. longimana (KP316293), A. lacertosa 
(KP316294) and A. sectimanus (KP316301; Sotka et al. 
2017). All sequences were aligned in Clustal using default 
conditions. These sequences were trimmed to 508 basepairs 
and duplicate sequences were removed using a custom R 
code and R::ape (Paradis and Schliep 2019). We imported 
the 47 unique A. valida and five outgroup sequences into 
SeaView (Gouy et al. 2010) to construct a maximum likeli-
hood phylogeny using PhyML (Guindon et al. 2010) with 
100 bootstrap replicates and a neighbor joining tree. We 
then used MrBayes (v 3.2.7a) to generate Bayesian phylog-
enies (Ronquist et al. 2012) with 100,000 replicates, sam-
pled every 100 times. We confirmed the presence of three 
mitochondrial clades (i.e., A, B, C) as defined in Pilgrim and 
Darling (2010).

Reduced-representation genomic library 
preparation and sequencing

We genotyped single nucleotide polymorphisms (SNPs) 
using a restriction-site associated genotype-by-sequencing 
following Parchman et al. (2012) on DNA extractions from 
350 individuals. Eleven individuals sampled for mtDNA, 
but not included in the RADseq library did not have a suf-
ficient amount of DNA extraction product to be included. 
Genomic DNA was digested with two restriction enzymes, 
EcoRI and MseI. Pooled fragments for each individual were 
ligated with customized adaptor sequences containing the 
Illumina adaptors and primer sequences and unique 8–10 bp 
barcodes to allow for the in silico identification of individu-
als. DNA fragments were amplified by PCR twice and size 
selected (300–450 bp) using a Blue Pippin. The final library 
was sequenced using a single-end 100 bp protocol within a 
lane of an Illumina Hiseq-4000 sequencer at the University 
of Texas at Austin Genome Sequencing and Analysis Facil-
ity (GSAF).

PhiX sequences present in the raw reads were identified 
using a bowtie2 (Langmead and Salzberg 2012) assembler 
and removed (13% was phiX). Cut sites and adaptors were 
removed from the remaining reads (256,667,215) and then 
parsed using barcodes into a single FASTQ file per indi-
vidual using custom Perl scripts. A subset of 15 million raw 
reads was used to create a de novo assembly using vsearch 
(Rognes et al. 2016). Contigs were assembled with a 
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Fig. 1   A) Bayesian phylogeny 
based on Ampithoe species 
COI haplotypes. Small grey 
circles indicate nodes with 70% 
maximum likelihood bootstrap 
support and black circles indi-
cate 95% posterior probability 
from Bayesian search. Clade 
A (orange), B (green) and C 
(blue) were defined by Pilgrim 
and Darling 2010. Numbers 
after each haplotype indicate the 
number of repeated haplotypes 
sequenced (B) Admixture pro-
portions based on three putative 
clusters using SNP genotype 
likelihoods (k = 3). Each bar 
represents one individual and is 
separated into colored segments 
that represent that individual’s 
likely proportion of member-
ship to a cluster. Black lines 
separate individuals of different 
populations. Populations are 
labeled below the figure with 
their regional affiliations above 
(Arg = Argentina)
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while all individuals from Tomales Bay and Willapa Bay, 
and 3% of Humboldt Bay, had COI-C. COI-B was found 
only in Japan and in a single locality, San Francisco Bay, 
on the west coast of the US. It comprised 100% of the indi-
viduals from Kaeda and Shimabira, 97% of the individuals 
from San Francisco Bay, and 5%, 5%, 29%, and 4% of indi-
viduals in Osaka, Moune Bay, Wajiro, and Matsushima Bay, 
respectively. COI-A dominated the east coast of the US and 
a single population in Argentina (Fig. 2). Additionally, the 
COI-A clade composed 97% of the individuals in Humboldt 
Bay, but only 3% of those in San Francisco Bay.

Geographic structure of nuclear SNPs

The number of reads linked to 348 individuals after remov-
ing phiX sequences and quality filtering was 25.6 million. 
We removed one Allan Harbor individual from further 
analyses as there were zero reads. The number of reads per 
individual averaged 733,304 (median: 768,742; range: 0 to 
1,894,020 reads per individual. After selecting a single SNP 
per contig, a total of 20,745 variable sites were detected; 
10,295 sites had a minor allele frequency > 5% and were 
used for all analyses. Mean number of reads per SNP per 
individual was 2.2.

The set of 10,295 SNPs was analyzed for genetic admix-
ture using Entropy and putative genetic clusters ranging from 
k = 2 to 8. An admixture model of K = 3 (DIC = 13539170.9) 
best explained the genetic variation among the set of SNPs 
(Fig. 1B), and these splits were generally reflected within 
runs with greater k (i.e., k = 4–8; Figures S1 and S2). For 
most populations, the geographic distribution of the three 
SNP clusters broadly mirrored the distribution of the three 
mtDNA haplotypes (Fig. 2). In Japan, one cluster dominated 
southern Japan (coincident with dominance by COI-B), a 
second cluster dominated northern Japan (coincident with 
dominance by COI-C) and a hybrid zone appeared between 
these two regions. Along the east coast of the US and 
Argentina, a third cluster dominated nearly all individuals 
(coincident with COI-C). Along the west coast of the US, 
some populations (Willapa Bay, Tomales Bay, and Elkhorn 
Slough) were dominated by the same cluster and mitochon-
drial marker (COI-C) dominating northern Japan with very 
few exceptions.

Two populations (Humboldt Bay and San Francisco Bay) 
consisted of individuals with mixed genomic ancestry. Indi-
viduals in Humboldt Bay were composed of 64% of the 
genomic cluster that dominates the eastern US and 36% of 
the genomic cluster that dominates northern Japan and other 
western US populations. Individuals in San Francisco Bay 
were composed of 75% of the genetic cluster in the eastern 
US and 25% with the cluster that dominates southern Japan.

by rounding the genotype likelihoods for each SNP by 
individual combination to 0, 1 or 2, estimated mean allele 
frequency across all Pacific individuals (Japan and western 
North America) and all eastern Atlantic individuals, and 
then filtered for those loci that differed in allele frequencies 
by > 95% (e.g., pPac = 0.99 versus pAtl = 0.03 yields 0.96). 
These genotypes were then used to construct a heat map 
showing individual- and locus-specific genotypes. Each 
block represents the estimated genotype for an individual 
at a particular locus, with red blocks representing an indi-
vidual who is homozygous for alleles confined to the Pacific 
at particular loci, yellow blocks representing individuals 
who are homozygous for alleles confined to the Atlantic at 
particular loci, and orange blocks representing individuals 
who are heterozygous at particular loci. Metadata, genotype 
likelihoods, the reference denovo scaffolds, R code for the 
hybrid plot, and a fasta-formatted mtDNA alignment can be 
found at https://github.com/esotka/AmpithoeValida. Novel 
mtDNA sequences (Accession ON148466-ON148512) 
and FASTQ files (BioProject PRJNA825556) have been 
uploaded to GenBank.

Results

Phylogeography of mitochondrial COI haplotypes

Phylogenetic analyses of 47 unique A. valida sequences con-
firmed that A. valida is a monophyletic species comprised of 
three deep mtDNA lineages (support of monophyly 100% 
for both maximum likelihood bootstrap and posterior prob-
ability; Fig. 1 A). We follow the convention of Pilgrim and 
Darling (2010) and label the Atlantic lineage as COI-A, and 
the Pacific lineages as COI-B and COI-C. While Bayesian 
(Fig.  1 A) and maximum likelihood (not shown) phylog-
enies indicated that the COI-C clade is basal to the species, 
these were not well supported statistically. Moreover, while 
clades A and B appear to be sister taxa, their statistical sup-
port was not strong. Of the 660 A. valida individuals, we 
detected 39 unique haplotypes and eight (8) that occurred in 
more than one individual. Three (3) haplotypes were found 
in 87% of individuals: Haplotype 1 (Clade A; 156 individu-
als; e.g., GenBank Accession # GU048370), Haplotype 31 
(Clade B; 104 individuals; e.g., GU048414) and Haplotype 
16 (Clade C; 314 individuals; e.g., GU048199). The pair-
wise genetic distance between these three A. valida haplo-
types was approximately 4.8% (A vs. B), 5.4% (A vs. C) and 
4.3% (B vs. C).

COI-C haplotypes were abundant in northern Japan and 
the west coast of the US (Fig. 2). COI-C was found at 85%, 
95%, 71%, 96%, and 100% of individuals from Osaka, 
Moune Bay, Wajiro, Matsushima Bay, and Mangoku-ura, 

https://github.com/esotka/AmpithoeValida
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contrast, most individuals from Humboldt Bay had a mixed 
Atlantic/Pacific background while having the COI-C allele 
that also dominates the Pacific. Argentina was dominated by 
both Atlantic mitochondrial and nuclear alleles.

To better understand structure within the eastern US, 
principal component analysis on the entire set of nuclear 
SNPs was performed for individuals native to the eastern 
US; i.e., all individuals sampled from along the east US 
coast with the exception of the two outliers from Allan Har-
bor and Chesapeake Bay, which were likely recently intro-
duced (N = 80; Fig. 4 A). PC1 delineates most individuals in 
SC (Charleston) from other eastern US individuals (RI, MA 
and VA), while PC2 splits the northern populations (RI and 
MA) from VA.

An analysis of eastern US and Argentine individuals 
(Fig. 4B) showed no clear pattern, suggesting that Argen-
tine invasion may have originated from multiple eastern US 
populations. Principal component analysis of 53 individu-
als with the COI-C haplotype among the native western US 
populations (i.e., Elkhorn Slough, Tomales Bay, and Wil-
lapa Bay; Fig. 4 C) indicated a major split between Elkhorn 
Slough individuals and the other California populations. An 
analysis of COI-C lineages from western US and Japanese 
populations (Fig. 4D) indicates a combination of PC1 and 
PC2 splits the Japanese and western US populations, and 
substantial differentiation among populations within these 
two regions.

Discussion

We confirm Pilgrim and Darling 2010’s conclusion that A. 
valida is composed of three cryptic lineages using both COI 
sequencing and a novel SNP dataset. Our dataset also reveals 
the source of multiple A. valida introductions worldwide, 
and characterizes the hybridization dynamics of cryptic lin-
eages in California as a consequence of some introductions 
(see summary in Fig.  5). We treat each of these findings 
below in turn.

Cryptic species complex

A. valida was originally described in 1873 from the eastern 
US in Long Island Sound in New Jersey (Smith 1873). Sub-
sequent scholars then described A. valida as introduced to 
the western US, Japan, Europe and South America (Table 1). 
However, contrary to these interpretations, there are several 
reasons to believe that A. valida species complex arose ini-
tially in the North Pacific, and then expanded into the Atlan-
tic. First, the COI-C clade, which occurs exclusively in the 
north Atlantic, does not appear to be basal in the COI phy-
logeny, although statistical support for these nodes is not 

Moreover, within some populations, a few individuals 
were clearly distinct from local population ancestry. For 
example, seven individuals from San Francisco Bay clus-
tered with southern Japan. Another individual from San 
Francisco Bay clustered approximately 50/50 with the two 
genomic clusters occurring in the Pacific. Two individuals 
in the Atlantic, one from Allan Harbor and one from Ches-
apeake Bay, strongly clustered with southern Japan and 
northern Japan/western US populations, respectively.

Principal component analysis of nuclear SNP data largely 
confirmed these same patterns. For most populations, the 
three SNP clusters corresponded almost completely with 
the three mtDNA haplotype clades (Fig.  3  A). Principal 
component axis 1, which explained 55% of the variation, 
separated all eastern US populations and Argentina that are 
dominated by the COI-A clade from all Japanese and ‘non-
mixed’ west coast US populations that are predominantly 
composed of either the COI-B or COI-C clade. The only 
exceptions were the previously mentioned individuals from 
Allan Harbor and Chesapeake Bay that grouped with COI-C 
and COI-B individuals, respectively. Principal component 
axis 2 explained 11% of the variation and separated northern 
Japan populations that were composed mostly of the COI-C 
clade from southern Japan populations predominantly com-
posed of the COI-B clade. Major exceptions include some 
individuals in Osaka and Wajiro that fall into the COI-C 
clade, but cluster with individuals from southern Japan that 
fall into the COI-B clade.

Similar to the admixture analysis, PCA revealed that 
most individuals from Humboldt and San Francisco Bays 
are intermediate between Atlantic and Pacific regions 
(Fig. 3 A). Individuals from Humboldt Bay lie almost equi-
distant between the two groups, while San Francisco Bay 
individuals lie much closer to individuals from the Atlantic 
yet do not cluster tightly with them. The seven individu-
als that clustered with southern Japan under the admixture 
model also cluster with individuals from southern Japan in 
the PCA. The one individual that grouped equally with the 
Pacific clusters lies directly between the two Pacific clusters 
in PCA space as well validating it as the only clear hybrid 
between two different Pacific sources. The intermediate 
placement of most of the individuals from these popula-
tions, however, suggests that hybridization between Pacific 
and Atlantic sources has also occurred.

Another view of the hybridization between Atlantic and 
Pacific genes in Humboldt and San Francisco Bays was 
revealed when focusing on 335 nearly-fixed loci (i.e., loci 
with at least a 95% allele frequency difference) between 
the east coast of the US and populations in the Pacific (i.e., 
all Japanese plus Willapa Bay, Tomales Bay and Elkhorn 
Slough). San Francisco Bay had a highly Atlantic nuclear 
background, but had the COI-B allele from the Pacific. In 
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shown). Further sampling of these areas is needed to deter-
mine whether lineages are cryptic native or introduced 
populations.

More complicated introduction histories describe those 
of California bays of San Francisco and Humboldt. Pilgrim 
and Darling (2010) posed two hypotheses for the invasion 
history of A. valida in California. First, the Pacific clade 
COI-C was introduced to San Francisco Bay and spread 
northward, and then the Atlantic clade COI-A and Pacific 
clade COI-B replaced COI-C in Humboldt and San Fran-
cisco Bay, respectively. Alternatively, they suggested that 
Pacific clade COI-B was introduced to San Francisco Bay 
followed by separate cryptic introductions of Atlantic clade 
COI-A and Pacific clade COI-C to Humboldt Bay and the 
rest of the west Pacific, respectively.

After our more extensive sampling in the Pacific and 
sequencing of the nuclear genome, we reject both hypoth-
eses, and propose a more parsimonious scenario. The San 
Francisco Bay populations are largely a hybrid mix of both 
southern Japan and eastern US individuals. The placement 
of San Francisco Bay individuals in PCA space (Fig. 3) sug-
gests the majority of them are genetically similar to individ-
uals in the Atlantic with the exception of five individuals that 
grouped with individuals in southern Japan and one outlier 
between southern and northern Japan. The same pattern is 
seen under the admixture model (Fig. 2 C) with all individu-
als except six clustering with most of the individuals from 
the Atlantic. A view of 335 nearly fixed loci between the 
Atlantic and the Pacific indicates that San Francisco Bay has 
a highly Atlantic (eastern US) nuclear background, suggest-
ing there has been strong introgression of Atlantic alleles 
into San Francisco Bay. The Pacific COI-B haplotype domi-
nates San Francisco Bay and remains absent from any other 
west Pacific populations likely because it was introduced 
from southern Japan, where it appears to be native.

The Humboldt Bay population is dominated by COI-A, 
which remains absent everywhere else except the Atlantic. 
This suggests Humboldt Bay was invaded by an Atlantic 
COI-A that survives intact. However, the genomes of Hum-
boldt Bay individuals are genetically intermediate between 
Pacific and Atlantic populations. Analysis of the 335 nearly 
fixed loci show Humboldt Bay individuals to have an equal 
mixture of both Atlantic and Pacific genotypes indicating 
introgression of Atlantic alleles into a Pacific nuclear back-
ground, or vice versa. Humboldt Bay exhibits a high propor-
tion of heterozygotes, suggesting either that hybridization 
between individuals from the Atlantic and the Pacific is 
recent and ongoing with little to no backcrossing or selec-
tion in favor of heterozygosity.

Finally, there is evidence for a rare frequency of intro-
ductions to the eastern US. One individual from Chesapeake 
Bay clusters with northern Pacific populations (Japan and 

high. Second, a molecular phylogeny of the family Ampi-
thoidae indicates that A. valida resides in a North Pacific 
clade of Ampithoe species (Sotka et al. 2017). Finally, using 
a molecular clock for crustacean COI sequences of 1.4% 
per million years, Pilgrim and Darling (2010) suggest that 
A. valida participated in a trans-arctic exchange from the 
Pacific to the north Atlantic over 3 million years ago. This 
is consistent with a dispersal event after the opening of the 
Bering Strait sometime during the Pliocene era, along with a 
series of other Pacific species that dispersed via a trans-Arc-
tic route Orti et al. 1994; Palumbi and Kessing 1991; Reid 
et al. 1996; van Oppen et al. 1995; see review by Laakkonen 
et al. 2021). For example, the opening of the Bering Strait 
allowed for the initial colonization of blue mussels from the 
Pacific to the Atlantic Ocean. Repeated periods of glaciation 
eventually led to the allopatric divergence of Mytilus edilus 
in the Atlantic and Mytilus trossulus in the Pacific (Rawson 
and Harper 2009).

Since arriving to the western North Atlantic, A. valida 
has extended its range from Maine to as far south as Cape 
Canaveral, Florida (Bousfield 1973; Fox and Bynum 1975). 
The most southern population sampled from the eastern US 
in this study (Charleston Harbor) was found to be geneti-
cally differentiated from both the Chesapeake Bay and the 
two New England populations. This genetic split between 
northern and southern populations along the eastern US 
coast is consistent with those patterns found for the closely 
related amphipod Ampithoe longimana (Sotka et al. 2003), 
and a suite of other fish and invertebrates (Wares 2002). It 
is likely that the Last Glacial Maximum (~ 20 K years ago) 
forced some northern populations to retreat southward for 
refuge while others were able to achieve refuge in northern 
periglacial areas. As a result, periglacial and southern refu-
gia populations genetically diverged from one another over 
time (Maggs et al. 2008).

Evidence of human-mediated introductions

There is evidence of multiple human-mediated introduc-
tions of A. valida lineages. For example, the Argentine 
A. valida represents an introduction from the eastern US. 
Strong mitonuclear concordance in Argentina and the fact 
that A. valida was not discovered there until 1980 (Table 1) 
suggests that the invasion was recent. The source for the 
Argentine invasion within the eastern US coast remains 
unclear, however.

A. valida has recently been discovered in Europe, includ-
ing Portugal, France, and the Netherlands (Cunha et al.1999; 
Faase 2015; Pardal et al. 2001), and has also been reported 
from Korean waters (Kim and Kim 1987). As an aside, we 
found three South Korean samples on GenBank (JX502956-
JX502958) that are within the COI-C clade (analyses not 



Conservation Genetics

1 3

Fig. 2  Mitochondrial COI vs. 
nuclear SNPs. Pie charts based 
on mtDNA represent clade 
frequencies (Orange = Clade A, 
Green = Clade B, Blue = Clade 
C) for each population; pie 
charts based on nuclear SNP 
data represent the average 
admixture proportions based on 
three putative clusters (k = 3) for 
each population
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Evidence for human-mediated hybridization

When previously isolated lineages or species come into 
contact, a hybrid zone may form (Allendorf et al. 2001). 
Hybrid vigor in resulting offspring may occur depend-
ing on the level of genetic/genomic introgression between 

western US) while an individual from Allan Harbor clusters 
with southern Japan. Both individuals have a high propor-
tion of Pacific genotypes suggesting that these introductions 
are likely very recent.

Fig. 3  (A) Principal component 
analysis (PC1 against PC2) of 
SNPs. Individuals are colored 
by their mitochondrial clade 
assignment (Orange = Clade A, 
Green = Clade B, Blue = Clade 
C). Circles of a single indi-
vidual represent outliers from 
the Eastern USA and a square 
of a single individual represents 
an outlier from San Francisco 
Bay (SFB). (B) Genotypes of 
individuals for a subset of 335 
loci that are ‘fixed’ between US 
Atlantic populations and Pacific 
(US and Japan) populations. 
Red blocks represent homozy-
gotes for Pacific alleles, yellow 
blocks represents homozygotes 
for Atlantic alleles, and orange 
blocks represent heterozy-
gotes. The first plot to the right 
indicates the COI allele assign-
ment for each individual and 
the second plot indicates the 
proportion of each individual’s 
genome that is of Atlantic 
origin. Note the strongest 
cytonuclear mismatch are those 
genotypes in SFB that have 
predominantly Atlantic nuclear 
background (red) coupled with 
Pacific mitochondrial clades 
(COI-B)
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(Fitzpatrick and Shaffer 2004; Ryan et al. 2009; Fitzpatrick 
et al. 2010). In San Francisco Bay, A. valida has been found 
at very high densities on Zostera marina with up to a mean 
of 380 individuals per vegetative shoot and 650 per flower-
ing shoot, or over 20,000 individuals per m2 (Ayala 2021). 
It consumes large amounts of eelgrass leaves and fruits even 

lineages and the relative adaptive advantage of their dif-
ferent alleles (Arnold 1997; Lee 2002; Mallet 2005). For 
example, the native California Tiger Salamander and intro-
duced Barred Salamander have recently come back into 
contact to produce larger, earlier reproducing individuals as 
a result of adaptive introgression of some introduced alleles 

Fig. 4  Principal component analysis based on a K = 3 for individuals (A) within the native eastern US, (B) within the East Atlantic, (C) within 
the native western US and (D) within the native North Pacific. Colors represent the following populations-for (A & B) red-Allan Harbor, black-
Sandwich Marina, blue-Charleston Harbor, purple-Chesapeake Bay; orange-Playa Bonita Beach, Argentina; for (C & D) red-Elkhorn Slough, 
black-Tomales Bay, purple-Willapa Bay; orange-Mangoku-ura, green-Moune Bay, blue-Matsushima Bay
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water as a possible vector for introductions of A. valida 
from the Atlantic to the Pacific coast of the US, although 
A. valida has now been confirmed native to the Pacific as 
well. However, ship fouling and ballast water are common 
vectors of marine introductions and could be responsible for 
any of A. valida’s recent introduction events including those 
back to the Pacific from the Atlantic. The live bait trade is 
also a potential mechanism for A. valida’s introductions. 
The Maine marine baitworm trade, one of the largest suppli-
ers of marine bait for recreational fishing, was found to have 
a high diversity and abundance of marine organisms includ-
ing A. valida (Fowler et al. 2016). Shipments are mostly 
made along the east coast of the US, but are also sent to 
the US west coast and Europe including Italy, France, and 
Spain, and could account for recent introductions from the 
eastern US to Europe.

A. valida could have also hitchhiked on other marine 
organisms that have been moved around by human means. 
The Pacific or Japanese oyster, Crassostrea gigas, was 
introduced from Japan and Korea to the western US in 
1902 (Kincaid 1968; Andrews 1980; Chew 1990) and rein-
troduced back to Japan in 1980 (Chew 1990). It was then 

when epiphytes on eelgrass leaves or palatable macroalgae 
are plentiful (Reynolds et al. 2012; Carr and Boyer 2014; 
Lewis and Boyer 2014). A. valida outbreaks and damaging 
levels of direct eelgrass consumption have not been reported 
in this species before nor, to our knowledge, at any other 
locality worldwide, suggesting a recent phenomenon unique 
to San Francisco Bay. We speculate that novel combinations 
of Atlantic nuclear genotypes and Pacific COI haplotypes 
and adaptive genomic introgression could play a role in A. 
valida’s unusual feeding behavior and perhaps reproduction 
in San Francisco Bay.

Vectors

A. valida is a direct developer, and a single female can carry 
approximately 10–20 individuals (Sotka, personal observa-
tion). Thus, a relatively small number of pregnant mothers 
may found new populations. Possible vectors for A. valida’s 
recent (i.e., human-mediated) introductions include ship 
fouling and ballast water, bait boxes, and shipments of oys-
ters, Spartina salt marsh plants and seaweeds. Cohen and 
Carlton (1995) initially proposed ship fouling and ballast 

Fig. 5  A summary of our current understanding of cryptic native, introduced and hybrid lineages of Ampithoe valida from 
this study, Pilgrim and Darling (2010) and Faasse (2015)
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