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Introduction

Abstract

Successful invasion by nonindigenous species is often attributed to high propag-
ule pressure, yet some foreign species become widespread despite showing
reduced genetic variation due to founder effects. The signal crayfish (Pacifasta-
cus leniusculus) is one such example, where rapid spread across Japan in recent
decades is believed to be the result of only three founding populations. To infer
the history and explore the success of this remarkable crayfish invasion, we
combined detailed phylogeographical and morphological analyses conducted in
both the introduced and native ranges. We sequenced 16S mitochondrial DNA
of signal crayfish from across the introduced range in Japan (537 samples, 20
sites) and the native range in western North America (700 samples, 50 sites).
Because chela size is often related to aggressive behavior in crayfish, and hence,
their invasion success, we also measured chela size of a subset of specimens in
both introduced and native ranges. Genetic diversity of introduced signal cray-
fish populations was as high as that of the dominant phylogeographic group in
the native range, suggesting high propagule pressure during invasion. More
recently established crayfish populations in Japan that originated through sec-
ondary spread from one of the founding populations exhibit reduced genetic
diversity relative to older populations, probably as a result of founder effects.
However, these newer populations also show larger chela size, consistent with
expectations of rapid adaptations or phenotypic responses during the invasion
process. Introduced signal crayfish populations in Japan originate from multiple
source populations from a wide geographic range in the native range of western
North America. A combination of high genetic diversity, especially for older
populations in the invasive range, and rapid adaptation to colonization, mani-
fested as larger chela in recent invasions, likely contribute to invasion success of
signal crayfish in Japan.

1987; Dlugosch and Parker 2008a; Ficetola et al. 2008;
Cristescu 2015). Nevertheless, some successful invaders
exhibit evolutionary changes, phenotypic plasticity, or

Mounting evidence suggests that nonindigenous species
may become successful invaders despite showing low
genetic variation (Tsutsui et al. 2000; Lindholm et al.
2005). Due to the lack of a large genetic pool, genetic
diversity is expected to decline following founder effects
through random genetic drift or genetic bottlenecks (Lacy
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rapid adaptations following reduced genetic variation
(Tsutsui et al. 2000; Yonekura et al. 2007; Dlugosch and
Parker 2008a). In such cases, population genetics may
provide useful insight into evolutionary ecology of inva-
sive species (Leinonen et al. 2008).
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Population genetics is also a powerful approach to
infer the invasion history of nonindigenous species.
Information on invasion history and genetic structure
can help to construct management plans for problematic
invaders when prevention, screening, control, or moni-
toring is required to mitigate their detrimental impacts
on native biodiversity or ecosystem services (Sakai et al.
2001; Hampton et al. 2004). Mitochondrial DNA
(mtDNA) markers have been widely used as a tool to
infer the native sources, invasion pathways, genetic varia-
tion, gene flow, and demography of nonindigenous spe-
cies (Ficetola et al. 2008; Gillis et al. 2009; Rollins et al.
2011). Numerous studies have reported that high
propagule pressure (a large number of founders and/or
multiple introductions) or genetic admixture from multi-
ple source populations contribute to the establishment of
nonindigenous species (Roman and Darling 2007; Black-
burn et al. 2015).

The signal crayfish (Pacifastacus leniusculus) is among
the world’s most notorious freshwater invaders and has
impacted native biodiversity throughout its introduced
ranges via predation, competition, ecosystem engineer-
ing, or transmission of diseases (Nystrom et al. 2001;
Edgerton et al. 2004; Usio et al. 2009; Twardochleb
et al. 2013). Native to the Pacific Northwest region of
North America (northwest United States and southwest
Canada), the signal crayfish has been introduced to 27
countries or regions in Europe and Japan for aquacul-
ture (Usio et al. 2007; Holdich et al. 2009). A recent
native to introduced range comparison of the ecology
of the signal crayfish found that this species conserved
its broadly omnivorous trophic function following inva-
sion from North America, but had succeeded in estab-
lishing populations in Japan with very different climates
relative to the native range (Larson et al. 2010). Fur-
thermore, mtDNA and morphological analyses indicated
that signal crayfish from their native range consisted of
several cryptic lineages and some regions of the Pacific
Northwest ~may represent recent human-assisted
invasions by this species (Larson et al. 2012). The
geographic and phylogenetic origins of the invasive
signal crayfish in Japan are largely unknown, but his-
torical records indicate that a large number of signal
crayfish were imported to Japan from western United
States on five occasions from 1926 to 1930 (see
Methods).

Earlier studies using ectosymbiont crayfish worms
(Branchiobdellida (Annelida)) determined that the intro-
duced signal crayfish in Japan consisted of three foun-
ders, that is, Lake Mashu (Hokkaido Prefecture), Tankai
(Shiga Prefecture), and Akashina (Nagano Prefecture),
because these populations (i.e., a group of individuals at
each site) are characterized by different composition of

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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branchiobdellidan species (Ohtaka et al. 2005; Ohtaka
2007; Nakata et al. 2010). A previous microsatellite anal-
ysis conformed to the results of the branchiobdellidan
analyses (Azuma et al. 2011). Furthermore, both bran-
chiobdellidan and microsatellite analyses indicated that
Lake Mashu is the source of recent, secondary invasions
of these introduced signal crayfish within Hokkaido and
Honshu Islands (Nakata et al. 2010; Azuma et al. 2011).
However, these previous studies only examined bran-
chiobdellids or genetic variation of representative signal
crayfish populations within the introduced range of
Japan. To infer invasion history of signal crayfish in
Japan, both native and introduced ranges need to be
studied and contrasted.

The literature suggests that some species may succeed
in the invasion process owing to rapid adaptations, evolu-
tionary changes, or phenotypic plasticity (Dlugosch and
Parker 2008b; Franks and Munshi-South 2014). Few stud-
ies have investigated the potential for rapid adaptation
among populations of invasive crayfish, but these have
found that introduced populations of invasive crayfish
tend to be more aggressive and grow faster than native
populations of these same species (Pintor and Sih 2009;
Sargent and Lodge 2014). Further, different traits or
behaviors may be favoured among dispersing individuals
at the periphery or leading edge of invasions relative to
older core populations (Hudina et al. 2014). For example,
Hudina et al. (2012) found signal crayfish at the leading
edge of an invasion to display larger chela than individu-
als in the core population. Chela size in crayfish is highly
associated with aggression, dominance, and competitive
ability (Garvey and Stein 1993; Rutherford et al. 1995;
Gherardi et al. 2000), and this suggests that chela size and
related traits may be important to either success in, or
likelihood of, dispersing and invading. Our comparison
of native and invasive range signal crayfish populations
provided an opportunity to also evaluate whether poten-
tial invasive traits like chelae size, and associated competi-
tive ability and aggression, show patterns consistent with
the findings above.

In this study, we use a large genetic data set from
crayfish sampled in both native and introduced ranges
to investigate the invasion history of the signal crayfish
in Japan and make morphological comparisons between
distant sites. Specifically, we tested the following
hypotheses: (1) the three founding populations of the
introduced signal crayfish in Japan originate from multi-
ple sources in North America; (2) the introduced signal
crayfish populations have undergone a loss of genetic
diversity relative to native populations, or following suc-
cessive invasions and secondary spread within Japan; and
(3) recently established signal crayfish in Japan demon-
strate patterns of morphological change (i.e., larger
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chela) consistent with expectations of increased aggres-
sion or boldness in invasive populations. Results from
this study provide the first intercontinental phylogeo-
graphic comparison between the native and an intro-
duced range for this major invasive crayfish, thereby
testing whether this species has experienced reduced
genetic diversity where introduced. Our results inform
current management of introduction pathways and sec-
ondary spread of the signal crayfish in Japan and pro-
vide fundamental scientific insight into the genetic and
morphological correlates of invasion success at biogeo-
graphical scales.

Methods

The native range of signal crayfish

The signal crayfish is native to the northwestern United
States and southwestern Canada, including the Colum-
bia River and its tributaries and adjacent coastal rivers.
The species has also been widely introduced within the
western United States, where it is a notable invasive
species in the states of California and Nevada (e.g., in
Lake Tahoe; Abrahamsson and Goldman 1970). Fur-
thermore, historical records (Carl and Guiguet 1957;
Bouchard 1978) and recent genetic analyses (Larson
et al. 2012) suggest that portions of the assumed native
range of signal crayfish may in fact represent introduc-
tions of this species for purposes including harvest or
lake management. These proposed introduced regions
for signal crayfish include coastal British Columbia
(specifically Vancouver Island), as well as some interior
Columbia River tributaries like the upper Snake River
of southern Idaho. As a strong economic market for
commercial harvest or aquaculture of signal crayfish
grew in northern Europe and United States in the 19th
century (Miller and Van Hyning 1970; Mason 1974;
McGriff 1983), augmentation and translocation of this
species might have also occurred within the native
range. However, the introduction history of signal cray-
fish within North America is poorly known and merits
further investigation, and it is also likely that some
introduced signal crayfish in Japan originate from
North American introduced sites. Accordingly, we con-
sider all North American sites that we sampled as the
native range for this comparison to Japan. Owing to
the potential effects of including nonindigenous signal
crayfish sites within the presumed native range in the
intercontinental comparison of genetic variability (Cris-
tescu 2015), we also repeat some of our statistical com-
parisons (see below) between Japan and North America
using more restrictive definitions of the native range
for signal crayfish.
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Introduction and range expansion of signal
crayfish in Japan

From 1926 to 1930, signal crayfish were imported five
times for aquaculture from western North America (Usio
et al. 2007). Historical records indicate that at least 1776
individuals of signal crayfish were imported from “Port-
land, Oregon”, “Columbia River, Oregon”, and “Colum-
bia, Oregon” by the former Ministry of Agricultural
Forestry of Japan, 50 signal crayfish were imported
(details of the origin is unknown) by a trading company
(Zeikei Kyoudai Co., Kobe, Japan), and 10 signal crayfish
were sold (details of the origin is unknown) by a fisheries
association (Teikoku Suisankai, Japan) (Kawai et al.
2002). However, it is unclear from these records whether
signal crayfish were harvested from a single or multiple
locations within Oregon or elsewhere in western United
States. These crayfish were subsequently introduced to
three localities in Shiga Prefecture (65 individuals were
introduced to Shakujinai Lake in 1926, 30 individuals
were introduced to Tankai Reservoir in 1926, and 25
individuals were introduced to Taisho Pond in 1927), one
locality in Hokkaido Prefecture (476 individuals were
introduced to Lake Mashu in 1930), one locality in Fukui
Prefecture (unknown number of individuals were intro-
duced to Shishigaike in 1933), and one locality in Tokyo
Prefecture (details of crayfish introduction are unknown).
Although no official record exists, signal crayfish were
possibly introduced (or escaped from the experimental
station) in 1926-1930 into an irrigation stream along Sai
River in Akashina town in Nagano Prefecture (Usio et al.
2007). Most of these early crayfish populations disap-
peared soon after introductions, but established popula-
tions from early introductions can be found in Lake
Mashu (Hokkaido Prefecture), Tankai Reservoir and its
inflow (Shiga Prefecture), and an irrigation stream in
Akashina (Nagano Prefecture). Signal crayfish in Hok-
kaido have gradually expanded their range since the
1970s. At present, signal crayfish can be widely found in
lentic or lotic habitats across northern and central Japan
(Hokkaido, Fukushima, Fukui, Shiga, and Nagano Prefec-
tures).

Crayfish sampling and DNA sequencing

From 2006 to 2010, we collected signal crayfish specimens
from across the introduced range in Japan and the Pacific
Northwest region of North America. In the introduced
range, we collected 537 signal crayfish from 20 sites across
Japan. In the native range, we used 700 signal crayfish
specimens from 50 sites across British Columbia, Oregon,
Washington, Idaho, and northern Nevada that were pub-
lished in Larson etal. (2012). We omitted from

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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consideration in the native range two cryptic groups iden-
tified by Larson et al. (2012) that were more distinct from
signal crayfish than the outgroup species used in that
analysis (Pacifastacus connectens). Neither cryptic group,
nor other species of the crayfish genus Pacifastacus, have
been observed in Japan by our or previous studies. There-
fore, in this study, new genetic data from the introduced
range in Japan were used together with a portion of pre-
viously published sequence data from the native range in
North America (Larson et al. 2012).

Upon collection, a cheliped or a walking leg was
clipped from each crayfish and preserved in 100% etha-
nol. For juvenile crayfish, whole specimens were either
preserved in 100% ethanol or immediately frozen follow-
ing live transport from the sample site. Total genomic
DNA was extracted from tissue samples dissected from
the abdomen, chelipeds, or walking legs using the DNeasy
Tissue Kit (Qiagen Inc., Valencia, CA). Using the 16Sar-L
and 16Sbr-H primers (Imai et al. 2004), we amplified and
sequenced a partial region (437—440 bp) of the 16S ribo-
somal RNA gene in mtDNA as described in Larson
et al.(2012). Editing and assembly of contigs were com-
pleted using ContigExpress version 11 (Invitrogen Corpo-
ration, Carlsbad, CA). Sequences were aligned in BioEdit
version 7.1.3.0 (Hall 1999).

All sequences found in the native range have been pre-
viously deposited in GenBank (Larson et al. 2012; see
Table S1 for correspondence between each haplotype and
the accession number). In this study, we deposited in
GenBank the sequence of one additional haplotype that
was only found in Japan (HapK,
LC081181).

accession  no.

Morphological analysis

We made morphological measurements on 323 crayfish
from 17 introduced sites in Japan (mean 19 individuals/
site, range 11-20) and 128 crayfish from 23 sites in the
Pacific Northwest native range (mean 7 individuals/site,
range 3-22). As for the genetic data, morphological data
from the introduced range in Japan are newly reported in
this study, while those from the native range in North
America use previously published data from Larson et al.
(2012).

Morphological measurements were made using Vernier
callipers to 0.01 mm. Only male crayfish with >20 mm
carapace length were used in our morphological analysis
because crayfish chela tends to be larger in males relative
to females (Stein 1976) and this size cutoff is consistent
with past definitions of adult crayfish (Larson et al.
2012). We obtained chela area of each crayfish by approx-
imating the right chela to a triangle (chela area = chela
length x chela width x 1/2). When the right chela was

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Invasion History of the Signal Crayfish in Japan

missing or showed signs of regeneration, we measured the
left chela. We standardized chela area as a ratio to cara-
pace length (ChA.CL) to account for size differences
among individual crayfish. Unfortunately, owing to the
storage procedure of the crayfish specimens, most speci-
mens were not labeled individually and, consequently,
morphological results could not be paired with genetic
results for each crayfish. We therefore evaluated the rela-
tionship between genetic diversity and ChA.CL using the
mean value of ChA.CL at each site, when we tested for
potential effect of genetic admixture on chela size in the
introduced signal crayfish populations in Japan.

Data analysis

We used the program TCS 1.21 (Clement et al. 2000) to
construct a 95% statistical parsimony cladogram network
to visualize the phylogenetic relationships among haplo-
types. Loops in the network were manually resolved fol-
lowing rules established in accordance with the coalescent
theory (Pfenninger and Posada 2002).

On the basis of the Akaike information criterion (AIC),
we performed jModeltest 2.1.8 to select the best model
for DNA sequence evolution of among-site variation
(Guindon and Gascuel 2003; Darriba et al. 2012). Conse-
quently, we selected the Kimura 2-parameter evolution
model with gamma correction (K2P + G) (y = 0.03) for
use in subsequent spatial analysis of molecular variance
(SAMOVA). To identify best genetic groups that are max-
imally differentiated from each other, we performed
SAMOVA in SAMOVA 2.0 for all sites in the introduced
and native ranges (Dupanloup et al. 2002). We compared
the gcr statistic for the number of groups (K) ranging
from 2 to 10 without geographic constraints with 100
annealing processes as starting conditions. We determined
the most likely number of groups when ¢cr reached a
plateau (Dupanloup et al. 2002). Using the Kimura 2-
parameter evolution model with gamma correction
(y = 0.03), we subsequently performed analysis of molec-
ular variance (AMOVA) in Arlequin ver. 3.5.2.2 (Excoffier
and Lischer 2010) to measure the amount of genetic
covariation between the groups suggested by SAMOVA.
We evaluated the significance of the F-statistics by run-
ning 10,000 permutations of the data set. When the
groups comprised only one site, we calculated ggy values
in Arlequin as a measure of pairwise genetic differences
between the introduced and native groups. We did not
estimate the significance of covariation between groups
for those consisting of only one site because of inadequate
replication.

To infer changes in genetic diversity following crayfish
introductions, we calculated the number of haplotypes
(Ny), haplotype diversity (h), and nucleotide diversity ()
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in each site in introduced and native ranges. We calcu-
lated the genetic diversity indices in Arlequin for the sites
comprising three or more individual crayfish samples or
specimens. To test for differences in Ny, h, and 7 between
signal crayfish populations in introduced and native
ranges, we conducted Wilcoxon rank-sum tests using R
version 3.2.0 (R Development Core Team, 2015). Owing
to the potential effect of nonindigenous populations in
the Pacific Northwest on our native to introduced range
comparisons, we repeated these analyses with more
restrictive definitions of the Pacific Northwest native
range (per Larson et al. 2012) to test the sensitivity of
our results to native range definition (see Table 1).

We investigated whether ChA.CL differs between intro-
duced populations and their putative source populations
in the native range. As in the genetic diversity calculations,
we only included the sites comprising three or more sam-
ples in the morphological analyses. We used a linear
mixed-effects model in the R package lmerTest (Kuznet-
sova et al. 2016), with range (introduced or native) as a
fixed factor and site identity nested within the range as a
random factor, to compare the mean difference in ChA.CL
between the introduced and native range signal crayfish
populations. We did not evaluate the effect of native range
definition on the ChA.CL comparison owing to pro-
hibitively low sample sizes for morphological measure-
ments in some areas of the Pacific Northwest range. We
subsequently used a linear mixed-effects model in R, with
site identity as a random factor and year of introduction/
discovery as a fixed factor, to investigate the relationships
between year of introduction/discovery and ChA.CL in the
introduced range. We also performed ordinary least-square
regression analysis in R to investigate the relationship
between number of haplotypes and ChA.CL in the intro-
duced populations. We performed the linear mixed-effects
model and regression analyses both including and exclud-
ing the introduced Nagano and Shiga populations, as these
two populations have been shown to be confined to their
original introduction sites and haplotype composition in
these populations differed relative to Lake Mashu and the
secondary introduction sites from this lake (see Results).
When the normality assumption of the model residual
could not be met, we applied log transformation to the
independent variable.

Results

Our mtDNA analysis revealed 15 different haplotypes in the
20 introduced sites of signal crayfish in Japan and 69 haplo-
types in the 50 native range sites (Table 1, Fig. 1). Fourteen
haplotypes identified in Japan were found in 37 of 50 sites
(74%) in the native range; nine haplotypes occurred in the
more restrictive native range hypothesized by Larson et al.

5370

N. Usio et al.

(2012), while five haplotypes occurred in the hypothesized
introduced range in North America. All haplotypes from
Japan except K were found in what we identified as the Main
native range group, and two haplotypes were also found at
the Corvallis sites (Figs. 1, 2). However, haplotype K, found
in four introduced sites in Japan (J6, J11, J12, and J13), was
not identified in the native range sites. In 17 of 20 intro-
duced sites in Japan (85%), two or more haplotypes were
detected; only three introduced populations (J2, J16, and
J19) were monomorphic.

The haplotype composition differed among the three
founding populations in Japan. Signal crayfish in Lake
Mashu had seven haplotypes, those in Akashina had only
one haplotype, and those in Tankai had four haplotypes.
Although haplotypes B and D were found in both Lake
Mashu and Tankai, the remaining 2—4 haplotypes differed
between the two populations. Haplotype C was only
found in Akashina. Except for Akashina, where the popu-
lation comprised only one haplotype, haplotypes from
different or multiple native range sites were likely intro-
duced to Lake Mashu and Tankai. For example, haplo-
types H, I, and AC, identified in Lake Mashu, were not
found sympatrically in the native range. Likewise, haplo-
types D, E, and F, identified in Tankai, did not co-occur
in any of the native range sites.

Among the three founding populations in Japan, the
number of haplotypes was greatest in Lake Mashu,
whereas haplotype diversity and nucleotide diversity were
greatest in Tankai (Table 1). Only one haplotype was
found from Akashina, and consequently, haplotype and
nucleotide diversity were zero at this site. Although his-
torical records show that Kushiro River populations origi-
nated from Lake Mashu (Usio et al. 2007), these
secondary invasions (J13 and J14) had a greater number
of haplotypes (N}, = 7-9), haplotype diversity (h = 0.81—
0.83), and nucleotide diversity (m = 0.0039-0.0041) rela-
tive to the initial or founding population (N, =6,
h = 0.35, = = 0.0016). Nine recently invaded sites (J5, J6,
J9, J11, J12, J15, J16, J17, and J18) in Hokkaido and
Fukushima Prefectures contained haplotypes A, G, and/or
K, which were also found in Touro or Iwabokki but not
in Lake Mashu. Therefore, the Kushiro River probably
acted as a source for tertiary invasions to these sites.

The haplotype network showed that the native signal
crayfish populations consisted of five lineages which were
connected by one to seven missing haplotypes (i.e., non-
sampled or extinct haplotypes; Fig. 2). The largest lineage,
which we defined as the Main group (above), consisted of
34 haplotypes including the most prevalent haplotype B,
and the haplotypes in this lineage were found across the
native range. A second lineage consisted of three haplotypes
(BG, M, and N) that were collected from the Corvallis
region in west central Oregon. A third lineage, identified as

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 1. Sites of the signal crayfish (Pacifastacus leniusculus) sampled in introduced (Japan) and native ranges (southwest Canada and
northwest United States) with genetic and morphological sample numbers, descriptive statistics of genetic diversity, and the haplotypes found
at each site. Haplotypes found in Japan are in color, whereas those found only in North America are in gray.

North America:

hypothesized Japan: year
Site Site native or of introduction/
number code  Site name Prefecture or state  Country ~ Group introduced’ discovery? Latitude  Longitude
I TOY Lake Toya Hokkaido Japan Hokkaido — 2005 42.5662 140.8329
12 SKO Lake Shikotsu Hokkaido Japan Hokkaido - 2005 42.7654 141.4016
J3 ETA Etanbetsu River Hokkaido Japan Hokkaido - 2005 43.8422 142.2650
J4 OTO  Otoineppu (Teshio  Hokkaido Japan Hokkaido - 1999 44,7236 142.2656
River)
J5 PEN Penkenai River Hokkaido Japan Hokkaido - 2006 44.7715 142.4862
16 MUR  Muri Reservoir Hokkaido Japan Hokkaido - 1994 43.9412 143.3388
17 TOM  Tomisato Hokkaido Japan Hokkaido - 1992 43.8608 143.7446
Reservoir
18 AKN  Lake Akan Hokkaido Japan Hokkaido - 1970 43.4325 144.1369
19 KUS Lake Kussharo Hokkaido Japan Hokkaido - 1995 43.5798 144.3100
J10 MAS  Lake Masyu Hokkaido Japan Hokkaido - 1930 43.6037 144.5619
J1 MUS  Musa River Hokkaido Japan Hokkaido - 2002 43.6362 145.0791
112 MEI Meiji Park (pond) Hokkaido Japan Hokkaido - 1999 43.3374 145.5958
J13 TOU Touro (Kushiro Hokkaido Japan Hokkaido — 1985 43.1654 144.4795
River)
114 IWA Iwabokki (Kushiro  Hokkaido Japan Hokkaido - 1978 43.0832 144.4252
River)
J15 OKE Lake Oketo Hokkaido Japan Hokkaido - 1996 43.6162 143.3642
J16 REB Rebunnai River Hokkaido Japan Hokkaido — 2002 42.8161 143.5274
17 SKA Lake Shikaribetsu Hokkaido Japan Hokkaido - 1993 43.2794 143.1100
18 AKI Lake Akimoto Fukushima Japan Hokkaido - 1998 37.6602 140.1106
J19 AKS Akashina Nagano Japan Nagano - 1926 36.3501 137.9226
(irrigation
stream)
J20 TAN  Tankai (stream) Shiga Japan Shiga - 1926 35.4544 135.9896
Al CNB Creek Near Black British Columbia Canada  Chehalis Unknown - 48.7753  —125.0928
Lake
A2 SPE Spectacle Lake British Columbia Canada  Main Introduced - 48.5773  —123.5688
A3 UNK  Unknown Creek British Columbia Canada  Main Introduced - 49.0311  —125.5892
A4 MUR  Muriel Lake British Columbia Canada  Main Introduced - 49.1247 —125.6173
A5 SPT Sproat Lake British Columbia Canada  Main Introduced - 49.2900 —124.9300
A6 COW  Cowichan Lake British Columbia Canada  Main Introduced - 48.8360 —124.1920
A7 NAN  Nanaimo River British Columbia Canada  Main Introduced - 49.1383  —123.8957
A8 GAR  Garden Bay Lake British Columbia Canada  Main Introduced - 49.6495 —124.0217
A9 RUB Ruby Lake British Columbia Canada  Main Introduced - 49.7173  —123.9740
A10 LAJ Lajoie (Little Gun) British Columbia Canada  Main Introduced — 50.8390 —122.8999
Lake
A1 PIT Pitt River British Columbia Canada  Main Introduced - 49.3500 —122.6200
A12 KAN  Kanaka Creek British Columbia Canada  Main Introduced - 49.2084 —122.5301
A13 JON Jones (Wahleach) British Columbia Canada  Main Introduced — 492476  —121.6057
Lake
Al4 SWE  Sweltzer River British Columbia Canada  Main Introduced - 49.0766  —121.9803
A15 WHA  Lake Whatcom Washington USA Main Introduced - 48.7590 —122.4161
A16 SAM  Samish Lake Washington USA Main Introduced - 48.6699 —122.3801
A7 CLA  Cascade Lake Washington USA Main Introduced - 48.6500 —122.8500
A18 DEE Deer Lake Washington USA Main Introduced - 47.9740 —122.3837
A19 MAR  Martha Lake Washington USA Main Introduced - 47.8535 —122.2438
A20 GRE Green Lake Washington USA Main Introduced - 47.6784  —122.3391
A21 WAS  Lake Washington Washington USA Main Introduced - 47.6136  —122.2607
A22 PIN Pine Lake Washington USA Main Introduced - 47.5882  —122.0444
© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 5371
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Genetic Morphology ~ Number h (Haplotype
samples  samples of haplotypes  diversity) 7 (Nucleotide diversity)
(number)  (number) (Nh) (£SD) (£SD) Haplotypes
53 20 2 0.205 (+0.068)  0.0005 (--0.0006)
29 20 1 0 (+0) 0 (+0)
20 20 2 0.442 (+£0.088)  0.002 (+0.0016)
19 20 4 0.614 (+0.075)  0.0018 (+0.0015)
19 20 4 0.731 (+0.048)  0.0035 (:0.0024)
8 5 0.857 (+0.108)  0.0050 (:0.0035)
20 4 0.732 (+£0.067)  0.0031 (+0.0022)
20 1 4 0.742 (+£0.053)  0.0024 (0.0019)
30 14 3 0.432 (+£0.094)  0.0021 (+0.0017)
51 20 6 0.352 (£0.085) 0.0016 (:0.0014) N | Ac
20 20 3 0.468 (+0.105)  0.0017 (+0.0015)
20 20 3 0.626 (+0.079)  0.0039 (:0.0027)
30 20 7 0.809 (+£0.047)  0.0041 (+0.0027) N | K |
30 20 9 0.832 (0.044) ~ 0.0039 (:0.0026) N BN |
20 20 2 0.337 (+£0.110)  0.0031 (:0.0022)
19 20 1 0 (+0) 0 (+0)
20 20 3 0.626 (+£0.079)  0.0047 (:0.0030)
30 20 3 0.577 (+£0.061)  0.0025 (:0.0019)
30 19 1 0 (+0) 0 (+0)
49 20 4 0.666 (+0.044)  0.0045 (+0.0029) B D
10 1 0 (+0) 0 (+0) Al
10 4 0.711 (0.118)  0.0045 (:0.0031) B D
4 1 1 0 (+0) 0 (+0) BQ
30 12 5 0.584 (+£0.066)  0.0015 (:0.0014) BN BO
30 8 2 0.331 (+£0.089)  0.0023 (:0.0018) B  BQ
27 9 1 0 (+0) 0 (+0) B
7 1 0 (+0) 0 (+0) B
3 1 1 0 (+0) 0 (+0) B
29 9 1 0 (+0) 0 (+0) B
44 6 2 0.512 (+0.016)  0.0023 (+0.0018) g N
14 5 3 0.385 (+£0.149)  0.0021 (+0.0017) B S
19 4 2 0.281 (£0.116)  0.0013 (+0.0012) B S
28 8 2 0.423 (+£0.076)  0.0019 (0.0016) S
15 1 2 0.533 (+£0.052)  0.0024 (£0.0019) B S
20 6 4 0.500 (+0.122)  0.0028 (+0.0021) s [ s
8 2 4 0.786 (+0.113)  0.0088 (-0.0056) B Al
2 4 1 - - B
5 5 1 0 (£0) 0 (£0) [
13 5 3 0.410 (£0.154)  0.0038 (:0.0027) B AR AS
4 2 3 0.833 (+£0.222)  0.0137 (£0.0099) Al
19 8 7 0.608 (+£0.127)  0.0050 (0.0032) BE
10 4 5 0.867 (+0.071)  0.0033 (:0.0025) B
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Table 1. Continued.
North America:
hypothesized Japan: year
Site Site native or of introduction/
number code  Site name Prefecture or state  Country ~ Group introduced’ discovery? Latitude  Longitude
A23 DOL  Dolloff Lake Washington USA Main Introduced - 47.3264 —122.2870
A24 KIL Lake Killarney Washington USA Main Introduced - 47.2866 —122.2921
A25 STE Steel Lake Washington USA Main Introduced - 473280 —122.3034
A26 BEA Bear Creek Washington USA Chehalis  Native - 47.7655 —122.0620
A27 SHA  Shady Lake Washington USA Chehalis  Native - 47.4298 —122.1069
A28 POR Porter Creek Washington USA Chehalis  Native - 46.9773  —123.2587
A29 WYN  Wynoochee Lake Washington USA Chehalis  Native - 47.4063 —123.5890
A30 CRE Lake Crescent Washington USA Chehalis  Native - 48.0609 —123.8248
A31 PLE Lake Pleasant Washington USA Chehalis  Native - 48.0657 —124.3278
A32 UMT  Umtanum Creek Washington USA Yakima Native - 46.8555 —120.4879
A33 ASO  Asotin Creek Washington USA Asotin Native - 46.3316  —117.1897
A34 UMA  Umatilla Oregon USA Main Native - 459187 —119.1741
(Columbia River)
A35 CLO  Cascade Locks Oregon USA Main Native - 456693 —121.8974
(Columbia River)
A36 NFC North Fork Oregon USA Main Native - 452438 —122.2762
Clackamas River
A37 MFJ Main Fork John Oregon USA Main Native - 444214  —118.9519
Day River
A38 BIL Lake Billy Chinook  Oregon USA Main Native - 44,5580 —121.2651
A39 PAU Paulina Lake Oregon USA Main Native - 437152  —121.2734
A40 SPG Sprague River Oregon USA Main Native - 42.6106 —121.7749
A4l NFU North Fork Oregon USA Umpgua Native - 43.3455  —122.7342
Umpqua River
A42 WIL Willamette River Oregon USA Corvallis  Native - 445698 —123.2558
A43 DIX Dixon Creek Oregon USA Corvallis  Native - 445823 —123.2719
Ad4 THR Three Rivers Oregon USA Main Native - 45.1806 —123.8131
A45 MIL Mill Creek Oregon USA Main Native - 458504 —122.8158
A46 CAM  Camp Creek Oregon USA Main Introduced - 44.0640 —119.0344
A47 MAL  Malheur River Oregon USA Main Introduced - 43.7852 —118.3317
A48 OWH  Owyhee River Nevada USA Main Introduced - 41.8887 —116.0516
A49 PAR Parma (Snake ldaho USA Main Introduced - 43.8207 —117.0177
River)
A50 RIR Ririe Reservoir Idaho USA Main Introduced - 43.5758 —111.7375

"After Larson et al. (2012).
2After Usio et al. (2007).

the Chehalis group in Larson et al. (2012), consisted of 12
haplotypes (including AI), and the haplotypes in this lin-
eage were in western Washington and from one location on
Vancouver Island, British Columbia. A fourth lineage
includes seventeen haplotypes (including U) that were
found from the Columbia River and its tributaries east of
the Cascade Mountains. Finally, a fifth lineage consisted of
three haplotypes (BW, BV, and R) that were found from
Umpqua and Klamath River tributaries in southwest Ore-
gon. Except for the haplotype U, all haplotypes identified
in Japan are from the most common lineage.

In SAMOVA, ¢cr increased to a plateau or asymptote at
six clusters (K = 6; Table 2, Fig. S1), identifying six genetic
groups. When single-site groups were not considered as

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

independent genetic groups, two clusters (K = 2) were
selected. In both cases, all introduced populations were clus-
tered into the same group as the Main group in the Pacific
Northwest. Subsequent pairwise AMOVAs or pairwise pop-
ulation differentiation tests (when only one population con-
sisted of each group) showed high ¢pcr or ggr between the
six genetic groups (Table 3). When AMOVA was performed
between Japanese and North American sites within the Main
genetic group, percentage of covariance did not differ
between the subgroups (pcr = 0.014, P = 0.182 £ 0.003).
Thus, all introduced populations in Japan likely originate
from the Main group in the native range.

The number of haplotypes (IN},) in introduced signal cray-
fish populations in Japan (interquartile range: 2.00—4.00,
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Genetic Morphology ~ Number h (Haplotype

samples  samples of haplotypes  diversity) 7 (Nucleotide diversity)

(number)  (number) (Np) (+SD) (+SD) Haplotypes

1 1 - -

3 3 1.000 (+£0.272)  0.0076 (40.0066) B Z AM

2 i - - i

30 4 0.395 (+0.100)  0.0011 (+0.0011) AR AU AY B

4 1 0 (+0) 0 (+0) Al

16 5 0.608 (+0.130)  0.0016 (+0.0014) AH Al Al AK AL
29 4 0.535 (+0.091)  0.0018 (+0.0015) Al Al AT B

14 2 0.528 (£:0.064) 0.0012 (:0.0012) AlA

15 1 0 (+0) 0 (+0) Al

30 9 0.717 (£0.075)  0.0038 (+0.0025) Q X AR AZ BA BB BC BD BL
21 3 0.495 (+0.092)  0.0012 (+0.0012) T AF AG

16 7 0817 (0.073) 00079 (x0.0048) [l 8 Q@ T W X
6 5 0.933 (+0.122)  0.0061 (+0.0044) Q U7 AD AN BH
6 6 1.000 (+0.096)  0.0070 (+0.0049)  [JIEl | FBNVIBRIVBSBX
10 4 0.644 (£0.152)  0.0044 (£0.0031) c PFN BT BU

5 22 4 0.900 (+0.161)  0.0046 (+0.0036) B C I[P

7 3 2 0.571 (+0.120)  0.0026 (+0.0022) B | AX

8 3 0.464 (+0.200) 0.0072 (+0.0048) [El B8 'R

9 2 0.389 (£0.164)  0.0009 (:0.0010) BV BW

5 2 0.400 (£0.237)  0.0073 (£0.0053) M S

15 4 0.467 (+0.148)  0.003 (+0.0022) I M N BG
30 2 0.287 (+0.092)  0.0007 (+0.0008) AE

30 5 0.405 (+0.106)  0.0011 (+0.0011) | s Yz
2 2 - - AN AO

10 2 1 0 (£0) 0 (£0) |

15 1 3 0.533 (+0.126) 0.0030 (+0.0022)  [NEEEE

1 1 - - |

9 1 0 (+0) 0 (+0)

median = 3.00) was as high as that of all sites in the native
range (interquartile range: 2.00-4.00, median = 3.00; Wil-
coxon rank-sum test, W = 514.5, P = 0.35) (Fig. S2A) or the
Main group in the native range (interquartile range: 2.00—
4.00, median = 3.00) (W = 3775, P=0.38) (Fig. S2B).
Haplotype diversity (h) was not significantly different
between introduced signal crayfish populations in Japan (in-
terquartile range: 0.348-0.731, median = 0.596) and all native
range populations (interquartile range: 0.281-0.608, med-
ian=0.467; Wilcoxon rank-sum test, W = 516.5, P = 0.35) or
native range populations belonging to the Main group (in-
terquartile range: 0.281-0.711, median = 0.500; Wilcoxon
rank-sum test, W = 358.0, P = 0.61). Likewise, there was no
statistical difference in nucleotide diversity (1) between
the introduced Japanese populations (interquartile range:
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0.0017-0.0039, median = 0.0025) and all groups in the native
range (interquartile range: 0.0007—0.0044, median = 0.0021;
Wilcoxon rank-sum test, W = 480.5, P = 0.67) or the Main
group populations in the native range (interquartile range:
0.0007—0.0046, median = 0.0024; Wilcoxon rank-sum test,
W = 317.0, P = 0.82). These results were not generally sensi-
tive to inclusion of all Pacific Northwest signal crayfish
genetic groups or the use of a more restrictive native range
definition (Fig. S2C, D). The only exception was that 7 of sig-
nal crayfish was higher in the Main group in the restrictive
native range relative to that in Japan (Fig. S2D).

When the number of haplotypes in the introduced
populations in Japan was regressed against the year of
establishment or discovery, there was no significant rela-
tionship between these two variables (r= —0.197,

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 1. Geographic distribution and haplotypes observed in signal crayfish (Pacifastacus leniusculus) populations in Japan and North America.
Smaller circles (A17, A23, A25, A46, and A49) indicate smaller sample sizes (<3 individuals). The genetic groups of the introduced and native
range populations are delineated by blue broken lines. Haplotypes found in Japan are in color, whereas those found only in North America are in

gray. See Table 1 for site numbers.

P = 0.40). However, there was a significant negative rela-
tionship between the number of haplotypes and the year
of establishment or discovery when only specimens of the
Hokkaido (or Lake Mashu originating) group were con-
sidered in the analysis (r = —0.581, P = 0.011; Fig. 3A).
Morphological analysis showed that the average
ChA.CL was greater in the introduced Japanese popula-
tions relative to that of the Main group in the native
range (linear mixed-effects model: t = —2.047, P = 0.049;
Fig. 3B). We did not find a significant relationship
between ChA.CL and the year of establishment or discov-
ery when all specimens of the introduced groups were
included in the analysis (linear mixed-effects model:
t=0.895, P =0.38). However, we found a significant
positive relationship between ChA.CL and the year of
establishment or discovery when only specimens of the
introduced Hokkaido group were considered in the

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

analysis (linear mixed-effects model: t = 2.141, P = 0.049;
Fig. 3C). There was no significant relationship between
ChA.CL and the number of haplotypes in all introduced
groups (r = —0.197, P = 0.40) or that in the Hokkaido
group (r = —0.293, P = 0.29; Fig. 3D).

Discussion

We found that the introduced signal crayfish populations
in Japan originate from multiple source populations from
the most widely distributed genetic group in the native
range, encompassing British Columbia, Washington, Ore-
gon, Idaho, and northern Nevada. The differences in haplo-
type composition among the three founding populations in
Japan are likely the consequences of founder effects (Aka-
shina) or genetic admixture (Lake Mashu and Tankai), as
suggested from the distributions of haplotypes in the native
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range and SAMOVA grouping. Some of these putative
source populations from the Pacific Northwest to Japan
may themselves be introductions (Larson et al. 2012). Fur-
thermore, we cannot rule out the possibility that the six
haplotypes that were only found in Japan and/or the
hypothesized introduced range in North America might
also occur along the lower Columbia River (or elsewhere)
because of our relatively low sampling effort in that specific
region, which is a likely source for some of the earliest sig-
nal crayfish translocations dating back to the late 19th cen-
tury (Miller and Van Hyning 1970).

In theory, invasive populations are expected to suffer
from loss of genetic variation due to founder effects,
genetic bottlenecks, and genetic drift. In contrast to
these expectations, studies investigating genetic diversity
of aquatic species often show little sign of reduced
genetic variation following biological invasions, perhaps
because biological invasions in aquatic ecosystems are
often associated with high propagule pressure (reviewed
in Roman and Darling 2007). In addition, multiple
introductions from disparate native range sources may
result in genetic admixture, which might enhance the
chance for nonindigenous species to establish in a new
environment in some cases (but see Cristescu 2015 for
other outcomes of admixture and genetic diversity on
invasion success). In our study, genetic admixture from
multiple source populations within the native range of
the Main group may have contributed to high genetic
diversity in the introduced signal crayfish populations in
Japan. Consequently, genetic diversity indices (N}, h and
m) of the introduced signal crayfish were as high as
those of the Main group in the native range regardless
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Figure 2. Statistical parsimony haplotype
network of signal crayfish (Pacifastacus
leniusculus) samples from Japan and North
America. The genetic lineages are delineated
by blue broken lines. Haplotypes found both in
Japan (indicated by horizontal stripes) and
North America (filled) are in color, whereas
those found only in North America are in gray.
Black dots indicate missing or unsampled
haplotypes. The size of the circles is
proportional to frequency. Each link between
haplotypes represents one mutation step.

of whether or not we consider a more restrictive or
expansive native range classification.

We also found that signal crayfish in Japan have larger
chela (ChA.CL) relative to their putative source popula-
tions in the native range, even if some of these native
range populations (e.g., British Columbia) may also rep-
resent human introductions of the species within the
Pacific Northwest. Furthermore, there was a positive rela-
tionship between chela size and the year of establishment
or discovery in the Hokkaido introduced group. An
increase in the size of crayfish chelae in recently intro-
duced populations may be a response to interactions with
conspecific predators/competitors, avian, mammal, or fish
predators or other biotic or abiotic factors. In particular,
crayfish with large chela are expected to have advantages
in acquiring limited resources, such as food, shelter, and
mates, because dominance hierarchy or survivorship in
crayfish is largely determined by chela size (Garvey and
Stein 1993; Rutherford et al. 1995; Gherardi et al. 2000).
Together, these findings support past studies that have
found invasive populations of signal crayfish to be more
aggressive than native populations (Pintor et al. 2008)
and observed dispersing or peripheral signal crayfish to
have larger chela than crayfish in the older, core of an
invasive population (Hudina et al. 2012). Species inva-
sions provide opportunities for rapid adaptation to new
environments, and spreading invaders can have spatially
structured distributions of adaptive functional traits or
behaviors (Phillips et al. 2010; Hudina et al. 2014). Our
findings suggest that impacts of signal crayfish on native
species and ecosystems in Japan may be related to rapid
adaptation or behavioral change associated with invasion

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 2. Summary results of spatial analysis of molecular variance (SAMOVA) using the Kimura 2-parameter evolution model with gamma

correction (y = 0.03). See Table 1 for site numbers.

Invasion History of the Signal Crayfish in Japan

K Group composition

2 [J1, )2, 13,14, J5, )6, 17, J8, 19, J10,  [A1, A26, A27, A28,

J11, )12, )13, 114, )15, J16, )17, A29, A30, A31]
J18, 119, J20, A2, A3, A4, A5, Ab,

A7, A8, A9, A10, A11, A12, A13,

A14, A15, A16, A18, A19, A20,

A21, A22, A24, A32, A33, A34,

A35, A36, A37, A38, A39, A40,

A41, A42, A43, Ad4, A45, A47,

A48, A50]
3 [J1, )2, 13,14, J5, J6, J7, 18, 19, [A1, A26, A27, A28, [A41]
J10, J11, )12, )13, 14, )15, )16, A29, A30, A31]

J17, 118, 119, 120, A2, A3, A4,

A5, A6, A7, A8, A9, A10, A11,
A12, A13, A14, A15, A16, A18,
A19, A20, A21, A22, A24, A32,
A33, A34, A35, A36, A37, A3S,
A39, AdD, Ad2, A43, Add, A4S,

A47, A48, A50]
4 [J1,12, 13, 14,15, )6, 17,18, )9, J10,  [A1, A26, A27, A28, [A41] [A33]
J11, )12, )13, 114, )15, J16, J17, A29, A30, A31]

118, 119, 120, A2, A3, A4, A5, A6,
A7, A8, A9, A10, A11, A12, A13,

A14, A15, A16, A18, A19, A20,

A21, A22, A24, A32, A34, A35,

A36, A37, A38, A39, A4, A42,

A43, Add, A5, A47, A4S, A50]

5 [1,J2, 3, 14,15, 16,17, 18,19, 110, [A1, A26, A27, A28, [A41] [A33]
J11, 112, 113, 114, )15, 116, 117, A29, A30, A31]
J18, J19, 120, A2, A3, A4, A5, A6,

A7, A8, A9, A10, A11, A12, A13,
A4, A15, A16, A18, A19, A20,
A21, A22, A24, A34, A35, A36,
A37, A38, A39, A40, Ad2, A43,
A44, A4S, A47, A48, AS0]

6  [1,J2,13,)4,J5, 6, 17,18,19, 10,  [A1, A26, A27, A28, [A41] [A33]
011, 112, 113, 114, 115, 116, 117, A29, A30, A31]
J18, J19, 120, A2, A3, A4, A5, A6,

A7, A8, A9, A10, A11, A12, A13,
A14, A15, A16, A18, A19, A20,
A21, A22, A24, A34, A35, A36,
A37, A38, A39, A40, Ad4, A4S,

A47, A48, A50]
7 [J1, )2, 13,14, J5, )6, )7, J8, J9, J10,  [A1, A27, A28, [A41]  [A33]
J11, )12, )13, 114, )15, J16, J17, A29, A30, A31]

J18, 119, J20, A2, A3, A4, A5, Ab,
A7, A8, A9, A10, A11, A12, A13,
A14, A15, A16, A18, A19, A20,
A21, A22, A24, A34, A35, A36,
A37, A38, A39, A40, Ad4, A45,

A47, A48, A50]
8 [J1, )2, 13,14, J5, )6, )7, 18, )9, )10,  [A1, A27, A28, [A41]  [A33]
J11, 112, )13, )14, )15, J16, J17, A29, A30, A31]

J18, 119, J20, A2, A3, A4, A5, A6,

[A42, A43]

[A42, A43]

[A42, A43]

[A42, A43]

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 2. Continued.
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K Group composition ocT
A7, A8, A9, A10, A11, A12, A13,
A14, A15, A16, A18, A19, A20,
A21, A22, A24, A34, A35, A36,
A38, A39, A40, Ad4, A45, A4d7,
A48, A50]
9 [)1, 12,13, )4, J5, J6, 17, 18, )9, [A1, A27, A28, [A41] [A33] [A42, A43] [A32] [A26] [A37] [A35] 0.877
J10, J11, )12, )13, J14, 115, )16, A29, A30, A31]
J17, 118, 119, J20, A2, A3, A4,
A5, A6, A7, A8, A9, A10, A11,
A12, A13, A14, A15, A16, A18,
A19, A20, A21, A22, A24, A34,
A36, A38, A39, A40, Ad4, A45,
A47, A48, A50]
10 [)1,1)2,)3, 4,5, J6, )7, 18, 19, [A1, A27, A28, [A41] [A33] [A42, A43] [A32] [A26] [A37] [A35] [A3] 0.877
J10, J11, )12, )13, J14, )15, J16, A29, A30, A31]
J17, 118, 19, J20, A2, A4, A5,
A6, A7, A8, A9, A10, A11, A12,
A13, A14, A15, A16, A18, A19,
A20, A21, A22, A24, A34, A36,
A38, A39, A0, Add, A5, A4,
A48, A50]
("i) 3.5+ (E) 3.0 I
?Z, E 2.5 i !
g é ! |
% g 2.0
= © i !
; ° 1.0 E
£ T 0.5 |
5 [9)
= 051 T T T T T T * 00 T T
1920 1940 1960 1980 2000 2020 .Main Japan Figure 3. (A) The relationship between the
Year of introduction/discovery (Native range) (Introduced range) | '\ ¢ haplotypes (N)) and the year of
(©) (D) introduction or discovery for each signal
—~ 3.0 —~ 3.0 1 crayfish population of the Hokkaido group
E . E s (v = —0.0167X + 35.057, r = —0.581,
£ . = 2] @ P =0.011). (B) Mean (£+1SE) chela area to
s 2.0 s 2.0 H 8 O o @ O carapace length ratio (ChA.CL) of signal
© 15 © 15 o 1) crayfish in the native range Main group and
% ’ % ' Japan (introduced range) (linear mixed-effects
© 1.0+ © 1.0 model: P = 0.049). (C) The relationship
2 = between ChA.CL and the year of introduction
% 0.5 % 0-5 7 or discovery in the Hokkaido group (linear
x 0.0 o 0.0 - mixed-effects model: t = 2.141, P = 0.049).
19'20 19'40 19|60 19|80 20'00 20'20 2' 4:. é é 1'0 (D) The relationship between ChA.CL and the
) ) . number of haplotypes in the Hokkaido group
Year of introduction/discovery Number of haplotypes(N,,) (= 0293, P - 0.28).
(Pintor et al. 2009; Sargent and Lodge 2014), and we Historical records and a previous microsatellite analysis
believe this area merits more investigation to both miti- indicated that the Hokkaido signal crayfish group origi-

gate the effects of invasive signal crayfish and better nated from the Lake Mashu population of this island

understand the success of some invaders.
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(Usio et al. 2007; Azuma et al. 2011). However, only

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 3. Results of AMOVAs evaluating the amount of genetic covariance (based on gct or ¢st) between groups of introduced and native range
signal crayfish.

Main Chehalis Umpgua  Asotin Yakima  Corvallis
1,12, 13, 4,15, 16, 17, 18, A1, A26, A27, A28, A41 A33 A32 A42, A43
19, J10, J11, )12, 113, A29, A30, A31
114, 115, 116, 117, 118,
119, J20, A2, A3, A4,
A5, A6, A7, A8, A9, A10,
A1, A12, A13, Al4,
A15, A16, A18, A19,
A20, A21, A22, A24,
A34, A36, A38,
A39, AdD, Add, A45,
A47, A48, A50
Main J1,12, 13,14, 15, 16, 17, 18, 19, -
110, J11, 112, J13, 114, 115, )16,
117,118, 119, 120, A2, A3, A4, A5,
A6, A7, A8, A9, A10, A11, A12,
A13, A14, A15, A16, A18, A19,
A20, A21, A22, A24, A34, A36,
A38, A39, A40, Add, A45, Ad7,
A48, A50
Chehalis A1, A26, A27, A28, 0.897* -
A29, A30, A31
Umpqua A41 0.900™¢ 0.972"¢ -
Asotin  A33 0.835"¢ 0.909™¢ 0.989**
Yakima  A32 0.748™% 0.942m4 0.939%#*  (0.843%** _
Corvallis  A42, A43 0.790%* 0.938* 0.899"¢  0.921"¢  0.880"*

Genetic covariance was expressed in percentages. Six genetic groups were identified in the native range on the basis of spatial analysis of molecu-
lar variance (SAMOVA). The significance of covariation among groups was not estimated for the groups comprising only one population because

of low statistical power. See Table 1 for site numbers.
*P < 0.05, ***P < 0.001, n.d., not determined.

anecdotal evidence supports crayfish transport out of Lake
Mashu. Lake Mashu is an ultra-oligotrophic caldera lake
without inflow or outflow streams and is surrounded by
150- to 350-m cliffs and steep slopes. It is extremely unli-
kely that signal crayfish dispersed over land, although
human access to the lake is also restricted because Lake
Mashu is a special protected area of Akan National Park.
Regardless, we believe that secondary spread of signal
crayfish out of Lake Mashu to regions such as the Kush-
iro River was probably made by intentional, illegal
translocations by anglers or through accidental transloca-
tion with other stocked fish originating from Lake Mashu.
Furthermore, the lead author has observed unintentional
translocation of signal crayfish with macrophyte restora-
tion activities in the Kushiro River basin. At present, the
keeping, rearing, transporting, translocating, and selling
of live signal crayfish are restricted under the Invasive
Alien Species Act, but much attention should be paid on
unintentional introductions with fish stocks or macro-
phytes from invaded water bodies.

High genetic diversity at the locations of early sig-
nal crayfish introductions in Hokkaido (Lake Mashu,

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Iwabokki, and Touro) may have contributed to the sub-
sequent success of this species and its widespread distri-
bution in Japan. However, younger populations
produced by secondary spread or subsequent introduc-
tions within Japan generally have lower genetic diversity,
and high genetic variation or admixture from multiple
source populations does not seem to be a prerequisite
for invasion success in this species (Cristescu 2015).
Invasive populations of another highly invasive crayfish,
red swamp crayfish Procambarus clarkii, often have low
genetic diversity in their introduced ranges and show
reductions in genetic diversity with secondary spread
(Torres and Alvarez 2012; Paulson and Martin 2014).
Some studies have found evidence of rapid adaptations
following loss of genetic variation (Tsutsui et al. 2000;
Yonekura et al. 2007; Dlugosch and Parker 2008a). In
our study, reduced genetic variability in recently estab-
lished signal crayfish populations was evident from the
Hokkaido group, with the exceptions of two Kushiro
River populations (Touro and Iwabokki) that probably
originate from Lake Mashu, and some of the most
recently established populations (Rebunnai River and
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Lake Shikotsu) are monomorphic. Acquisition of adap-
tive traits such as large chela may explain success of sig-
nal crayfish in secondary invasions, although studies on
the behavior and ecological interactions of peripheral
and core populations are needed.

To date, we have established that invasive signal cray-
fish in Japan have multiple native range source popula-
tions and that high genetic diversity associated with this
admixture in older invasive populations in the Hokkaido
group attenuates to lower genetic diversity in younger
populations associated with secondary spread or subse-
quent introductions within the country. Chela size,
which is associated with aggressive behavior and compet-
itive dominance in crayfish, tends to be larger in the
invasive range than native range for signal crayfish and
has a tendency to become larger in newer relative to
older populations within Japan. Related to the potential
for rapid adaptation within invasive range populations
of signal crayfish, we previously showed that although
the broadly omnivorous trophic function of this species
is conserved between its native and invasive range, this
crayfish has established in very distinct climates in Japan
relative to the Pacific Northwest (Larson et al. 2010).
More resolved studies are needed to address mechanisms
of potential rapid adaptation within this species toward
broad understanding of success of signal crayfish inva-
sions and development of management strategies for
such invaders.

Acknowledgments

We thank Bill Clark and Bill Gerth for providing logistical
support during field collections of signal crayfish, Matt
Hill for sending crayfish specimens to the lead author,
Tomoko Korenaga for help with laboratory analyses, Hir-
oko Ishiniwa for help with data analyses, and Ben Scofield
for help with morphological measurements. Comments
from anonymous reviewers have greatly improved an
early draft of the manuscript. This study was supported
by KAKENHI (nos. 24510324 and 16K07512).

Conflict of Interest

None declared.

References

Abrahamsson, S. A. A., and C. R. Goldman. 1970.
Distribution, density, and production of the crayfish
Pacifastacus leniusculus Dana in Lake Tahoe, California —
Nevada. Oikos 21:83-91.

Azuma, N., N. Usio, T. Korenaga, I. Koizumi, and N.
Takamura. 2011. Genetic population structure of the
invasive signal crayfish Pacifastacus leniusculus in Japan

5380

N. Usio et al.

inferred from newly developed microsatellite markers.
Plankton Benthos Res. 6:179-186.

Blackburn, T. M., J. L. Lockwood, and P. Cassey. 2015. The
influence of numbers on invasion success. Mol. Ecol.
24:1942-1953.

Bouchard, R. W. 1978. Taxonomy, distribution, and general
ecology of the genera of North American crayfishes.
Fisheries 3:11-19.

Carl, G. C,, and C. J. Guiguet. 1957. Alien animals in British
Columbia. British Columbia Provincial Museum, Victoria,
British Columbia.

Clement, M., D. Posada, and K. A. Crandall. 2000. TCS: a
computer program to estimate gene genealogies. Mol. Ecol.
9:1657-1659.

Cristescu, M. E. 2015. Genetic reconstructions of invasion
history. Mol. Ecol. 24:2212-2225.

Darriba, D., G. L. Taboada, R. Doallo, and D. Posada. 2012.
jModelTest 2: more models, new heuristics and parallel
computing. Nat. Methods 9:772.

Dlugosch, K. M., and I. M. Parker. 2008a. Invading
populations of an ornamental shrub show rapid life
history evolution despite genetic bottlenecks. Ecol. Lett.
11:701-709.

Dlugosch, K. M., and I. M. Parker. 2008b. Founding events in
species invasions: genetic variation, adaptive evolution, and
the role of multiple introductions. Mol. Ecol. 17:431-449.

Dupanloup, I, S. Schneider, and L. Excoffier. 2002. A
simulated annealing approach to define the genetic structure
of populations. Mol. Ecol. 11:2571-2581.

Edgerton, B. F.,, P. Henttonen, J. Jussila, A. Mannonen, P.
Paasonen, T. Taugbol, et al. 2004. Understanding the causes
of disease in European freshwater crayfish. Conserv. Biol.
18:1466—-1474.

Excoffier, L., and H. E. L. Lischer. 2010. Arlequin suite ver 3.5: a
new series of programs to perform population genetics analyses
under Linux and Windows. Mol. Ecol. Resour. 10:564-567.

Ficetola, G. F., A. Bonin, and C. Miaud. 2008. Population
genetics reveals origin and number of founders in a
biological invasion. Mol. Ecol. 17:773-782.

Franks, S. J., and J. Munshi-South. 2014. Go forth, evolve and
prosper: the genetic basis of adaptive evolution in an
invasive species. Mol. Ecol. 23:2137-2140.

Garvey, J. E.,, and R. A. Stein. 1993. Evaluating how chela size
influences the invasion potential of an introduced crayfish
(Orconectes rusticus). Am. Midl. Nat. 129:172—-181.

Gherardi, F., P. Acquistapace, and S. Barbaresi. 2000. The
significance of chelae in the agonistic behaviour of the
white-clawed crayfish, Austropotamobius pallipes. Mar.
Freshwater Behav. Physiol. 33:187-200.

Gillis, N. K., L. J. Walters, F. C. Fernandes, and E. A.
Hoffman. 2009. Higher genetic diversity in introduced than
in native populations of the mussel Mytella charruana:
evidence of population admixture at introduction sites.
Divers. Distrib. 15:784-795.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



N. Usio et al.

Guindon, S., and O. Gascuel. 2003. A simple, fast, and
accurate algorithm to estimate large phylogenies by
maximum likelihood. Syst. Biol. 52:696-704.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. Nucleic Acids Symp. Ser. 41:95-98.

Hampton, J. O., P. B. S. Spencer, D. L. Alpers, L. E. Twigg, A.
P. Woolnough, J. Doust, et al. 2004. Molecular techniques,
wildlife management and the importance of genetic
population structure and dispersal: a case study with feral
pigs. J. Appl. Ecol. 41:735-743.

Holdich, D. M., J. D. Reynolds, C. Souty-Grosset, and P. J.
Sibley. 2009. A review of the ever increasing threat to
European crayfish from non-indigenous crayfish species.
Knowl. Manag. Aquat. Ecosyst. 394-395:1-46 artl11.

Hudina, S., K. Hock, K. Zganec, and A. Lucic. 2012. Changes
in population characteristics and structure of the signal
crayfish at the edge of its invasive range in a European river.
Ann. Limnol. Int. J. Limnol. 48:3-11.

Hudina, S., K. Hock, and K. Zganec. 2014. The role of
aggression in range expansion and biological invasions.
Curr. Zool. 60:401-409.

Imai, H., J. H. Cheng, K. Hamasaki, and K. Numachi. 2004.
Identification of four mud crab species (genus Scylla) using
ITS-1 and 16S rDNA markers. Aquat. Living Resour. 17:31—
34.

Kawai, T., K. Nakata, and Y. Kobayashi. 2002. A study of the
taxonomic status and introduction of two Pacifastacus
crayfish species from North America to Japan. J. Nat. Hist.
Aomori 7:59-71 (In Japanese with English abstract).

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen.
2016. Package ‘lmerTest™: Tests in linear mixed effects
models (Version 2.0-30).

Lacy, R. C. 1987. Loss of genetic diversity from managed
populations: interacting effects of drift, mutation,
immigration, selection, and population subdivision.
Conserv. Biol. 1:143-158.

Larson, E. R., J. D. Olden, and N. Usio. 2010. Decoupled
conservatism of Grinnellian and Eltonian niches in an
invasive arthropod. Ecosphere 1:1-13 art16.

Larson, E. R., C. L. Abbott, N. Usio, N. Azuma, K. A. Wood,
L. M. Herborg, et al. 2012. The signal crayfish is not a
single species: cryptic diversity and invasions in the Pacific
Northwest range of Pacifastacus leniusculus. Freshw. Biol.
57:1823-1838.

Leinonen, T., R. B. O’Hara, J. M. Cano, and J. Merila. 2008.
Comparative studies of quantitative trait and neutral marker
divergence: a meta-analysis. J. Evol. Biol. 21:1-17.

Lindholm, A. K., F. Breden, H. J. Alexander, W. K. Chan, S.
G. Thakurta, and R. Brooks. 2005. Invasion success and
genetic diversity of introduced populations of guppies
Poecilia reticulata in Australia. Mol. Ecol. 14:3671-3682.

Mason, J. 1974. Aquaculture potential of the freshwater
crayfish (Pacifastacus) I. studies during 1970. Fisheries

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Invasion History of the Signal Crayfish in Japan

Research Board of Canada Technical Report No. 440,
Nanaimo, BC.

McGriff, D. 1983. The commercial fishery for Pacifastacus
leniusculus Dana in the Sacramento-San Joaquin delta.
Freshwater Crayfish 5:403—417.

Miller, G., and J. Van Hyning. 1970. The commercial fishery
for fresh-water crawfish, Pacifastacus leniusculus (Astacidae)
in Oregon, 1893-1956. Res. Rep. Fish Comm. Oreg. 2:77—
89.

Nakata, K., N. Hayashi, M. Ozaki, A. Ohtaka, and J. Miwa.
2010. First record of the North American invasive crayfish
Pacifastacus leniusculus from the Kanto region, Tone River
basin, central Japan: a range expansion to a warm water
area. Plankton Benthos Res. 5:165-168.

Nystrom, P., O. Svensson, B. Lardner, C. Bronmark, and W.
Granéli. 2001. The influence of multiple introduced predators
on a littoral pond community. Ecology 82:1023—1039.

Ohtaka, A. 2007. Distribution of exotic branchiobdellidans
(Annelida, Clitellata) in Japan (In Japanese with English
abstract). Jpn J. Limnol. 68:483-489.

Ohtaka, A., S. Gelder, T. Kawai, K. Saito, K. Nakata, and M.
Nishino. 2005. New records and distributions of two North
American branchiobdellidan species (Annelida: Clitellata)
from introduced signal crayfish, Pacifastacus leniusculus, in
Japan. Biol. Invasions 7:149—156.

Paulson, E. L., and A. P. Martin. 2014. Discerning invasion
history in an ephemerally connected system: landscape
genetics of Procambarus clarkii in Ash Meadows, Nevada.
Biol. Invasions 16:1719-1734.

Pfenninger, M., and D. Posada. 2002. Phylogeographic history
of the land snail Candidula unifasciata (Helicellinae,
Stylommatophora): fragmentation, corridor migration, and
secondary contact. Evolution 56:1776-1788.

Phillips, B. L., G. P. Brown, and R. Shine. 2010. Life-history
evolution in range-shifting populations. Ecology 91:1617—
1627.

Pintor, L. M., and A. Sih. 2009. Differences in growth and
foraging behavior of native and introduced populations of
an invasive crayfish. Biol. Invasions 11:1895-1902.

Pintor, L. M., A. Sih, and M. L. Bauer. 2008. Differences in
aggression, activity and boldness between native and
introduced populations of an invasive crayfish. Oikos
117:1629-1636.

Pintor, L. M., A. Sih, and J. L. Kerby. 2009. Behavioral
correlations provide a mechanism for explaining high
invader densities and increased impacts on native prey.
Ecology 90:581-587.

R Development Core Team 2015. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna.

Rollins, L. A., A. P. Woolnough, R. Sinclair, N. J. Mooney,
and W. B. Sherwin. 2011. Mitochondrial DNA offers unique
insights into invasion history of the common starling. Mol.
Ecol. 20:2307-2317.

5381



Invasion History of the Signal Crayfish in Japan

Roman, J., and J. A. Darling. 2007. Paradox lost: genetic
diversity and the success of aquatic invasions. Trends Ecol.
Evol. 22:454-464.

Rutherford, P. L., D. W. Dunham, and V. Allison. 1995. Winning
agonistic encounters by male crayfish Orconectes rusticus
(Girard) (Decapoda, Cambaridae) — Chela size matters but
chela symmetry does not. Crustaceana 68:526—529.

Sakai, A. K., F. W. Allendorf, J. S. Holt, D. M. Lodge, J.
Molofsky, K. A. With, et al. 2001. The population biology
of invasive species. Annu. Rev. Ecol. Syst. 32:305-332.

Sargent, L. W., and D. M. Lodge. 2014. Evolution of invasive
traits in nonindigenous species: increased survival and faster
growth in invasive populations of rusty crayfish (Orconectes
rusticus). Evol. Appl. 7:949-961.

Stein, R. A. 1976. Sexual dimorphism in crayfish chelae:

functional significance linked to reproductive activities. Can.

J. Zool. 54:220-227.

Torres, E., and F. Alvarez. 2012. Genetic variation in native and
introduced populations of the red swamp crayfish Procambarus
clarkii (Girard, 1852) (Crustacea, Decapoda, Cambaridae) in
Mexico and Costa Rica. Aquat. Invasions 7:235-241.

Tsutsui, N. D., A. V. Suarez, D. A. Holway, and T. J. Case.
2000. Reduced genetic variation and the success of an
invasive species. Proc. Natl Acad. Sci. USA 97:5948-5953.

Twardochleb, L. A., J. D. Olden, and E. R. Larson. 2013. A
global meta-analysis of the ecological impacts of nonnative
crayfish. Freshw. Sci. 32:1367-1382.

Usio, N., K. Nakata, T. Kawai, and S. Kitano. 2007.
Distribution and control status of the invasive signal

5382

N. Usio et al.

crayfish (Pacifastacus leniusculus) in Japan. Jpn J. Limnol.
68:471-482 (In Japanese with English abstract).

Usio, N., R. Kamiyama, A. Saji, and N. Takamura. 2009. Size-
dependent impacts of invasive alien crayfish on a littoral
marsh community. Biol. Conserv. 142:1480-1490.

Yonekura, R., K. Kawamura, and K. Uchii. 2007. A peculiar
relationship between genetic diversity and adaptability in
invasive exotic species: Bluegill sunfish as a model species.
Ecol. Res. 22:911-919.

Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Figure S1. The relationship between fixation index (¢cr)
and number of clusters (K) in the signal crayfish in Japan
and North America based on spatial analysis of molecular
variance (SAMOVA) using the Kimura 2-parameter evo-
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