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Abstract 

Although native to the southeastern United States, the red swamp crayfish (Procambarus clarkii) has become established worldwide through 
accidental and intentional actions by humans. In the Santa Monica Mountains of southern California, the presence of the omnivorous crayfish 
is associated with the absence or reduced abundance of native amphibians. The original source of P. clarkii in southern California is 
unknown; however genetic analysis can be used to determine sources of invasion. We sequenced 16S rRNA subunit and cytochrome oxidase 
I (COI) mitochondrial genes to trace the origins of P. clarkii in the Santa Monica Mountains. The resulting haplotype network of the 
combined COI and 16S rRNA subunit genes showed 19 distinct haplotypes and suggested multiple introductions of crayfish to the Santa 
Monica Mountains from possible source locations in Texas, Florida and Louisiana. Identifying original sources and mechanisms of 
introduction can slow and prevent further expansion of P. clarkii. 
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Introduction 

Invasive species can threaten native biodiversity 
and damage commercially-important natural 
resources (Pimentel et al. 2000). Identification of 
introduction pathways and source populations of 
invasive species can facilitate the development 
of techniques to control existing invasions and 
prevent further introductions. Historical records 
often provide insufficient documentation of the 
arrival and expansion of non-native species. 
However, molecular genetic analysis can provide 
accurate identification of source populations, 
determination of number of introduction events 
and estimation of genetic diversity in introduced 
populations (Miura 2007). Genetic variation can 
be used to reconstruct phylogenies, retrace 
possible invasion pathways and estimate the 
arrival and frequency of introductions (Crandall 
and Fitzpatrick 1996; Mathews et al. 2008; 
Hanfling et al. 2002). Mitochondrial genes can 
be particularly useful in tracing ancestral 

relationships among individuals because these 
genes are passed down maternally and tend to 
have a higher mutation rate than nuclear DNA 
(Pfluegl 2009). Previously, the origins of an 
invasive barnacle, Chthamalus proteus, in the 
Pacific were determined by analysis of the 
cytochrome oxidase I mitochondrial gene 
(Zardus and Hadfield 2005).  

Although native to the southeastern United 
States, the red swamp crayfish, Procambarus 
clarkii, has successfully colonized most of the 
United States (ISSG 2011) and other regions, 
including Mexico, Europe, Africa and Asia 
(Barbaresi et al. 2003; Barbaresi and Gherardi 
2000; Hernandez et al. 2008; Holdich 1999; Zhu 
et al. 2013). The spread of P. clarkii across the 
United States is most likely due to mass 
aquaculture and subsequent transport in the 
southeastern United States, where the crayfish are 

served as a popular specialty dish (Hernandez et al. 
2008). Mechanisms of dispersion include the 
release or escape of crayfish used as fishing bait, 
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kept as domestic pets or used for educational 
purposes. Tolerance of a wide range of abiotic 
water conditions, such as low dissolved oxygen 
concentrations, high salinity and high acidity, 
facilitate the rapid colonization of P.clarkii in 
freshwater habitat (Barbaresi and Gherardi 2000; 
Hernandez et al. 2008). Once established, red 
swamp crayfish can alter ecological processes in 
invaded freshwater habitats, threatening native 
species both directly and indirectly. Procambarus 
clarkii feed on a variety of plants, animals and 
organic detritus (Gutierrez-Yurrita et al. 1998). 
The red swamp crayfish has been implicated in 
the decline of amphibians through predation 
(Gamradt and Kats 1996; Cruz et al. 2006) and 
recent surveys in the Santa Monica Mountains 
have shown reduced egg mass and larval density 
of Pacific treefrogs (Pseudacris regilla) in streams 
where crayfish are present (Riley et al. 2005). 
Procambarus clarkii was first documented in 
southern California in 1924 (Holmes 1924). 
However, little else is known about the origins of 
P. clarkii in the Santa Monica Mountains. 

Our objectives are to survey genetic variation 
and population structure of P. clarkii in the Santa 
Monica Mountains, identify source populations 
and determine whether multiple introductions 
have occurred in the area. We sampled from 
streams in the Santa Monica Mountains where P. 
clarkii are known to exist (Kerby et al. 2005; 
Riley et al. 2005) as well as sites in the native 
range. To identify possible local source populations, 
we also sampled botanical gardens, pet shops 
and grocery stores outside of the Santa Monica 
Mountains. High genetic variation in the mito-
chondrial genes of introduced populations would 
indicate multiple introductions to the region while 
low variance would suggest that a single founder 
event was more likely. Related haplotypes in the 
non-native and native regions would indicate a 
likely source population. By identifying source 
populations of P. clarkii in the Santa Monica 
Mountains, possible introduction pathways can be 
reconstructed and used to prevent additional 
expansion and slow present invasions. 

Materials and methods 

Collection and processing of specimens 

From 2007 to 2011, a total of 113 samples were 
collected (Table 1, Figure 1). Fifty-six live crayfish 
were collected from ten streams in the Santa 
Monica Mountains. We obtained twenty crayfish 
from possible, local source populations including 

several streams, botanical gardens, pet shops and 
grocery stores surrounding the Santa Monica 
Mountains. A total of 37 samples were obtained 
from native regions in Louisiana, Florida, New 
Mexico, Texas and Arkansas.  

Permits for collection were granted by the 
California Department of Fish and Game and 
crayfish were handled for in accordance to the 
protocol of the Chancellor's Animal Research 
Committee (ARC) of the University of California, 
Los Angeles. 

DNA isolation and PCR methods 

DNA was extracted from tissue samples using 
the QIAamp DNA Mini Kit (QIAGEN) according to 
the manufacturer’s protocol. Polymerase chain 
reaction (PCR) was performed to amplify fragments 
of two mitochondrial genes, cytochrome oxidase I 
(COI) and 16S rRNA ribosomal subunit. The 
primer pair LCO 1490 and HCO 2198 was used to 
amplify a 627 base pair fragment of the COI 
mtDNA gene (Wiklund et al. 2005). The primer 
pair 1471 and 1472 was used to amplify a 506 
base pair fragment of the 16S rRNA mtDNA gene 
(Crandall and Fitzpatrick 1996). PCR amplification 
was performed at annealing temperatures of 46.5C 
and 49.8C for COI and 16S, respectively. PCR 
products were purified with EXOSAP (Usb 
Corporation), sequencing reactions were performed 
with ABI Big Dye 3.1 and products were sequenced 
at MCLAB (Molecular Cloning Laboratory) and 
Cornell University Life Sciences Core Laboratories 
Center. 

Data analysis 

Due to low heterogeneity, 16S and COI 
sequences were combined and analyzed together. 
Concatenation may improve phylogenetic resolution 
if sequence variation is minimal (Huelsenbeck et 
al. 1996). Combined sequence fragments of COI 
and 16S (both forward and reverse sequences) 
were edited, trimmed and aligned with Geneious 
version 4.6 (Drummond et al. 2009) to a uniform 
length of 622 base pairs including gaps (Table 
2S). COI pseudogenes are commonly found in 
crayfish (Song 2008), therefore to identify possible 
pseudo-genes, the COI gene fragments were 
translated and examined for stop codons and, if 
found, were removed from the data set. 

TCS1.21 (Clement M 2000) was used to identify 
the number of unique haplotypes and generate a 
haplotype network, with gaps in sequences treated 
as a 5th state during analysis. DNASP version 5.0 
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Figure 1. Sampling locations 
of crayfish in the Santa Monica 
Mountains. Crayfish samples 
were collected from ten 
locations shown. GPS 
locations of sampled areas are 
marked with red dots. 

 

 
(Librado 2009) was used to estimate mtDNA 
haplotype diversity (h) and nucleotide diversity 
(π) within populations. Arlequin version 3.11 
(Excoffier 2005) was used to calculate pairwise 
FST measures and variance measures to compare 
genetic diversity across geographical ranges. 
Three geographic groupings were used to 
analyze population structure with AMOVA: (i) 
native and non-native, (ii) Texas, Florida, 
Louisiana and Santa Monica Mountains, and (iii) 
Texas, Florida and Louisiana (Table 2).  

Results 

Haplotype network 

A total of 19 unique haplotypes were identified 
for 113 samples of P. clarkii from introduced 
and native regions. A total of thirteen haplotypes 
were present among samples from native regions 
and a total of ten haplotypes were present among 
samples from the Santa Monica Mountains 
(Figure 2). Multiple haplotypes exist in most 
streams in the Santa Monica Mountains, however, 
only one haplotype was present in Malibu Creek, 
Topanga Canyon, Trancas Canyon, Triunfo Canyon, 
Descanso Gardens, UCLA Mathias Botanical 

Gardens and Chicarita Creek in San Diego, CA. 
Four haplotypes unique to the Santa Monica 
Mountains were identified in Medea Creek, Bell 
Canyon and Las Virgenes Creek. A single, dominant 
haplotype was shared by 49.4% of crayfish 
collected from the Santa Monica Mountains and 
surrounding areas. No native samples exhibited 
this haplotype. 

Haplotype network analysis revealed shared 
haplotypes between introduced populations in the 
Santa Monica Mountains and native populations 
from Texas, Florida and Louisiana. Crayfish 
sampled from a local pet shop and local supermarket 
also shared haplotypes with Santa Monica 
Mountain crayfish, however, the original sources 
of these samples are unknown.  

Sequence variability 

High haplotype diversity and nucleotide diversity 
were found in both the Santa Monica Mountains 
and native ranges. Overall sequence variability 
was lower in introduced regions than in native 
regions (Table 1). High haplotype and nucleotide 
diversity were also observed within individual 
locations, such as Medea Creek, Baton Rouge and 
New   Orleans.    However,   several   populations    in 
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Table 1. Haplotype (h) and nucleotide diversity (Π) for COI-16S sequences of P. clarkii. 

Sample Area N sequenced 
Total unique 
haplotypes 

Haplotype 
diversity (h) 

Nucleotide 
diversity (Π) 

Introduced (Santa Monica Mountains) 56 10 0.684 0.003 
 Medea Creek 6 3 0.733 0.003 
 Las Virgenes Creek 8 2 0.250 0.001 
 Malibu Creek 2 1 0.000 0.000 
 Lindero Canyon 3 2 0.667 0.002 
 Topanga Canyon 2 1 0.000 0.000 
 Erbes 6 2 0.333 0.002 
 Trancas Canyon 5 1 0.000 0.000 
 Bell Canyon 6 2 0.533 0.002 
 Conejo 7 2 0.476 0.002 
 Triunfo Canyon 11 1 0.000 0.000 
Possible Local Sources 20  5 0.844 0.003 
 Unnamed pet shop (Venice, CA) 2 2 1.000 0.005 
 Unnamed supermarket (San Gabriel, CA) 3 2 0.667 0.001 
 Descanso Botanical Gardens 7 1 0.000 0.000 
 UCLA Botanical Gardens 4 1 0.000 0.000 
 Chicarita Creek (San Diego) 4 1 0.000 0.000 
Native 37 13 0.860 0.004 
 Texas Totals 19 6 0.579 0.002 
  Comal, TX 1 1 - - 
  Fort Bend, TX 2 1 0.000 0.000 
  Uvalde, TX 2 1 0.000 0.000 
  Kendall, TX 8 3 0.464 0.001 
  Travis, TX 2 1 0.000 0.000 
  Bell, TX 1 1 - - 
  McIennan, TX 1 1 - - 
  Williamson, TX 2 1 0.000 0.000 
 Black River, NM 1 1 - - 
 Cache River, AR 1 1 - - 
 Escambia, FL 5 2 0.600 0.001 
 Louisiana Totals 11 5 0.764 0.004 
  Baton Rouge, LA 4 4 0.833 0.004 
    New Orleans, LA 7 4 0.810 0.004 
Totals 113 19 0.854 0.013 

 
introduced regions (Trancas Canyon, Triunfo 
Canyon and Descanso Gardens) showed no 
haplotype and nucleotide diversity (Table 1). 

Crayfish obtained from the local pet shop and 
supermarket, which shared haplotypes with Santa 
Monica Mountain crayfish, showed relatively high 
haplotype diversity compared to other potential 
source populations.  

Population genetic structure 

There was significant genetic differentiation at 
all levels examined (among groups, among locations 
within groups and within locations) in the 
AMOVA analysis (Table 2). When partitioning 
samples as “Native and Non-native” and “Texas, 
Florida, Louisiana, and Santa Monica Mountains,” 
significant population structure was present at 

both the group level and locality level (Table 2). 
However, when native populations were analyzed 
separately, population structure was only evident 
at the group level.  

Pairwise Fst values between native and non-
native populations were generally high and 
statistically significant (Table 1S). The Texas 
population generally showed large, significant 
differentiation from non-native populations, and 
is most genetically divergent from the Triunfo 
Canyon, Topanga Canyon and Descanso Gardens 
populations. There was minimal differentiation, 
as seen in pairwise Fst values (Table 1S), between 
the native Louisiana population and the introduced 
Bell Canyon, Lindero Canyon, UCLA Botanical 
Garden and San Diego populations.  

Pairwise comparisons revealed significant genetic 
divergence   between  stream  populations    in  the 
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Table 2. AMOVA test results comparing COI-16S sequence variation of P. clarkii. 

Geographic 
groupings 

Source of variation d.f. 
Sum of 
squares 

Variance 
components 

% of 
variation 

FST FSC FCT 

Texas vs. Florida vs. 
Louisiana vs. Santa 
Monica Mountains 

Among groups 3 47.704 0.54086 28.53 0.285** 
Among populations w/in 
groups 15 54.713 0.56764 29.94 0.419** 
Within populations 93 73.208 0.78719 41.53 0.585* 

Native vs. Nonnative 

Among groups 1 23.374 0.29676 16.21 0.162* 
Among populations w/in 
groups 19 86.102 0.74693 40.80 0.487** 
Within populations 93 73.208 0.78719 43.00 0.570** 

Texas vs. Florida vs. 
Louisiana 

Among groups 2 27.244 1.39720 52.69 0.527 
Among populations w/in 
groups 1 0.185 -0.26146 -9.86 -0.208 
Within populations 31 47.000 1.51612 57.17 0.428**     

* = P<0.05; ** = P<0.001; statistical probabilities derived from 1023 permutations. 

 

Figure 2. Mitochondrial haplotype network created by analysis of combined cytochrome oxidase I and 16S rRNA subunit sequences (622 
bp). Area of circle is proportional to the number of sampled individuals present in each haplotype. Each connecting line represents a single 
base change in the sequence. 
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Santa Monica Mountains (Table 1S). Nonsignificant 
pairwise Fst values between samples collected 
from the local pet shop and other populations 
were most likely due to inadequate sample size. 
In general, these results from population analysis 
were consistent with the haplotype network analysis. 

Discussion 

Our analysis of P. clarkii in the Santa Monica 
Mountains revealed no single, clear source 
population. Instead, our results suggest multiple 
introductions of the invasive crayfish from various 
populations in the native range, including Texas, 
Florida and Louisiana. Native regions showed 
high haplotype diversity. Variability in native 
regions combined with successful dispersal ability 
and rapid reproduction rates, are characteristic of 
successful invasive species (Duda 1994). 

Despite exhibiting less genetic variability than 
native populations, Santa Monica Mountain 
crayfish also showed surprisingly high levels of 
diversity. Non-native populations are expected to 
be less diverse than native regions due to genetic 
bottlenecks and founder effects (Wong et al. 
2011). High levels of genetic diversity found in 
introduced populations can be attributed to either 
a single introduction event involving a large 
number of effective founders or multiple, 
independent introductions (Kolbe et al. 2004). 
The presence of multiple haplotypes within 
streams in the Santa Monica Mountains supports 
the multiple introduction hypothesis. Multiple 
introductions from native regions explain the 
high levels of genetic diversity of crayfish in the 
Santa Monica Mountains and reduced bottleneck 
and founder effects (Rius et al. 2008). Shared 
haplotypes between native samples from Texas, 
Florida and Louisiana and samples collected from 
the Santa Monica Mountains indicate that these 
regions may be possible source populations.  

The presence of a dominant haplotype (Figure 
2) shared among 49.4% of crayfish collected from 
the Santa Monica Mountains and surrounding 
areas may indicate a primary introductory 
population (Ashton et al. 2008). However, none 
of our native samples exhibited this haplotype, 
with the exception of one individual from New 
Mexico. Due to the high haplotype diversity 
present in the native range and the low number 
of sites sampled in native regions, it is likely that 
this haplotype is present in native populations 
but was not sampled in this study. Samples from 
Louisiana exhibited haplotypes most closely 
related to the dominant haplotype, suggesting a 

possible source population or related source 
population. Populations that exhibited a single 
haplotype that was not the dominant haplotype, 
such as Trancas Canyon, Topanga Canyon, 
UCLA Mildred E. Mathis Botanical Gardens and 
Chicarita Creek (San Diego, CA), may represent 
relatively new populations established by a 
recent, single introduction. 

Although haplotype network analysis indicated 
four unique haplotypes present in the Santa 
Monica Mountains, the introduction of crayfish 
to this region is too recent to have diverged into 
a novel haplotype. The average mutation rate of 
the cytochrome oxidase I gene in decapod 
crustaceans is about 1.4–2.6% per million years 
(Projecto-Garcia et al. 2010). It is more likely 
that these unique haplotypes were not sampled 
from the native range. 

We sampled from pet shops, grocery stores 
and streams surrounding the Santa Monica 
Mountains to evaluate possible, local sources of 
introduction. Although the original sources for 
these crayfish are unknown, samples obtained 
from the local pet shop and supermarket exhibited 
relatively high genetic diversity, indicating a 
diverse, original source population or the presence 
of crayfish from multiple sources at these 
locations. Although the high level of genetic 
variation present in these locations may be 
attributable to a low sample size, our results still 
hold important implications for the invasion of 
P. clarkii to the Santa Monica Mountains. 
Should these crayfish be introduced to the 
surrounding areas, high levels of genetic diversity 
will allow for rapid adaptation, increasing the 
potential for detrimental colonization of the 
invaded ecosystem. Haplotype network analysis 
showed shared haplotypes between crayfish 
collected from the local supermarket and Erbes 
Creek, indicating that crayfish from these 
sources may already have been introduced to the 
Santa Monica Mountains. 

The local pet shop is a particularly interesting 
sample site. It has been located in Venice, CA 
for about 40 years and sells at least two different 
species of crayfish (Procambarus clarkii and 
Orconectes virilis) as domestic pets. Orconectes 
virilis has not been documented in the Santa 
Monica Mountains (Benson 2011). It is unclear 
when the pet shop began supplying live crayfish. 
Employees have informed us that these crayfish 
are sold to the pet shop by two supply groups: 
private suppliers and an aquatic, reptile, pond 
supply company located in Ontario, California. 
The two samples of P. clarkii obtained from the 



Origins of the invasive red swamp crayfish 

217 

pet shop belonged to different haplotypes. The 
presence of haplotype diversity in a pet shop 
near the Santa Monica Mountains can potentially 
hinder conservation efforts attempting to restrict 
the spread of invasive crayfish. Although it is 
possible that private suppliers may be trapping 
crayfish in the Santa Monica Mountains and 
selling them to the pet shop privately, these 
crayfish could be easily reintroduced to the Santa 
Monica Mountains or introduced to streams that 
were not previously colonized by crayfish. These 
crayfish suppliers may act as initial source 
populations for Orconectes virilis invasions in 
the future. 

The initial introduction of species can occur in 
the three ways: naturally through active dispersal, 
accidentally by escape or deliberately by humans 
(Barbaresi et al. 2003). The spread of crayfish 
throughout the United States and other countries 
is most likely due to anthropologically mediated 
dispersal, including the release of recreational 
fishing bait, the escape of live aquaculture and 
the release of pet crayfish (Barbaresi et al. 2007). 
Given the wide range of possible introduction 
pathways to non-native regions, multiple 
introductions of P. clarkii are very likely. 

Suggested source populations from Texas, 
Florida and Louisiana indicated by this study are 
consistent with hypotheses suggesting that the 
initial dispersal vector of crayfish in the Santa 
Monica Mountains was aquaculture, as P. clarkii 
are farmed in these regions. Because initial 
introductions may be to be due to aquaculture, 
legislation regarding aquaculture should be 
improved. The U.S. Environmental Protection 
Agency’s (EPA) effluent limitations guidelines 
(ELGs) for concentrated aquatic animal 
production (CAAP) lack adequate criteria for the 
housing and enclosure of farmed animals 
(Johnson et al. 2004). Guidelines for appropriate 
enclosures focus on maintaining acceptable water 
conditions with respect to human health, rather 
than enclosures designed to prevent the escape of 
farmed animals. Although the negative effects of 
invasive species on natural ecosystems are 
detailed and acknowledged in the document, the 
EPA assigns the regulation of aquaculture to 
individual states. However, as this study 
exemplifies, the aquaculture trade is often a 
cross-state issue and therefore jurisdiction over 
regulation is difficult to standardize. Farming of 
crayfish is particularly challenging because the 
harvesting of crayfish is a fundamental source of 
economic livelihood in some parts of the United 
States. Of the annual $1 billion United States 

aquaculture production income, P. clarkii is the 
only crustacean that is harvested on a large-scale 
basis (USDA 1995). 

Other potential sources of introduced crayfish 
are the intentional release and unintentional 
escape of pets and live bait. Release of domestic 
crayfish kept as pets complicates the undocumented 
history of crayfish introduction to the Santa 
Monica Mountain region. Many classrooms utilize 
crayfish as educational tools and release of these 
crayfish can exacerbate existing invasions (Mead 
2008). Crayfish are also used to bait several 
species of freshwater fish and can easily escape 
and colonize new habitats. Several bait shops 
bordering the Santa Monica Mountains have sold 
live crayfish as bait in the past but had since 
discontinued stocking crayfish during our sampling 
period. It is difficult to monitor and regulate the 
release of crayfish used for teaching or recreational 
fishing purposes. However, small and simple steps, 
such as increased public awareness and education 
about the effects of invasions on natural bio-
diversity, can help prevent and slow introductions 
due to bait bucket release in the future. 

Other methods of preventing the expansion of 
crayfish include the installation of barriers and 
trapping. Studies in the Santa Monica Mountains 
have shown that large, natural barriers, such as 
waterfalls, can restrict the movement of P. clarkii 
both upstream and downstream (Kerby et al. 
2005). However, these barriers must be relatively 
large and steep to be effective and the installation 
of unnatural barriers would hinder the natural 
flow of streams, which may result in even greater 
ecological damage. Further development of adequate 
barriers, as well as economic and environmental 
cost-benefit analyses of barriers, must be 
investigated before this method can be utilized 
effectively. 

Successful control and removal of invasive 
crayfish usually requires a combination of 
approaches, such as physical removal, biological 
control and biocidal methods (Gherardi et al. 
2011). Although tedious, trapping significantly 
reduces the number of crayfish in streams and 
may be sufficient enough to eliminate the 
detrimental impact invasive crayfish have on 
native amphibians (Kerby et al. 2005). Previous 
studies have also shown that coexistence between 
crayfish and native organisms is possible provided 
that crayfish population density is reduced and 
controlled (Kats et al. 2006). Effective trapping 
is time-consuming and can be expensive, as it 
requires adequate enclosures and storage facilities 
for removed crayfish (Barbaresi and Gherardi 
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2000). However, previous efforts have shown 
dramatic rebounds of native flora and fauna 
following the removal of crayfish from invaded 
areas. Trancas Creek in the Santa Monica 
Mountains, which contained an abundance of 
crayfish and no California newts, experienced a 
return of newt egg masses, larvae and reproducing 
adults in the spring of 1995 following heavy 
winter rains that washed crayfish out of the creek 
(Gamradt and Kats 1996). 

In the future, we plan to increase our sample 
size of red swamp crayfish from native ranges 
and potential source populations surrounding the 
Santa Monica Mountains. With these additional 
samples, we will potentially be able to more 
accurately identify the source populations of 
P. clarkii in the Santa Monica Mountains. 
Nonetheless, our results clearly rule out a limited 
historic introduction and suggest an ongoing 
process of introduction and population expansion 
that threatens native amphibian populations. 

Acknowledgements 

We would like to thank Tim Wen and Jacqueline Robinson for 
their assistance in the collection and care of crayfish in the field 
and laboratory. We are extremely grateful to Keith Crandall from 
Brigham Young University (now at George Washington 
University), Jordan Karubian and Kym Ottewell from Tulane 
University and John McCormack from Louisiana State University 
for providing samples and sequence data from native regions of 
the United States. We would also like to thank Shauna Price, 
Graham Slater, Daniel Greenfield, and Klaus-Peter Koepfli for 
their support and assistance on this project. This manuscript 
benefited from comments and suggestions by anonymous 
reviewers. The following funding organizations at the University 
of California, Los Angeles made this project possible: the 
Undergraduate Research Center for Sciences, Engineering and 
Mathematics and the Center for Academic and Research 
Excellence (URC-CARE), CARE Fellows Program (NIH 
GM55052 grant), CARE Scholars Program, Undergraduate 
Research Fellowship Program (URFP), Undergraduate Research 
Scholars Program (URSP), and the Miller family. 

References 

Ashton GV, Stevens MI, Hart MC, Green DH, Burrows MT, 
Cook EJ, Willis KJ (2008) Mitochondrial DNA reveals 
multiple Northern Hemisphere introductions of Caprella 
mutica (Crustacea, Amphipoda). Molecular Ecology 17: 
1293–1303, http://dx.doi.org/10.1111/j.1365-294X.2007.03668.x 

Barbaresi S, Fani R, Gherardi F, Mengoni A, Souty-Grosset C 
(2003) Genetic variability in European populations of an 
invasive American crayfish: Preliminary results. Biological 
Invasions 5:269–274, http://dx.doi.org/10.1023/A:1026133519707 

Barbaresi S, Gherardi F (2000) The invasion of the alien crayfish 
Procambarus clarkii in Europe, with particular reference to 
Italy. Biological Invasions 2: 259–264, http://dx.doi.org/ 
10.1023/A:1010009701606 

Barbaresi S, Gherardi F, Mengoni A, Souty-Grosset C (2007) 
Genetics and invasion biology in fresh waters: a pilot study 
of Procambarus clarkii in Europe. In: Gherardi F (ed), 

Biological invaders in inland waters: Profiles, distribution, 
and threats, vol 2. Springer Netherlands, pp 381–400, 
http://dx.doi.org/10.1007/978-1-4020-6029-8_20 

Benson A (2011) Orconectes virilis. http://nas.er.usgs.gov/queries/ 
factsheet.aspx?SpeciesID=215  

Clement M, Posada D, Crandall KA (2000) TCS: a computer 
program to estimate gene genealogies. Molecular Ecology 9: 
1657–1659, http://dx.doi.org/10.1046/j.1365-294x.2000.01020.x 

Crandall KA, Fitzpatrick JF (1996) Crayfish molecular 
systematics: Using a combination of procedures to estimate 
phylogeny. Systematic Biology 45: 1–26, http://dx.doi.org/ 
10.1093/ sysbio/45.1.1 

Cruz MJ, Rebelo R, Crespo EG (2006) Effects of an introduced 
crayfish, Procambarus clarkii, on the distribution of south-
western Iberian amphibians in their breeding habitats. 
Ecography 29: 338, http://dx.doi.org/10.1111/j.2006.0906-7590. 
04333.x 

Drummond AJ, Ashton B, Cheung M, Heled J, Kearse M, Moir 
R, Stones-Havas S, Thierer T, Wilson A (2009) Geneious 
v4.6. http://www.geneious.com 

Duda T (1994) Genetic population structure of the recently 
introduced Asian clam, Potamocorbula amurensis, in San 
Francisco Bay. Marine Biology 119: 235–241, 
http://dx.doi.org/10.1007/BF00349562 

Excoffier LGL, Schneider S (2005) Arlequin ver. 3.0: an 
integrated software package for population genetics data 
analysis. Evolutionary Bioinformatics Online 1: 47–50 

Gamradt SC, Kats LB (1996) Effect of introduced crayfish and 
mosquitofish on California newts. Conservation Biology 10: 
1155–1162, http://dx.doi.org/10.1046/j.1523-1739.1996.10041155.x 

Gherardi F, Aquiloni L, Dieguez-Uribeondo J, Tricarico E (2011) 
Managing invasive crayfish: is there a hope? Aquatic 
Sciences 73: 185–200, http://dx.doi.org/10.1007/s00027-011-0181-z 

Gutierrez-Yurrita PJ, Sancho G, Bravo MA, Baltanas A, Montes 
C (1998) Diet of the red swamp crayfish Procambarus clarkii 
in natural ecosystems of the Donana National Park temporary 
fresh-water marsh (Spain). Journal of Crustacean Biology 
18: 120–127, http://dx.doi.org/10.2307/1549526 

Hanfling B, Carvalho GR, Brandl R (2002) mt-DNA sequences 
and possible invasion pathways of the Chinese mitten crab. 
Marine Ecology Progress Series 238: 307–310, 
http://dx.doi.org/10.3354/ meps238307 

Hernandez L, Maeda-Martinez AM, Ruiz-Campos G, Rodriguez-
Almaraz G, Alonzo-Rojo F, Sainz JC (2008) Geographic 
expansion of the invasive red crayfish Procambarus clarkii 
(Girard, 1852) (Crustacea : Decapoda) in Mexico. Biological 
Invasions 10: 977–984, http://dx.doi.org/10.1007/s10530-007-9175-0 

Holdich DM (1999) The negative effects of established crayfish 
introductions. In: Gherardi F, Holdich DM (eds), Crayfish in 
Europe as Alien Species. A. A. Balkema, Rotterdam, 
Netherlands, pp 31–47 

Holmes SJ (1924) The genus Cambarus in California. Science 60 
(1555): 358–359, http://dx.doi.org/10.1126/science.60.1555.358-a 

Huelsenbeck JP, Bull JJ, Cunningham CW (1996) Combining 
data in phylogenetic analysis. Trends in Ecology&Evolution 
11: 152–158, http://dx.doi.org/10.1016/0169-5347(96)10006-9 

ISSG (2011) Procambarus clarkii. http://www.issg.org/database/ 
species/distribution.asp?si=608&fr=1&sts=sss&lang=EN (Accessed 
February 22, 2013) 

Johnson S, Grumbles B, Smith M, Miller C, McGuire L, Renee J 
(2004) Economic and Environmental Benefits Analysis of the 
Final Effluent Limitations Guidelines and New Source 
Performance Standards for the Concentrated Aquatic Animal 
Production Industry Point Source Category. Washington, D.C 

Kats L, Pintor L, Sih A, Kerby J (2006) Aquatic Nuisance 
Species: A multi-stage approach to understanding the 
invasion ecology of exotic crayfish in Northern and Southern 
California. Research Final Reports. UC San Diego, La Jolla, 
CA 



Origins of the invasive red swamp crayfish 

219 

Kerby JL, Riley SPD, Kats LB, Wilson P (2005) Barriers and 
flow as limiting factors in the spread of an invasive crayfish 
(Procambarus clarkii) in southern California streams. 
Biological Conservation 126: 402–409, http://dx.doi.org/10.10 
16/j.biocon.2005.06.020 

Kolbe JJ, Glor RE, Schettino LRG, Lara AC, Larson A, Losos JB 
(2004) Genetic variation increases during biological invasion 
by a Cuban lizard. Nature 431 (7005): 177–181, 
http://dx.doi.org/10.1038/nature02807 

Librado P, Rozas J (2009) DnaSP v5: A software for comprehen-
sive analysis of DNA polymorphism data. Bioinformatics 25: 
1451–1452, http://dx.doi.org/10.1093/bio informatics/btp187 

Mathews LM, Adams L, Anderson E, Basile M, Gottardi E, 
Buckholt MA (2008) Genetic and morphological evidence for 
substantial hidden biodiversity in a freshwater crayfish 
species complex. Molecular Phylogenetics and Evolution 48: 
126–135, http://dx.doi.org/10.1016/j.ympev.2008.02.006 

Mead KS (2008) Crayfish aggression and the androgenic gland in 
a behavior lab for non-majors. Journal of undergraduate 
neuroscience education: JUNE: a publication of FUN, 
Faculty for Undergraduate Neuroscience 6 (2): A60–63 

Miura O (2007) Molecular genetic approaches to elucidate the 
ecological and evolutionary issues associated with biological 
invasions. Ecological Research 22: 876–883, http://dx.doi.org/ 
10.1007/s11284-007-0389-5 

Pfluegl G (ed) (2009) Introduction to Molecular Biology, Labora-
tory Manual. 9th edn. Hayden McNeil, Los Angeles, CA 

Pimentel D, Lach L, Zuniga R, Morrison D (2000) Environmental 
and economic costs of nonindigenous species in the United 
States. Bioscience 50(1): 53–65, http://dx.doi.org/10.1641/0006-
3568(2000)050[0053:EAECON]2.3.CO;2 

Projecto-Garcia J, Cabral H, Schubart CD (2010) High regional 
differentiation in a North American crab species throughout 
its native range and invaded European waters: a phylo-
geographic analysis. Biological Invasions 12: 253–263, 
http://dx.doi.org/10.1007/s10530-009-9447-y 

Riley SPD, Busteed GT, Kats LB, Vandergon TL, Lee LFS, Dagit 
RG, Kerby JL, Fisher RN, Sauvajot RM (2005) Effects of 
urbanization on the distribution and abundance of amphibians 
and invasive species in southern California streams. 
Conservation Biology 19: 1894–1907, http://dx.doi.org/10.1111/ 
j.1523-1739.2005.00295.x 

Rius M, Pascual M, Turon X (2008) Phylogeography of the 
widespread marine invader Microcosmus squamiger 
(Ascidiacea) reveals high genetic diversity of introduced 
populations and non-independent colonizations. Diversity 
and Distributions 14: 818–828, http://dx.doi.org/10.1111/j.1472-
4642.2008.00485.x 

Song H, Buhay JE, Whiting MF, Crandall KA (2008) Many 
species in one: DNA barcoding overestimates the number of 
species when nuclear mitochondrial pseudogenes are 
coamplified. Proceedings of the National Academy of Science 
105: 13486–13491, http://dx.doi.org/10.1073/pnas.0803076105 

USDA (1995) Overview of Aquaculture in the United States. 
Colorado 

Wiklund H, Nygren A, Pleijel F, Sundberg P (2005) Phylogeny of 
Aphroditiformia (Polychaeta) based on molecular and 
morphological data. Molecular Phylogenetics and Evolution 
37(2): 494–502, http://dx.doi.org/10.1016/j.ympev.2005.07.005 

Wong YT, Meier R, Tan KS (2011) High haplotype variability in 
established Asian populations of the invasive Caribbean 
bivalve Mtilopsis sallei (Dreissenidae). Biological Invasions 
13: 341–348, http://dx.doi.org/10.1007/s10530-010-9825-5 

Zardus JD, Hadfield MG (2005) Multiple origins and incursions 
of the Atlantic barnacle Chthamalus proteus in the Pacific. 
Molecular Ecology 14: 3719–3733, http://dx.doi.org/10.1111/ 
j.1365-294X.2005.02701.x 

Zhu BF, Huang Y, Dai YG, Bi CW, Hu CY (2013) Genetic 
diversity among red swamp crayfish (Procambarus clarkii) 
populations in the middle and lower reaches of the Yangtze 
River based on AFLP markers. Genetics and Molecular 
Research 12: 791–800, http://dx.doi.org/10.4238/2013.March.13.8 

 
 
 

Supplementary material 

The following supplementary material is available for this article: 

Table 1S. Pairwise Fst values for COI-16S sequences of P. clarkii. Dark grey indicates native to native comparisons, white indicates non-
native to non-native comparisons, and light grey indicates native to non-native comparisons. 

Table 2S. GenBank accession numbers. 

This material is available as part of online article from:  
http://www.aquaticinvasions.net/2014/Supplements/AI_2014_Quan_etal_Supplement.xls 


