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The Eastern Massasauga (Sistrurus catenatus) is a small, grassland-dependent rattlesnake species declining throughout
its native range, and is thus a species of high conservation priority. In Illinois, only a single population remains of a once
widespread distribution. We documented genetic diversity in this population over a ten-year period and assessed levels
of heterozygosity, allelic diversity, inbreeding (FIS), and effective population size (Ne). Neither heterozygosity nor levels
of inbreeding differed significantly among periods. We identified 21 alleles that occurred in a single time period, some
of which may have been lost from the population given our estimated detection probability of 93%. Effective
population size (Ne) was numerically small and showed a decreasing trend through time. Despite small population size
and a lack of connectivity, there was no significant decline in genetic diversity over the ten-year study. Aspects of life
history, coupled with a preference for a historically patchy habitat, may mitigate the loss of genetic diversity in the
species and promote their persistence in the fragmented habitats of the Anthropocene. However, continued genetic
monitoring is recommended, and population recovery measures should be implemented as soon as possible to mitigate
the deleterious effects of small population size.

G
LOBAL biodiversity is being lost at a staggering rate
(Dirzo and Raven, 2003; Mendenhall et al., 2012),
driven in part by the combined effects of habitat

loss and fragmentation to isolate populations (Fahrig, 2003)
and limit gene flow (Gibbs, 2001). Threatened and endan-
gered (T&E) species are at increased risk of genetic diversity
loss via genetic drift and inbreeding (Frankham et al., 2002),
as they typically exist in numerically small and spatially
isolated populations susceptible to stochastic events (Keller
and Waller, 2002; Oostermeijer et al., 2003). Many studies
have documented the deleterious effects of fragmentation
and isolation on genetic diversity, but not all taxa are equally
susceptible, and some appear to maintain moderate genetic
diversity despite isolation. Recent examples include marine
angelfish (Centropyge) inhabiting patchy coral reef ecosys-
tems (Hobbs et al., 2013), an introduced population of
White-Tailed deer (Odocoileus virginianus) founded by only
four individuals (Kekkonen et al., 2012), and a remnant
population of the endangered Hihi Bird (Notiomystis cincta)
in New Zealand (Brekke et al., 2011).

In small populations, the importance of genetic drift is
elevated relative to selection, resulting in a loss of potentially
beneficial alleles and fixation of deleterious mutations
(Whitlock, 2000; Frankham, 2005; O’Grady et al., 2006).
The increase in genetic drift leads to elevated inbreeding and
reduced survival (Keller and Waller, 2002; Blomqvist et al.,
2010). These factors also impinge upon the long-term
persistence of T&E species, in that they steadily erode
evolutionary and adaptive potential (Frankham and King-
solver, 2004; Frankham, 2005) and may drive T&E species
into an extinction vortex (Gilpin and Soulé, 1986). Estimat-
ing genetic parameters to assess risks to population persis-
tence can provide invaluable information to conservation
plans for T&E species.

Conservation planning for reptiles is becoming increas-
ingly important as their populations are declining worldwide

(Gibbons et al., 2000) with venomous snakes of particular
conservation concern (Madsen et al., 1996; Gautschi et al.,
2002; Ujvari et al., 2002; Reading et al., 2010; Clark et al.,
2011). The Eastern Massasauga (Sistrurus catenatus) is one
such species declining throughout its range (USFWS, 1998),
persisting in geographically isolated and numerically small
populations that are susceptible to inbreeding depression
and loss of adaptive capacity (Caughley, 1994; Frankham,
2005). Previous studies documented moderate levels of
genetic diversity, low levels of inbreeding, and little evidence
of historical bottlenecks (Andre, 2003; Chiucchi and Gibbs,
2010). However, use of long-term data may provide novel
insights into genetic patterns of the species.

Here we assess genetic diversity in an isolated population
of Eastern Massasauga in Illinois, using samples collected
over ten years to examine allelic diversity, inbreeding
coefficients, and genetic bottlenecks. Finally, we estimate
effective population size (Ne) using both single sample and
temporal methods. Our results are compared to similarly
imperiled species and should be used to inform adaptive
management of this population.

MATERIALS AND METHODS

Study species and site.—The Eastern Massasauga is a prairie
and bog species endemic to the eastern United States and
Canada (Ernst and Ernst, 2003). It was recently listed as
threatened by the USFWS (2015) and has been endangered in
Illinois since 1994 (Herkert, 1994) where its distribution has
been reduced to sparse, fragmented habitat around the
southern perimeter of Carlyle Lake, Clinton County, in
central Illinois. The lake was constructed as an impoundment
of the Kaskaskia River in 1967, and extensive habitat was lost
as a consequence. Remaining individuals are now clustered
in wet prairie areas containing crayfish burrow complexes
that serve as hibernacula and represent the only remaining
suitable habitat patches (Dreslik, 2005; Dreslik et al., 2017).
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Genetic variation was assessed from the largest hibernaculum
located in South Shore State Park (SSSP; see Shepard et al.,
2008 for map of the site). Snakes were captured via visual
encounter surveys during spring egress. All captured individ-
uals were sexed, measured, and marked with a passive
integrated transponder (PIT) tag as part of a long-term
mark-recapture study of the population. Blood samples for
genetic analyses were collected from the caudal vein and
stored at�808C.

Molecular genetic methodology.—Total genomic DNA was
extracted from blood samples collected at three time intervals
(2002, 2007, and 2012) via Qiagen DNeasy Blood & Tissue
Kits (Qiagen) using standard protocols. Microsatellite loci
were screened for genotyping using species-specific primers
(Anderson et al., 2010) or those developed for closely related
species (Timber Rattlesnake [Crotalus horridus], Villarreal et
al., 1996; Ridge-nosed Rattlesnake [C. willardi obscurus],
Holycross et al., 2002); and Copperhead [Agkistrodon contor-
trix], Castoe et al., 2010), and amplified using standardized
conditions (see Levine et al., 2016). Twenty-four loci were
chosen for fluorescent dye assignment (Applied Biosystems,
ABI) and subsequently used in this study. Fragment analysis
was carried out on an ABI 3730 GeneAnalyzer, and alleles
were scored using GeneMapper 4.1 software (ABI). All work
was conducted at the Illinois Natural History Survey
Collaborative Ecological Genetics Laboratory.

Genetic analyses.—The presence of null alleles and scoring
errors were assessed via Micro-Checker 2.2.3 (van Oosterhout
et al., 2004). Linkage disequilibrium, a departure from Hardy-
Weinberg Equilibrium (HWE), and inbreeding coefficients
(FIS) were assessed in GenePop 4.0 (Rousset, 2008). For
multiple comparisons, alpha levels were adjusted via Bonfer-
roni correction (Rice, 1989). Allele frequencies and observed
heterozygosities (HO) were estimated in GenAlEx 6.41
(Peakall and Smouse, 2006) for all samples and each time
interval.

Measures of genetic diversity, including allelic richness (AR)
and private allelic richness (PAR), were derived from rarefac-
tion and corrected for sample size in HP-Rare (Kalinowski,
2005). We assessed loss of genetic diversity between time
intervals using the two-phase mutation model option of
program BOTTLENECK 1.2.02, with 95% single steps and 5%
multiple steps and a variance for mutation size set to 12 (Piry
et al., 1999). The Wilcoxon sign test (Cornuet and Luikart,
1996; Luikart and Cornuet, 1998) was used to test for
heterozygote excess, while the qualitative mode shift test
evaluated shifts in allele frequencies stemming from loss of
rare alleles (Luikart et al., 1998). We assessed the probability
of failing to detect rare alleles using a binomial distribution
function with a sample size of 30 (sampling probability
assumed equal), and the lowest observed allele frequency
(0.014). We calculated this probability in R using the
following function: dbinom (0,30,0.014). We also calculated
the fraction of alleles present in 2002 that were neither seen
in 2007 or 2012.

Common methods used to estimate contemporary popu-
lation size (Ne) are based on models that assume discrete
generations and produce unreliable estimates when sampling
time period and life history traits violate the assumption of
discrete age structure (Waples, 2005). As such, it has been
demonstrated that estimates derived for iteroparous species
with overlapping generations, such as Eastern Massasauga,
generally approximate number of breeders (Nb) for single

cohorts consisting of mixed-aged adults, rather than Ne

(Waples, 2005). However, Waples et al. (2014) proposed
calculations that incorporate values of Nb and simple life
history traits to produce a corrected estimate of Ne that
removes age structure biases. Thus, we used a two-step
approach to obtain Ne estimates for the South Shore Eastern
Massasauga population by first using single-sample linkage
disequilibrium (LD) method implemented in NEESTIMATOR

2.17 (Do et al., 2014) to approximate the number of breeders
(Nb) and then calculating a corrected estimate of Ne based on
the two-trait formulas proposed by Waples et al. (2014). We
performed the bias-corrected LD analysis (Waples and Do,
2008) to estimate Nb for each time interval (2002, 2007,
2012) under the assumption of random mating and using an
allele frequency exclusion value of Pcrit ¼ 0.02 to minimize
bias as recommended by Waples and Do (2010). Raw values
of Nb as well as adult life span (AL; 12 years; Baker, 2016) and
age of maturity (a; 3 years; Dreslik et al., 2017) documented
for Eastern Massasauga were used to calculate Ne using the
bias-adjusted two-trait equations shown in table 3 of Waples
et al. (2014). For comparison, we also estimated Ne using the
two-sample temporal method (Plan II) available in NEESTIMA-

TOR that allows incorporation of generation time for the
target species and provides an estimate for each pair of
generation sets. Because generation time for Eastern Massa-
sauga (3–5 years; Keenlyne, 1978) corresponded to our five-
year sampling periods, we assigned a single generation set
(i.e., 0, 1, 2) for each sampling period. Estimates and
nonparametric 95% confidence intervals are reported for
the Jorde and Ryman (2007) unbiased method.

RESULTS

We genotyped 94 individual Eastern Massasauga Rattlesnakes
across 24 microsatellite loci (Appendix 1) and found no
evidence of null alleles, scoring errors, or linkage disequilib-
rium. All loci conformed to HWE expectations at a
Bonferroni-adjusted probability (a¼ 0.002), except one locus
(Scu200), and two loci (Scu206, Scu209) were monomorphic.
Thus, subsequent analyses were conducted using the remain-
ing 21 loci. No decrease in heterozygosity was detected over
the study period. Observed heterozygosity (HO) ranged
between 0.09–0.87 (Appendix 1), while average HO was
temporally stable and ranged from 0.64–0.66 (Table 1).

Allelic richness decreased slightly from 6.3 in 2002 to 5.6
in 2012 (Table 1). Of 144 total alleles, 70 (48%) could be
considered rare (i.e., those with a frequency ,0.1; Luikart et
al., 1998) and 21 occurred in a single time period (Table 2). Of
these rare alleles, 11% that were detected in 2002 were no
longer detected by 2012 (Table 2). The probability of
detecting a rare allele in at least one time interval was 99%,
and the probability of detecting an allele found in one time
interval in another interval was 93%. As most rare alleles
occurred in 2002 (67%) and were undetected in both 2007
and 2012, the high detection probability suggests at least
some of these alleles were lost from the population, rather
than undetected.

There was no evidence of a significant bottleneck after
Bonferroni correction (a¼ 0.017) for 2002 (P¼ 0.54), 2007 (P
¼0.08), or 2012 (P¼0.30). Further, a qualitative examination
of mode shifts showed that all time periods maintained an L-
shaped distribution of allele frequencies (Luikart et al., 1998).

Estimates of Nb and Ne were small (~26 and~30,
respectively) with minor temporal fluctuations (Table 3).
Although effective population size estimates (Ne) were low,
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they approximated the calculated census size (Nc) of 26–69
(Dreslik et al., 2017). Temporal estimates of Ne were larger
than the corrected single-sample estimates but showed a
decrease in Ne over time for each generation set: 2002 &
2007, Ne¼3134.6 (59.7–‘); 2007 & 2012, Ne¼80.6 (29.4–‘);
2002 & 2012, Ne ¼ 63.6 (29.6–‘).

DISCUSSION

Genetic diversity, as assessed via heterozygosity, remained
stable over the ten-year span and was moderate in the SSSP
population, consistent with other values found throughout
the range (Gibbs et al., 1997; Chiucchi and Gibbs, 2010;
DiLeo, 2011). These cumulative results indicate moderate
levels of genetic diversity are maintained in the species,
despite the isolation of populations and attenuated gene flow
(Chiucchi and Gibbs, 2010). Numerous life history charac-
teristics, including high philopatry and low dispersal ability,
have likely predisposed the Eastern Massasauga Rattlesnake
to a patchy distribution and low gene flow, even before
European settlement (Chiucchi and Gibbs, 2010). However,
we note that heterozygosity is less sensitive to population
declines, particularly when compared to other metrics such
as allelic richness (Allendorf, 1986).

While genetic diversity was maintained throughout the
study, 67% of the rare alleles detected occurred in 2002 and
at least some of these may have been lost from the
population. Concomitantly, a slight decline in allelic rich-
ness was also detected, which could indicate a recent
population decline as observed in Timber Rattlesnakes (Clark
et al., 2011). Theory predicts a gradual loss of rare alleles via
genetic drift will precede a loss of heterozygosity in small
populations (Maruyama and Fuerst, 1985), thereby increas-
ing extinction risk via fixation of deleterious alleles (Frank-
ham, 2005). Consistent with theoretical predictions,
populations of Common Frog (Rana temporaria; Hitchings
and Beebee, 1997) and Greater Prairie Chicken (Tympanuchus
cupido pinnatus; Bouzat et al., 1998a, 1998b) that experienced
dramatic declines showed subsequent loss of rare alleles in
the short term, with reduced heterozygosity in the long term.
The Eastern Massasauga Rattlesnake shares many similarities
with the Greater Prairie Chicken in Illinois, including
moderate heterozygosity, (likely) loss of some rare alleles,
and low Ne, that may impact fitness (Mussmann et al., 2017).

Significant inbreeding was not detected, despite expecta-
tions, as the SSSP hibernaculum is isolated from other
hibernacula by open water, highly developed recreation
areas, agriculture fields, and roads. Historically, the conver-
sion of the Illinois landscape from prairie to agriculture was
gradual, and thus the decline of the Eastern Massasauga
Rattlesnake was also assumed to be gradual. Such population

declines attenuate inbreeding, particularly in relatively long-
lived organisms and those with overlapping generations
(England et al., 2003; Kuo and Janzen, 2004; Lippé et al.,
2006) such as the Eastern Massasauga Rattlesnake. Heterozy-
gosity estimates have been criticized as being ill suited to
detect inbreeding (Slate et al., 2004); however, pedigree
analyses have also failed to detect inbreeding in Eastern
Massasauga Rattlesnakes at the SSSP hibernaculum (Gibbs
and Chiucchi, 2012). Further, although SSSP is isolated from
other hibernacula, individual Eastern Massasauga Rattle-
snakes are occasionally found dead on roads up to 1 km
distant, especially when male movement increases during
the mating season (Jellen et al., 2007). Thus, occasional long-
distance migrations between subpopulations are possible. It
is unlikely transient individuals represent a substantial source
of gene flow for the Eastern Massasauga Rattlesnake, as roads
are significant barriers to rattlesnake movement (Shepard et

Table 1. Standard genetic diversity indices for 94 Eastern Massasauga
Rattlesnake sampled over three time periods from South Shore State
Park at Carlyle, Illinois. Listed are mean estimates for number of alleles
(#A), allelic richness (AR), private allele richness (PAR), observed
heterozygosity (HO), probability of Hardy-Weinberg deviation (PHWE),
and inbreeding coefficients (FIS). Data were derived from 21 microsat-
ellite loci. All loci conformed to the assumptions of HWE after
Bonferroni correction (adjusted a¼ 0.002).

Year N #A AR PAR HO PHWE FIS

2002 31 6.4 6.3 0.66 0.65 0.04 0.027
2007 35 5.9 5.8 0.22 0.66 0.06 �0.003
2012 31 5.6 5.6 0.10 0.64 0.005 0.001

Table 2. Rare alleles (frequency ,0.1) detected in an analysis of 21
microsatellite loci in 94 Eastern Massasaugas Rattlesnake collected
from 2002–2012 at South Shore State Park at Carlyle Lake, Clinton
County, Illinois. Rare alleles are listed for three temporal periods. Note:
primer names other than prefix SCU are different from original
publication and can be provided on request.

Locus Allele

Frequency

2002
(n ¼ 31)

2007
(n ¼ 35)

2012
(n ¼ 31)

AGK16 242 0 0.014 0
AGK16 246 0.083 0 0
AGK16 266 0.017 0 0
AGK21 194 0.02 0.01 0
AGK24 189 0.017 0 0
AGK38 138 0.017 0 0
CH05 152 0.016 0 0
CH05 154 0.016 0 0
Scu201 230 0.017 0 0
Scu202 209 0.017 0 0
Scu203 257 0 0.014 0
Scu205 202 0 0.014 0
Scu210 173 0 0.014 0
Scu210 191 0.016 0 0
Scu210 194 0.016 0 0
Scu210 206 0.097 0 0
Scu212 357 0 0.029 0
Scu213 225 0 0 0.016
Scu215 158 0.016 0 0
Scu216 219 0 0 0.016
Scu216 236 0.016 0 0
Scu216 243 0.016 0 0
Scu216 251 0.016 0 0

Table 3. Estimates of effective number of breeders (Nb) and population
size (Ne) using equations for the bias corrected LD estimate in Waples
and Do (2008). Estimates were derived from 21 microsatellite loci
across 94 Eastern Massasauga sampled over three time periods at South
Shore State Park at Carlyle, Illinois. Sample sizes are provided in Table 1.

Estimate

Sampling period

2002 2007 2012

Nb (95% CI) 26 (16.6–45.9) 25 (15.2–46.8) 26 (17.1–43.8)
Nb (Adj2) 26.67 25.64 26.67
Ne (Adj2) 29.5 29.1 29.5
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al., 2008; Clark et al., 2011; DiLeo et al., 2013). This is
undoubtedly a challenge for rattlesnake conservation, in that
roads are often a common landscape feature.

Estimates of Ne (~30) are similar to census population sizes
(Nc¼~26–69 using closed model estimators and 18–34 using
open models; Dreslik et al., 2017) at SSSP and are small in
comparison to those reported for other rattlesnakes (Holy-
cross and Douglas, 2007; Clark et al., 2008). Similarly, a small
declining population of Mole Salamanders (A. talpoideum)
had an Ne which was equal to or exceeded Nc when
monitored over 20 years, while a large stable population of
Marbled Salamanders (A. opacum) had an Ne only 1–6% of Nc

(Nunziata et al., 2015). It has been proposed an Ne . 100 is
necessary for short-term maintenance of genetic diversity,
and Ne .1000 is required for long-term conservation
(Frankham et al., 2014). Our estimates for Eastern Massasau-
ga Rattlesnakes at SSSP fall short of both recommendations,
thus raising concerns about population viability. Our Ne

estimates are less than (or nearly equal) to those for the
endangered New Mexico Ridge-nosed Rattlesnake (Crotalus
willardi obscurus) for which population viability analysis
indicates a 100% probability of extinction in 100 years, with
a mean time to extinction of 17 years (Davis et al., 2015).
Although Ne is only one of many factors impacting
population viability, the low value we estimated for SSSP is
disconcerting. Additionally, our estimates of Ne using the
two-sample temporal method showed a decreasing trend
over time. Although our temporal Ne estimates were higher
than those obtained from the single sample analysis, they
also had extremely wide confidence intervals.

We detected no contemporary genetic bottlenecks in the
population, though other studies have detected anthropo-
genically induced bottlenecks over short temporal spans
(Rodrı́guez-Zárate et al., 2013). Our results are consistent with
a lack of historical bottlenecks in the population (Chiucchi
and Gibbs, 2010) and are indeed unexpected given the
magnitude of habitat loss and fragmentation that stemmed
from the construction of Carlyle Lake. However, genetic
bottlenecks can remain undetected despite the presence of
demographic data that confirm dramatic population decreas-
es (Peery et al., 2012). In this sense, the analytical methods
used herein (i.e., program BOTTLENECK) are ideal for the
detection of very recent and/or less severe bottlenecks
(Williamson-Natesan, 2005). However, shifts in allele fre-
quency that stem from a bottleneck are not manifested until
5–10 generations post-event (Luikart and Cornuet, 1998).
Given the generation time for the Eastern Massasauga
Rattlesnake is 3–5 years (Keenlyne, 1978), the possibility
remains that sufficient time has not yet passed since dam
construction and subsequent fragmentation of habitat for
the detection of a bottleneck. A similar study of Copperhead
(Agkistrodon contortrix) in Connecticut also failed to detect a
bottleneck following the construction of a reservoir that
fragmented populations (Levine et al., 2016).

Results of this study are encouraging for the conservation
of the Eastern Massasauga Rattlesnake. A lack of significant
inbreeding and no detectable bottlenecks indicate that
genetic variation should not impede conservation efforts,
particularly if other management actions to increase popu-
lation size (e.g., habitat restoration, predator control, road
closures) are carried out before additional population
reductions occur. Ongoing genetic monitoring should con-
tinue, as these data provide a baseline for conservation, and
will provide additional insights as new techniques and
analyses are developed (Schwartz et al., 2006).
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Appendix 1. Diversity parameters derived for 24 microsatellite loci
assayed across 94 Eastern Massasauga Rattlesnakes sampled from
South Shore State Park at Carlyle, Illinois. Listed are estimates for
number of alleles (#A), observed heterozygosity (HO), probability of
Hardy-Weinberg deviation (PHWE), and inbreeding coefficients (FIS). All
loci conformed to the assumptions of HWE after Bonferroni correction
(adjusted a ¼ 0.002), with the exception of one locus (Scu200). Two
loci (Scu206 and Scu209) were monomorphic. Note: primer names
other than prefix SCU are different from original publication and can be
provided on request.

Locus MP N #A HO PHWE FIS

AGK12 2 94 3 0.52 0.07 0.059
AGK16 1 94 9 0.79 0.56 �0.006
AGK21 2 94 6 0.79 0.47 �0.007
AGK24 4 94 6 0.7 0.31 0.047
AGK31 2 94 4 0.68 0.21 0.061
AGK38 1 94 9 0.87 0.56 –0.009
AGK39 1 94 2 0.14 1 –0.069
AGK44 1 94 4 0.61 0.01 0.155
CH05 1 94 4 0.52 0.61 �0.017
CH144 1 94 7 0.7 0.25 0.052
CH06 2 94 2 0.09 1 �0.039
Scu200 3 93 13 0.33 0 0.602
Scu201 3 92 9 0.73 0.08 0.089
Scu203 3 92 6 0.66 0.04 0.058
Scu204 3 92 5 0.6 0.16 0.098
Scu206 3 91 1 — — —
Scu210 3 93 11 0.72 0.37 0.071
Scu213 3 92 9 0.78 0.25 0.013
Scu202 4 91 8 0.65 0.44 –0.11
Scu205 4 93 8 0.77 0.27 0.057
Scu209 4 93 1 — — —
Scu212 4 92 8 0.8 0.8 �0.039
Scu215 4 93 10 0.63 0.21 0.04
Scu216 4 93 14 0.83 0.05 0.037
Average NA 93.1 6.6 0.63 0.35 0.052
SE NA 0.2 0.7 0.04 0.06 0.029
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