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ABSTRACT

The establishment and spread of invasive species are directly related to intersexual interactions as dispersal and reproductive
success are related to distribution, effective population size, and population growth. Accordingly, populations established by
r-selected species are particularly difficult to suppress or eradicate. One such species, the red swamp crayfish (Procambarus
clarkii) is established globally at considerable ecological and financial costs to natural and human communities. Here, we de-
velop a single nucleotide polymorphism (SNP) loci panel for P. clarkii using restriction-associated DNA-sequencing data. We use
the SNP panel to successfully genotype 1800 individuals at 930 SNPs in southeastern Michigan, USA. Genotypic data were used
to reconstruct pedigrees, which enabled the characterization of P. clarkii's mating system and statistical tests for associations
among environmental, demographic, and phenotypic predictors and adult reproductive success estimates. We identified juvenile
cohorts using genotype-based pedigrees, body size, and sampling timing, which elucidated the breeding phenology of multiple
introduced populations. We report a high prevalence of multiple paternity in each surveyed waterbody, indicating polyandry in
this species. We highlight the use of newly developed rapid genomic assessment tools for monitoring population reproductive
responses, effective population sizes, and dispersal during ongoing control efforts.

1 | Introduction Not all non-native species become invasive, but there are mul-

tifaceted and wide-reaching economic and ecological costs for

The number of new biological invasions globally has increased
dramatically over the last 200years (Seebens et al. 2017, 2018).
Over 6500 non-native species are established in the United
States alone (Tam et al. 2021). Over 450 of those non-native
species are native to parts of North America but have moved
outside of their historical range (National Park Service 2022).

those that do (Haubrock et al. 2021; Fantle-Lepczyk et al. 2022);
costs that have increased exponentially through time (Haubrock
et al. 2021). Costs include disruption of ecosystem services,
harm to native species, agricultural damage, management ser-
vices, and threats to human health (PySek and Richardson 2010;
Gallardo et al. 2016). Since 1960, the combined costs of invasive
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species have been estimated to be US$140.2 billion in Europe
(Haubrock et al. 2021) and US$4.52 trillion in the United States
(Fantle-Lepczyk et al. 2022).

Establishment and subsequent spread of successful invaders are
often associated with the species' reproductive characteristics
(Sakai et al. 2001). For example, clonal and asexual reproduc-
tive strategies can increase abundance in the invaded range,
driving postcolonization dispersal (Bazin et al. 2014). For sexu-
ally reproducing species, polygamous and promiscuous mating
systems can also overcome low founding population sizes and
uneven sex ratios (Pannell 2015). Females that mate with mul-
tiple males can increase the diversity among offspring and in-
crease the effective population size (N,), the size of an idealized
population that undergoes evolutionary pressures the same as
the focal population (Wright 1931), compared to monogamous
species (Sugg and Chesser 1994; Pearse and Anderson 2009).
Females of some species can store sperm, facilitating reproduc-
tion with multiple mates while potentially discriminating sperm
from related versus unrelated males (Bretman, Newcombe, and
Tregenza 2009). Thus, polygamy within a brood, storage of past
mate gametes, and multiple broods in a season can increase ge-
netic and phenotypic diversity and decrease rates of inbreeding
at invasion fronts, potentially contributing to rapid population
growth and dispersal (Sakai et al. 2001).

Information pertaining to the reproductive biology of an in-
vasive species can inform management decisions, potentially
leading to more effective control efforts (e.g., the eradication
of Cochliomyia hominivorax, the New World screwworm, in
the Americas; Klassen and Curtis 2005). Understanding mate
choice preferences, for example, such as larger females mating
with more males or having greater reproductive success, could
lead to targeting larger females for removal during control ef-
forts (e.g., Green and Grosholz 2021; but see Evangelista, Britton,
and Cucherousset 2015). In addition, estimating N, can help un-
derstand how genetic drift (e.g., associated with low abundance)
and natural selection (e.g., associated with novel environments)
influence population levels of genetic diversity and potential ad-
aptation to novel environments.

Standard field methods to monitor reproductive and demo-
graphic features of invasive populations are often labor-intensive,
requiring marking and repeated captures of the same individ-
uals, which impedes detailed understanding of how a species’
reproductive biology affects the invasion front. Alternatively,
reconstructed genetic pedigrees of individuals sampled in a
single capture event can be used to estimate many population
parameters (e.g., Bravington, Grewe, and Davies 2016; Marcy-
Quay et al. 2020; Sharma et al. 2022). For instance, genetic ped-
igrees can characterize aspects of mating systems such as the
rates of multiple paternity, reproductive success distributions,
and dispersion patterns among siblings (e.g., Walker, Porter,
and Avise 2002; Yue et al. 2010; Gibson et al. 2020; Prakash
et al. 2022). In addition, information in reconstructed pedigrees
can be used to estimate measures associated with population size
(e.g., Ruzzante et al. 2019; Sard et al. 2021), population growth
rates (e.g., Anderson et al. 2015; Evans et al. 2016), and disper-
sal (Ford, Murdoch, and Hughes 2015; Baetscher et al. 2019),
as well as measures of effective size at cohort and population

scales (Wang 2009, 2016; Waples and Do 2010; Waples, Antao,
and Luikart 2014).

The effective number of breeding individuals contributing to a
reproduction event (N,) can be estimated using samples from a
single cohort (Waples, Antao, and Luikart 2014). Estimates of
the number of effective breeders can give insight into the census
size of successfully breeding adults in established populations.
Estimates of the number of successfully breeding adults (N
can also be quantified using recently developed pedigree-based
techniques (Sard et al. 2021). Estimates of N, based on pedi-
gree reconstruction or asymptotic numbers of breeding adults
from pedigree accumulation analyses (Sard et al. 2021) can in-
form managers whether management prescriptions were effec-
tive in reducing population abundance (e.g. Athrey et al. 2012;
Zalewski et al. 2016). However, the quality of such inferences
rests on the quality and quantity of loci genotyped.

Targeted genomic sequencing approaches, such as restriction
site—associated DNA (RAD) capture (Ali et al. 2016), enable
hundreds of individuals to be genotyped at a genome-wide sam-
ple of loci with low genotyping error rates. As a result, pedigrees
for invasive species sampled in the field can be reconstructed
more accurately and the quality of associated ecological and
evolutionary inferences improves. Genomic resources are in-
creasingly being created and applied to study invasive species
(Sard et al. 2020; Vu et al. 2023). However, more resources could
support management decision-making.

The red swamp crayfish (RSC; Procambarus clarkii) is a prolific
and globally introduced invasive species (Gherardi et al. 2011;
Loureiro et al. 2015). Procambarus clarkii is native to the south-
central United States and northern Mexico but is established
on every continent except for Australia and Antarctica through
aquaculture, bait trade, the pet trade, or biological supplies
for classrooms (Hobbs, Jass, and Huner 1989; Chucholl 2013;
Loureiro et al. 2015; Smith et al. 2018; Oficialdegui, Sanchez,
and Clavero 2020). Introduced P. clarkii are demonstrated to
have strong negative effects on native species (Souty-Grosset
etal. 2016) and ecosystem integrity (Tricarico et al. 2010). Adverse
effects are particularly notable for aquatic taxa, specifically for
amphibians, fish, invertebrates, macrophytes, and native cray-
fish (Rodriguez, Bécares, and Fernandez-Aldez 2003; Gherardi
and Acquistapace 2007; Matsuzaki et al. 2009; Twardochleb,
Olden, and Larson 2013; Souty-Grosset et al. 2016). Procambarus
clarkii is also known to be a vector for a pathogen that causes
crayfish plague, which causes native crayfish mass mortality in
species without immunity (i.e., outside North America) (Mrugata
et al. 2017; Martin-Torrijos et al. 2018).

Established invasive populations of P. clarkii were found in
2017 near Detroit, Michigan, United States (Smith et al. 2018).
Following the first documentation, a collaborative response ef-
fort began to limit spread and eradicate populations (Budnick
et al. 2022). Control efforts have included trapping and removal
(Budnick et al. 2022), burrow excavations, carbon dioxide treat-
ments (Smerud et al. 2022), and pesticide treatments (unpub-
lished data). Globally, invasive P. clarkii populations have been
treated with pyrethroid insecticides in attempts to reduce pop-
ulation size and control spread (e.g., Cecchinelli et al. 2012; Wu
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et al. 2012; Lidova et al. 2019). In July of 2021, the Michigan
Department of Natural Resources (DNR) treated one of the
Detroit waterbodies with a pyrethroid insecticide to test the ef-
ficacy of chemical control in these newly found invasive popu-
lations. By using genomic data, we can further understand the
effectiveness of this chemical control effort in reducing the pop-
ulation, especially compared to the other untreated populations.

Differences in reproductive patterns from the native to in-
vaded ranges are being revealed. Importantly, patterns may
differ substantially among the multiple, independently intro-
duced populations (Sard et al. 2023) of P. clarkii. Specifically,
the timing of breeding, operational sex ratios of successful
reproducing adults, interindividual variation in reproductive
success, and population recruitment levels can vary associated
with different invading source populations (genetic effects) or
plastically due to local environmental variables (Sommer 1984;
Alcorlo, Geiger, and Otero 2008; Chucholl 2011). For exam-
ple, in some cooler climates, P. clarkii have one or two mat-
ing periods (Suko 1958), but in warm climates, P. clarkii is
demonstrated to breed year-round (Penn 1943; Huner and
Barr 1991), suggesting that the number of cohorts per year
varies with differences in climate. The egg incubation period
also depends on environmental conditions and can range from
2 to 3weeks during warmer summer temperatures to 2 to 3
months at late winter colder temperatures (Suko 1956, 1958;
Huner and Barr 1991). Young hatch from eggs in mid-summer
and often remain in a burrow with the female for 6 to 12 weeks
(Suko 1958; Huner and Barr 1991). Under ideal conditions, a
generation can be produced in 4.5 months with some popula-
tions having 1.5 to 2 generations per year (Suko 1958; Huner
and Barr 1991). Little is known about reproductive patterns
within the Detroit invasion. Procambarus clarkii populations
in Michigan are from multiple independent introductions, lie
well north of their native range, and experience comparatively
shorter summers and longer, colder winters. Thus, previous
research (e.g., Huner and Barr 1991) could have limited ap-
plicability for P. clarkii reproductive habits in these areas.
Understanding the reproductive dynamics in Michigan may
help managers better understand the dynamics in other cooler
climate invasive populations globally. However, there is still a
critical need to understand local dynamics to tailor manage-
ment practices that target species’ attributes that can contrib-
ute to limiting local recruitment and range expansion.

Genomic tools are not always available for nonmodel organisms,
which is often the case for invasive species. Therefore, there is
a need to develop genetic tools for invasive species. Informative
genetic marker panels can facilitate analyses that are standard-
ized and cost-efficient. In this study, we first develop a set of
high-quality baits to target polymorphic SNP loci as a critical
public resource for genetic monitoring of P. clarkii in Michigan
and globally. Project objectives were to develop and use SNP loci
and pedigree analyses to characterize the reproductive biology
of P. clarkii, specifically the number and timing of juvenile co-
hort production, estimates of the effective number of breeding
adults (including a comparison before and after chemical erad-
ication efforts in one population), and the incidence of multiple
paternity in five invasive P. clarkii populations in the metropol-
itan area of Detroit, Michigan, USA. We then discuss manage-
ment implications, such as the timing of control treatments, and

highlight the major findings from population genomic data into
invasive species control efforts.

2 | Methods
2.1 | Sample Collection and Processing

Procambarus clarkii were collected from five waterbodies
in southeast Michigan, USA, between May and October in
3 consecutive years (2019-2021; Figure 1, Table S1). All five
waterbodies are thought to be from one founding source (un-
published data). Four waterbodies were located on two golf
courses (East Golf Course 2 (EastGC2), East Golf Course
1 (EastGC1), East Golf Course 4 (EastGC4), and West Golf
Course 1 (WestGC1)) and one was a retention pond (Hotel 1
(Hotel1)). Samples were collected as part of ongoing removal
efforts by the Michigan DNR and Michigan State University
(MSU). Gee-style minnow traps baited with dog food and
unbaited artificial refuge-style traps were checked regularly
(Monday-Friday). Adults and juveniles were opportunistically
collected from either trap type. However, the minnow traps
are demonstrated to attract larger crayfish, and the artificial
refuge-style traps attract smaller crayfish, depending on the
time of year (Budnick et al. 2022). Traps were deployed equi-
distantly at a density of one trap per 5 m of shoreline, so the
total number of traps was not equal across all ponds. Berried
females (females with attached eggs and hatchlings) were spe-
cifically targeted by excavating burrows. For further fieldwork
details, see Budnick et al. (2024). From 2019 to 2021, there
were 1018 total surveys and 40,030 traps deployed across these
five waterbodies. Over those 3years, a total of 94,265 P. clarkii
were removed, ranging from 8544 removed from EastGC2 to
24,670 removed from EastGC1. At Hotell, 10,826 traps were
deployed, which removed 19,160 crayfish from 2019 to 2021.
Crayfish at Hotell were collected opportunistically before and
after a pyrethroid treatment (ExciteR; Zo&con, Schaumburg,
IL, USA) in July 2021. No other waterbodies in this study were
treated with ExciteR during our sampling period.

A subset of the captured P. clarkii were placed in 95% ethanol
for genetic analyses. Early efforts resulting in poor DNA quantity
and quality suggested that tissue degraded when left in the origi-
nal ethanol, likely due to higher water content stored in the body.
Therefore, ethanol was changed within the first 5-7days after
collection, then again once every 2weeks until the samples could
be processed to preserve tissues for DNA extraction and genotyp-
ing. For every individual except for eggs and hatchlings, we re-
corded capture date, sex, and carapace length measured from the
tip of the rostrum to the posterior end of the carapace with a digi-
tal caliper. We followed the descriptions in Huner and Barr (1991)
to distinguish sexes and used 20mm carapace length to distin-
guish juveniles from adults in the field based on inspection of
previous field data collected in Michigan (Budnick et al. 2022).
For each site, we had a target sample size of >30 adults.

2.2 | DNA Extraction and Quantification

Gill tissue was taken from each adult and juvenile P. clarkii for
DNA extraction. For the eggs and hatchlings, whole organisms
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FIGURE1 | Map of waterbodies sampled for invasive Procambarus clarkii in southeastern Michigan, USA. The waterbodies are shown as two
geographic groups in black squares on the bottom left map and shown at a closer scale in the maps on the right.

were used for the DNA extractions. Genomic DNA was ex-
tracted from tissue using either a spin column-based approach
(DNeasy Blood and Tissue kit; Qiagen, Hilden, Germany), fol-
lowing the manufacturer's protocols, or a bead-based protocol
in 96-well plates, following methods in Ali et al. (2016). Briefly,
the Ali et al. (2016) protocol involved air-dried tissue being di-
gested overnight at 56°C in a mix of Lifton's buffer, proteinase
K, and 1M DTT. We then added magnetic beads (Sera-Mag
SpeedBeads; Cytiva, Marlborough, MA, USA) in a hybridiza-
tion buffer (DTT, NaCl, PEG 8000, and water) to isolate the
DNA following Rohland and Reich (2012). This was followed
by two 80% ethanol washes using a plate magnet before ge-
nomic DNA was eluted in 60 uL of DNA Suspension Buffer
(Teknova, Hollister, CA). Initial DNA quantification was per-
formed using a spectrophotometer (NanoDrop 1000; Thermo
Fisher Scientific, Waltham, MA, USA) to ensure DNA concen-
trations were within the effective range of subsequent interca-
lating fluorophore-based quantification (Quant-iT PicoGreen
dsDNA Assay Kit; Invitrogen, Waltham, MA, USA) that was
measured using a quantitative PCR instrument (QuantStudio
6 Real-Time PCR System; Thermo Fisher Scientific). DNA
concentrations were then standardized across samples to
<80ng/uL prior to restriction site-associated DNA (RAD) li-
brary construction.

2.3 | Library Preparation and Sequencing
RAD capture libraries were prepared using the BestRAD pro-

tocol (Ali et al. 2016). The RAD capture approach improves
upon traditional RAD methods by decreasing the amount

of PCR clones, which can lead to incorrect genotype calls
(Hohenlohe et al. 2013; Andrews et al. 2014), by employing
physical rather than PCR enrichment of RAD tags thereby
recovering more unique RAD fragments (Ali et al. 2016).
Overall, RAD capture produces consistently higher concentra-
tion and quality libraries, is more cost-effective, and is scalable
to thousands of samples (Ali et al. 2016), making the method
particularly useful for pedigree analyses. Finally, by identify-
ing and creating the RAD capture bait set, this standardized,
cost-effective resource can be used for genetic monitoring of
P. clarkii globally. Briefly, genomic DNA was digested with
SbfI restriction enzyme (New England Biolabs, Ipswich, MA,
USA). BestRAD adapters (New England Biolabs) were ligated
to the cut ends using T4 Ligase (New England Biolabs). Pooled
samples were eluted in 135uL of low Tris-EDTA (TE) buffer
and then sheared with a sonicator (Covaris M220; Woburn,
MA, USA) for an average target fragment length of 325 base
pairs (bp). Barcoded, sheared DNA was isolated with strepta-
vidin beads (Dynabeads M-280; Invitrogen), then libraries
were prepared following NEBNext Ultra (or Ultra II for plates
13-24) Library prep kit for Illumina (New England Biolabs).
Libraries were dual indexed using NEB Dual Index Sets 1-4
and amplified for 12cycles, followed by a magnetic bead-
based (Ampure XP bead; Beckman Coulter, Brea, CA, USA)
cleanup. Libraries were quantified using a fluorometer (Qubit,
Thermo Fisher Scientific), and the quality was assessed using
microfluidic automated electrophoresis (Bioanalyzer; Agilent,
Santa Clara, CA, USA).

To include all libraries and minimize the number of reactions,
one to four capture reactions, each containing 6 to 12 pooled
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libraries, were carried out using the MyBaits Version 4.01 pro-
tocol  (https://arborbiosci.com/wp-content/uploads/2018/04/
myBaits-Manual-v4.pdf). For details on the RNA bait develop-
ment, see Appendix S1. RNA baits were allowed to hybridize
to P. clarkii BestRAD libraries for 16 h at 65°C and then washed
with Wash Buffer X at between 65 and 67°C. Washed capture
reactions were amplified for 11cycles using KAPA Library
Amplification Kit for Illumina (KAPA Biosystems, Wilmington,
MA, USA) and quantified using a Qubit. Quality was assessed
using an automated electrophoresis (TapeStation; Aligent). The
four capture libraries were then pooled into one sequencing
library that included equal DNA quantities from each of the
capture libraries, which was then assessed with Qubit and a
TapeStation. The RAD capture library was then sequenced on
one lane of Illumina’s NovaSeq 6000 as 150 bp paired-end reads
at the Research Technology Support Facility (RTSF) Genomics
Core at MSU. We created 36 total libraries for two independent
sequencing runs. The first 12 were sequenced in 2021 and the
remaining 24 were sequenced in 2022. Base calling was done
by Illumina Real Time Analysis (RTA) v3.4.4, and output of
RTA was demultiplexed and converted to FastQ format with
Illumina Bcel2fastq v2.20.0 by the RTSF. Additional samples of
P. clarkii for a subsequent project were simultaneously prepared
and sequenced, which is why there were 36 plates of individ-
ual libraries. Individual sequences after demultiplexing librar-
ies are available on the NCBI sequence read archive (Bioproject
PRINA1148680).

2.4 | Bioinformatic Processing

RAD capture sequence reads in the forward and reverse files for
each library were exchanged whenever the barcode was found
at the start of read 2 using a previously published perl script
(bRAD_flip_trim.pl; originally developed by Paul Hohenlohe,
University of Idaho, and modified by Brian Hand and Seth
Smith, University of Montana). Libraries were demultiplexed
using process_radtags, and PCR duplicates were removed using
clone_filter in Stacks v. 2.59 (Catchen et al. 2013). Illumina
adapter sequences and reads shorter than 50bp were removed,
and reads were trimmed if the mean base quality dropped below
Q15 using a sliding window of four bases using Trimmomatic v.
0.39 (Bolger, Lohse, and Usadel 2014). Reads were mapped to the
P. clarkii reference genome (GCA_020424385.2; Xu et al. 2021)
using BWA-MEM v. 0.7.17 (Li and Durbin 2010; Li 2013).
Mapped reads were sorted and indexed, then reads with map-
ping qualities <20, and those not mapped in proper pairs were
filtered out using SAMtoolsv. 1.9 (Li et al. 2009). Genotypes were
then called using the gstacks module of Stacks v. 2.4 (Catchen
et al. 2013; Rochette, Rivera-Colén, and Catchen 2019). Read
depth was evaluated with pybedtools v. 0.8.1 (Quinlan and
Hall 2010; Dale, Pedersen, and Quinlan 2011).

2.5 | Site Filtering

To remove the most poorly sequenced samples and loci, we first
filtered out SNPs with quality scores of <20, minor allele counts
of <3 (allele count defined as the number of times that allele ap-
pears over all individuals at that SNP position), >99% missing

data, and read counts of 2 or fewer. We then removed individu-
als with >99% missing data, essentially samples that failed to se-
quence. For the remaining samples and loci, we did a subsequent
round of filtering that removed genotype calls based on fewer
than seven reads within an individual and kept only those loci
genotyped in at least 75% of individuals. Next, we removed sites
with observed heterozygosity >0.6 and allele balance values >0.6
and <0.4 (McKinney et al. 2017; Weise et al. 2022). For pedigree
reconstruction, we kept only one SNP per RAD tag. Specifically,
we retained the locus with the lowest frequency of missing data
and the highest minor allele frequency from each RAD tag. If
two or more SNPs met all the criteria, the first SNP was selected.
These variant filtering steps are similar to Weise et al. (2022).

For analyses involving juveniles (N,, N,, coancestry, and re-
productive success), we additionally removed individuals with
>50% missing loci and kept loci with a minimum of 20 reads
and a minimum minor allele frequency (maf) of 0.005. For mul-
tiple paternity analyses, we used berried females, their offspring
(fertilized eggs and hatchlings), and adult males from the same
waterbody collected over the course of the study. For this data-
set, we removed individuals with >75% missing data to keep as
many berried females as possible and retained loci with a mini-
mum of 20 reads per individual and a maf of 0.3. Differences in
filtering steps were due to differences in data quality in the two
sets of samples.

2.6 | Defining Juvenile Cohorts

To determine full- and half-sibling relationships (and unre-
lated individuals), we constructed pedigrees based on juve-
niles using the program Colony (Jones and Wang 2010). We
first converted VCF files to Colony-formatted data using code
modified from existing scripts (vcf_colony.R, colonydat_cre-
ate.R; Sard et al. 2021; Weise et al. 2022). Input parameters
for Colony included dioecious species type, polygamous mat-
ing system, allowed for inbreeding, unknown allele frequen-
cies, and sibship scaling, but no prior sibship was reported.
The initial genotyping error rate was set at 0.01 and the ini-
tial random error was set at 0.001—Colony estimates error
rates during the analysis (Wang 2004). Sibling relationships
were estimated with the full-likelihood approach in Colony v
2.0.6.7 (Jones and Wang 2010) using a long run with medium-
likelihood precision. Juvenile cohorts were determined for
each waterbody based on body size-frequency distributions,
date of capture, and inferred sibling relationships. We also
calculated pairwise measures of interindividual relatedness
among juveniles collected from each waterbody (not cohorts)
based on the KING inference (Manichaikul et al. 2010) using
VCFtools (Danecek et al. 2011). We only tested for significant
differences in the KING relatedness between groups that had
low Fg; (<0.1, data not shown), which was EastGC2 versus
EastGC4 and between Hotell cohorts. The median KING re-
latedness value for each group was calculated and the ratio
between pairwise group comparisons was used as a test sta-
tistic. Each test statistic was compared to a null distribution
generated by a randomization procedure that was run 1000
times. The ratio from the empirical data was compared to the
randomized distribution to test for statistical significance.
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2.7 | Estimating Breeding Adult Number
and Effective Number of Breeding Adults

Within each juvenile cohort and sampling location, we calcu-
lated estimates of the effective number of breeding adults (V)
using two methods. The first estimate (N, ;) used a linkage
disequilibrium model assuming random mating implemented
in NeEstimator v 2.1 (Do et al. 2014). To make our data for-
mat compatible with NeEstimator, we first used PGDspider v
2.1.1.5 (Lischer and Excoffier 2012) to convert each VCF to a
GenePop file. Instead of filtering out multiple SNPs on a sin-
gle RAD tag, we supplied a chromosome map to NeEstimator
following (Waples, Larson, and Waples 2016) to avoid intra-
chromosome (physically linked) comparisons. The second
approach was based on the frequency of sibling relationships
identified using Colony reconstructed pedigrees (N
Wang and Santure 2009).

_Wang;

We report the estimate of the number of reconstructed parental
genotypes based on the offspring pedigrees without adjustment
(NJ. In addition, the asymptotic number of successfully breed-
ing adults, contributing reproductively to each location and co-
hort (ﬁs), was calculated using a parentage accumulation curve
approach (N_calc.R; Sard et al. 2021; Weise et al. 2022). The
asymptotic value, ﬁs was based on the Chao estimate of the
total number of parental genotypes contributing to each cohort
calculated using the specpool function in the R package vegan
(Oksanen et al. 2022). We estimated the mean and variance in re-
productive success (RS) for contributing adults based on the num-
ber of offspring assigned to each individual in the reconstructed
pedigree from Colony. This reproductive success metric is similar
to k except our dataset did not include adults without offspring.
We randomly subsampled the Colony output to 75 based on the
number of juveniles in the cohort with the lowest sample size
(N=90), Hotell cohortl, to make interwaterbody comparisons of
reproductive success. We repeated the subsampling 1000 times
and then calculated the mean, standard deviation, and 95% con-
fidence interval across replicates. Additionally, coancestry (©)
was estimated based on the number of half- and full-siblings
and unrelated offspring pairs using the reconstructed pedigrees
(coancestry.R; Scribner et al. 2022). Analyses of the Hotell pond
individuals were conducted separately for each cohort and on the
combined cohorts to get estimates for the full pond.

2.8 | Estimates of Multiple Paternity

We used one to six berried females per waterbody to calculate
estimates of multiple paternity, which were collected in 2020
(N=10) or 2021 (N=12; Table 2, Table S1). Multiple paternity
was defined as offspring from one berried female assigned to
more than one inferred male from the Best Config Colony file.
We modified the existing vcf colony function (vcf _colony.R;
Weise et al. 2022) to include separate entries for candidate adult
females and adult males and modified the colonydat_create
function (colonydat_create.R; Weise et al. 2022) to include ber-
ried female and offspring dyads when converting VCF files to
Colony-formatted data. Input parameters for Colony were the
same as those used with the juvenile dataset but with two addi-
tional parameters: 99% probability of including the mother and

a 1% probability of including the mate. These parameters were
chosen because eggs and hatchlings were taken from the fe-
male's abdomen or from the bottom of the container that housed
individual berried females giving us high certainty of the off-
spring's mother. However, we only included 14-72 males per
waterbody, which is a small fraction compared to the estimated
population sizes giving us low confidence that the other parent
was included in our dataset.

We tested for associations between body size (carapace length)
of the berried females and the estimated number of mates (re-
constructed male parental genotypes represented in sampled
offspring) using pedigree data from all waterbodies using gen-
eralized linear models. Our global model included the follow-
ing variables: the number of offspring genotyped per berried
female, waterbody, waterbody-specific catch per unit effort
(estimate of population density), and the year the berried fe-
males (and offspring) were collected. The Michigan DNR pro-
vided estimates of mean catch per unit effort (CPUE), which
was calculated from individuals (adults and juveniles) caught
in Gee's minnow traps during August in each waterbody
(Table S2). We focused our analyses on August CPUE to limit
the influence of juvenile recruitment on relative abundance
estimates. Models were evaluated with the stepAIC function
in the R package MASS (Venables and Ripley 2002) using both
backward and forward stepwise searches. Multicollinearity
among variables was accounted for within stepAIC. Since pre-
vious work explicitly evaluated the number of mates versus
berried female body size (Yue et al. 2010; Hamasaki, Tsuboi,
and Dan 2022), we specifically plotted that relationship and
used a linear model to assess the relationship. We excluded
EastGC2 and one berried female (Hotel1-M14-20) from the
models due to low sample sizes.

3 | Results
3.1 | RAD Capture Bait Discovery

Based on 175 P. clarkii samples, our RAD discovery library
resulted in the genotyping of 245,717 RAD loci containing
1,064,629 SNPs. Over 79% of reads had a single primary align-
ment to the marbled crayfish (Procambarus virginalis) reference
genome (Gutekunst et al. 2018). Because the red swamp crayfish
genome (GCA_020424385.2; Xu et al. 2021) was not yet avail-
able, we mapped reads to the P. virginalis reference genome
(NCBI Bioproject accession number PRINA356499; Gutekunst
et al. (2018)) (Appendix S1). Effective per-sample read depths
per RAD locus averaged 13.7x and ranged from 1.2 to 59.3X per
individual. A total of 7660 capture baits that passed all quality
control filters were developed to genotype 2620 RAD loci (200
with two-tiled baits and 2420 with three-tiled baits) to be used
on the remaining P. clarkii samples.

A total of 7128 baits (93%) were mapped to the P. clarkii genome
(Figure S1). We quantified the number of baits that generated
genotypes using BEDTools intersect (Quinlan and Hall 2010)
to identify overlap between targeted RAD loci and the VCF file
produced by gstacks. We recovered genotypes from 6642 (93%)
of the 7128 mapped baits and 87% of the 7660 total baits.
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3.2 | Sequencing Results and Genotyping Using
RAD Capture Baits

The mean PCR duplication rate was 66%, and we retained a total
of 575,777,966 paired reads after removing duplicates. On aver-
age, 93% of read pairs were maintained after read quality trim-
ming, and 95% of sequence reads were successfully mapped to
the P. clarkii reference genome. Genotyping resulted in 200,062
unfiltered RAD loci and 1,012,163 unfiltered variant sites. Over
92% of reads had a single primary alignment to the P. clarkii ref-
erence genome. Effective per-sample read depths per RAD locus
averaged 28.0x (SD=23.3X) and ranged from 1.0X to 209.5X%.
The filtered data contained just over 1340 unique RAD tags.

3.3 | Defining Juvenile Cohorts and Relatedness

We defined juvenile cohorts based on the size of collection
grouping juveniles collected in the fall of 2020 and the spring
of 2021 together. Juveniles with smaller carapace lengths were
found in the fall compared to the spring and summer (Figure 2).
Based on a Dunn test of carapace length versus collection time,
the most significant tests after a Bonferroni correction were be-
tween juveniles collected in Fall 2020 and those collected in

(@) EastGC2

Spring 2021 (May 2021-September 2020 Z=11.3, p<2 x1076;
May 2021-October 2020 Z=10.8, p<2 x107'%). Full-sibling
groups were characterized by smaller juveniles in the fall and
larger siblings in the spring. For example, three of four sibling
groups from waterbody EastGC2 had larger individuals in May
2021 compared to October 2020 (Figure 2b). A second cohort of
smaller individuals was collected in summer and fall of 2021
in both WestGC1 and Hotell. There were only five individuals
in the second cohort in WestGC1, so they were removed from
further analyses. Visualization of the family structure across
the inferred cohorts can be found in Figure 3, in which geneti-
cally inferred parents are to the right and left of the genotyped
juvenile in the middle. An inferred parent that gave rise to mul-
tiple juveniles has many gray lines connecting them to their off-
spring. In the panel for Hotell, we can see inferred parents that
contributed offspring in multiple cohorts (Figure 3).

The distribution of pairwise interindividual relatedness esti-
mates trended toward significantly different among juveniles
sampled between EastGC2 and EastGC4 (p=0.051, two-tailed
test), as well as between Hotell's cohort1 and cohort2 (p =0.026,
two-tailed test; Figure S2). The difference between cohorts at
Hotell may be explained by differences in sample sizes (co-
hortl =8010 pairwise comparisons, cohort2=21,462). Mean
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FIGURE 2

Full sibling group Collostion gat
oliection date

Aug 2020 ~ May 2021 Aug 2021
© Sept 2020 © June 2021 © Sept 2021
@® Oct 2020 @® July 2021 @ Oct 2021

| (a) Modified boxplots of carapace length of inferred full-sibling relationships among Procambarus clarkii juveniles collected from

four sites (East Golf Course 2, East Golf Course 4, West Golf Course 1, and Hotell) used to determine the number of juvenile cohorts present at
each site. Black dots show the median carapace length, the white gap illustrates the interquartile range, and lines extend from the lower and upper

quartiles to the minimum and maximum carapace length for each inferred family. Colored points show the month the individual was collected.

Full-sibling groups with a single individual were removed from the plots. (b) Mean carapace length (mm) of inferred full-sibling juvenile groups that

were collected over more than 1 month. Sibling relationships were estimated with Colony based on 930 single nucleotide polymorphisms (SNPs).
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FIGURE2 | (Continued)

coancestry estimates among juveniles ranged from 0.002 in
EastGC4 to 0.021 in the second Hotell cohort (Table 1).

3.4 | Estimates of the Number
of Contributing Adults

Reconstructed pedigrees identifying sibship relationships and
inferred parents for sampled juveniles (Figure 3) in each water-
body revealed a broad range in reproductive success among in-
ferred parents. Most individuals contributed multiple offspring
to a cohort (Table 1). The average number of offspring per par-
ent ranged from 2.09£1.06 SD in EastGC2 to 7.17+6.58 SD in
the second Hotell cohort, which was after the control treatment
(Table 1). In the most extreme case, a single adult contributed to
26 (11%) of the sampled offspring in the Hotell waterbody.

Multiple estimated measures of the number of breeding adults
show consistent patterns across waterbodies. Estimates of the
effective number of breeders, Ny |, and Ny wang» Were both
largest for EastGC4 (N, ;,=197.3 (jackknife confidence in-
terval, CI=154.7-261.8) and N y,.,=253 (95% confidence
interval, CI=211-302)) and lowest for Hotell cohort 2, which
again was collected after a pyrethrin-based pesticide treatment
(N, (p=17.6 (C1=15.3-20.3) and N, y,, =24 (C1=14-43);
Table 1). While the two estimates differed in magnitude, they
produced the same rank order across waterbodies from largest
to smallest effective number of breeders. Overall, the Hotell co-
horts had the lowest Ny |, and Ny Wang’ the EastGC ponds had
the highest estimates, and the WestGC1 cohort was consistently
intermediate (Table 1). The asymptotic number of successfully
breeding adults (1/\1\5) largely showed the same pattern as N, |,
and N except WestGC1 had the second largest ﬁs whereas

b_Wang’
EastGC2 had the largest N, (Table 1, Figure 4). We did not find
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a significant relationship between our estimates of successfully
reproducing adults and catch per unit effort in August 2020,
or August 2021, for Hotell cohort 2 (Rhoy,=0.2, Py, =0.78;
RhONb_wang =0.2, PNb_wang =0.78; Rho,, =04, P, =0.75).
Reproductive success of parents in the Hotell pond ranged from
1to 26 offspring and was higher than that of parents from the two
EastGC ponds, which ranged from 1 to 5 and 1 to 9 for EastGC2
and EastGC4, respectively. The ranking of the rarefied mean RS
estimates showed the opposite pattern as N, and l/\l\s Confidence
intervals for reproductive success did not overlap across water-
bodies suggesting that they were significantly different, save for
EastGC2 and WestGC1 and Hotell cohorts one and two.

We used inferred parentage to document whether parents were
contributing to multiple cohorts. We found 10 parents with ju-
venile offspring in both Hotell cohorts (Table S3). All 53 juve-
nile pairs that included members of different age cohorts were
categorized as half-siblings (Table S3). Similarly, to document
whether parents were contributing to offspring captured in
more than one waterbody as a measure of gene flow, we com-
pared inferred parents from multiple geographically proximal
waterbodies, EastGC2 to EastGC4. We found 39 parents with
juvenile offspring collected from both EastGC2 and EastGC4
(Table S4). Nearly all related juvenile pairs originating from a
parent that reproduced in both waterbodies were categorized
as half-siblings (93 half-sibling pairs). We identified two full-
sibling pairs (EastGC4-J172-22 and EastGC2-J22, and EastGC4-
J172-22 and EastGC2-J46).

3.5 | Evidence of Multiple Paternity

We documented instances of multiple paternity in all five water-
bodies sampled (Table 2, Figure 5) based on an average of 30+ 8
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FIGURE 3 | Visualization of reconstructed Procambarus clarkii pedigrees based on juveniles in four waterbodies (East Golf Course 2, East Golf
Course 4, West Golf Course 1, and Hotel1). Hotel1 juveniles are split into cohorts 1 (col) and 2 (co2). The center points represent genotyped juveniles,

and the lines indicate relationships between inferred parent 1 and inferred parent 2. Inferred Hotell parents that produced juveniles in both cohorts

are indicated with red diamonds.

(mean £ SD) sampled offspring per berried female. The number
of inferred mates ranged from 1 to 7 per berried female with
an average of 2.8 + 1.7 (mean + SD) mates. Berried females from
Hotell and EastGC4 had the highest average number of mates
(3.67£2.34 and 3.6%1.5, respectively). Berried females from
EastGC1 had the lowest average number of mates (1.8 +0.84).
For example, the panel of the berried female from EastGC2
shows that its offspring were sired by two different inferred
mates (Figure 5). One juvenile offspring from EastGC4 was as-
signed to an inferred female not included in our dataset, sug-
gesting a genotyping and/or assignment error.

We did not detect a relationship between body size (carapace
length) of berried females and the number of inferred mates
(Table S5). Based on the models evaluated, the best model

(lowest AIC value) to describe differences in degree of multiple
paternity included the number of offspring genotyped, the av-
erage August CPUE, and the year the berried female was col-
lected (AIC=74.87, Table S5). The number of inferred mates
decreased from 2020 to 2021 (p=0.01) and decreased with in-
creasing August CPUE (p=0.03). The number of offspring gen-
otyped had a positive trend with the number of inferred mates
but was not significant (p =0.19). Isolating the relationship of
just the number of mates and berried female body size showed
no relationship but did suggest a potential difference between
waterbodies (Figure S3). This may suggest that an interaction
between female body size and waterbody could be an important
term in future modeling of this relationship. Our sample sizes
precluded us from having the power to use interaction terms in
the analyses.
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Parentage accumulation curves for the estimates of the asymptotic number of P. clarkii adults based on pedigree accumulation

analysis (Sard et al. 2021) in four sites using the defined juvenile cohorts (East Golf Course 2, East Golf Course 4, West Golf Course 1, Hotell cohort
one (col), two (co2), and both cohorts combined (com)). Dashed horizontal lines are Chao estimates of the asymptotic number of adults, I/V\S, see

Table 1 for details. Estimates were based on 930 SNPs.

management compared to areas that did not, which could lead
to higher reproductive rates (Gonzalez-Calderdn et al. 2023).
Therefore, more accurate estimates of aging, growth, and
generation time for P. clarkii could be derived from using the
reconstructed pedigree method in juveniles paired with size-
frequency distributions from routine monitoring. Further
inference can be derived through longitudinal evaluation of
contributing parents over multiple years. By combining gen-
otyped juveniles over multiple years and inferring their ped-
igrees, we could estimate how many and how often adults
reproduced over an extended period of time providing agen-
cies with data on how well eradication efforts are working and
if populations are adjusting to control efforts such as changing
reproductive strategies or timing. This study adds to the grow-
ing body of literature that shows the utility of genetic tools in
understanding reproductive ecology and movement of inva-
sive species.

4.2 | Multiple Juvenile Cohorts can Inform
Treatment Timing

Our analysis of juvenile cohorts suggests that the majority of re-
production is synchronized in the late summer and early fall.
The smallest juveniles were captured starting in August of both
years, with larger individuals captured later in the fall and the
following spring. Genetic data align with reports of reproductive
timing of P. clarkii in Lake Trasimeno, Italy (Dérr et al. 2006),
which lies at a similar latitude as the Michigan invasion, as well
as Washington, USA (Mueller 2007). Additionally, the finding of
full-sibling pairs captured during fall and spring sampling sug-
gests that juvenile crayfish captured in the spring were likely
hatched the previous fall. Genetic data were consistent with

observations in other invaded ranges, where a large reproduc-
tive bout corresponded with warmer temperatures (e.g., Spain,
Gutiérrez-Yurrita and Montes 1999). In their native range in
warmer climates, P. clarkii may reproduce more consistently
throughout the year when conditions are favorable (Huner and
Barr 1991). Information about the timing of reproduction will
help inform ongoing eradication efforts in Michigan. Whole-
pond pesticide treatments implemented prior to reproductive
events (~June-July) or after juvenile emergence from burrows
(~August-September) would likely result in the greatest effect.
Further refinement of treatment strategies under conditions im-
posed by external factors, such as climate change, is prudent be-
cause they are likely to affect the timing of reproduction.

4.3 | Intersite Connectivity Based on Juvenile
Relatedness

We found related juvenile siblings in two different water-
bodies (EastGC2 and EastGC4), indicating that there is some
movement of adults or juveniles between geographically prox-
imal (~128 m apart) waterbodies. Most related pairs were iden-
tified as half-siblings and were collected in the fall of 2020 and
the spring of 2021; thus, they were in the same cohort for each
waterbody. In 21 of the 25 sibling groups that had juveniles
collected in both the fall of 2020 and the spring of 2021, in-
dividuals collected in the spring had larger carapace lengths.
We also found evidence for two full-sibling pairs across the
sampled waterbodies (Table S5, Figure 1). Two EastGC2 ju-
veniles collected in the fall of 2020 (carapace lengths 13 mm
and 18 mm) were inferred to be the full siblings of the same
juvenile collected in the spring of 2021 in EastGC4 (carapace
length 19 mm). This pattern could be due to berried females
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TABLE 2 | Estimates of incidence of multiple paternity, including the number of identified inferred red swamp crayfish (Procambarus clarkii)
males contributing to offspring for berried females from five sites (East Golf Course 1 (GC1), East Golf Course 1 (GC2), East Golf Course 4 (GC4),

West Golf Course 1 (GC1), and Hotell).

Site Berried female Years collected No. screened offspring No. inferred males
EastGC1 1 2021 30 1

2 2021 31 2

3 2021 29 1

4 2021 31 2

5 2021 31 3
Mean+SD 30.4+0.89 1.8+0.84
EastGC2 1 2020 34 2
EastGC4 1 2020 26 4

2 2020 29 5

3 2020 21 4

4 2021 31 4
Mean £ SD 26.8+4.35 4.3+0.50
WestGC1 1 2021 44 1

2 2021 35 2

3 2021 36 3

4 2021 30 4

5 2020 33 1

6 2021 31 3
Mean+SD 34.8+5.04 2.33+1.21
Hotell 1 2020 28 2

2 2021 18 3

3 2020 36 6

4 2020 4 1

5 2020 36 7

6 2020 36 3
Mean+SD 26.0+12.77 3.7+2.34

Note: Below each waterbody with more than one berried female is the mean andSD.

moving between locations, males moving between locations,
sperm storage, or the dispersal of juvenile crayfish. Overland
dispersal often occurs during peak breeding, including dis-
persal of berried females that move overland (Ramalho and
Anastéacio 2015). Generally, P. clarkii can disperse tens of me-
ters over land per day (Gherardi, Barbaresi, and Salvi 2000;
Gherardi, Tricarico, and Ilhéu 2002; Barbaresi et al. 2004;
Aquiloni, I1héu, and Gherardi 2005). It is also possible that
our pedigree reconstructions falsely inferred sibling rela-
tionships for pairs of individuals. Previous studies illustrate
challenges with inferences based on half-sibling relationships,
particularly in SNP-based pedigree reconstructions (e.g.,
Ackerman et al. 2017; Baetscher et al. 2018; Sard et al. 2020).
Nonetheless, full-sibling inferences are expected to be highly
accurate when based on large SNP datasets, as used in this

study. Thus, our observations of full-sibling pairs across wa-
terbodies provide strong evidence of dispersal on a local scale.
With additional future sampling, multigenerational pedigree
reconstructions and “recaptures” of close kin can further re-
veal details concerning gene flow among the waterbodies and
the importance of intervening landscape features (Prystupa
et al. 2021; Delaval et al. 2023; Schmidt et al. 2023).

4.4 | Multiple Paternity in P. clarkii

Data revealed that the majority (77%) of the berried females
mated with multiple males according to offspring pedigrees.
Our overall rate of multiple paternity is below the 97% found
in populations in China, and our rates of inferred mates per

12 0f 19

Evolutionary Applications, 2024



EastGC1 EastGC2 EastGC4

Mother Offspring Father Mother Offspring Father Mother Offspring Father
WestGC1 Hotel1

Mother Offspring Father Mother Offspring Father
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FIGURE 5 | Visualization of reconstructed Procambarus clarkii pedigrees based on berried females and their offspring for five sites (East Golf
Course 1, East Golf Course 2, East Golf Course 4, West Golf Course 1, and Hotell). The center points represent genotyped hatchling and/or egg
offspring. Lines indicate relationships among known genotyped mothers, offspring, and inferred mates. Multiple mates assigned to the offspring of

an individual berried female is evidence for multiple paternity.

female (1-7) are broader than previous estimates (2-4; Yue
et al. 2010). In our study area, one male often sired the ma-
jority of the offspring while additional males were assigned to
fewer offspring of the same clutch, which supports previous
work indicating parentage of dominant males (Yue et al. 2010).
Our results support a growing body of literature that suggests
multiple paternity is advantageous in invasive species that are
successfully established, such as in the American mosquito-
fish Gambusia holbrooki (Zeng et al. 2017), marine gastropods
Crepidula fornicata (Le Cam et al. 2009) and Littorina saxatilis
(Rafajlovi¢ et al. 2013), two rat species (Rattus norvegicus and R.
rattus; Miller et al. 2010), and in the spotted lanternfly Lycorma
delicatula (Belouard and Behm 2023). Despite often coming
at a cost (time, energy, and risk of injury) to females (Slatyer
et al. 2012), multiple matings can provide benefits, including
increased rates of heterozygosity (Holman and Kokko 2013;
Rafajlovi¢ et al. 2013; Taylor, Price, and Wedell 2014) and lower
interindividual relatedness within cohorts (Chesser 1991a,
1991b). This effect of multiple matings on heterozygosity can be
especially substantial in small, isolated populations (Rafajlovi¢
etal. 2013), which can help overcome the loss of genetic diversity
often caused by founder bottlenecks in colonizing populations.
It should also be noted that a potential incident of partheno-
genesis— the development of embryos from unfertilized eggs—
was recorded in P. clarkii, but the results were based on only

five microsatellites (Yue et al. 2008). Furthermore, an invasive
congener species, Procambarus virginalis, is known to undergo
parthenogenesis (Scholtz et al. 2002; Chucholl, Morawetz, and
Grof3 2012), as well as another Cambarid species, Faxonius li-
mosus (synonym Orconectes limosus) (Bufi¢ et al. 2011), pro-
viding support that it may also be a strategy used in P. clarkii.
Cloning is a beneficial strategy for successful non-native range
invasions as shown in the crayfish P. virginalis (Gutekunst
et al. 2018), the freshwater snail Potamopyrgus antipodarum
(Verhaegen, von Jungmeister, and Haase 2021), and multiple
Hymenoptera species (Queffelec et al. 2021).

We did not find that multiple paternity was correlated with
adult female body size (carapace length), a measure of fe-
male reproductive “quality.” Our low sample size of berried
females and using only a subset of offspring, rather than all
available offspring, may hinder our power to make strong con-
clusions. However, our result is consistent with previous work
that found the number of inferred mates was unrelated to fe-
male total body length (Yue et al. 2010). Procambarus clarkii
has been shown to have both male and female mate choice
(Aquiloni and Gherardi 2008a, 2008b, 2008c; Hamasaki,
Nishimoto, and Dan 2022), potentially including sperm com-
petition (McLay and van den Brink 2016), which could con-
tribute to this result.
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4.5 | Monitoring Effective Population Sizes
for Management

Estimates of effective population size (N,), the effective number
of breeding adults (N,), or the minimum number of spawning
adults (N,) can provide useful information in conservation and
management contexts (Schwartz, Luikart, and Waples 2006;
Osborne et al. 2010; Tallmon et al. 2010; Luikart et al. 2021;
Weise et al. 2022). In this study, we found evidence for mod-
erate declines in N, and N following extensive control and re-
moval actions targeting P. clarkii at the Hotell site (Table 1).
However, we found no significant correlation between genetic
estimates of abundance and CPUE from trapping efforts across
a limited number of sampled waterbodies. Estimates of per-
individual reproductive success increased in Hotell cohort
2, potentially indicating the effects of density-dependent pro-
cesses in established populations and obscuring expected re-
lationships between N, and census size. Even in the absence
of clear connections to census population sizes, estimates of
parameters like N, and N, can provide important insights on
invasive species reproductive biology, ecology, and control (e.g.,
Bingham, Sepulveda, and Painter 2021; Taylor, Bangs, and
Long 2021; Weise et al. 2023). Our results not only highlight
the potential utility of genetic data for monitoring species inva-
sions but also illustrate associated challenges and limitations,
such as our modest number of populations to detect a potential
relationship between abundance estimates and CPUE.

4.6 | Future Directions

The RAD capture genotyping panel we developed provided
a means of characterizing P. clarkii reproductive biology, in-
cluding aspects that require linking family groups across gen-
erations. For example, we document high levels of multiple
paternity, which may allow RSC to avoid genetic bottlenecks and
loss of genetic diversity. These findings are important because
they suggest that deleterious effects of inbreeding (depression)
that are more likely with single pair matings when population
size is small will be unlikely during founding events and expan-
sion into new habitats following colonization.

Managers would benefit from methods that allow quantitative
assessment of the effects of control actions. Here, we quantified
the effects of a pesticide treatment aimed at eradication based on
pedigree analyses of offspring before and following treatment.
We documented a decline in the number of reproducing adults
following control efforts in Hotell. However, data also revealed
an apparent increase in the average reproductive success of re-
maining and successfully reproducing adults, suggesting a pos-
sible density-dependent compensatory reproductive response
to the treatment. The interpretation of the findings is that the
treatment did not result in a net decline in recruitment poten-
tial despite declines in adult abundance. Generally, we found
evidence for a high reproductive skew in the waterbodies sam-
pled, demonstrating high variation in male reproductive suc-
cess inferred from pedigrees of offspring from berried females.
Further analyses, for example, parentage analyses that focus on
aspects of male phenotypes such as body size that explain the
observed skew in male reproductive analysis, would be useful.

The SNP panel developed for this study and pedigree analyses
performed allowed estimation of the effective breeding num-
ber of adults in each waterbody surveyed as well as estimates
of the number of breeding adults consistent with offspring
produced. These estimators are useful surrogates to estimates
of census population size, which is a critical parameter to es-
timate P. clarkii levels of recruitment (population growth po-
tential) and response to control measures (population decline
and likelihood of extirpation). Moving forward, the recent de-
velopments in parentage-based tagging (Steele et al. 2019) and
adult-juvenile close-kin analyses (Bravington, Skaug, and
Anderson 2016) provide unparalleled opportunities to char-
acterize P. clarkii population dynamics and ecology. These
“next generation” methods expand upon widely used cap-
ture-mark-recapture methods based on genetic measures of
identity (e.g., American marten, Martes americana; Williams
et al. 2009); American black bear, Ursus americanus (Dreher
et al. 2007). Importantly, genetic estimators do not rely on the
release and recapture of individuals for census number esti-
mation, which is important for invasive species management.
We also demonstrate here that the kinship-based method has
the potential to further our understanding of age structure in
Cambarid crayfishes. For example, our analysis of juvenile co-
horts suggests the majority of reproduction is synchronized in
the late summer and early fall.

Autocidal techniques are seen as a potential solution to reduce re-
productive output that can help control invasive populations and
have been proposed for invasive P. clarkii populations. However,
X-ray irradiation to sterilize males has limited effectiveness and
feasibility (Aquiloni et al. 2009; Manfrin et al. 2021), and the
technology to produce neo-females, such as those for invasive
prawns (Rungsin, Paankhao, and Na-Nakorn 2006; Parana
et al. 2022), has yet to be realized for P. clarkii. The effectiveness
of autocidal techniques in invasive P. clarkii may be affected
by their mating system. Mate choice based on size may inform
which males and females would be best to sterilize (Hamasaki,
Tsuboi, and Dan 2022). Generally, polyandry may make steril-
ized males a less effective control strategy than if P. clarkii fe-
males mated with only one male, depending on the mechanism
of sterilization.
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