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1  |  INTRODUC TION

Biological invasions can wreak havoc on native communities by 
homogenizing environments thereby compromising ecosystem 
function (Pimentel et al., 2005). As globalization continues to esca-
late, the frequency of potential and successful biological invasions 
continues to increase (Seebens et al., 2017). Efforts to understand 

why certain species become invasive where others fail has been 
focused on identifying key phenotypic traits shared among in-
vaders, such as high growth rate, high reproductive output, broad 
physiological tolerance (Lee, 1999) and flexible reproductive modes 
(Grotkopp & Rejmanek, 2007; Kolar & Lodge, 2001; Pannell, 2015; 
Roman & Darling, 2007). While there is widespread evidence that 
existing phenotypic trait variation may facilitate successful invaders 
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Abstract
The genomic variation of an invasive species may be affected by complex demo-
graphic histories and evolutionary changes during the invasion. Here, we describe the 
relative influence of bottlenecks, clonality, and population expansion in determining 
genomic variability of the widespread red macroalga Agarophyton vermiculophyllum. 
Its introduction from mainland Japan to the estuaries of North America and Europe 
coincided with shifts from predominantly sexual to partially clonal reproduction and 
rapid adaptive evolution. A survey of 62,285 SNPs for 351 individuals from 35 popu-
lations, aligned to 24 chromosome- length scaffolds indicate that linkage disequilib-
rium (LD), observed heterozygosity (Ho), Tajima's D, and nucleotide diversity (Pi) were 
greater among non- native than native populations. Evolutionary simulations indicate 
LD and Tajima's D were consistent with a severe population bottleneck. Also, the in-
creased rate of clonal reproduction in the non- native range could not have produced 
the observed patterns by itself but may have magnified the bottleneck effect on LD. 
Elevated marker diversity in the genetic source populations could have contributed to 
the increased Ho and Pi observed in the non- native range. We refined the previous 
invasion source region to a ~50 km section of northeastern Honshu Island. Outlier 
detection methods failed to reveal any consistently differentiated loci shared among 
invaded regions, probably because of the complex A. vermiculophyllum demographic 
history. Our results reinforce the importance of demographic history, specifically 
founder effects, in driving genomic variation of invasive populations, even when lo-
calized adaptive evolution and reproductive system shifts are observed.
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(Bossdorf et al., 2005), and that traits can rapidly evolve to facilitate 
invasion establishment and subsequent spread (Lee, 2002; Sotka 
et al., 2018), we have fewer examples of shifts in genomic- scale vari-
ability and diversity that accompany marine invasions. Moreover, for 
marine and terrestrial invasions, it is unclear what the relative impor-
tance of neutral and non- neutral evolutionary processes is in driving 
resultant genomic changes.

Biological invasion dynamics are commonly characterized as 
a series of demographic phases or stages, which include popula-
tion establishment, growth, and expansion (Blackburn et al., 2011; 
Bourne et al., 2018; Williamson, 1993; Williamson & Fitter, 1996). 
During each stage, multiple demographic processes cumulatively 
determine neutral genomic diversity and co- inheritance patterns 
of non- native populations. For example, during establishment, in-
vading populations can experience founder effects in which only 
a few individuals become established. The intensity and length of 
a given founder event and resulting bottleneck will determine the 
subsequent genomic changes (Pérez- Figueroa et al., 2010; Slatkin, 
2008). On the other hand, when a non- native population receives 
continued propagule pressure, there are no bottlenecks, and in-
stead, genomic diversity is maintained or can even increase when 
multiple populations are admixed (Dlugosch et al., 2015; Dlugosch & 
Parker, 2008). Following population establishment and subsequent 
growth, the expansion phase will increase population size and geo-
graphic range resulting in novel genomic variation which in large 
part depends on new mutations. Consequently, adaptive changes 
occurring within a few generations of non- native population estab-
lishment are probably less reliant on new mutational input and adap-
tive evolution should mostly depend on standing genetic variation in 
the newly established non- native population (Maruyama & Fuerst, 
1984; Prentis et al., 2008). Successful invasions are the result of 
complex demographic and evolutionary histories and no single inva-
sion process appears to determine genomic variability of non- native 
populations (Boheemen et al., 2017) and delineating among these 
alternative processes based upon empirical data can be difficult. 
However, recent advances in computing power and genomic- scale 
in silico simulations have made the process of testing the effects of 
alternative demographic hypotheses on empirical data more robust 
and accessible to a wider array of species, with unique life history 
strategies, reproductive systems, and eco- evolutionary dynamics 
(Haller & Messer, 2019; Hoban et al., 2012).

The haplodiplontic red seaweed Agarophyton vermiculophyl-
lum (Ohmi) Papenfuss (formerly Gracilaria vermiculophylla) is na-
tive to the northwest Pacific and has invaded temperate estuaries 
along the coastlines of North America, Europe, and northwestern 
Africa (Bellorin et al., 2004; Guillemin et al., 2008; Kim et al., 2010; 
Krueger- Hadfield et al., 2017; Weinberger et al., 2008). Krueger- 
Hadfield et al. (2017) used a combination of mitochondrial hap-
lotypes and microsatellite genotypes to determine that the vast 
majority of non- native populations originated from three sites along 
the northeastern coastline of Japan: Mangoku and Matsushima 
Bays (Miyagi Prefecture) and Akkeshi Bay (Hokkaido Prefecture). 
Given that this area of Japan has long been an epicentre for oyster 

aquaculture and export, they hypothesized that A. vermiculophyllum 
thalli were inadvertently transported with oysters to each coastline 
in the Northern Hemisphere. The strongest evidence for a severe 
bottleneck comes from mitochondrial cytochrome c oxidase subunit 
I (cox1) sequencing, in which the vast majority of non- native popu-
lations have a single haplotype, although this haplotype is common 
in the source region of the invasion (haplotype 6; Kim et al., 2010; 
Krueger- Hadfield et al., 2017). In contrast, there were no regional 
differences in expected heterozygosity nor allelic richness at 10 
microsatellite loci (Krueger- Hadfield et al., 2016, 2017), suggesting 
that the bottleneck was not severe or was countered by other demo-
graphic factors. After establishment, populations rapidly increased 
in population size and expanded in range throughout the North 
American west and east coasts and along European and northern 
African coastlines (Krueger- Hadfield et al., 2017, 2018; Weinberger 
et al., 2008).

Two other aspects of the A. vermiculophyllum invasion have the 
potential to affect patterns of genomic variation. First, there was 
a profound ecological shift from hard-  to soft- substratum that re-
sulted in diploid dominance as a consequence of high rates of clonal 
fragmentation in the non- native range (Krueger- Hadfield et al., 
2016). This shift in reproductive mode from sexual, native popula-
tions to largely asexual, non- native populations fits the expectations 
of Baker's Law (Krueger- Hadfield et al., 2016) which posits coloni-
zation success may be enhanced if an individual is able to undergo 
uniparental reproduction (Baker, 1955; Baker & Stebbins, 1965). In 
the A. vermiculophyllum invasion, this was confirmed by a four- fold 
increase in the proportion of repeated microsatellite genotypes ob-
served in non- native populations relative to native populations (av-
erage: 0.36 vs. 0.09, respectively; Krueger- Hadfield et al., 2016). In 
those species capable of self- fertilization or asexual reproduction, 
shifts in reproductive system (e.g., increases in selfing or clonality) 
can facilitate an invasion (Baker & Stebbins, 1965; Krueger- Hadfield 
et al., 2016; Sakai et al., 2001) and has predictable genomic con-
sequences, including reducing effective population size, increasing 
observed heterozygosity, and increasing linkage disequilibrium (LD) 
(Balloux et al., 2003; Bazin et al., 2014; Halkett et al., 2005).

Second, Sotka et al. (2018) used laboratory- based common- 
garden assays and niche modeling to detect an expansion of ther-
mal niches and rapid phenotypic evolution. Non- native populations 
now occupy warmer environments than did source populations from 
Japan and also exhibit increased thermal tolerance (Sotka et al., 
2018). Such strong selection may yield a selective sweep in which 
one or more alleles in a subset of the genome increase in frequency 
and serve to increase population- level differentiation at those sites 
(Messer & Petrov, 2013). The genomic signals of rapid evolution 
have not been explored to date in A. vermiculophyllum.

Overall, the A. vermiculophyllum invasion is the result of a complex 
evolutionary history where rapid selection, a shift in reproductive 
mode, strong bottlenecks, and population expansion all potentially 
molded genomic diversity throughout the non- native range (see 
Casso et al., 2019; Le Cam et al., 2020 for other marine invasion 
examples). To assess the relative impact of these different factors, 
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we sequenced and assembled the first A. vermiculophyllum genome 
and performed individual- based reduced representation genome 
sequencing for 35 populations across the native and non- native 
ranges. We, then, characterized shifts in genomic variability and ex-
tent of LD between native and non- native regions. We performed 
forward evolutionary simulations to test how hypothesized repro-
ductive system shifts and demographic changes, specific to the A. 
vermiculophyllum invasion, compare to these empirical data. Because 
testing hypothesized evolutionary and demographic changes during 
the invasion requires the identification of the population sources in 
the native range (Cristescu, 2015; Estoup & Guillemaud, 2010), we 
used population genomic approaches to further refine the invasion 
source. Finally, we used an FST outlier analysis to detect regions of 
the genome that were particularly differentiated when compared to 
native genetic source populations due to selection early in the inva-
sion. Using these data and analyses, we explored several predictions: 
(a) If non- native A. vermiculophyllum populations went through a se-
vere bottleneck, we expected the extent of LD to increase rapidly 
and alleles to be lost to drift. (b) Clonal reproduction may also in-
crease LD, but we expected it to be a gradual process leading to the 
accruement of long- range LD over time. (c) If population expansion 
impacted the non- native population genomic diversity, we expected 
LD to decrease (Slatkin, 1994).

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

We collected A. vermiculophyllum thalli at 35 intertidal sites across 
the Northern Hemisphere as part of a larger effort to genotype and 
phenotype native and non- native populations (Krueger- Hadfield 
et al., 2017; Sotka et al., 2018). This included 11 Japanese sites, five 
sites along the western coast of North America, 10 sites on the east-
ern coast of the United States, and nine sites along the European 
coast (Table S1, Figure S1). At each site, we haphazardly collected 
100 thalli separated by at least one meter and determined the re-
productive state of each thallus (i.e., male gametophyte, female 
gametophyte, diploid tetrasporophyte, or nonreproductive) using a 
dissecting microscope (40×) following Krueger- Hadfield et al. (2016). 
We then preserved 5– 10 cm fragments of each thallus in silica gel as 
vouchers and for DNA extraction.

A single haploid phenotypically- male thallus was collected at the 
Fort Johnson mudflat in Charleston, SC, USA (fjn) and grown in cul-
ture for over 4 months at the University of Alabama, Birmingham, 
AL, USA. The thallus was large and split into several 50 ml conical 
polyethylene vials filled with 45 ml of filtered, natural seawater 
collected from Charleston Harbor, SC, USA (salinity: 30 ppt) at a 
temperature of 15°C, and an irradiance of approximately 60 μmol 
photons ·m−2 s−1 with a 12:12 light:dark cycle in a Percival growth 
chamber (Percival). The water was changed two times per week with 
no nutrient enrichment. The thallus was flash frozen in liquid N2 and 
shipped overnight to Dovetail Genomics for genome sequencing.

2.2  |  Genome sequencing and assembly

High- molecular weight gDNA with mean fragment length = 50 kbp 
was isolated from the male thallus and 500 ng of gDNA was used to 
generate an Illumina shotgun sequencing library because sequenc-
ing a haploid individual aids in assembly. The sequenced library re-
sulted in 405 M paired- reads (2 × 150 bp) which were then trimmed 
using Trimmomatic (Bolger et al., 2014). In addition, 500 ng of gDNA 
was used to generate a proprietary Chicago library. Briefly, to con-
struct the Chicago library, gDNA was reconstituted into chromatin 
in vitro and digested with DpnII, the 5′ overhangs were filled in with 
biotinylated nucleotides. The free blunt ends were then ligated. 
After ligation, the crosslinks were reversed and the DNA purified 
from protein (Putnam et al., 2016). This purified DNA was sheared 
to 350 bp and used to construct sequencing libraries. Illumina se-
quencing resulted in 225 M paired- end reads (2 × 150 bp), resulting 
in 358× coverage of the genome.

A HiC library was also constructed by Dovetail Genomics from 
the same thallus (Lieberman- Aiden et al., 2009). For this library, 
chromatin was fixed with formaldehyde in nuclei and then ex-
tracted from the tissue. The chromatin was digested with DpnII, 
filled with biotinylated nucleotides, ligated and then sequenced 
as above. Illumina sequencing resulted in 215 M paired- end reads 
(2 × 150 bp) resulting in 9000× coverage of the genome. De novo 
assembly started with the paired shotgun sequencing reads and was 
performed using Meraculous (Chapman et al., 2011) with a kmer size 
of 109. The de novo assembly and the shotgun, Chicago, and HiRise 
library sequences were all used as inputs into Dovetail's proprietary 
hirise software pipeline for scaffolding.

Previous studies indicate that gracilarioid species (including A. 
vermiculophyllum) have identical 2C DNA contents of 0.4 pg and 
chromosome complements of 2n = 48 (Kapraun & Freshwater, 2012). 
These were nearly matched by the Dovetail assembly. The total as-
sembly had 731 scaffolds across 47.8 Mbp. After scaffolds with high 
matches to mitochondrial and chloroplast genes in GenBank were re-
moved from nuclear assembly, the remaining nuclear scaffolds were 
47.6 Mbp. We used R::ape (Paradis et al., 2004) to rename the 24 
largest scaffolds by length (scaf01 = 3.56 Mbp; scaf24 = 0.08 Mbp; 
Table S2). These 24 scaffolds represent 46.2 Mbp, or 96.5% of all 
data and 96.9% of nuclear DNA (L50/N50 = 10 scaffolds; 2.06 Mbp). 
We note these are not true “chromosomes” until further sequencing 
that connects the remaining ~4%; they may be considered as large 
scaffolds that represent single linkage groups.

2.3  |  Genomic library preparation and sequencing

A. vermiculophyllum has an isomorphic haplodiplontic life cycle 
with free living haploid male gametophytes and female game-
tophytes and diploid tetrasporophytes. Native populations are 
composed of ~60% diploid thalli, while non- native populations 
in soft- substratum habitats are composed of ~90% or greater 
diploid thalli (Krueger- Hadfield et al., 2016). Because non- native 
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populations are primarily diploid, we focused our sequencing ef-
forts on only the diploid stage. Further, by only sequencing dip-
loids, we were able to more fully estimate genomic diversity as well 
as avoid mixed ploidy samples (Krueger- Hadfield & Ryan, 2020). 
Total gDNA was extracted from approximately 5– 10 mg of dried 
tissue of 560 thalli (n = 16 per site) that were either phenotypically- 
diploid (i.e., bearing reproductive structures) or when not enough 
thalli were reproductive from a site, we used nonreproductive 
thalli. We used the Nucleospin Plant Kit (Macherey- Nagel) and 
followed the manufacturer's protocol with two exceptions: we 
performed the lysis step for 1 h at room temperature and eluted in 
100 μl of molecular grade water.

We prepared one library of all 560 individuals using protocols 
of Parchman et al. (2012). Briefly, we digested gDNA with two re-
striction enzymes, EcoRI and MseI, and ligated adaptors containing 
unique 8– 10 bp barcodes to the digested DNA of each individual. 
The products were, then, PCR amplified in two independent re-
actions with standard Illumina primers. All amplicons were pooled 
and shipped to the University of Texas Genomic Sequencing and 
Analysis Facility, which used Blue Pippen Prep to isolate the 300– 
500 bp fraction. This fraction was then single- read sequenced with 
one lane each on Illumina HiSeq 2000 and HiSeq 4000 platforms.

2.4  |  Data processing

The two Illumina sequencing lanes yielded 4.4 × 108 short read frag-
ments after removal of PhiX sequences with bowtie2 (Langmead & 
Salzberg, 2012). Fragments that did not have adapter nor barcode 
sequences were removed using a custom perl script. All reads were 
then aligned to the 24 scaffolds using bwa ver. 0.7.15 (Li & Durbin, 
2009). We used samtools/bcftools 1.3.1 (Li et al., 2009) to identify 
variant, multiallelic SNPs and generate genotype likelihoods (i.e., 
“samtools mpileup - v” and “bcftools call - m” options). We then used 
“bcftools filter” to remove loci with a minor allele frequency less 
than or equal to 2%, and confirmed this method was successful using 
“bcftools stats” and the python script “plot- vcfstats.” We used “bed-
tools multicov” option (Quinlan & Hall, 2010) to assess our coverage 
per locus and custom R script (R Core Team, 2018) to filter out poorly 
sequenced individuals (i.e., reads at <20% of all loci) and loci (i.e., 1+ 
reads at 50% of individuals).

All thalli were simultaneously genotyped at 10 microsatellite loci 
(see methods of Kollars et al., 2015; Krueger- Hadfield et al., 2016). 
Individuals that had a single allele at all 10 microsatellite loci were 
considered haploid (see Kollars et al., 2015; Krueger- Hadfield et al., 
2016) and removed (n = 27). Previously, Krueger- Hadfield et al. (2016) 
reported highly accurate ploidy assignment based on 10 microsatel-
lite loci where no haploids or diploids were misassigned (n = 230). 
Seventeen individuals were removed because they did not have 
enough reads to meet minimum sequencing requirements, yielding 
516 diploid thalli (Table S1). Particularly in non- native populations, 
fragmentation occurs resulting in clones sharing the same multilocus 
genotype (MLG). We used the microsatellites to identify repeated 

MLGs using R::RClone (Bailleul et al., 2016). If the probability that 
a given number of genetically identical ramets are separate genets 
(Psex p- value; Parks & Werth, 1993) was greater than 0.05, duplicated 
MLGs were considered different genets and retained in the data set. 
If the Psex p- value was smaller than 0.05, the duplicated MLGs were 
considered as ramets (or clones) of the same genet (Arnaud- Haond 
et al., 2007). Our analyses focused on populations that had 10 or 
more thalli after removing duplicate MLGs; this reduced number 
of populations analysed overall, especially in the non- native range 
where clonal reproduction is more common. We were left with a 
set of 62,285 loci and 351 individuals, sequenced to a depth of 19.4 
reads per locus, on average (Flanagan et al., 2021). This data set was 
used for all analyses, except when noted.

2.5  |  Population genomic analyses

With few exceptions, we used genotype likelihoods in order to in-
corporate the uncertainty that arises from errors in sequencing and 
sampling (Nielsen et al., 2012). Per- locus allele frequencies were 
generated from genotype likelihoods and compared between na-
tive versus non- native populations in a one- way ANOVA in R. The 
software angsd (Korneliussen et al., ,2013, 2014) compiles genotype 
likelihoods generated by samtools into a beagle- formatted file that 
served as the input for later analyses.

We estimated LD for each pair of SNPs within a scaffold for 
22 populations with greater than 10 individuals using ngsLD (Fox 
et al., 2019). Between each pair of SNPs, ngsLD estimated LD as r2. 
Genetic distances were, then, binned into 0.5 kbp windows and the 
average r2 within that window was calculated. This was repeated 
separately for each of 22 scaffolds and 22 populations. Because the 
smaller scaffolds (sca23, sca24) had only a few pairwise compari-
sons within some populations, we used only the first 22 scaffolds 
for these analyses.

To quantify the decay of LD with genetic distance within each 
scaffold, we used a nonlinear least squares fit to the decay rate es-
timator using custom R code (Hill & Weir, 1988). We used two- way 
ANOVAs to assess the effect of native versus non- native regions, 
scaffolds, and their interaction on the average (by population) half- 
decay distance and genetic distance across which r2 > 0.1.

Observed heterozygosity (- - freq2), Tajima's D (- - TajimaD), and 
nucleotide diversity (- - site- pi) were estimated within each popu-
lation using vcftools v. 0.1.15 (Danecek et al., 2011). Our analyses 
focused on populations that had 10 or more thalli remaining after 
filtering out ramets.

We assessed population genomic structure using principal 
components analysis (PCA) (Skotte et al., 2013). PCAngsd uses 
the beagle- formatted genotype likelihoods to estimate covariance 
among individuals. We retained the first four PC axes. To assign 
population sources, we employed a linear discriminant analysis, 
or LDA, implemented in R::MASS (Venables & Ripley, 2002). We 
trained the LDA on first four PCs with the Japanese populations and 
predicted assignment of each non- native thallus. The probabilities 
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were summed for each population, and visualized using R::circlize (Gu 
et al., 2014).

We implemented maximum- likelihood admixture methods to 
infer individual ancestry assuming an a priori number of genetic 
clusters (NGSadmix; Meisner & Albrechtsen, 2018). We generated 
10 independent runs of NGSadmix using a broad range of admixing 
populations (k = 2– 20); following suggestions of Evanno et al. (2005), 
we plotted mean and variance in log- likelihood values within a given 
k and delta (lnL). While likelihoods increase with k and there is no 
clear asymptote (Figure S8), there are peaks in delta (lnL) at k = 3, 
7, 9 and 16. To compare how population structure changes with 
different k clusters, we plotted individual assignment proportions 
across clusters k = 2– 16. We also visualized the average contribution 
of k = 7 clusters across the Northern Hemisphere as k = 7 was the 
highest k in which nearly all clusters found in non- native populations 
were also found in the native range.

We used ngsFST (Fumagalli et al., 2013) to calculate a method- 
of- moments estimator of locus- specific FST values (Reynolds et al., 
1983) for each pairwise set of populations with 10 or more thalli in 
our final data set (n = 22 populations). For each pairwise analysis, we 
used the suite of loci with calls in greater than 80% of individuals and 
with a minor allele frequency (MAF) greater than 2%. We also gener-
ated pairwise FST values for non- native populations versus the two 
native source populations (i.e., thalli from mng and sou combined) 
that served as ultimate sources for the majority of non- native thalli 
(see Results). To assess whether genomic responses of independent 
invasion events differ, we present analysed per- locus FST data for the 
three populations with the lowest genome- wide FST value relative to 
the native source (i.e., tmb of western North America, osh of east-
ern North America, and fdm of Europe). We assume that non- native 
populations with the lowest genome- wide FST relative to the source 
populations were the initial point of introduction to that shoreline. 
Our goal was to use these most closely- related population compari-
sons to assess the role that selection during or after initial introduc-
tion in altering the genome, and to minimize the influence of neutral 
processes (mainly drift) that may tend to inflate FST during expansion 
in the non- native range. The FST values of SNPs and their 99% dis-
tributions were plotted along the 24 scaffolds for visual inspection.

2.6  |  Evolutionary simulations

To disentangle the demographic effects influencing the empiri-
cally observed patterns of LD, observed heterozygosity, Tajima's D, 
and nucleotide diversity, we performed individual- based forward 
evolutionary simulations using SLiM v3.0 (Haller & Messer, 2019). 
Substantial demographic changes may influence the observed pat-
terns of LD and genomic variation. Previous evidence indicates A. 
vermiculophyllum underwent a shift from sexual reproduction to 
partial clonality (Krueger- Hadfield et al., 2016), a mitochondrial hap-
lotype bottleneck (Kim et al., 2010; Krueger- Hadfield et al., 2016, 
2017), and rapid population expansion (Weinberger et al., 2008) 
when establishing populations throughout the non- native range. 

We performed forward evolutionary simulations with the following 
framework to emulate hypothesized invasion dynamics. The simula-
tions began with 10,000 generations of a Wright- Fisher population 
with a census size of 1000 diploid individuals to reach drift- mutation 
equilibrium, and following the 10,000th generation, the demo-
graphic change occurred.

It is important to note these simulations simplify the A. vermiculo-
phyllum haplodiplontic life cycle as simulations only included diploids 
and no cycling between free- living haploid and diploid stages. There 
are at least three principle reasons why we felt this was reasonable. 
First, many populations in the non- native range are dominated by 
the diploid stage; the number of diploids is much higher in the non- 
native range relative to the native range (81% vs. 58% diploid on 
average, respectively; Krueger- Hadfield et al., 2016). While we do 
not know how often fertilization occurs in the non- native range, we 
know the diploid populations are clonally reproducing via fragmen-
tation. Second, haploids express recessive mutations (i.e., there are 
no heterozygotes) and could, potentially, facilitate a selective sweep. 
Moreover, haploid and diploid stages exploit different niches and are 
probably subject to different selection pressures (Hughes & Otto, 
1999; see also Bessho & Otto, 2020), and in A. vermiculophyllum, 
ploidy impacts ecologically relevant phenotypes (Krueger- Hadfield 
& Ryan, 2020; Lees et al., 2018). Crucially, we have explicitly focused 
on only neutral evolutionary processes in our simulations, and thus 
we consider our simulations a conservative estimate of the their ge-
nomic impacts.

To mimic a severe population bottleneck, we simulated a single- 
generation population decline of varying severity (90%, 95%, 99%). 
Following the single- generation bottleneck, the population size 
grew in a single step to return to the census size of 1000 individuals. 
The simulation then proceeded for 200 more generations reflective 
of the likely A. vermiculophyllum invasion dynamics since non- native 
populations have been established for well less than 200 genera-
tions. To understand the genomic consequences of shift in repro-
ductive mode (Krueger- Hadfield et al., 2016), clonality (rate of clonal 
reproduction; 10%, 50%, 70%, 90%, 99%, 99.5%, 100%) began im-
mediately following the initial 10,000 generations and continued 
for the remainder of the simulation up to 200 generations. Similarly, 
population expansion (simple growth per generation; 0.05%, 0.1%, 
0.15%) occurred after 10,000 generations and proceeded for the 
remainder of the simulation up to 200 generations. Based upon 
the results of the individual demographic effects, we combined the 
bottleneck and clonality as they fit our empirical observations. For 
the combination of both bottleneck and clonality, the bottleneck oc-
curred for a single- generation at generation 10,000 and then grew 
to census size of 1,000. At the same time the bottleneck occurred, 
clonal reproduction was initiated and proceeded until the end of the 
simulation.

Further, we aimed to characterize how hypothesized demo-
graphic changes interact with crossover interference (Stapley et al., 
2017). Positive crossover interference occurs when chromosomes 
of varying length have different per base pair recombination rates 
where longer chromosomes have lower per base pair recombination 
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rates. Here, we performed similar simulations as described above, 
but with the addition of several recombination rates (1e−7, 1e−8, 
1e−9) throughout the entire simulation. Recombination rate was 
used as a proxy for chromosome length. We ran forward simulations 
for each recombination rate independently with a 99% bottleneck 
and fully clonal reproduction or fully sexual reproduction.

Using SLiM v3.0 (Haller & Messer, 2019), we performed 100 
replicates of each simulation and exported vcf files. We exported 
vcf files before, immediately, 10, 25, 50, 100, and 200 generations 
following demographic change. Using the exported vcf files, we 
calculated LD (r2) using vcftools v. 0.1.15 (Danecek et al., 2011) 
– geno- r2 call with a 100 kbp sliding window (vcftools - - geno- r2 
- - min- r2 0.001 - - ld- window- bp 100,000). Using the r2 estimation 
from vcftools we calculated half- decay distance (Hill & Weir, 1988) 
using a custom R script. Additionally, we estimated observed het-
erozygosity (- - freq2), nucleotide diversity (- - site- pi), and Tajima's 
D (- - TajimaD 2000) within each simulation using vcftools v. 0.1.15 
(Danecek et al., 2011). Calculation of Ho and Pi used all variable sites 

present across timepoints in a replicate simulation. Using allele fre-
quencies estimated from vcftools we calculated per- locus FST in R to 
compare populations before to those after the demographic change 
(Reynolds et al., 1983). We plot the distribution of each result with 
boxplots and statistically assess differences with Tukey's HSD.

3  |  RESULTS

3.1  |  Linkage disequilibrium

Scaffold- wide LD was greater among non- native than among native 
populations. To visualize this, we plotted LD half- decay curves (Hill & 
Weir, 1988) along the 22 largest scaffolds and within the 22 popula-
tions for which we have 10 or more thalli (Figure 1; Figure S2). LD 
half- decay distance (W.G. Hill & Weir, 1988) –  the physical distance 
where r2 = 0.5 within a scaffold –  is significantly greater among 
non- native populations than native populations (median = 47.2 and 

F I G U R E  1  Linkage- disequilibrium 
decay and the correlation between 
scaffold size and half- decay distance for 
each scaffold within native Japanese and 
non- native populations. Genome- wide 
linkage disequilibrium (r2) estimated for 
each scaffold within each population (a, b). 
Native Japanese populations (black) show 
lower linkage- disequilibrium than non- 
native populations. Half- decay distance 
estimated for each scaffold within each 
population (c, d). Non- native populations 
(red) show a strong correlation between 
half- decay distance and scaffold length. 
12 points were removed from Japanese 
half- decay distance correlations because 
the half- decay distance was greater than 
200 and to aid visualization
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8.5 kbp, respectively; F1,20 = 12.9; p = .0018; Table 1; Figures 1a– b 
and 2a; Figure S2). Additionally, there is a significant effect of scaf-
fold identity and the interaction of region and scaffold on half- decay 
distance (Table 1).

Evolutionary simulations indicate that elevated LD is princi-
pally generated by severe single- generation bottlenecks (>99%; 
Figure 2b), while weaker bottlenecks (90%, 95%) do not generate 
elevated LD (Figure S3). Though estimating the generation time of a 
partially clonal species is challenging, the timing of the invasion (i.e., 
near mid- 20th century; Krueger- Hadfield et al., 2017) suggests a 
maximum of 50 generations. Our simulations also indicate that high 
rates of clonal reproduction (90%– 100%) by itself (i.e., without bot-
tlenecks, or in combination with 90% and 95% bottlenecks) do not 
generate elevated LD in the timeframe of this invasion (Figure 2b; 
Figure S3). Finally, our simulations indicate that a rapid population 
growth could not generate elevated LD by itself because rapid 
growth decreases LD over time (Slatkin, 1994) (Figure S4).

There was a tendency for the combination of high clonality 
(100%) and strong bottleneck (99%) to increase LD relative to simu-
lations with a strong bottleneck only (Figure 2b), therefore we can-
not preclude clonal reproduction as a contributor to the observed 
elevated LD in the non- native range. There was an overlap in the 
distributions of these simulation types, yet the distributions were 
statistically distinct (n = 100; Tukey's HSD p < .005 for generations 
0, 100 and 200; p = .10 at generation 10).

We note that our 22 largest scaffolds ranged in size from 1.04 to 
3.56 Mbp (Table S2; Figure S10). We estimated the effects of pos-
itive crossover interference, in which each scaffold experiences a 
relatively small, but equal number of crossover events during mei-
osis, yielding lower per base pair recombination rates on longer 
chromosomes. We detected a strong and significant interaction 
between native/non- native and scaffold length on half- decay dis-
tance (Table 2). In other words, half- decay distance increases with 
chromosome length in both native and non- native populations, but 
the increase with scaffold length is far steeper in the non- native re-
gion (Table 2; Figure 1c– d). To simulate shifts in per base pair re-
combination rates (which serves as a proxy for chromosome length), 
we altered recombination rate in our evolutionary simulations by 
100- fold and assessed the consequences of clonality and bottle-
neck effects on LD. As expected, LD was greater with decreasing 
recombination rates, and, thus, by extension, among larger scaffolds 

(Figures S5– S6). Further, clonality in combination with a bottleneck 
decreased crossover interference more rapidly than with bottleneck 
alone which maintained elevated levels of interference through the 
extent of the simulation (Figure S6).

3.2  |  Genomic diversity

We explored genome- wide metrics of genetic diversity across native 
and non- native populations and within our evolutionary simulations. 
First, observed heterozygosity (Ho) was greater among non- native 
populations than among native populations (F1,33 = 9.923; p = .003; 
Figure 2c). Our simulations indicate Ho is largely unaffected by our 
simulated invasion history (Figure 2d). Interestingly, the mean non- 
native Ho falls near Ho for the genetic source populations of the inva-
sion, which were higher than all other native populations (Figure 2c). 
This suggests that the significantly greater Ho in invaded regions are 
a genetic legacy of the elevated Ho in the source population, which 
itself is greater than nonsource native populations as estimated with 
our marker set.

Second, Tajima's D for all populations was significantly greater 
than zero, except for three native populations (sou, akk were indis-
tinguishable from D = 0; waj was significantly lower than 0). Tajima's 
D among non- native populations was greater (more positive) than 
those of native populations (F1,33 = 10.822; p = .002; Figure 2e). 
Evolutionary simulations indicate the severe bottleneck scenario 
increases Tajima's D (Tajima, 1989) while clonality had no impact 
on Tajima's D either in isolation or in combination with a bottleneck 
(Figure 2f; Figure S3C).

Third, the proportion of polymorphic loci (Pi) was signifi-
cantly greater in non- native populations (F1,33 = 4.928; p = 0.033; 
Figure 2g). Similar to the Ho trend, the mean non- native Pi falls near 
Pi estimated for the genetic source of the invasion (Figure 2c) and 
the simulated hypothesized invasion histories show no effect on Pi 
(Figure 2h; Figure S3D).

3.3  |  Population structure in the native range

There was substantial genetic differentiation among native Japanese 
populations at spatial scales of tens to hundreds of kilometers. The 
first and second PCs (Figure 3a) separated the native Japanese sites 
into four regional groups. Sites sampled along the Sea of Japan (shk, 
waj, hay) and Hokkaido coastlines (fut, akk, usu) were separated 
from other Japanese regions along the second PC. The second PC 
separated the sites along the southwestern Japanese coastline (hik, 
nag) from the remainder of northeastern sites. The northeastern 
Japanese sites (mou, sou, mng) were separated from all others via a 
combination of first and second PCs.

This strong, hierarchical, native differentiation in Japan was 
also reflected in the admixture analyses (Figure 4; Figure S7). 
At k = 2– 12, populations generally split into two major regions: 
Sea of Japan and Hokkaido (shk, waj, hay, usu, akk, fut) versus 

TA B L E  1  ANOVA tables testing the effect of region (native 
vs. non- native populations), scaffold identity (1– 22) and 
their interaction on the half- decay distance (kbp) of linkage 
disequilibrium

df MS F- value p- value

Region 1 4.167 11.6 .003

Scaffold ID 21 1.378 3.8 <.001

Region: scaffold ID 21 0.903 5.5 <.001

n = 22 populations treated as random intercept. Half- decay distance 
was log- transformed to normalize its distribution.
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the remaining Pacific coast populations (mng, sou, mou hik, nag). 
With increasing k, population structure emerged within each of 
these regions. For example, at k = 8, there were six genetic clus-
ters (1- hik, nag; 2- mng, sou; 3- shk, waj; 4- hay; 5- usu; 6- akk, fut, 

with mou a mix of two clusters that dominate mng/sou and usu). 
We detect high levels of differentiation throughout native Japan 
where k = 7 (Figure 4a; see Figure S8 for Evanno et al. (2005) 
analysis of likelihoods). Increasing k to up to 16 (Figure S7) did 

F I G U R E  2  Descriptions of genomic 
diversity within empirical and simulated 
data. Empirical data (a, c, e, g) and 
forward evolutionary simulations (b, d, f, 
h) of half- decay distance (a, b), observed 
heterozygosity (c, d), Tajima's D (e, f) and 
proportion of polymorphic sites (Pi; g, 
h). The data for forward evolutionary 
simulations includes a shift to fully clonal 
reproduction (100% clonality), a severe 
bottleneck (99% Bottleneck), and a 
combination of a severe bottleneck and 
clonal reproduction (99% bottleneck 
and 100% clonality). Asterisks indicate 
significance level determined by ANOVA 
for empirical data (*<0.05, **<0.01). Black 
circles in c and g signify the primary 
sources of the invasion (mng, sou)
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not change these patterns of population- level differentiation in 
the native range.

Pairwise FST values among all Japanese populations were rela-
tively high (mean ± SE; FST = 0.58 ± 0.02; Figure S9), with the excep-
tion of mng vs. sou, which was relatively low (FST = 0.22), probably 
because mng and sou were separated by only ~40 km; the closest of 
any two native sites sampled. In contrast, pairwise FST values within 
eastern North America and Europe -  two non- native shorelines 

of comparable geographic extent -  had far lower levels of FST 
(0.24 ± 0.03 and 0.28 ± 0.04, respectively; Figure S9). We could not 
make a comparison along western North America because only one 
population (tmb) had greater than 10 MLGs based on Psex.

3.4  |  Genetic structure of non- native versus 
native range

Strong differentiation among native populations provides an oppor-
tunity to robustly assess the source populations of the introductions 
(Geller et al., 2010). Overall, analyses indicate that nearly all non- 
native regions were sourced from mng/sou, with the exception of 
the Pacific Northwest populations (moo, ptw, eld) that have a mix of 
nag, hik, mng and sou, confirming and elaborating on the previous 
findings of Krueger- Hadfield et al. (2017). We explore each of the 
non- native regions in turn.

First, populations of the Pacific Northwest (Washington, USA: ptw, 
eld; and British Columbia, Canada: moo) were distinguished from other 

TA B L E  2  The effect of region (native vs. non- native populations), 
scaffold size (kbp) and their interaction on half- decay distance

df MS F- value p- value

Region 1 0.731 1.9 .183

Scaffold length 1 13.41 33.8 <.001

Region: scaffold 
length

1 4.209 10.6 .001

n = 22 populations treated as random intercept. Half- decay distance 
was log- transformed to normalize its distribution.

F I G U R E  3  A principal components 
analysis (PCA) of genotype likelihoods. (a) 
First and second PCs strongly delineate 
native Japanese (black) and non- native 
populations (red). (b) Third and Fourth 
PCs delineate non- native populations. 
Variance explained by PC1 thru PC4 is 
14.9, 7.4, 6.4, 5.8%, respectively. N = 351 
unique diploid thalli. Site abbreviations 
are in Table S1; Site geographic locations 
visualized in Figure S1
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non- native populations in the second PC (Figure 3a), sitting half- way 
between NW Japan (mng, sou) and SW Japan (nag, hik) samples. An as-
signment of non- native thalli using PCA and LDA showed that approxi-
mately half of thalli in the Pacific Northwest were assigned to nag, and 
the other half to mng and sou (Figure 4c). Similarly, in the admixture 
analysis (Figure 4a), the Pacific Northwest contained genetic clusters 
that dominate mng/sou and nag/hik (Figure 4b).

Second, Californian (tmb, bob) populations are most closely 
aligned with mng and sou in PCA space (Figure 3), admixture (Figure 
S7), and pairwise FST (tmb; Figure S9). There is also some suggestion 
that mou may have served as a source to California from the admix-
ture analysis, although this effect disappears at higher number of 
genetic clusters (Figure S7).

Third, there appears to be two separate introductions along the 
east coast of North America, although mng/sou was the native source 
populations for both events. Along the third PC (Figure 3b) and in 
admixture plots (Figure S7), three populations in Long Island Sound 
(lhp, nyc, ris) are distinct from the rest of the populations (grb in New 
Hampshire; wac, red, and osh in Virginia; fjn and par in South Carolina, 
and tyb in Georgia). There is also suggestion of a mix of these two 
groups in nyc and lhp, particularly in the admixture analysis (Figure S7).

Finally, PCA (Figure 3b) and admixture (Figure 4c) data are con-
sistent with separate introductions to northern Europe (Germany 
and Denmark: hei, dhd, nor) and the Atlantic coast of Europe (France: 
pol, fdm, fpa; Spain: gal; Portugal: gaf and far). The ultimate native 
source of European thalli was most likely mng/sou based on PCA 
and FST analyses. The mou population also clustered with non- native 

populations as well as nearby mng and sou, indicating some genetic 
relatedness of this extant population and the historic population(s) 
of the source material (Figures 3 and 4).

3.5  |  FST outliers

We compared the per- locus FST values of the two native source 
populations (mng, sou) versus the most closely- related non- native 
population on each continental margin (tmb on western North 
America; osh on eastern United States, and fdm in Europe). The sets 
of SNPs that are outliers in this analysis (defined as FST <1%) differ 
between the three comparisons (Figure 5a,c,e), indicating a complex 
genomic response to the invasions with no consistently differenti-
ated genomic region. Per- locus FST across forward evolutionary 
simulations show highly stochastic response where some replicates 
exhibit high differentiation between the founding population and 
the population following the severe bottleneck and shift to clonal 
reproduction (Figure 5b,d,f).

4  |  DISCUSSION

By sequencing and assembling the first A. vermiculophyllum genome 
and comparing empirical genomic data with evolutionary simula-
tions, we determined drift- driven founder effects are the primary 
forces shaping genomic diversity and LD in the non- native range 

F I G U R E  4  The geographic 
distribution of genomic diversity. 
Admixture proportions (k = 7) estimated 
from ngsAdmix in (a) native Japanese 
populations, and (b) non- native 
populations. (c) Individual assignments 
of non- native thalli (WNA: west coast 
of North America; EUS: the east coast 
of the United States; EU: Europe) to 
Japanese populations using principal 
components analysis (PCA) and linear 
discriminant analysis (LDA). Non- native 
individuals were assigned to three native 
populations which also show shared 
ancestry with the majority of non- native 
populations. N = 351 unique diploid 
thalli. Site abbreviations are in Table 
S1 and geographic location provided in 
Figure S1
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(Figure 2). Because of the varied evolutionary processes impacting 
non- native A. vermiculophyllum populations, we discuss the impli-
cations of a single- generation bottleneck and altered reproductive 
mode on evolutionary change. Further, we describe patterns con-
sistent with crossover interference, and how documented rapid 
adaptive changes may have occurred even though non- native popu-
lations have undergone a severe population bottleneck.

4.1  |  Relative importance of a single- generation 
bottleneck and clonal reproduction

Using reduced representation genomic sequencing, the A. vermiculo-
phyllum genome and forward evolutionary simulations, we conclude 

that increased levels of scaffold- wide LD and elevated Tajima's D in 
the non- native range is consistent with a strong bottleneck (e.g., a 
single generation of 99% or greater) with or without high rates of 
clonal reproduction (Figure 2). While a bottleneck primarily contrib-
uted to the elevated LD in the non- native range, we cannot exclude 
the possibility that a bottleneck in concert with clonal reproduc-
tion impacted non- native LD because the simulated combination 
elevated the LD further than the bottleneck alone. The simulations 
indicate that weaker bottlenecks of a single- generation (e.g., 95%) 
could not have generated the elevated LD that we documented, 
although they could have generated the Tajima's D pattern (Figure 
S3). We also note that weaker bottlenecks that last longer than a 
single- generation may also generate elevated levels of LD; we did 
not simulate these conditions.

F I G U R E  5  Per- locus FST distribution estimated using empirical and simulation data. Empirical per- locus FST was estimated between 
combined native Japanese source populations (mng/sou) and the most closely related non- native population along the west coast of 
North America (a, tmb), the east coast of the United States (b, osh) and Europe (c, fdm). Simulation FST values estimated for 25 randomly 
sampled replicate simulations before and 0 (d), 25 (e) and 100 (f) generations since single- generation bottleneck (99% reduction) and shift 
to clonal reproduction (100%). Lines indicate the 99% FST distribution for comparison purposes only. Empirically, no loci were consistently 
differentiated across all invaded regions and simulations show how neutral processes can generate outliers loci
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In contrast, simulations indicate that increased rates of clonal re-
production in the non- native range by itself could not generate these 
empirical patterns (Figure 2). Previously, Krueger- Hadfield et al. 
(2016) reported an increase in the number of microsatellite- based 
clonal diploids in non- native populations (mean ± SD = 0.36 ± 0.31; 
range = 0– 0.94; n = 35 populations) relative to native populations 
(mean ± SD = 0.09 ± 0.12; range = 0– 0.44; n = 30 populations), con-
sistent with an increase in the frequency of clonal reproduction in 
the non- native range. However, it seems likely that few to no non- 
native populations are reproducing clonally at the simulated rate of 
100%. There are some populations with unique genotypes, suggest-
ing either enormous population sizes, low levels of clonal fragmen-
tation, or continual input of sexually produced diploids from nearby 
sexually reproducing populations that are being found with in-
creased sampling intensity in some areas (Krueger- Hadfield & Ryan, 
2020; Krueger- Hadfield et al., 2018). Indeed, there are non- native 
populations with reproductively mature gametophytes and signa-
tures of sexual reproduction (Krueger- Hadfield et al., 2016). Thus, 
our simulated 100% clonal reproduction probably overestimates 
true clonal rates. Clonality may have modified the consequences of 
a bottleneck, but it did not primarily drive observed patterns (see 
also Navascués et al., 2010; Stoeckel et al., 2021).

While A. vermiculophyllum populations show higher rates of 
clonal reproduction in the non- native range (Krueger- Hadfield et al., 
2016), uniparental reproduction through self- fertilization can also 
facilitate population expansion (Baker, 1955). While this has not 
yet been fully explored in A. vermiculophyllum, it is possible for di-
oicous haplodiplontic taxa to undergo selfing (see Klekowski, 1969; 
Krueger- Hadfield, 2020; Valero et al., 2001). Partial selfing in the 
invasive brown macroalga, Sargassum muticum, probably facilitated 
the success of non- native population establishment and mainte-
nance (Engelen et al., 2015; Le Cam et al., 2020). The authors posit 
that uniparental reproduction may help in early- stage establishment 
by generating novel genotypes through recombination, and then 
facilitate increases in population size during the later stages of the 
invasion.

4.2  |  Linkage disequilibrium and crossover 
interference

With the A. vermiculophyllum genome, we were able to estimate LD 
on each scaffold and we observed a dramatic increase in the extent 
of LD in the non- native range when compared to the native range 
(Figure 1). Variation in LD allows for the inference of past popula-
tion dynamics including bouts of selection, mutation, hybridization, 
and change in population size (Pritchard & Przeworski, 2001). LD 
is also important to generating genotype- phenotype correlations 
that help to understand the genetic basis of phenotypic evolution 
(Lowry et al., 2016). When a population undergoes a bottleneck, 
fewer genomes exist in subsequent generations resulting in high cor-
relation between variant loci as seen in crop domestication (Ching 
et al., 2002; Maccaferri et al., 2005) and the invasive weed, Mikania 

micrantha (Banerjee et al., 2020; Wang et al., 2007). LD will be fur-
ther increased if the bottleneck severely reduces population size 
(Wall et al., 2002). In contrast, rapid population expansion decreases 
LD because the expanding population experiences high levels of re-
combination with mutational input breaking up coinherited loci be-
cause LD depends on recombination rate and population size (Hill, 
1981). Therefore, we attribute the dramatic LD increase primarily to 
the few number of individuals which established non- native popula-
tions as corroborated by our simulations.

Clonal reproduction appears to magnify the effect of the bot-
tleneck on LD. Recombination ceases when a population undergoes 
exclusively clonal reproduction, and as a consequence, LD increases 
(Awadalla, 2003; Tibayrenc et al., 1991). A hallmark of clonal repro-
duction is the temporal, but gradual increase in LD with a fully clonal 
population. The shift to clonal reproduction alone does not immedi-
ately elevate LD but instead requires 100– 200 generations to accu-
mulate an effect (Figure S3A).

We were also able to document an increase in the strength of 
the bottleneck effect on LD with scaffold length (Figure 1; Figures 
S5 and S6). It is likely that this is due to positive crossover inter-
ference (though see Stapley et al., 2017 for other mechanisms 
that may alter recombination rate). During meiosis, chromosomes 
experience the same absolute number of crossover events per 
chromosome, and consequently longer chromosomes have lower 
number of recombination events per base pair relative to shorter 
chromosomes. We infer positive crossover interference in both 
the native and non- native range because longer chromosomes 
have higher half- decay distance. This effect is magnified in the 
non- native range from a bottleneck. Our simulations with vari-
able mutation rates recapitulate these empirical patterns and that 
100% clonality slightly reduces the strong effect of bottleneck 
(Figures S5 and S6).

4.3  |  Genomic diversity

Most genetic variation is lost in a population bottleneck due to drift, 
yet the rate of loss depends on the strength and timing of the bot-
tleneck (Nei et al., 1975). When the bottleneck size is greater than a 
single individual, the number of generations at a bottlenecked popu-
lation size is minimal and subsequent growth rate is high, the loss 
of heterozygosity will be marginal (Nei et al., 1975). Strong bottle-
necks will cause the loss of low frequency alleles (Cornuet & Luikart, 
1996). In the A. vermiculophyllum invasion, we detect a significant in-
crease in Ho for non- native populations (Figure 2c; see also Krueger- 
Hadfield et al., 2016 for microsatellites), but when comparing native 
genetic source populations with the non- native range, there is no 
difference in Ho (Figure 2c). The empirical results are consistent with 
all simulated invasion histories as there were limited effects of simu-
lation type on Ho (Figure 2d). Moreover, the loss of low frequency al-
leles in a bottleneck eliminates rare variants, which results an excess 
of variants existing at intermediate frequencies causing in a positive 
Tajima's D (Tajima, 1989) (Figure 2e– f).
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A nonmutually exclusive explanation for the higher diversity in 
the non- native range is that the non- native range was seeded by 
multiple native populations. Indeed, there is evidence (Figures 2 and 
3c) that the northwestern North American populations represent a 
mix of southeastern (nag) and eastern Japanese populations (mng, 
sou). For simplicity, we did not simulate multiple invasions, therefore 
we cannot determine how resultant admixture would impact the 
empirical genomic diversity estimates when compounded with the 
evaluated bottleneck and clonality effects.

4.4  |  Refinement of invasion source and 
invasion pathway

Identifying the genetic source of an invasion enables the accurate 
characterization of evolutionary processes impacting non- native 
populations (Geller et al., 2010). Based on microsatellites, Krueger- 
Hadfield et al. (2017) identified the Pacific coastline of northeast 
Japan as the genetic source of the invasion. Here, by increasing the 
number of genetic markers, we were able to detect higher levels of 
differentiation among populations in the native range which enabled 
further refinement of the genetic source of the invasion (Figures 3 
and 4). Our analyses indicate that two populations, Mangoku- Ura 
(mng) and Soukanzan (sou), in Matashima Bays, acted as the source 
for the majority of invaded regions in the United States and Europe. 
These two sites are important areas of oyster aquaculture (see 
Krueger- Hadfield et al., 2017 for a discussion on the pathway of the 
oyster and its role in the A. vermiculophyllum invasion).

4.5  |  Implications for quantitative traits and 
rapid adaptation

Invasive species exhibit common traits, such as increased growth 
rates, fecundity, and stress tolerance (van Kleunen et al., ,2010, 2015) 
all of which are highly polygenic. Severe bottlenecks can increase 
variation for quantitative traits because founder effects increase 
additive genetic variance when compared to the ancestral popula-
tion (Goodnight, 1987, 1988; Whitlock et al., 1993). Consequently, 
newly established non- native populations undergoing a bottleneck 
may show rapid evolutionary change due to increased additive ge-
netic variation when the non- native populations experience a high 
strength of directional selection (Blows & McGuigan, 2015; Falconer 
& Mackay, 1996).

Non- native A. vermiculophyllum populations have expanded into 
niches that are not found in the native range and rapidly evolved 
greater tolerance for acute high temperatures and low salinities 
(Sotka et al., 2018). The rapid evolutionary change in the non- native 
range may have been a result of a bottleneck- induced increase of 
additive gentic variation. We also point out that rapid adaptation to 
the non- native environment may have been influenced by the flex-
ible A. vermiculophyllum reproductive mode. Bazin et al. (2014) sim-
ulated invasion adaptation dynamics to a novel environments and 

found fully asexual reproduction produced lower invasion success 
while high rates of asexual reproduction, but not fully asexual (i.e., 
partially clonal), produced the highest invasion success. Bazin et al. 
(2014) argue that mixed mating increases additive genetic variance 
relative to populations which are fully clonal, as the latter decreases 
trait variance due to the Hill- Robertson effect (Felsenstein, 1974; 
Hill & Robertson, 1966). Most non- native populations are partially 
clonal as well as probably engaging in a mix of outcrossing and self-
ing (Krueger- Hadfield et al., 2016, 2017), suggesting that the effect 
described by Bazin et al. (2014) may have played a role in maintaining 
adaptive variation.

Alternatively, molecular adaptation may result in loci that are 
particularly differentiated when compared to native genetic source 
populations due to selection early in the invasion. This allelic dif-
ferentiation resulting from selection may be difficult to detect due 
to nonequilibrium invasion scenarios. We estimated locus- specific 
FST for a single population from each invaded coastline and found 
no shared outliers among the three regions (Figure 5). To determine 
the impact of our proposed single- generation bottleneck invasion 
history on locus- specific differentiation, we estimated FST between 
pre-  and post- bottleneck populations. Many representative simu-
lations exhibited extremely high levels of differentiation in the ab-
sence of selection (Figure 5). Thus, interpreting these results can be 
difficult, but controlling for demographic history may still be possible 
(Hoban et al., 2016; Lotterhos & Whitlock, 2014). While we attribute 
the lack of shared outliers among invaded coastlines to complex de-
mography, we cannot eliminate the possibility of context- dependent 
selection resulting in uniquely differentiated loci driven by differing 
selective pressures present in each non- native region. Investigating 
rapid evolutionary changes associated with invasions may benefit 
from a polygenic model approach to determine adaptive changes 
(Bourret et al., 2014; Le Corre & Kremer, 2012).

5  |  CONCLUSIONS

An increase in LD along with estimates of genomic diversity indi-
cate a single- generation population bottleneck probably occurred 
when A. vermiculophyllum established populations along each of 
the coastlines of North America and Europe. Empirical results 
were corroborated by forward evolutionary simulations based on 
hypothesized demographic changes associated with the invasion. 
Additionally, we were able to determine that two sites previously 
identified as important by Krueger- Hadfield et al. (2017) were the 
ultimate source of the Northern Hemisphere invasion of A. ver-
miculophyllum, corroborating earlier work suggesting oysters as 
the primary vector for initial invasions. Additionally, we failed to 
detect loci consistently differentiated between the native source 
populations and non- native regions, despite previous evidence of 
rapid phenotypic evolution facilitating the invasion (Sotka et al., 
2018). Our simulations suggest that the A. vermiculophyllum inva-
sion demography could lead to spurious genomic outlier inference. 
Further work is needed to determine the genomic architecture of 
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the rapid evolutionary change which may be beneficial for imple-
menting a strategy to detect polygenic adaptation or a robust null 
models specific to the A. vermiculophyllum invasion history, but 
also to other invaders more generally. Future work may benefit 
from implementing a quantitative genetic approach to estimate 
phenotypic evolution occurring during invasions. This approach 
may uncover previously overlooked patterns of rapid adaptation 
occurring in non- native populations.
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