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Abstract
The Western Massasauga (Sistrurus tergeminus) is a small North American rattlesnake found west of the Mississippi River. 
Sistrurus tergeminus has previously been divided into two putative subspecies, Desert (S. t. edwardsii) and Prairie Mas-
sasaugas (S. t. tergeminus) based upon qualitative variation in morphology, coloration, and habitat. The Desert Massasauga 
subspecies has been formally petitioned for federal listing under the U.S. Endangered Species Act. Our overarching goal 
was to evaluate genetic structure and genomic differentiation between specimens of the two putative subspecies in an effort 
to inform ongoing conservation assessments. To that end, we generated whole genome sequence data for both putative taxa 
and then developed nearly 200 genetic markers from different fractions of the genome (~ 50 intergenic and ~ 50 genic mark-
ers from each of the two subspecies) to test for population structure across much of the Western Massasauga range. Mean 
genomic divergence between subspecies was 0.0041 ± 0.0080 (Kimura’s 2-parameter distance) for nuclear sequences and 
0.0175 ± 0.0031 for mitochondrial sequences, both exceedingly low values which approach the minimum of zero. Admixture 
analyses and F-statistics both indicated that regardless of how the markers were partitioned, genetic structure was oriented 
far more along a geographic axis (isolation-by-distance) than a taxonomic axis (i.e., between putative subspecies). Overall, 
our analyses provide little support that formal protection of the purported Desert Massasauga is warranted based on the 
homogeneity of the collective Western Massasauga gene pool.
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Introduction

Rattlesnake populations are subject to a long litany of 
existential threats including climate change, disease, over-
exploitation, human persecution, habitat degradation and 

fragmentation (Clark et al. 2010, 2011; Colley et al. 2017; 
Fitzgerald and Painter 2000). Many rattlesnake populations 
are now of conservation concern (at least to biologists, if not 
to much of the general public), but legal protections gener-
ally require biological delineation. For example, the U.S. 
Endangered Species Act (ESA) requires that listings apply 
to “distinct population segments.” Ideally, these biotic enti-
ties coincide with the formal, accepted Linnean taxonomy, 
but unfortunately that is not always the case (O’Brien and 
Mayr 1991).

The taxonomy of rattlesnakes is convoluted and has been 
controversial at times (Crother et al. 2011, 2013; Holy-
cross et al. 2008; Knight et al. 1993; Murphy et al. 2002). 
Rattlesnakes are a monophyletic lineage of American pit 
vipers that are divided into two reciprocally monophyletic 
genera, Crotalus and Sistrurus, that diverged from one 
another about 12.5 MYA (Fig. 1; Blair and Sánchez-Ramírez 
2016). Genetic analyses have confirmed the evolutionary 
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distinctiveness of the Eastern Massasauga (S. catenatus) and 
have clarified the evolutionary relationships of the Pygmy 
Rattlesnake (S. miliarius) and the Western Massasauga 
(S. tergeminus), but they provide relatively weak support 
for distinguishing S. tergeminus edwardsii (Desert Massa-
sauga) from S. tergeminus tergeminus (Prairie Massasauga) 
(Crother et al. 2011; Kubatko et al. 2011). The few avail-
able sequence data suggest that genomic differentiation (if 
any) between these two putative taxa may be limited due 
to various interacting factors (e.g., gene flow, overlapping 
ranges, etc.).

Western Massasauga subspecies could be in the early 
stages of speciation (Kubatko et al. 2011). The Desert Mas-
sasauga, historically recognized in the American Southwest 
from northern Mexico to southern Colorado and central 
Texas, is a small rattlesnake that lives in xeric grasslands 
feeding largely off centipedes and lizards whereas the Prai-
rie Massasauga, found in central Texas up to central Iowa 

and Missouri, occupies mesic grasslands and feeds more 
on small mammals (Holycross and Mackessy 2002). The 
original distinction between these two subspecies is traced 
back to surveys by Howard Gloyd based on the Prairie 
Massasauga’s larger size, darker ventral coloration, higher 
number of midbody scale rows, and more numerous ven-
tral scales and dorsal blotches (Gloyd 1955) but there is no 
obvious geographical barrier separating Desert and Prairie 
Massasaugas (Ryberg et al. 2015; Fig. 2). Since the origi-
nal distinction (Gloyd 1955), the morphological characters 
mentioned above have been shown to vary geographically 
in independent ways, casting doubt on where and if subspe-
cific boundaries exist in this species (e.g., Stebbins 1980; 
Klauber 1982; Conant and Collins 1991; Mackessy 2005; 
Kubatko et al. 2011). Genetic diversity has been studied 
in specific populations (Anderson et al. 2009; Gibbs et al. 
2011; McCluskey and Bender 2015), but has not definitively 
resolved this boundary issue and determined whether the 

Fig. 1  Evolutionary tree of the clade in Viperidae containing Sistru-
rus. The two rattlesnake genera (Sistrurus and Crotalus) diverged 
from one another about 12.5 MYA. A Newark file was generated 
using TimeTree.org (Kumar et al. 2017) and visualized with the Inter-

active Tree of Life v6 (Letunic and Bork 2021). Depiction of the tree 
is based upon external data and is provided purely for biological con-
text

Fig. 2  Map of sampling loca-
tions. The counties in which 
genotyped individuals were 
collected are shaded blue for 
the Desert Massasauga (S. 
t. edwardsii) and brown for 
the Prairie Massasauga (S. t. 
tergeminus) based on Dixon and 
Werler (2005). Approximate 
range of the Western Massa-
sauga is shaded in gray. Note 
that actual Western Massasauga 
habitat is highly fragmented 
throughout much of its range 
(Anderson et al. 2009). A blue 
asterisk marks the location 
of Matagorda Island. Photos 
of individuals from Presidio 
County, Texas (Desert Mas-
sasauga; left) and Wheeler 
County, Texas (Prairie Massa-
sauga; right) are two examples 
of the Western Massasauga. 
Photo credit: T. Hibbitts
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Western Massasauga consists of one or two distinct gene 
pools (Kubatko et al. 2011; Ryberg et al. 2015) that might 
comprise a “distinct population segment” as defined by the 
ESA.

Torstrom et al. (2014) wrote that “Determining the valid-
ity of the subspecies rank should no longer be argued since 
this classification is applied in management and legisla-
tion; rather, the focus should be on determining the best 
and most consistently reliable method to discern subspecies” 
and we agree with them. We refer the interested reader to 
Hillis (2020) for a philosophical discussion of the interplay 
between subspecies taxonomy and geography. The failure 
of morphological characters to reliably distinguish the two 
Western Massasauga subspecies is problematic given the 
petition to formally list the Desert subspecies under the ESA 
(Wild Earth Guardians 2010). While we generally favor 
some version of the biological species concept, in which a 
(sub)species is a group of genetically compatible interbreed-
ing natural populations that are genetically isolated from 
other such groups, our personal views on subspecies con-
cepts are largely irrelevant because the U.S. Fish and Wild-
life Service (USFWS) needs to make comprehensive deci-
sions based on the best available science. We conducted this 
study to provide USFWS with genetic information across the 
range of the entire species, including those populations that 
historically were described as subspecies.

Our purpose herein is to evaluate the contiguity (or lack 
thereof) in the Western Massasauga gene pool and help 
guide decision-making regarding formal conservation pro-
tection of the Desert Massasauga (S. t. edwardsii). Our first 
goal was to sequence the genomes of both S. t. tergeminus 
and S. t. edwardsii and subsequently generate a curated suite 
of single nucleotide polymorphism (SNP) markers. We did 
so by developing a marker array designed (a) to best utilize 
suboptimal DNA obtained from roadkill (our primary source 
of tissue); (b) to avoid ascertainment biases due to potential 
subspecific differentiation; and (c) to query two orthogo-
nal aspects of genetic diversity: functional protein-coding 
genes as well as more neutral variants in intergenic regions 
far from known genes. Our second goal was to employ the 
markers and genomic sequences to ascertain genetic and 
genomic differentiation between the two putative entities 
across much of their respective geographic ranges in order 
to inform impending conservation decisions, with par-
ticular emphasis on the use of genomic data in subspecies 
delineation.

If S. t. edwardsii and S. t. tergeminus are distinct enough 
that they merit different management strategies, then we 
expect those differences would manifest themselves by sun-
dering the Western Massasauga gene pool. First, we might 
expect subspecific differences reflected in the genomes 
themselves (assembly sizes, TE content, GC content, etc.). 
Second, we would expect sequence differentiation (K2P) in 

both nuclear and mitochondrial genomes to be significantly 
greater than zero and consistent with values from pairs of 
other, well-established reptilian subspecies. Third, we would 
expect patterns of genetic differentiation  (FST) to reveal obvi-
ous discontinuities between subspecies, including ascertain-
ment biases where genetic differentiation was exaggerated 
when assessing one taxon with markers developed in the 
other taxon. Fourth, we would expect clusters of individuals 
from each subspecies to group distinctly in a PCA. Fifth, we 
would expect admixture analyses to reveal sharp departures 
from k = 1 (i.e., strong support for k = 2). Sixth, we would 
expect evidence of a Wahlund effect. Finally, we might see 
subspecific evidence of local adaptation. Herein, we provide 
data and analyses that critically evaluate these expectations 
with the aim of informing decisions associated with the con-
servation and management of the Western Massasauga.

Materials and methods

Sample collection and DNA extraction

Western Massasauga samples were collected opportunisti-
cally via driving surveys (Table S1; Fig. 2). Most snakes 
were found dead on the road (n = 23). For the specimens 
caught live, we obtained scale clips or shed skins (n = 2). 
Three samples from Matagorda Island in southeast Texas 
were recovered as fire mortalities (n = 3). Additional samples 
were obtained from previous studies (n = 13) or harvested 
from museum samples (n = 12). Both Fetzner’s technique 
(1999) for shed skin and a standard phenol–chloroform 
extraction for other tissues were used to extract DNA for 
analysis. Extracted DNA was cleaned using a Zymo dsDNA 
Clean and Concentrate kit (Zymo Research, Irvine, CA) and 
electrophoresed on agarose gels to confirm DNA quality and 
quantity. For genome sequencing, one reference sample was 
chosen from each putative subspecies (TJH 3595 and CSA 
1). We chose individuals based on DNA quality and quan-
tity as well as on geographic region of origin. Therefore, 
out of the highest quality and quantity DNA samples, we 
chose samples from Hood and Ward Counties as exemplars 
within the range of each putative subspecies (Fig. 2). We 
confirmed that both samples were morphologically assigned 
to the putative subspecies they should represent based on the 
amount of dark ventral pigment and number of dorsal scale 
rows at midbody. We did so to increase the likelihood that 
each sequenced individual was a representative member of 
each putative subspecies (see Table S1 for sample metadata).

Genome sequencing and assembly

We created independent genomic libraries for both of the 
representative samples, then generated both paired-end and 
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mate-pair reads using an Illumina NovaSeq (S4 2 × 150) 
platform; details can be found in Online Resources. Paired-
end library insert sizes were ~ 350 bp and mate-pair insert 
sizes were restricted to 300–1500 bp. Reads were trimmed 
with Trimmomatic v0.39 (Bolger et al. 2014) to exclude 
base qualities less than Phred-20 and read lengths < 30 bp, 
and remaining reads were assessed with FastQC v0.11.7 
(Andrews 2010). We estimated genome size with kmerg-
enie v1.6982 (Chikhi and Medvedev 2014) and assembled 
genomes de novo with AByss v2.1.5 (Jackman et al. 2017) 
and SOAPdenovo2 v240 (Luo et al. 2012).

We also generated mitochondrial genome assemblies 
for both nominal subspecies. We employed MITObim v1.8 
(Hahn et al. 2013), matching kmers of 21 bp and syncing 
paired read data to extend from seed sequences obtained 
from publicly available data (see Table S2).

Genomic divergence between putative S. tergeminus 
subspecies

To estimate pairwise nuclear genetic distances between 
putative taxa, we employed Kimura’s 2-parameter (K2P; 
Kimura 1980) distances using sequences from large, ostensi-
bly orthologous scaffolds. We did so using scaffolds greater 
than 100 kbp in length from our best assembly of each repre-
sentative from the two subspecies (Prairie: ABySS, Desert: 
SOAPdenovo2; both with kmer = 60), the C. viridis refer-
ence genome, and an unpublished assembly for the Eastern 
Massasauga (courtesy of L. Gibbs; see acknowledgements 
and Online Resources). We aligned all four genome assem-
blies (C. viridis and Eastern, Desert, and Prairie Massasau-
gas) pairwise using BLAST+ v2.10.0 (Camacho et al 2009) 
and calculated K2P distances with the dist.dna function of 
the ape v5.4 R package (Paradis et al. 2004). In Western 
Massasaugas, these data included 858 scaffolds totaling 
0.12 Gb for the Prairie Massasauga and 147 scaffolds com-
prised of 0.02 Gb for the Desert Massasauga (Table S3). 
For each comparison, we plotted the distribution of K2P 
distances for each aligned sequence with ggplot2 v.3.32 
(Wickham 2016). For context, we compiled K2P values 
from the literature for genetic distance between other (i.e. 
non-Massasauga) snakes or calculated them ourselves using 
publicly available genomes and the same methods above.

To estimate pairwise genomic mtDNA distances, we 
obtained mitochondrial genome assemblies for Crotalus 
(2 spp.) and Sistrurus (1 sp.) (see Online Resources) for 
comparison with both our assemblies. Sequences were then 
rotated via gapless alignment by CSA (Fernandes et al. 
2009) and multiply aligned in MEGA-X v10.1.8 (Kumar 
et  al. 2018) using the ClustalW algorithm (Thompson 
et al. 1994), and we then estimated pairwise genetic dis-
tances again using the K2P model (Kimura 1980). Standard 
errors for each pairwise distance were estimated with 500 

bootstrapped replicates. We again compiled values compar-
ing non-Massasauga snakes and non-avian reptiles from 
available mitochondrial datasets.

SNP identification and genotyping

We developed a SNP genotyping array for use in a Fluid-
igm microfluidic system that works well with nontraditional 
sources of tissue (e.g., roadkill) that yield suboptimal DNA 
(Carroll et al. 2018). To identify variants (i.e., candidate 
SNP markers), we mapped paired end reads from our two 
representative samples against the C. viridis reference 
genome (Schield et al. 2019) because of its chromosome-
level assembly, high quality annotation, and the relatively 
recent divergence time from S. tergeminus of 12.5 MYA 
(Blair and Sánchez-Ramírez 2016). We mapped reads with 
BWA v0.7.17 (Li 2013) and used Picard v2.18.2 (Broad 
Institute 2018) to filter and quality check our alignments. 
We then called variants for each sample using GATK Hap-
lotypeCaller v3.8.1 (Van der Auwera et al. 2013). We hard-
filtered variants to include only those with (a) read depth 
between 10 × and 100 × ; (b) a strand odds ratio greater than 
4.0; (c) quality by depth (an estimate of base quality as a 
function of allele depth) less than 5.0; and (d) quality scores 
greater 30.0. We used IGV v2.5.3 to further restrict these 
variants to SNPs greater than 20 bp from neighboring SNPs 
and a neighboring GC content less than 65%. Additionally, 
we chose only SNPs at loci with flanking regions of contigu-
ously mapping reads for at least 10 kbp to reduce chances of 
linkage disequilibrium (LD) between our markers.

From 7,985,022 filtered variants, we designed 96 puta-
tively neutral markers from intergenic regions and 96 
putatively “adaptive” markers from exonic genic regions 
(as indicated by the annotations of the reference genome). 
To minimize ascertainment bias, we selected half of each 
marker type listed above (intergenic versus genic) from each 
representative subspecies, irrespective of whether SNPs 
were polymorphic in the other subspecies (Fig. S1). Using 
all 192 loci and the Fluidigm microfluidics platform, we gen-
otyped 88 samples (Table S1) that represented snakes col-
lected from across the Western Massasauga range (Fig. 2). 
We also included three technical replicates each for one 
Desert and one Prairie sample to estimate genotyping error 
rates. Samples were genotyped using the Fluidigm Biomark 
HD platform.

Subspecies affiliations were designated entirely on the 
basis of geography. We collected four samples (3 from 
Matagorda Island, TX and 1 from Coleman County, TX) 
from near disputed subspecies boundaries in north-central 
Texas and south Texas. Our samples from Matagorda Island 
are more morphologically similar to S. t. tergeminus (e.g., 
darker ventral coloration, higher midbody scale row counts). 
However, the nearest mainland populations are in south 
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Texas and morphologically/geographically classify as S. t. 
edwardsii. Our sample from Coleman County was assigned 
to S. t. edwardsii due to habitat continuity to S. t. edward-
sii range in the south and west and disjunction from S. t. 
tergeminus habitat to the north and east.

Population genetic analyses

We used the Fluidigm analysis software to call genotypes, 
pruning data by removing loci that failed to produce distinct 
genotype clusters in greater than 20% of individuals and by 
removing individuals that were successfully genotyped at 
fewer than 80% of remaining loci. We estimated the geno-
typing error rate ( e ) from our three technical replicates as 
described in Doyle et al. (2016) using the equation e = m

ds
 , 

where m is the number of pairwise mismatches between 
replicates of the majority consensus including miscalls and 
amplification failures, d is the number loci in each repli-
cate, and s is the total number of replicates. We tested for 
LD between pairs of loci using GENEPOP v4.7.3 (Rousset 
2008) and subsequently removed one member of each linked 
pair from subsequent analyses.

We computed indices of genetic diversity using 
GENEPOP. We calculated minor allele frequency (MAF), 
observed heterozygosity  (HO), tested for deviations from 
Hardy–Weinberg Equilibrium (HWE) at each locus, and 
estimated  FST using various subsets of the 192 markers 
(ALL—all markers, HWE—markers in HWE, GENIC—
markers in exonic regions, INTERGENIC—markers in 
intergenic regions, STT—markers identified from Prairie 
representative, and STE—markers identified from Desert 
representative) to partition variances in allele frequencies 
both functionally and taxonomically. Putative subspecies 
were evaluated as separate datasets and artificially split in 
half to produce random “populations” for comparison.  FST 
was then calculated for each of 500 randomization trials 
using all markers and compared against the Desert–Prairie 
 FST to discern if the inter-subspecific was greater than the 
intra-subspecific  FST. We then calculated the  FST,  FIS, and  R2 
(as a measure of LD) for each locus or pair and the means 
for all Western Massasauga samples together. Additionally, 
we adjusted the p-values for deviations from HWE with the 
sequential Bonferroni method (Waples and Allendorf 2015) 
across all loci in order to identify locus-specific deviations. 
To test for the Wahlund effect (overall heterozygote defi-
ciency due to population structure), we plotted the relation-
ships of  FIS and  FST for the entire dataset (all individuals 
of both presumptive subspecies) and calculated a linear 
regression. If population structure is causing deviations from 
HWE, we would expect a positive mean  FIS and a positive 
linear relationship with slope = 1 for  FIS/FST (Waples and 
Allendorf 2015).

We evaluated population structure by first conducting a 
PCA with the 139 HWE loci (i.e., those in HWE) in ade-
genet v2.1.2 (Jombart 2008). Second, we conducted sNMF 
Bayesian admixture analyses using the program LEA v2.0 
(Frichot et al. 2014; Frichot and François 2015). For the 
admixture analyses of all data subsets, we included loci 
regardless of whether they were in HWE and used LEA’s 
minimal cross-entropy approach to determine optimum α (a 
regularization parameter) and k (the number of theoretical 
ancestral populations). Additionally, we ran k = 2 with α = 5 
to directly test for signatures of two distinct subspecies.

Results

Genome sequencing and assembly

We sequenced about 100 Gb per subspecies, averaging 
approximately 50 × coverage for the Desert Massasauga and 
46 × coverage for the Prairie Massasauga (Tables S4, S5 for 
summary statistics). Species in the family Viperidae have a 
mean genome size of 2.05 ± 0.49 Gb (Gregory 2020) simi-
lar to our assembly size estimates for Western Massasauga 
(1.897 Gb for Desert and 1.937 Gb for Prairie). GC content 
was very similar for Desert (40.0%) and Prairie (39.75%) 
Massasaugas. Mitochondrial assemblies were 17,416 bp and 
17,396 bp for the Desert and Prairie individuals respectively 
(Fig. S3). From a sample of n = 2 individuals, we cannot say 
whether the length variation (20 bp) is partitioned among 
subspecies or individuals but we strongly suspect there is 
individual variation based on Ryberg et al. (2015).

Genomic divergence between putative S. tergeminus 
subspecies

Our categorical pairwise alignments of large nuclear scaf-
folds for K2P estimates covered up to 10% of the S. tergemi-
nus genome and thus should reasonably reflect the overall 
genomic divergence between presumptive taxa. Genome 
assembly quality (i.e., contiguity) contributed to the 
observed K2P variance in our dataset, with higher continu-
ity resulting in longer sequence alignments and increased 
likelihood of identifying those regions with higher diver-
gence. For example, the observed variance in K2P values 
positively correlated with the degree of genome continuity 
when comparing C. viridis with the Eastern (N50 = 1 Gbp), 
Prairie (N50 = 23 kbp) and Desert (N50 = 8 kbp) genome 
assemblies (Table S3). Across many scaffolds, K2P dis-
tances averaged only 0.0041 ± 0.0080 for intraspecific com-
parisons between Desert and Prairie Massasaugas (Fig. 3f). 
As expected, interspecific comparisons between either 
Western Massasauga assembly and the Eastern Massasauga 
were larger (specifically, ~ 2 ×) at 0.008 ± 0.0040 (Fig. 3d, 
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Fig. 3  Distribution of pairwise genetic distance estimates (K2P; 
Kimura 1980) between ≥ 100 kb scaffolds in nuclear genome assem-
blies: a–c represents K2P estimates derived from local alignments 
of ≥ 100  kb scaffolds to the C. viridis chromosome-level assembly, 
d, e represents K2P estimates from local alignments of ≥ 100  kb S. 
tergeminus scaffolds to the S. catenatus scaffold-level assembly, and 

f K2P estimates derived from local alignments of ≥ 100 kb scaffolds 
between putative S. tergeminus sub-species. Horizontal dashed lines 
in each panel identify the mean K2P value for each alignment. These 
plots illustrate relative (not absolute) divergence among taxa and nei-
ther Western Massasauga subspecies departs substantively from the 
other
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e). Finally, intergeneric K2P distances between Crotalus 
and Sistrurus species averaged 0.021 ± 0.0103 (Fig. 3a–c), 
roughly 5X larger than the infraspecific comparisons. Over-
all, these K2P data are consistent with the idea that genomic 
divergence increases concomitantly with taxonomic diver-
gence. All estimates for genetic distances between nuclear 
genome assemblies are depicted in Fig. 3 and reported in 
Table 1. Alignment statistics are reported in Table S3.

The K2P distance for mitochondrial DNA between Desert 
and Prairie Massasaugas was 0.0103 ± 0.0008. Interspecific 
distances between Eastern and Western Massasauga mtDNA 
genomes were about nine-fold higher, 0.0940 ± 0.0027 and 
0.0907 ± 0.0026 when comparing the Eastern Massasauga to 
the Desert and Prairie Massasauga sequences respectively. 
Intergenic distances between Sistrurus and Crotalus spp. 
ranged from 0.1451 ± 0.0034 (Prairie Massasauga—Eastern 
Diamondback) to 0.1567 ± 0.0034 (Desert Massasauga—
Timber Rattlesnake).

SNP identification and genotyping

We ultimately genotyped 184 SNPs in 78 individuals (i.e., 
only 8 SNPs and 10 samples consistently failed to amplify). 
We subsequently removed 13 markers due to gametic phase 
disequilibrium. Our final set consisted of 171 markers, 
including 83 intergenic and 88 genic, 78 of which were 
from the Desert Massasauga and 93 from the Prairie Mas-
sasauga. As expected given our sampling regime, we found 
no unknown replicate samples and no first or second-degree 
relatives among our samples. Our genotyping error rate ( e ) 
was low, averaging 0.0082 (Desert: 0.0072, Prairie: 0.0091), 
and is heretofore ignored in population-level analyses.

Our genic markers include those within genes related 
to metabolism, venom production, and immune function 

among others (Table S6). In contrast, our intergenic mark-
ers reside at least 10 kb from known protein-coding genes. 
We partitioned our markers in this fashion to parse these 
two aspects of genomic variation if needed (e.g., due to 
signals of local adaptation). Similarly, half of the markers 
were developed from S. t. tergeminus reads and half from 
S. t. edwardsii reads to reduce taxon-specific ascertainment 
biases. Overall, however, our analyses revealed no substan-
tive differences among the data partitions (i.e., ALL, HWE, 
GENIC, INTERGENIC, STT, and STE; Table 2) and thus 
for simplicity below we refer to results for ALL markers. For 
example, HO was 0.300 ± 0.250 for all markers and did not 
differ between genic and intergenic markers (0.331 ± 0.245 
and 0.267 ± 0.253; Fisher’s exact test of 0.849, p > 0.05). 
Deviations from HWE were no more common in the genic 
markers (Fisher’s exact test of 0.480, p > 0.05) than in the 
intergenic markers. We tested for the Wahlund effect for all 
subsets of data and found no such evidence given the mean 
 FIS for all markers was not significantly different than zero 
 (FIS = 0.073 ± 0.395) and the slope of the relationship was 
greater than 1 (slope = 1.995 ± 0.583, adjusted  R2 = 0.0659).

Population genetic analyses

We genotyped 78 individual snakes that were retained 
through filtering. Our Western Massasauga samples were 
collected across seven US states (Arizona, Colorado, Kansas, 
Missouri, New Mexico, Oklahoma, Texas) and one Mexican 
state (Coahuila). For metadata of genotyped samples, see 
Table S1. After Bonferroni correction, we found 32 out of 
171 loci to be out of expected HWE proportions, 15 in het-
erozygote excess and 17 in a heterozygote deficit (Table S6). 
For our population statistics, we found an overall mean  FST 
across all markers of 0.0264 ± 0.0525 and 0.0308 ± 0.0548 

Table 1  Pairwise K2P genetic 
distances from rattlesnakes

NA not available

Taxon 1 Taxon 2 Genetic distance (K2P)

Mitochondrial Nuclear

Sistrurus tergeminus tergeminus Sistrurus tergeminus edwardsii 0.0103 ± 0.0008 0.00404 ± 0.01065
Sistrurus catenatus Sistrurus tergeminus edwardsii 0.094 ± 0.0027 0.0078 ± 0.00331
Sistrurus catenatus Sistrurus tergeminus tergeminus 0.0907 ± 0.0026 0.00802 ± 0.00318
Crotalus horridus Sistrurus tergeminus edwardsii 0.1567 ± 0.0034 NA
Crotalus horridus Sistrurus tergeminus tergeminus 0.1537 ± 0.0034 NA
Crotalus horridus Sistrurus catenatus 0.1525 ± 0.0034 NA
Crotalus adamanteus Sistrurus tergeminus edwardsii 0.1482 ± 0.0034 NA
Crotalus adamanteus Sistrurus tergeminus tergeminus 0.1451 ± 0.0034 NA
Crotalus adamanteus Sistrurus catenatus 0.1453 ± 0.0033 NA
Crotalus adamanteus Crotalus horridus 0.1134 ± 0.0028 NA
Crotalus viridis Sistrurus tergeminus edwardsii NA 0.0182 ± 0.00449
Crotalus viridis Sistrurus tergeminus tergeminus NA 0.0189 ± 0.00488
Crotalus viridis Sistrurus catenatus NA 0.0238 ± 0.02784
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for markers in HWE. Mean  FST between putative subspecies 
was 0.0318 ± 0.0612 for genic SNPs and 0.0198 ± 0.0414 
for intergenic SNPs.  FST also was calculated separately for 
SNPs selected from the reads of each subspecies (Desert 
mean = 0.0358 ± 0.0588; Prairie mean = 0.0178 ± 0.0458). 
In case we might have misassigned the subspecies affiliation 
of the four samples from ambiguous geographies, we redes-
ignated subspecies assignments for the three samples from 
Matagorda Island and the one from Coleman County, then 
recalculated  FST for all SNP markers. When we did so, we 
found qualitatively the same results  (FST = 0.0365 ± 0.0644 
after redesignation as S. t. tergeminus;  FST = 0.0264 ± 0.0525 
with original designation as S. t. edwardsii). Table 3 reports 
 FST calculations for all data subsets.

We retained 16 of the axes from our PCA, explaining a 
cumulative 51% of the variation. The samples did not clus-
ter according to subspecies status along any axis, though 
samples did show some separation according to geography 
on the primary two principal axes (Fig. 4). Samples are plot-
ted according to their position on the first two primary axes 
(11.3% of variation cumulatively).

The Bayesian admixture analysis conducted in LEA 
determined the optimum parameters that best fit the data 

were α = 5 and k = 4. Admixture results for 40 different sce-
narios, including k = 4 and α = 5 as well as for various sub-
sets of the SNP data (genic, intergenic, desert, prairie), can 
be found in Fig. S2. Our interpretation of these 40 scenarios 
is that the LEA results never convincingly partition the sam-
ples taxonomically. Accordingly, we do not discuss these 
alternative scenarios at length because they do not directly 
relate to our core research question which was to quantify 
the genetic differentiation between the two nominal subspe-
cies. Most critically, we note there was no clear distinction 
between the two subspecies at the optimal k = 4 (Fig. S2) nor 
was there a convincing distinction between the two putative 
subspecies when k = 2 (Fig. 5), especially when considering 
the possibility of isolation by distance (IBD, see below).

Discussion

Herein, we generated new discrete character (DNA 
sequences) and frequency-based marker datasets (SNP geno-
types) to help provide conservation context to pending ESA 
decisions regarding the Desert Massasauga, S. t. edwardsii. 
Like all pending ESA decisions (because of the language 

Table 2  Observed and expected heterozygosity for various subsets of data

Columns display mean heterozygosity estimates with standard deviation for divisions of samples, including all individuals and then calculated 
independently based on subspecific designation. Overall, there are no obvious indications of ascertainment biases that would be expected if 
markers developed from one putative subspecies or population were deployed in a differentiated subspecies or population. See Methods and Fig. 
S1 for more details

Dataset All samples Desert Massasaugas Prairie Massasaugas

HO HE HO HE HO HE

All markers 0.300 ± 0.250 0.308 ± 0.173 0.291 ± 0.255 0.304 ± 0.179 0.311 ± 0.259 0.298 ± 0.177
Intergenic markers 0.267 ± 0.253 0.283 ± 0.180 0.263 ± 0.262 0.279 ± 0.186 0.272 ± 0.254 0.276 ± 0.181
Genic markers 0.331 ± 0.245 0.331 ± 0.165 0.317 ± 0.246 0.328 ± 0.169 0.347 ± 0.260 0.319 ± 0.171
Desert markers 0.290 ± 0.216 0.320 ± 0.163 0.289 ± 0.215 0.324 ± 0.161 0.292 ± 0.237 0.296 ± 0.178
Prairie markers 0.307 ± 0.277 0.298 ± 0.182 0.293 ± 0.285 0.288 ± 0.192 0.326 ± 0.277 0.300 ± 0.177

Table 3  FST for all subsets of 
data

Rows indicate subsets of markers (see Methods and Fig. S1 for more details). Columns are as follows: 
dataset partition, mean  FST between two populations defined by subspecific designation, then randomiza-
tion assignments (500 trials) into two populations of each putative subspecies, Desert and Prairie. Means 
are shown with standard deviations. Overall, these data indicate that measurable genetic differentiation 
between putative subspecies is small and that, if the data are normally distributed, the 95% confidence 
intervals around mean  FST values include zero

Dataset Desert vs. Prairie Mean within Desert Mean within Prairie

All markers 0.0264 ± 0.0525  − 0.000352 ± 0.00443  − 0.00025 ± 0.00406
HWE markers 0.0308 ± 0.0548 0.000126 ± 0.00537 0.000108 ± 0.00522
Intergenic markers 0.0198 ± 0.0414  − 0.00025 ± 0.00529  − 0.00009 ± 0.00664
Genic Markers 0.0318 ± 0.0612  − 0.00009 ± 0.00588  − 0.00035 ± 0.00534
Desert markers 0.0358 ± 0.0588  − 0.00062 ± 0.00603 0.00016 ± 0.00663
Prairie markers 0.0178 ± 0.0458 0.00034 ±  0.00531 0.00018 ± 0.00543
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in the Act), the question is whether a “distinct population 
segment,” or DPS, exists as claimed. There is a convoluted 
history associated with this language, and we refer the inter-
ested reader to the personal summary provided by Waples 
(2020). In this particular case, the Desert subspecies is being 
considered as a DPS. Accordingly, our analyses have focused 
on whether the two subspecies are distinct from one another.

The petition filed by Wild Earth Guardians (2010) cites 
habitat degradation and loss (native habitat conversion, over-
grazing, urbanization, desertification, water resource deple-
tion, habitat fragmentation and isolation, and road-related 
mortality), increased death (intentional culls, vehicle-related 
deaths, and predation), and other factors (disease, naturally 
low survivability and fecundity, prey loss, drought and cli-
mate change, and pet trade collection) that contribute to 
population declines. Our data do not directly speak to many 
of these issues, but they do address whether the taxonomic 
entity S. t. edwardsii actually exists as a genetically distinct 
population segment as discussed in Waples (2020).

Snakes demonstrate a remarkable diversity in genome 
size and structure that challenge traditional notions of 
genome evolution (Pasquesi et al. 2018), and thus we might 
expect differences in basic genome statistics between two 
different subspecies. The assembly statistics in Table S4 
indicate quite similar genome compositions between both 
putative subspecies of Western Massasauga. The similarity 
in assembly size and GC content are indicators that Desert 
and Prairie Massasauga genomes are, at a gross level, very 
similar in structure. Clearly this is weak evidence to sug-
gest that the Western Massasauga is not composed of two 
distinct population segments, but the genomic similarities 
are certainly consistent with the stronger evidence below.

K2P distance between any two individuals should, in 
principle, be zero only for monozygotic twins or other 

Fig. 4  PCA of genotyped Western Massasauga samples. Desert 
(blue–grey diamonds) and Prairie (brown circles) samples are gen-
erally clustered in the first two axes of eigenspace. Cumulatively, 
PCs1 and 2 account for 11.3% of the variance in the data. Consistent 
with an isolation-by-distance model, AZ and NM samples (Desert) 
fall further to the left of PC1 and CO (Desert) samples tend towards 
the top of PC2. All three southeastern TX samples from Matagorda 
Island (Desert) are distinctly in the lower right of the plot (circled), 
suggesting that these data have the capacity to identify isolated popu-
lations. As an example, we have circled the sole MO sample (Prai-
rie) that is both farthest east and furthest on PC1 from the AZ (also 
circled) and NM samples of any Prairie Massasaugas. Overall, these 
data provide little if any support for subspecific designations in the 
Western Massasauga

Fig. 5  Bayesian admixture analysis for k = 2, α = 5 from LEA using 
all SNP markers. Each column represents a single individual labelled 
with sample name and state, with nominal Desert and Prairie Massa-
saugas split left to right by the dark line, with samples for each puta-
tive subspecies sorted separately by admixture coefficient. The results 

shown here are most consistent with a single gene pool for Western 
Massasauga; if each nominal subspecies represented a distinct popu-
lation segment, we would expect to see a genetic discontinuity that 
corresponded with the taxonomic designations. For other admixture 
plots, see Fig. S1
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clones (barring mutation). Thus, any two randomly chosen 
individuals from a population should have a K2P value that 
exceeds 0. Using nuclear DNA sequences, we estimated 
a K2P value of 0.0041 ± 0.0080 between individual S. t. 
tergeminus and S. t. edwardsii, a value near the expected 
lower bound of zero. Clearly, this value suggests very little 
genomic differentiation between our representatives of each 
putative subspecies. There is currently no “standard” level 
of genomic differentiation that corresponds to any level of 
taxonomic hierarchy, but it seems quite possible that one day 
this quantitative approach will be useful in the delineation 
of subspecies and higher taxa. Our survey of comparative 
K2P values from the literature and publicly available nuclear 
gene sequences averaged 0.004 ± 0.005, quite similar to our 
estimates in Western Massasauga. We note that our litera-
ture-based K2P estimates are biased by the small number of 
genes considered (i.e., most studies were not “genomic”), 
so further research will be required to firmly document the 
degree of genomic differentiation between putative subspe-
cies. In our context, K2P estimates are relative (not absolute) 
measures that may be biased in some way, but such biases 
should be similar with respect to either Western Massasauga 
taxon. Overall, the genomic K2P evidence supports the idea 
of exceedingly low differentiation between Western Mas-
sasaugas and provides limited or no support for subspecific 
delineation.

Snake mitochondrial sequence data are far more pub-
licly available than snake nuclear sequence data, and thus 
more taxonomic context is available. Our mitochondrial 
K2P estimate between putative Desert and Prairie Mas-
sasauga was 0.0103 ± 0.0008 (Fig. 3; Table 1), far below 
estimates of subspecies-level distances in Macroprotodon 
spp. (0.093 ± 0.049) (Carranza et al. 2004) and Psammophis 
spp. (0.067 ± 0.033) (Kelly et al. 2008). Instead, the estimate 
between the Desert and Prairie mitochondrion corresponds 
to the range of mean inter-population mtDNA distances 
for different populations of Psammophis (0.016 ± 0.016; 
Kelly et al. 2008) and between populations of Natrix maura 
(0.042 ± 0.008; Guicking et al. 2008). Furthermore, the 
mtDNA genome sequences, assemblies, and annotations 
are nearly identical between Desert and Prairie Massa-
sauga (Fig. S3). Overall, our sequence data indicate that the 
mtDNA divergence between putative subspecies of West-
ern Massasauga is far less than what might be expected of 
distinct subspecies but falls well within the range of pop-
ulation-level divergence. In other words, our mtDNA data 
are generally consistent with the idea of a single Western 
Massasauga taxon that contains modest levels of nucleotide 
variability but generally inconsistent with data from com-
parisons between established snake subspecies.

Our overall  FST value for all nuclear SNP markers 
between the two subspecies was low  (FST = 0.0264 ± 0.0525), 
but similar to an independent subspecific comparison of 

snake taxa  (FST = 0.02–0.08 for Micrurus diastema ssp.; 
Reyes-Velasco et al. 2020). Furthermore, the genetic dif-
ferentiation between putative Western Massasauga subspe-
cies was greater at genic loci  (FST = 0.0318) than at inter-
genic loci  (FST = 0.0198), suggesting that natural selection 
contributes to the patterns of differentiation observed in 
our dataset (Table 3). Our study was designed to evaluate 
the impacts of both drift and selection by employing both 
genic and intergenic markers; the intent was to capture can-
didate functional variants that might underlie pronounced 
genetic differentiation between the two subspecies (e.g., 
due to environmental or ecological differences). However, 
the  FST data do not capture strong differentiation between 
the two subspecies, so we are cautious in our interpreta-
tion of the differences in genic and intergenic SNP differen-
tiation for several reasons. First, subspecies differentiation 
was low with both subsets of markers (genic  FST = 0.032 vs. 
intergenic  FST = 0.020). Second, we used a small number 
of markers (N = 171) and specimens (N = 78). Third, our 
geographic sampling was broad (e.g., our two most distant 
samples were separated by 1300 km) but sparse. Fourth, the 
two putative subspecies have mostly disparate geographic 
ranges (i.e., different environments) and the differentiation 
we observed in  FST values better reflects IBD (see below and 
Online Resources) than subspecific delineation. We think the 
most parsimonious explanation for the increased  FST at genic 
loci is the more pronounced influence of natural selection 
relative to the intergenic loci (which are more influenced 
by drift), but because of the reasons listed above we did not 
evaluate potential genotype by environment associations. 
Overall, we think these SNP data are important not because 
of potential signs of selection, but because it is clear from 
these  FST results that a very small proportion of the genetic 
variation within Western Massasaugas differentiates puta-
tive subspecies.

The results of our multivariate analyses via PCA also 
reveal little differentiation between putative subspecies 
(Fig. 4). If there were genetic differentiation between the 
two subspecies in question, we would see samples from each 
subspecies clustering separately on at least one axis. How-
ever, Desert and Prairie Massasaugas were largely coincident 
along all axes. Samples ordinated slightly with geography 
along axes 1 and 2, with those from populations at the range 
limits (i.e. AZ, NM, CO, MO, southeast TX—Matagorda 
Island) tending to ordinate further along axes 1 and 2 with 
sympatric samples. An exception to this is the lone sample 
from Mexico, which did not separate from the main group-
ing of samples. Overall, we think the most parsimonious 
interpretation of the genetic structure results is simple IBD, 
and that the PCA data do not provide convincing support for 
the genetic distinctiveness of formal taxonomic subspecies. 
This should not be too surprising given the low motility and 
dispersal capacity of Massasaugas (Mackessy et al. 2005), 
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the large geographic range sampled herein, and the fact that 
IBD is the de facto null hypothesis in population genetics.

The results of our admixture analyses provide no support 
for genetically distinct subspecies. LEA results reveal no evi-
dence of strong population structure within Western Massa-
saugas and, instead, are more consistent with genetic homo-
geneity, albeit with some IBD, across the sampled range. If 
the two putative subspecies were genetically differentiated, 
one would expect that genetic assignment tests could reliable 
identify a Western Massasauga of unknown origin to one or 
the other subspecies, but Fig. 5 illustrates how assignment 
probabilities would be virtually identical. Additionally, if 
each nominal subspecies represented a distinct population 
segment, we would expect to see a genetic discontinuity that 
corresponded with the taxonomic designations in Fig. 5, but 
that is not the case. Evaluation of admixture scenarios where 
k > 2 (Fig. S2) would require much more intensive sampling 
across the range, but we think such scenarios are unlikely 
because if two or more genetically structured populations are 
artificially grouped, even if the subpopulations are in HWE, 
we would expect a Wahlund effect. For example, if the two 
subspecies were genetically differentiated but we analyzed 
them as a single unit, we should find an overall deficit of 
heterozygotes, but we found no such evidence in our analy-
ses (Table S7). This is an admittedly weak test for “distinct 
populations”, as it is in effect an absence of evidence, but it 
is consistent with our interpretation of our other analyses.

Finally, we see little evidence for subspecific designation 
based on the possibility of local adaptation because there 
is no evidence of strong differential selection on our genic 
markers; they are no more likely to deviate from HWE than 
the putatively neutral intergenic markers. We again explicitly 
acknowledge this is a weak test of population distinction, 
but there is no obvious taxonomic signal of local adaptation 
in our dataset.

These data represent the most complete genetic survey 
of Western Massasaugas available, but our study of course 
has limitations. We have no ecological (e.g., diet), behavio-
ral (e.g., mate choice), or physiological (e.g., thermal toler-
ance) data. Furthermore, our genetic data are not ideal as 
most of our samples were collected via driving surveys and 
found dead on the road, therefore yielding fragmented DNA 
unsuitable for many assays (e.g., RadSeq). The Fluidigm 
SNPtype assay works remarkable well with poor quality 
DNA (Carroll et al. 2018; von Thaden et al. 2020), but in 
the end it surveys relatively few markers across the genome. 
Despite significant effort, we were likewise limited in the 
number of biological samples we surveyed across a very 
wide geographic range. All of these limitations add noise to 
our dataset, but the overall consistency among our various 
analyses (e.g., genetic/genomic, and frequency/categorical) 
speak to the significant biological signal that nevertheless 
remains.

Conclusions

Our data on the Western Massasauga are generally uniform 
across different data types and different analyses, reveal-
ing no obvious genetic discontinuities that yield a distinct 
population segment. These genetic and genomic data do 
not support the idea of either Desert or Prairie Massa-
sauga; instead, our data suggest that Western Massasaugas 
consist of a single, relatively diverse gene pool. Previ-
ous evidence sharply distinguished the Western Massa-
sauga from its Eastern sister species (Kubatko et al. 2011; 
Ryberg et al. 2015). Those studies cast initial doubt on 
the traditional division of Desert and Prairie Massasau-
gas as separate subspecies but were lacking power due to 
restricted sampling. This study, with greater geographic, 
genetic, and genomic resolution, buttresses previous stud-
ies of population structure in Massasaugas (Kubatko et al. 
2011; Ryberg et al. 2015). Therefore, based on the genetic 
and genomic data previously published and herein, we rec-
ommend that Western Massasaugas, S. tergeminus, not be 
considered as two genetically differentiated subspecies but 
as a genetically unified species. Our data also illustrate the 
ability of genetics and genomics to help delineate taxa, in 
this case unifying artificial taxonomic constructs that do 
not reflect biological realities.
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tary material available at https:// doi. org/ 10. 1007/ s10592- 021- 01420-8.
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