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Significance

 Nearly every nonnative species of 
economic value was intentionally 
transplanted, and many 
accidentally transported multiple 
hitchhiking species. These 
nonnative populations have 
signatures of their history 
embedded in their DNA, but we 
have lacked a statistical 
framework for using these 
genetic markers to assess 
alternative hypotheses of 
dispersal. We statistically 
distinguish between competing 
vector hypotheses that 
themselves are empirically 
derived. The quantitative 
approach confirmed vector 
hypotheses based on historical 
evidence for some but not all 
species. Our results also 
reinforce the threat that 
deliberate introductions of 
aquacultured species can 
represent to local nearshore 
ecosystems and suggest that 
management strategies focus on 
prevention.
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The massive geographic expansion of terrestrial plant crops, livestock, and marine aqua-
cultured species during the 19th and 20th centuries provided local economic benefits, 
stabilized food demands, and altered local ecosystems. The invasion history of these 
translocations remains uncertain for most species, limiting our understanding of their 
future adaptive potential and historical roles as vectors for coinvaded species. We pro-
vide a framework for filling this gap in invasion biology using the widely transplanted 
Pacific oyster as a case study. A two-dimensional summary of population-level variation 
in single nucleotide polymorphisms in native Japan reflected the geographical map of 
Japan and allowed identification of the source regions for the worldwide expansion. 
Pacific oysters proliferate in nonnative areas with environmental temperatures similar 
to those areas where native lineages evolved. Using Approximate Bayesian Computation, 
we ranked the likelihood of historical oyster or shipping vectors to explain current-day 
distribution of genotypes in 14 coinvaded algal and animal species. Oyster transplants 
were a more likely vector than shipping for six species, shipping activity was more likely 
for five species, and a vector was ambiguous for three species. Applying this approach to 
other translocated species should reveal similar legacy effects, especially for economically 
important foundation species that also served as vectors for nonnative species.

biological invasions | Magallana (Crassostrea) gigas | aquaculture

 Nearly all terrestrial plant crops and livestock occur outside their regions of origin from 
centuries of human migration and deliberate translocation ( 1         – 6 ). Many of these range 
expansions accelerated during the 20th century and now provide economic security and 
reliable sustenance for local communities while profoundly impacting the biodiversity 
and functioning of local ecosystems ( 7 ). The introduction histories of many domesticated 
species remain poorly described, yet are essential to maintaining crop diversity ( 8 ), under-
standing the evolutionary processes of adaptation, dedomestication, and ferality ( 9 ,  10 ), 
and predicting a species’ capacity to adapt to current and future environmental condi-
tions ( 2 ).

 Deliberate translocation of species also provided potential vectors and reservoirs for a 
variety of diseases and pests that are accidentally introduced ( 5 ,  11 ,  12 ). Successful man-
agement of these accidental invasions depends on prevention of future invasions via these 
same vectors and on eradication and mitigation strategies based on knowledge of the 
invaders’ ecological and evolutionary background in their native range ( 4 ,  13 ). However, 
for many species, it has been difficult to unambiguously identify a role for movement with 
transplanted species versus other vectors [e.g., long-distance natural dispersal ( 5 )] or to 
identify original source populations. To date, such inference has largely depended on 
historical information (i.e., the timing and location of introduction) or the geographic 
distribution of genetic diversity in the cointroduced species alone (e.g., refs.  14   – 16 ). It is 
rare for population genetic patterns (which infer invasion history) of cointroduced species 
to be directly compared with those of a putative plant or animal vector and for alternative 
vector hypotheses to be statistically assessed.

 Like terrestrial species, aquatic species have a centuries-long history of transplantation 
and aquaculture that accelerated greatly during the 20th century ( 1 ,  17 ), and many of 
these deliberate transplants accidentally introduced hitchhiking species ( 18 ). Among the 
most important of the deliberate transplants is the Pacific cupped oyster Magallana gigas  
(syn. Crassostrea gigas ), which generates an estimated $1.5 billion annually in income from 
half a million tons of harvested biomass ( 19 ). M. gigas  is native to China, the Korean 
Peninsula, Japan, and Russia and is currently harvested on all continents except Antarctica 
( 20 ,  21 ), as a consequence of massive and deliberate introductions during the 20th century 
at a scale greater than any other marine or estuarine species ( 20 ). M. gigas  became feral D
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almost everywhere ( 20 ,  22   – 24 ) and has both positive and negative 
impacts on biodiversity and ecosystem functioning ( 20 ,  24 ,  25 ).

 The massive transport of live oysters was associated with the 
accidental cointroduction of dozens of species of invertebrates, 
seaweeds, and microbes ( 6 ,  18 ,  26 ,  27 ). While there are direct 
observations of species that occur in shipments of imported 
Pacific oysters ( 28 ), these observations are relatively rare. Most 
of the evidence for cointroduction is based on the timing and 
location of discovery in introduced regions ( 18 ,  27 ). However, 
there has not been statistical evaluation of the role of oysters 
versus other mechanisms [e.g., shipping activity ( 29 )] as vectors 
for any putative coinvader species, in part because we lack an 
empirical description of oyster invasion history. There are pop-
ulation genetic studies within the native range ( 30   – 32 ) and the 
nonnative range ( 33   – 35 ) or both ( 36 ). Our ability to confidently 
identify native sources ( 13 ) has been hampered by a lack of 
extensive sampling across both the native and nonnative range 
of M. gigas .

 To address these gaps, we genotyped 726 M. gigas  individuals 
from 41 populations globally using Restriction-site associated 
DNA sequencing (RADseq). We assessed the population structure 
of native Pacific oysters from Japan and South Korea and the 
invasion history of nonnative Pacific oyster populations in western 
North America, South America, Europe, and New Zealand. We 
then used Approximate Bayesian Computation [ABC; ( 37 )] to 
quantify the relative importance of shipping activity ( 29 ) versus 
Pacific oyster movement as a vector for 14 introduced species for 
which population genetic patterns were already published. These 
results have implications for future aquaculture efforts, the func-
tioning of estuaries dominated by nonfarmed oysters, and the 
study of invasive species more broadly. 

Results

Native Structure and Invasion History. Our single nucleotide 
polymorphism (SNP) survey detected geographic population 
structure of native M. gigas in Japan and South Korea. The first 
axis (PC1) of a principal components analysis (PCA; Fig. 1 A and 
B) with native individuals recapitulates a latitudinal distribution 
of populations along the eastern coastline of Japan. The 2nd axis 
(PC2) largely separates the west coast of Japan and South Korea 
from the Pacific shoreline of Japan. Consistent with reports of 
historical and ongoing movement of oysters in the native range 
from the Miyagi region (which includes Miyagi and Fukushima) 
to other locations (32), a population in southernmost Japan 
(YOJ) and another on the southern side of Hokkaido (AKK) 
had genotypes similar to Miyagi in PC space, suggesting recent 
admixture (Fig. 1C and SI Appendix, Figs. S4 and S5). Latitudinal 
variation is also revealed by an admixture analysis, which reveals 
latitudinal shifts in the frequency of genetic clusters assigned to 
individuals. This result was insensitive to the choice of the number 
of genetic clusters (K) and was observed at K = 3 through K = 8 
(SI Appendix, Fig. S8). Overall magnitude of genetic differentiation 
among Japanese and Korean populations was low (mean FST ± SE 
= 0.0027 ± 0.0020; range = −0.0003 to 0.0108; SI  Appendix, 
Fig. S6), and likely reflects incomplete lineage sorting coupled with 
elevated polymorphism that characterizes broadcast-spawning 
high-fecundity marine invertebrates such as M. gigas (38).

 The population genetic structure in the native range allowed us 
to distinguish among three major regions of the oyster industry 
from where historical exports from Japan originated ( 39 ): 
Hokkaido, Miyagi, and Seto Inland Sea (Hiroshima). We used 
both PCA and unsupervised machine learning (ML) approaches 

trained with native populations to assign nonnative oysters. 
Results were broadly similar between assignment approaches 
(PCA:  Fig. 1C  ; ML:  Fig. 1D  ), an admixture analysis (SI Appendix, 
Fig. S8 ), and regional patterns of FST  (SI Appendix, Fig. S6 ), and 
are organized by nonnative regions below.

 First, New Zealand oysters originated from the Seto Inland 
Sea of southern Japan. Historical records suggest New Zealand 
populations were accidentally introduced from Australia where 
there has long been aquaculture of Pacific oysters ( 41 ). The his-
torical record indicates that Australia imported oysters from 
several locations in Japan during the mid-20th century ( 42 ), our 
results indicate that the oysters from Seto Inland Sea persisted, 
given the strong signal of that region in feral New Zealand 
populations.

 Second, there were two separate invasions along the west coast 
of North America. Pacific oysters in Canada and Washington State 
were aligned to the Miyagi region in PCA assignments ( Fig. 1C  ) 
and clustered with Miyagi in FST  values (SI Appendix, Fig. S6 ). 
The admixture-based analysis indicates that sources were approx-
imately 50% Hokkaido and 50% Miyagi (SI Appendix, Fig. S8 
 and Table S3 ) while the ML-based analysis indicated 3% Hokkaido 
and 97% Miyagi ( Fig. 1D   and SI Appendix, Table S4 ). Thus, we 
infer that Miyagi oysters were the predominant source, which 
aligns with most accounts of shipments between the Miyagi region 
and western North America ( 43 ).

 Oysters in southern California were visually aligned to Tokyo 
(OHK, BAN) in the PCA assignments ( Fig. 1C  ) and clustered 
with Tokyo in FST  values (SI Appendix, Fig. S6 ). The admixture- 
based analysis indicates that the sources were approximately 20% 
Miyagi, 40% Tokyo, 40% Seto Inland Sea (SI Appendix, Fig. S8  
and Table S3 ) while the ML-based analysis indicated 49% Miyagi, 
0% Tokyo, and 51% Seto Inland Sea ( Fig. 1D   and SI Appendix, 
Table S4 ). Our interpretation is that intermediate genotypes of 
Seto and Miyagi oysters in California reflect either hybridization 
in Tokyo before introduction, hybridization after introduction 
from these two regions, or both.

 Third, European populations were largely sourced from Miyagi, 
but there were separate invasion histories between northern and 
southern Europe. In southern Europe (Spain and Atlantic France), 
oysters were likely directly imported from Miyagi or via a second-
ary introduction from Canada and Washington state, as suggested 
by the historical record ( 23 ). In contrast, oysters from northern 
Europe populations (Ireland, Denmark, Norway, Sweden) repre-
sent a highly divergent group of genotypes relative to genotypes 
collected elsewhere (SI Appendix, Figs. S5, S6, and S8 ). The most 
parsimonious explanation for these northern European genotypes 
is that Pacific oysters were bred within an aquacultural setting, 
deliberately released, and became feral. Walne and Helm ( 44 ) 
describe how “adults of the Miyagi strain ” were imported from 
hatcheries in western North America to Conwy, United Kingdom, 
bred, and then deliberately introduced to UK estuaries, where 
they subsequently spread to other regions in Europe via larval 
dispersal and deliberate introductions ( 34 ). Our results suggest 
that oysters from northern Europe were then shipped to Chile 
and subsequently to Argentina for aquaculture where they then 
became feral ( 24 ).

 Consistent with our results, several Pacific oyster studies indi-
cate genetic differences between aquacultured and feral popula-
tions from which they are sourced within Europe and South 
America ( 35 ,  36 ,  45   – 47 ). Our in silico simulations demonstrate 
how quickly such divergence can arise (see details in Materials and 
Methods ). Even a single generation of isolation with between 2 to 
8 breeding pairs from Miyagi can create FST  values (~0.03; 
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﻿SI Appendix, Fig. S7 ) as great as or greater than what we detected 
between oysters from northern Europe and Miyagi populations 
(mean FST  ± SE = 0.0132 ± 0.0006; n = 16).

 Nonnative populations of suspected aquaculture origins (i.e., 
Argentina, Chile, and northern Europe) have effective population 
sizes (or Ne , a proxy of genetic variation;  Fig. 2A  ) and expected 
heterozygosity ( Fig. 2B  ) that were lower than native populations. 
Ne  was significantly lower among nonnative populations with an 
aquaculture history than other nonnative populations ( Fig. 2A  ) 
and heterozygosity did not differ among the two groups of non-
native populations ( Fig. 2B  ). The genetic results mirrored 

theoretical predictions ( 48 ) and our simulations of an aquacultural 
bottleneck, which saw a 10% decline in heterozygosity relative to 
that in the original population.        

 Thus, despite their different invasion pathways, the ultimate 
source of Japanese oysters for populations in northern and south-
ern Europe, Argentina, and Chile is the Miyagi region. Genetic 
and phenotypic divergence between northern and southern 
European oysters was noted previously ( 35 ,  49 ), and our results 
provide a global perspective on the pathway. We note that it is 
unlikely the lineages of northern Europe, Argentina, and Chile 
are confamilial hybrids (Materials and Methods ).  

A

B

C

D

Hokkaido

Miyagi

Seto Inland Sea

Hokkaido

PC1

Fig. 1.   Population structure of native and nonnative Pacific oysters. (A) PC analysis of native oysters from Japan. Open gray symbols indicate means for nonnative 
populations. Regional locations of three native oyster strains (39) are indicated. (B) Map of native populations collected, overlaid on annual mean sea surface 
temperature (°C). (C) Density plots of PC1 values from native oysters (color fill) used to train the PCA and assigned PC1 values from nonnative oysters (gray fill). 
(D) Chord diagram (40) of ML assignments of nonnative oysters to Japanese populations; color codes same as (C). Ie = Ireland, Se = Sweden, No = Norway, Dk = 
Denmark, Sp = Spain, Fr = France, CA = Canada, WA = Washington State, Ch = Chile, Arg = Argentina.
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Deliberate Environmental Matching. The relative importance of 
pre- and postadaptation processes in the successes of introduced 
species is debatable (50), and evidence has largely focused on 
accidentally introduced species. In contrast, the Pacific oyster was 
deliberately introduced by oyster biologists who frequently used 
experimentation to determine the appropriate native sources (39, 
44) in a process similar to that for many terrestrial crop plants 
(2). The genetic legacy of these choices is evident today. The 
genetic PC1 (a proxy for native source populations) significantly 
correlates with mean annual sea surface temperature (SST; 
Fig. 2C) for both native and nonnative populations (P < 0.001 
for each). Our interpretation is that Pacific oysters proliferated in 
nonnative areas that are environmentally similar to those areas 
where native lineages evolved, and thus where their fitness is likely 
greatest. In some cases, these oysters then expanded via secondary 
introduction via larval dispersal or human-mediated vectors into 
other regions [e.g., Sweden and Norway (34)]. Thus, the Pacific 
oyster represents a clear example of preadapted native genotypes 
proliferating in appropriate nonnative habitats after deliberate 
environmental matching, a term that extends the environmental 
matching hypothesis of Riccardi et al. (51).

 In native Japan and Korea, oyster genotypes associated with 
colder regions had lower heterozygosity, while populations from 
warmer regions had higher heterozygosity. This was revealed when 
correlating Hs  against genetic PC1 ( Fig. 2D  ) or against mean 
annual SST (SI Appendix, Fig. S9 ). It is unclear what factor(s) 
generated and maintained this latitudinal decline in heterozygo-
sity, as theoretical predictions and empirical patterns of latitudinal 
gradients in genetic diversity across organisms are highly variable 
( 52 ). We note that one population in northern Japan (AKK) had 
greater heterozygosity likely because oysters have been deliberately 
introduced from Miyagi. When AKK is removed from this anal-
ysis, the relationship of Hs  with PC1 and SST persists (P  < 0.01).

 The latitudinal declines in heterozygosity among native popu-
lations were recapitulated in the nonnative range. That is, hete-
rozygosity correlated with genetic source (i.e., PC1) in the 
nonnative range ( Fig. 2D  ) although the correlation with SST was 
weaker (P  = 0.100; SI Appendix, Fig. S9 ). These patterns did not 
change when populations with bottlenecks from known aquacul-
tural history were removed (i.e., Chile, northern Europe, and 
Argentina). The recapitulation of native heterozygosity patterns 
(especially as measured by PC1) within the nonnative range 
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2 = 10.3, df = 2 and 
P = 0.006) and Hs (F = 3.8, df = 2 and P = 0.032). Asterisks indicate P < 0.05 and “ns” indicate P > 0.05 from post hoc tests. (C) Genetic PC1 correlates with mean sea 
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decades after transplantation represents an important ongo-
ing legacy.  

Delineating between Vectors of Invaders. ABC coupled with the 
M. gigas vector map (Fig. 1D) allowed us to estimate the relative 
likelihood that oysters or historical shipping activity (1950 to 
2010) better explains the global population genetics of 14 Japanese 
species introduced into western North America, Europe, or both. 
While there are dozens of introduced species whose origins are 
in Japan, we focused on the 14 species for which a published 
population genetic study sampled three or more regions in Japan, 
among other criteria (Materials and Methods). We included three 
species that were likely introduced via an oyster vector based on 
their ecology or the historical record, seven species that were likely 
introduced with shipping activity, and four species with mixed 
or unknown vectors (SI  Appendix, Table  S2; see SI  Appendix, 
Appendix 2 for compilation of historical information). We applied 
a statistical vector inference for this system because 1) quantitative 
estimates of propagule pressure were available and 2) the most 
important regions of Japanese shipping activity (i.e., Tokyo and 
Hokkaido primarily) are not colocated with the most important 
region of oyster export (i.e., Miyagi; Fig. 1D; summarized within 
chord diagrams of Fig. 3).

 Six of the 14 species had global population structure signifi-
cantly better explained by an oyster vector than by shipping activ-
ity ( Fig. 3 ). The strongest signal (68-fold more likely) emerged 
with the shell-boring polychaete Polydora hoplura , which had 
previously been suggested to have been introduced by both ship-
ping activity and oyster aquaculture ( 53 ). Its population genetics 
were more consistent with a Miyagi source and thus, an oyster 
vector (see P. hoplura  chord diagram of  Fig. 3 ). Three species his-
torically ascribed to oyster introductions were also more likely to 
have support for an oyster vector: the Japanese bubble snail 
﻿Haminoea japonica  ( 54 ), the Japanese false cerith snail Batillaria 
attramentaria,  and one of its trematode parasites (HL6) ( 55 ). The 
red alga Gracilaria vermiculophylla  has been ascribed to both oyster 
vector ( 56 ) and other shipping activity (SI Appendix, Appendix 2 ). 
The Asian brush-clawed shore crab Hemigrapsus takanoi  had strong 
support for the oyster vector model, despite assertions based 
largely on observational data that shipping may have been pri-
marily responsible ( 57 ).

 We found five species were more likely to have been introduced 
via shipping activity rather than oyster transport. This is consistent 
with the historical record for three species: the Oriental shrimp 
﻿Palaemon macrodactylus , the ascidian Didemnum vexillum , and an 
Asian shore crab Hemigrapsus sanguineus  ( 58   – 60 ). The brown alga 
wakame (Undaria pinnatifida ) was deliberately introduced for local 
farming ( 61 ). A second trematode (HL1) of Batillaria  may have 
been introduced by migratory birds as was previously hypothesized 
( 55 ) because its genetic diversity was equal between native and 
nonnative populations. The significant signal of shipping activity 
in our analysis suggests that areas with high shipping activity also 
serve as source locations for both of these species. We also note 
that the contrast in vectors between the Batillaria  snail and the 
trematode HL6 (oyster vector) versus the trematode HL1 (shipping 
vector) highlights the potential usefulness of the ABC approach to 
quantitatively assess vectors for hosts and their endoparasites, the 
latter of which may have surprisingly different vectors.

 This approach could not distinguish between oyster and ship-
ping vector models for three species: the green alga Ulva pertusa,  
the brown alga Mutimo cylindricus,  and the goby fish Acanthogobius 
flavimanus . In cases where we are unable to choose between vec-
tors, then both vectors or some other vector (e.g., direct import) 
could be important, or the single-locus (mitochondrial and/or 

chloroplast) datasets we used for all species (SI Appendix, Table S2 ) 
could have limited our ability to detect patterns of gene flow that 
a larger number of nuclear loci would allow. In addition, these 
previously published datasets could have field sampling designs 
that were limited in power. All species had sampling intensities 
and geographic representation different from our oyster sample, 
which could limit the power of our analysis. Further, the potential 
impact of shipping from outside Japan on our inference is uncer-
tain and must await further genetic sampling and modeling efforts. 
Our inferences were consistent between models with uninformed 
prior distributions and with strong priors informed with historical 
information (SI Appendix, Appendix 2 ). Moreover, the results were 
consistent across admixture or ML-based models of oyster move-
ment (SI Appendix, Fig. S13 ) with the exception of Undaria,  
which seemed to be highly sensitive to which oyster model was 
used, and its inference should be viewed with caution.

 Overall, vector hypotheses based on historical information (i.e., 
spatial and temporal correlations and direct observations) are a 
reasonable predictor of vectors inferred from genetic data and 
ABC analyses ( Fig. 3  and SI Appendix, Table S2 ). In seven of the 
14 species, the historical prediction was confirmed with genetic 
models (weighted k = 0.51 [CI = 0.14, 0.88)]). When the three 
species with inconclusive vectors were excluded, predictions were 
confirmed in 6 of the 11 species (weighted k = 0.56 ([0.15, 0.97]).   

Discussion

 Using a SNP survey, we found 1) that the majority of introduced 
populations of M. gigas  were originally sourced from northeastern 
Japan (Miyagi), followed in importance by Seto Inland Sea in the 
south, 2) oysters were largely preadapted for thriving in the local 
conditions of nonnative regions, a pattern we termed deliberate 
environmental matching, and 3) nonnative feral populations have 
intrapopulation genetic diversity that reflects historical aquacul-
tural propagation, intrapopulation diversity of their source region, 
or both. We also present a framework for delineating alternative 
vector hypotheses for a variety of co-occurring species, which con-
firmed the importance of introduced foundation species such as 
﻿M. gigas  in facilitating other introduced species. We describe the 
implications below.

 First, deliberate environmental matching of oyster sources to 
local environments may help explain the success of current-day 
populations. This mirrors the success of terrestrial crops decades 
after farmers chose appropriate genotypes ( 2 ). For example, soy-
bean crops in northern, colder states of the United States are 
dominated by genetic strains from northern China while southern, 
warmer states are dominated by southern China strains ( 62 ). For 
the subset of locations where oyster aquaculture is absent and M. 
gigas  dispersed from other nonnative regions via natural means 
(e.g., Scandinavia) or where the historical record indicates multiple 
strains were introduced (e.g., Australia and New Zealand), M. 
gigas  succeeded because of pre- or postadaptation processes 
or both.

 Second, our results demonstrate the genetic legacy effects of 
farming oysters on some but not all populations. Lower effective 
population sizes and heterozygosity in northern Europe and South 
America may indicate lower adaptive diversity [( 63 ,  64 ) but see ref. 
 65 ], which would limit the oysters’ capacity to respond genetically 
to new stressors, including novel pathogens and climate change. 
Moreover, future efforts to use traditional or genomics-guided 
breeding for desirable traits (e.g., growth rate, disease resistance, 
heat tolerance, and shell characteristics such as shape and color) 
may be more fruitful in other regions with higher adaptive diversity. 
These bottlenecks are strikingly similar to those of several terrestrial D
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crops and animals ( 3 ,  10 ), and emerged likely through neutral 
founder effects. Supplementation of M. gigas  diversity through new 
introductions from historical source locations, as already begun in 
the Pacific Northwest of the United States ( 66 ), may be necessary 
to support breeding programs.

 In contrast to northern Europe and South America, populations 
in southern Europe, western North America, and native regions 
of Japan and Korea did not reveal a strong genetic bottleneck 
effect. This was especially notable in native Japan, where oysters 
have been farmed for centuries. It is tempting to conclude that 
the high diversity among these populations reflects historical reli-
ance of these regions on natural settlement for aquaculture pro-
duction, the use of relatively high numbers of parents for 
contemporary aquaculture breeding, or both.

 As an aside, the Pacific oyster represents an important case study 
in the ongoing debate over patterns in genetic diversity within 

introduced populations ( 4 ). Typically, introduced populations 
undergo strong bottlenecks when moved from a single native pop-
ulation. However, when introduced populations are sourced from 
multiple populations, intrapopulation genetic diversity can be 
greater than that of native populations (e.g., ref.  67 ). For the 
Pacific oyster, genetic diversity within introduced population 
depended on the importance of its aquacultural history, the 
genetic diversity within the native source region (higher or lower), 
or both factors. To our knowledge, the dependence of the genetic 
diversity of introduced populations on the diversity of the native 
source region has not been emphasized in this ongoing debate.

 These results provide context to the accelerating expansion of 
aquaculture worldwide. Aquaculture generates substantial employ-
ment and other economic benefits for coastal communities ( 21 ), 
produces nearly half of the fish and shellfish consumed, and will 
need to be expanded further in order to provide enough protein 

Fig. 3.   Statistical vector inference of 14 nonnative species. Large chord diagrams reflect the relative importance of native source regions for two vector 
hypotheses (i.e., ML analysis of genetic data for oyster versus 30-d shipping model). Smaller chord diagrams represent ML analyses of genetic data for 14 
coinvaders (SI Appendix, Table S2). Species are arrayed along the Bayes Factor (BF) support axis from ABC simulations. Historical prior comes from a summary 
of the literature (SI Appendix, Appendix 2). BF (log10-transformed) and fold difference indicate how many times more likely the inferred vector is relative to the 
alternative. Species with moderate (greater than 3×) to strong (greater than 10×) support for a vector are highlighted with red and black dotted lines and with 
asterisks. Gray lines indicate species with equal statistical support for either model. Keys for native and nonnative regions are indicated by color.
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for human populations projected for 2050 ( 19 ). Relative to the 
farming of fish and shrimp species, mollusk farms can be especially 
attractive because they can remove nitrogen and phosphorus loads 
from the water column, provide habitat for local biodiversity, and 
generate a carbon sink ( 1 ,  19 ). However, this expansion may come 
with an ecological tradeoff about which we need to be clear. On 
land, the deliberate translocation and domestication of animals 
and plants also have clear economic and societal benefits, but are 
also principal drivers of local declines in biodiversity largely 
through their effects on conversion and degradation of natural 
habitats ( 7 ,  68 ). Feral populations of mollusks have impacts out-
side aquacultural farms that are both positive and negative ( 20 ), 
and future acceleration of mollusk farming may magnify these 
effects ( 1 ,  17 ).

 Third, an enduring legacy of intentional M. gigas  introductions 
is the oyster’s role as a vector for multiple algal and invertebrate 
species, many of which had tremendous impacts on the ecosystems 
to which they were introduced. Our analysis demonstrates that 
the two principal vectors that were largely responsible for marine 
introductions during the latter half of the 20th century, shipping 
and oysters, can be evaluated quantitatively. The threats posed by 
oysters as a vector have declined in the last few decades as oyster 
translocations across continental shores have declined and local 
hatchery production of oyster seed has increased ( 20 ,  32 ). In addi-
tion, laws and international standards have been implemented 
that greatly reduced the accidental introductions of coassociates 
of oysters, although the translocation of coassociates of other spe-
cies continues unabated ( 17 ). In contrast, shipping activity con-
tinues to increase in frequency and magnitude in the 21st century 
and serves as an unrelenting vector that requires ongoing man-
agement ( 29 ). Delineating vectors will be helpful for efficient 
management actions ( 69 ), which our statistical vector inference 
made possible for 11 of the 14 introduced species we tested. It is 
encouraging that a priori vector inference from historical infor-
mation (i.e., the timing and location of introduction) was a sig-
nificant predictor of vectors inferred by genetic data, as we have 
such historical information for many introduced species. However, 
the correlation between historical and genetic inference was not 
perfect, indicating that future efforts to infer vectors should be 
confirmed with robust genetic data and ideally, simulations.

 In conclusion, this study provides a multidimensional analysis 
of the long-term adaptive and ecological effects of aquaculture, 
using the Pacific oyster—a globally dominant, reef-forming foun-
dation species, as a case study. We showcase how broader 
community-level impacts driven by cointroduced species associ-
ated with the oyster can be assessed by leveraging paired genetic 
data from the Pacific oyster (as a biological vector) and its coin-
troduced species to rigorously evaluate vector–source relation-
ships. Analogues of Pacific oysters are the many terrestrial plants 
and animals that were deliberately transplanted and domesti-
cated, as they also serve as vectors and reservoirs for their associ-
ated coinvaders, including insects, fungi, and bacteria ( 5 ,  12 ,  70 ). 
We predict that applying our quantitative approach to these 
systems would be fruitful, reveal similar legacy effects, and con-
firm vector hypotheses based on historical evidence for some but 
not all species.  

Materials and Methods

We sampled populations of M. gigas from its native range of Japan and Korea and 
from nonnative populations of western North America, South America, western 
Europe, and New Zealand (SI Appendix, Fig. S1 and Table S1). Historical records 
indicate that Japan was the principal country of oyster export in the 20th century 
(20). It is unlikely that we missed other native sources (e.g., China or Russia) given 

that Chinese and Japanese M. gigas are strongly genetically differentiated (71, 
72) and that we detected low levels of genetic differentiation between nonnative 
and Japanese populations (Results).

At each site, we collected approximately 20 individuals at least 1 m apart 
from natural and artificial substrata outside of obvious aquacultural infrastructure 
to target naturally settled spat. The two exceptions were in Chile, which were a 
mix of aquacultural (n = 17) and feral (n = 3) samples collected from the same 
estuary (Estero Tongoy) and New Zealand, where oysters were naturally settled 
within aquaculture farms. Whole or mantle tissue was preserved in 95% etha-
nol and shipped to Charleston South Carolina (USA) for DNA extraction using 
Macherey-Nagel Nucleospin Tissue kits, using the manufacturer’s instructions. 
We prepared three double-digest RADseq libraries following protocols in ref. 
73 (SI Appendix, Appendix 1). All samples used in these analyses are likely M. 
gigas, given that samples showed a 98 to 100% match to two mitochondrial loci 
in M. gigas (SI Appendix, Fig. S2 and Appendix 1) and greater than 87% of their 
reads mapped to a high-quality M. gigas genome [(74); SI Appendix, Fig. S3]. 
After filtering protocols (SI Appendix, Appendix 1), we generated a set of 738 
individuals and approximately 298K SNPs with genotype likelihoods and 726 
individuals and 7,046 loci with genotype calls.

For the admixture analysis, we implemented 50 independent replicates of K = 2 
to 8 using ngsAdmix (75). We ran principal components analyses on the covariance 
matrix using R::prcomp (76) on all called genotypes and on native genotypes. We 
used R::predict to assign nonnative genotypes to the PCs trained on native gen-
otypes. Mean annual SST was surveyed from Bio-Oracle and WorldClim datasets 
using R::sdmpredictors (77). We used R::hierfstat (78) to generate expected gene 
diversity (Hs) and pairwise FST from genotype calls on those populations with more 
than five individuals (i.e., we removed YOJ, MAI). Effective population size (Ne) was 
calculated in R::strataG (79) using estimates from linkage disequilibrium (80). We 
used ML to assign nonnative genotypes to nonnative source regions with random 
forests using R::ranger (81) and visualized results with chord diagram plots.

We assessed whether Ne or Hs differed between three regions: Introduced 
(Argentina, Chile, and northern Europe), Introduced (other), and Native popula-
tions. We applied Kruskal–Wallis overall and post hoc tests for Ne because groups 
did not have homoscedastic variances and a one-way ANOVA and Tukey multiple 
comparisons for Hs because all assumptions were met. The estimate of Ne was 
infinite at five populations (GOS - Korea; OHK - Tokyo; PES - so Cal; TJE - so Cal; 
WLB - PNW). The statistical results were qualitatively identical when we excluded 
these populations as when we set infinite Ne to the maximum Ne seen among 
all populations (Ne = 6,058). All correlations between PC1, Hs, and SST were 
implemented with a Pearson’s correlation test.

We used forward-time genetic simulations [implemented in R::Rmetasim; 
(82)] to model the effects of limited broodstock size on population genetic 
diversity. Three factors were investigated, source of broodstock (different choices 
of populations from the most likely sources in Miyagi), numbers of broodstock 
individuals (2, 4, 8, 10, and 16), and number of years in aquaculture (1, 3, 5, 7, 10, 
20) before release. For each simulation, we created an in silico source population 
with the same number and distribution of SNPs as potential sources. Each factorial 
combination was replicated five times.

We identified population genetic studies of invasive species along western 
North America and Europe by identifying species in review papers (4, 27, 83–85) 
and cross-referencing those species against Google Scholar with the terms “genus 
species population genetic introduction.” We also did a Web-of-Science search 
(December 1, 2022) with the search terms “gene*” and “Introduc* or Nonnative 
or Native” and “Marine or Estuarine” and “Japan.” We chose species based on 
several criteria. The population genetic study must have collected samples across 
three or more regions in Japan (Fig. 1B for a map) including the Miyagi region that 
we identified as the source for most of the world's M. gigas. We included studies 
with at least one population from western North America or Europe. The species 
must be recognized as a single species, and not a hybrid or cryptogenic species 
complex. When there were multiple datasets available, we chose the study that 
had sampled the native range most extensively.

We identified 14 species that matched these criteria: four algae, nine inverte-
brates, and one chordate (SI Appendix, Table S2 and Appendix 2). Five species had 
populations sequenced in western North America only, two species had populations 
sequenced in Europe only, and seven of these species were sequenced from both 
regions. All species were sequenced at a mitochondrial locus, with the exception 
of U. pertusa, which was also sequenced at a chloroplast locus. Observations and D
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anecdotal accounts ascribed the vectors for these invaders as either oyster trans-
locations, shipping and other boat activity, deliberate introduction, or some mix 
of these.

We estimated pathways for which shipping could act as a vector based on 
data available from the International Comprehensive Ocean-Atmosphere Data 
Set [ICOADS r3.0.2 (86) maintained by the National Oceanic and Atmospheric 
Administration]. This dataset comprises the largest public collection of historical 
vessel log data. To estimate the relative frequencies of voyages from regions 
within Japan to introduced species ranges across the globe, we first restricted 
the data to voyages by ship (indicated in ICOADS by “platform type” = 5) over 
the 60 y from 1950 to 2010. We then considered a voyage origin to occur when 
a ship spent more than 1 d in one of the five native regions we identified in 
Japan. Voyage destinations were considered to occur when a ship spent more 
than 1 d in one of the introduced regions in the eastern Pacific or in Europe. The 
definitions of these regions are included as KML formatted files in the GitHub 
repository. Finally, we counted voyages that lasted either up to 30 d or up to 60 
d. This approach yielded 206 observations for the 60-d duration voyages and 98 
voyages for the 30-d duration voyages. The relative contributions of each point 
of origin to each introduced region were estimated from these counts and are 
reproduced in Tables A3-3 and A3-4.

Alternative models of introduction (30- and 60-d shipping versus ML- and 
admixture-based oyster movement) were compared using ABC (SI Appendix, 
Appendix 3). We simulated individual haplotypes of each of the 14 introduced 
species under these four alternatives using fastSimCoal 2.7 (87) and calculated 
population genetic summary statistics intended to capture diversity both among 
and within populations. We then used random forests (88, 89) to estimate the 
posterior probability of each introduction model after applying it to the empir-
ical data and calculated log Bayes factors (BF) as the logarithm of the ratio of 
posteriors for oyster introduction models to shipping introduction models. We 
note our ABC approach did not tease apart primary and secondary introduction 
routes and instead inferred only primary introductions. We translated BFs from 
ABC into discrete categories of support (moderate, strong) for oysters or shipping 
as suggested by refs. 90 and 91. We used a weighted Cohen’s Kappa to assess 
whether the historical prior and our inference were associated. To do this, we 
coded ordinal numbers (1, 2, 3) for Shipping-vector, Mixed/unknown, and Oyster-
vector respectively and report the estimate and CI at alpha = 0.05.

Data, Materials, and Software Availability. Data and code are available on 
GitHub (92, 93). The entire vector simulation environment including the coa-
lescent simulator, R, and R packages is containerized, and a docker image of 
the environment is available (94). Individual FASTQ-formatted files are archived 

at GenBank (95). Data are also archived at the NSF BCO-DMO database (96). 
Previously published data were used for this work. We re-analyze population 
genetic datasets from previous publications in Fig.  3. We cite all datasets in 
SI Appendix, Table S2.
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