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Executive Summary: 

Sequence-based genotyping, or double-digest restriction site associated DNA 

sequencing (ddRAD-seq), a genomic scale high-throughput DNA sequencing technology 

has been used to investigate genetic diversity within Brack’s cactus (Sclerocactus 

cloverae subsp. brackii) and between it and its close relative Clover’s cactus (S. cloverae 

subsp. cloverae). We generated two genetic data sets, using different DNA assembly 

pipelines, and describe two data sets produced using optimal parameters in STACKS and 

ipyrad, composed of 61 and 1,944 loci, respectively. Both data sets reveal that S. 

cloverae is a genetically structured species, but that structure is inconsistent with the two 

currently recognized taxonomic subspecies, brackii and cloverae. We show that if S. 

cloverae is assumed to represent two genetic groups, the populations from which the 

types of both S. cloverae subsp. brackii and S. cloverae subsp. cloverae were taken, 

represent the same genetic group. 

Even so, there exists significant structure and genetic differentiation within S. 

cloverae. In particular, the southern populations represent a genetically differentiated 

group, which may require management as a distinctive unit. This genetic distinction is 

evident in both data sets produced by ddRAD sequences and all analyses.  

There is sufficient evidence that S. cloverae is a genetic lineage apart from both S. 

parviflorus and S. whipplei, composed of semi-isolated populations which undergo 

episodic (and sometimes high rates of) gene flow, and therefore, we consider it 

appropriate to treat it at the rank of species. There is, however, some evidence of hybrid 

introgression and additivity in populations north of Kirtland, at the Hogback and 

southwest of San Ysidro, New Mexico. This introgression appears to involve genetically 

isolated elements of S. parviflorus; however, broader sampling in S. parviflorus is needed 

to clarify these relationships. 

 

Important findings: 

 

1. Brack’s cactus is not genetically distinct from Clover’s cactus, in spite of the 

morphological differences and should not be afforded taxonomic status. 

 



2. Clover’s cactus (both former subspecies combined) displays a high degree of genetic 

differentiation across its range and populations in the southern portion of its range should 

be considered a distinct genetic element. 

 

3. The Southern Genetic Element may require individual management, separate from 

management of the northern populations of Clover’s cactus. 

 

4. Clover’s cactus (both former subspecies combined) is a species, autonomous from 

Sclerocactus whipplei and S. parviflorus. There is evidence of hybridization between S. 

cloverae and S. parviflorus, but no evidence of hybridization with S. whipplei. 

 

  



Objective: The purpose of this study is to characterize genetic variation within 

Sclerocactus cloverae, in order to determine if there is genetic divergence and population 

structure supporting or refuting the presence of two subspecies, corresponding to S. 

cloverae subsp. cloverae and S. cloverae subsp. brackii. Further, we have included 

populations of S. parviflorus from New Mexico and Utah, as well as those of S. whipplei 

from Arizona. At one time, S. cloverae was considered to be conspecific with these taxa. 

This study will evaluate the degree of divergence between S. cloverae and two species 

closely related species. 

 

Background: Accurate species and subspecies delineations and distributions are critical 

for effective communication concerning biological organisms, for sound research and key 

to successful management and recovery efforts for threatened and endangered species. 

Knowing whether different organisms represent different species, whether they represent 

distinct subspecies, or whether they are part of an unstructured, common (but 

morphologically variable) gene pool is essential. Unfortunately, in some genera, species 

boundaries and subspecies delineation are complex and debated by different taxonomists. 

 

 Sclerocactus Britt. & Rose (Cactaceae) represents such a group. Because of the 

instability of nomenclature and variability of perceived species boundaries, it remains 

significant management challenge for federal agencies and a continuing frustration to 

biologists (Heil & Porter 1994; 2003). The genus is composed of cylindroid cacti with 

apical flowers and formidable hooked spines in about half of the species. Much of the 

continuing problem with the genus centers on our poor understanding of species 

boundaries and genetic differentiation within species, leading to changes in taxonomies 

every time new data are presented. This has resulted in a bewildering nomenclature, from 

the conflicting interpretations by the various taxonomists who have worked with this 

group over the years, and a general difficulty in recognizing species and subspecies.  

 

 Of particular interest here is Sclerocactus cloverae Heil & Porter (Fig. 1), which 

incorporates two subspecies: subsp. cloverae, the larger, slow-developing phase, 

associated with pinyon-juniper woodlands; and subsp. brackii Heil & Porter, the smaller 



paedomorphic phase associated with Nacimiento Formation badlands (Heil & Porter 

1994). When first discovered, what is now referred to as S. cloverae was thought to 

represent two varieties of the yellow-flowered S. whipplei (Engelm. & J.M. Bigelow) 

Britton & Rose, from Arizona. The two varieties were named S. whipplei var. heilii 

A.

B.

Figure 1. General form and morphology of the two subspecies of Sclerocactus cloverae. Sclerocactus
   cloverae subsp. brackii (A.) is diminutuve and often lacking hooked central spines, here growing 
   at the type locality, near Bloomfield, New Mexico. Subspecies cloverae (B.) is often large and
   cylindrical, with robust hooked central spines, here growing near Navajo Dam, San Juan Co., New
   Mexico. Photos by Robert Sivinski.



Castetter, P. Pierce & K. H. Schwerin and S. whipplei var. reevesii Castetter, P. Pierce & 

K.H. Schwerin (Castetter et al. 1976). They differed primarily in spine traits: var. heilii 

has more spines (16-17) per areole than var. reevesii (13–15), but var. reevesii has the 

spines more densely packed because of the smaller tubercles. Both of these entities are 

currently treated as S. cloverae subsp. cloverae. Heil and Porter (1994) described S. 

cloverae subsp. brackii, considering it different and distinct from any of the previously 

named varieties. They suggested that this subspecies was a unique element within S. 

cloverae, reaching first flowering at a much younger age and while the stem was very 

small, relative to the typical subspecies. Morphologically, S. cloverae subsp. cloverae 

differs in having a larger number of central spines (6–9), one of them always hooked, 

whereas, S. cloverae subsp. brackii has fewer central spines (4–5) and at least some of the 

areoles lack hooked spines. Moreover, S. cloverae subsp. brackii appeared to be restricted 

to badlands of the Nacimiento Formation, while S. cloverae subsp. cloverae occurred in 

pinyon-juniper woodlands of the San Jose and Kirtland/Fruitland Formations.  

 

Little was known about the natural distributions of Sclerocactus species in 

northwestern New Mexico at the time of the description of S. cloverae subsp. brackii.  

Indeed, in total only eight collections are cited for the two subspecies, combined. Since 

the original description, the range of S. cloverae subsps. brackii and cloverae have 

become better characterized (Fig. 2). This has, in major part, been a consequence of 

increased field survey efforts related to activity in oil exploration in the region. The 

current knowledge concerning the distribution of S. cloverae, including subspp. brackii 

and cloverae, suggests that it is restricted to a small region of northwestern New Mexico, 

largely confined to the Nacimiento Fm. or closely proximate to it. At the global scale this 

represent a highly endemic species. 

 

 There has been some degree of controversy over how Sclerocactus cloverae 

should be treated in classification. As previously noted, it was originally treated as part of 

S. whipplei (Castetter et al. 1976). More recently, Hochstätter has similarly treated S. 

cloverae as part of S. whipplei at the rank of subvariety (Hochstätter 1997). However, S. 

cloverae has also been included under S. parviflorus Clover & Jotter var. intermedius  



 
Figure 2. Documented distribution of Sclerocactus cloverae (red dots) and its relationship 

to the Nacimiento Formation in northwestern New Mexico. 

 

(Peebles) Woodruff & L. Benson by Benson (1982; see also CITES 2015).  In several 

recent revisions and floras, S. cloverae has been treated at the species rank (Heil & Porter 

1994; 2003; Porter & Prince 2011; Heil et al. 2013). This situation is not only confusing 

to the users of the taxonomies but have very different and conflicting implications with 

respect to land management and conservation. 

 

 Here we address the genetic distinctness of Sclerocactus cloverae subsp. brackii, 

with respect to subsp. cloverae. It is critical to recognize that the patterns of variation 

below the rank of species are very different than the expected patterns between species. 

 The species-status of a group of organisms, as here viewed, is based upon reproductive 

isolation between other groups (Mayr 1942; 1982; Dobzhansky 1959; 1970), and as a 

consequence, this results in evolutionarily independent lineages (sensu de Queiroz 1998; 

1999; 2005; 2007). As lineages remain reproductively isolated from one another (but 



connected by gene flow within each respective lineage), genetic divergence occurs. Hey 

and Pinho (2012; see also Shaffer and Thomson 2007) have shown that under an 

isolation-with migration model of populations, population genetic parameters (e.g., FST 

and time to common ancestry) can discriminate interspecific relationships from 

intraspecific relationships. These parameters reflect on the degree and permeability of 

reproductive isolation and provide a basis for objectively accepting or rejecting 

hypotheses of species-status. These parameters can be estimated using microsatellite 

markers (e.g., Hey and Pinho 2012) or restriction site associated single nucleotide 

polymorphism (SNPs) (Davey et al. 2011; Catchen et al. 2013). 

 

 Below the species level, intraspecific relationships can be more complicated. 

Because subspecies are subdivisions within a single species, by definition they 

experience some degree of regular gene flow. However, generally it is accepted that 

subspecies represent genetically differentiable and geographically cohesive elements 

within a species.  Recent studies have shown that both microsatellite markers and SNP 

surveys based on restriction site associated DNA sequencing (RAD-seq) have the 

capacity to support the recognition of subspecies (e.g., Benestan et al. 2015; Meredith et 

al. 2007; Mullen et al. 2009; Shaffer and Thomson 2007) or reject it (e.g., Mudrik et al. 

2015). 

 

 To characterize genetic variation within Sclerocactus cloverae, determine if there 

is genetic divergence and population structure supporting or refuting the presence of two 

subspecies, corresponding to S. cloverae subsp. cloverae and S. cloverae subsp. brackii, 

and to characterize divergence between S. cloverae and two species closely related 

species, We have performed genomic sequencing to develop a SNP assay of Sclerocactus 

cloverae, including subspecies cloverae and brackii, using the double digest restriction 

site associated DNA sequencing (ddRAD-seq) protocol. This method has generated 

several thousand genetic markers from throughout the genome. We have used these 

markers to investigate the genetic diversity within Sclerocactus cloverae, in order to 

determine if genetic diversity is differentiated into two primary groups, corresponding to 

subspp. cloverae and brackii. Alternatively, genetic differentiation may be related to the 



geographic distance between populations, but uncorrelated with the morphological traits 

(i.e., isolation by distance). 

 

Previous Research—Investigations into species and subspecies relationships of 

Sclerocactus, utilizing evidence beyond comparative morphology, did not begin 

appearing in the literature until 2000. Early studies focused largely on species 

relationships, inferred from chloroplast DNA sequences. Even so, these studies revealed a 

close relationship among Sclerocactus cloverae, S. parviflorus and S. whipplei (Porter et 

al. 2000; Baker & Porter 2016). Population genetic studies employing amplified fragment 

length polymorphism (AFLP; Porter et al. 2012) and microsatellite loci (Schwabe et al. 

2013; 2015) have demonstrated that Sclerocactus in the Uintah Basin of Utah and those 

near Mesa, Colorado, both formerly treated as S. glaucus (K. Schum.) L.D. Benson, 

represent two genetically isolated species. Moreover, within both of these groups there is 

significant genetic structure correlating to geography, consistent with the existence of 

subspecies. These genetic data have decisively resolved long-standing problems 

associated with species and subspecies boundaries, as well as hybridization in S. glaucus.  

 

Methods 

Sampling – Members of Sclerocactus cloverae were sampled in San Juan, Sandoval and 

Rio Arriba Counties, New Mexico (Table 1; Supplemental Figure 1) by Robert Sivinski, 

Zoe Davidson, Daniella Roth, Arnold Clifford, John Kendall and J. Mark Porter. Samples 

of Sclerocactus were also collected in Arizona, Colorado, Nevada and Utah, by Arnold 

Clifford and J. Mark Porter, representing S. cloverae and closely related species. We have 

sampled 13 populations of subsp. cloverae and 9 populations of subsp. brackii. At each 

population we sampled floral materials of 12–15 individuals. Approximately 0.5 g of 

either floral or fruit pericarpal material will be collected and placed into silica gel for 

desiccation. Because S. cloverae has been suggested to be conspecific with both S. 

whipplei and S. parviflorus, we have included a minimal sampling of these species. In 

total, with 294 individuals were sampled, representing 41 populations (Table 1). 

 



Table 1.  Collections sampled for ddRAD-seq analysis of Sclerocactus cloverae. 
Provided are collection (voucher) numbers for specimens housed at Rancho Santa Ana 
Botanic Garden Herbarium (RSA), the species or subspecies represented (Taxon), sample 
size (N), latitude and longitude, in decimal degrees (dd). Four sampled populations are of 
questionable identity (?) and likely represent hybrid introgression. 
 

Collection 
number Taxon N Latitude (dd) Longitude (dd) 
15541 S. cloverae subsp. brackii 11 36.26091 -107.60397 
15542 S. cloverae subsp. brackii 12 36.24627 -107.6775 
15543 S. cloverae subsp. brackii 12 36.6755 -107.9936 
15544 S. cloverae subsp. brackii 12 36.66246 -107.98161 
15545 S. cloverae subsp. brackii 12 36.22981 -107.65862 
15546 S. cloverae subsp. brackii 12 36.18053 -107.58088 
15549 S. cloverae subsp. brackii 11 36.60201 -107.9549 
15550 S. cloverae subsp. brackii 12 36.8002 -107.96571 
15565 S. cloverae subsp. brackii 11 36.78273 -107.93587 
15540 S. cloverae subsp. cloverae? 12 35.49054 -106.86588 
15547 S. cloverae subsp. cloverae 11 36.22504 -107.70009 
15548 S. cloverae subsp. cloverae 12 36.30623 -108.01028 
15552 S. cloverae subsp. cloverae 11 36.79575 -108.22879 
15554 S. cloverae subsp. cloverae 12 36.88889 -108.11309 
15558 S. cloverae subsp. cloverae 12 36.89978 -108.04034 
15562 S. cloverae subsp. cloverae 12 36.94509 -107.86337 
15563 S. cloverae subsp. cloverae 12 36.96433 -107.8503 
15564 S. cloverae subsp. cloverae 12 36.89849 -107.95638 
15567 S. cloverae subsp. cloverae 12 36.68642 -107.78829 
15568 S. cloverae subsp. cloverae 12 36.63826 -107.69786 
15569 S. cloverae subsp. cloverae 12 36.81831 -107.61647 
NKrt S. cloverae subsp. cloverae? 7 36.77452 -108.34609 
15511 S. johnsonii 1 36.08715 -114.07664 
15585 S. nyensis 3 37.641364 -117.50128 
15590 S. nyensis 2 38.026345 -117.233187 
15596 S. nyensis 3 38.202297 -116.185646 
15521 S. parviflorus subsp. intermedius 1 38.640545 -110.667806 

HB     S. parviflorus subsp. intermedius? 3 36.8237 -108.48263 
YJ  S. parviflorus subsp. intermedius? 6 37.33252 -109.03328 

15530 S. parviflorus subsp. parviflorus 1 37.919286 -110.387569 
15535 S. parviflorus subsp. terre-canyonae 1 36.89009 -111.60133 
15539 S. polyancistrus 1 34.730457 -117.321284 
15574 S. polyancistrus 1 37.369192 -118.023333 



Collection 
number Taxon N Latitude (dd) Longitude (dd) 
15601 S. spinosior subsp. blainei 3 37.7807 -114.46717 
15520 S. spinosior subsp. spinosior 3 38.63219 -112.17932 

SL S. whipplei 3 37.11421 -109.51098 
15522 S. wrightiae 1 38.596288 -110.699541 
15523 S. wrightiae 1 38.388989 -110.893287 
15527 S. wrightiae 3 38.26377 -110.79127 

 

DNA extraction and sequencing – Upon return to the laboratory the silica gel was 

replaced twice, at 2–4-day intervals (as determined by color change in indicator), insuring 

that the tissue samples dried thoroughly. 

 Graduate student Nicolas Medinas, Nick Jensen, Sandy Namoff and Dylan Cohen 

extracted DNA from the samples employing a modification of the Doyle and Doyle 

(1987; see also Griffith and Porter 2006) CTAB-protocol. Our procedure differed by the 

addition of steps for the enzymatic digestion of RNAs, using RNAse A; proteins, using 

proteinase K; and mucilage/polysaccharides, using pectinase (17389 Sigma-Aldrich) 

prior to DNA precipitation. DNA concentrations were standardized to 20ng/µl and at 

least 1µg of total DNA, using the Qubit 2.0 Fluorometer (Invitrogen, Inc.). Samples were 

prepared and shipped to Floragenex (4725 Village Plaza Loop, Suite 200, Eugene, OR 

97401). Reduced representation genomic DNA sequencing libraries were prepared 

following Truong et al. (2012), using the sequence-based genotyping (SBG) method, a 

double-digest restriction site associated sequencing (ddRAD-seq) method. This procedure 

employed two restriction enzymes, MseI and PstI. Libraries were single-end sequenced, 

100 bases in length, on the Illumina HiSeq platform. 

 

ddRAD-seq SNP analyses –Bioinformatics analyses utilized the STACKS (Catchen et al. 

2011; 2013) pipeline to assemble RAD-tags from populations, as well as call SNPs, 

genotypes, and haplotypes of these individuals. We have employed computational 

resources provided by Cyverse (www.cyverse.org; Goff et al. 2011; Merchant et al. 2016) 

for these assemblies. Pipeline execution followed the protocols outlined by Rochette and 

Catchen (2017), including procedures for parameter selection. The samples were de-

multiplexed, sorted and binned into individual samples using process_radtags. Poor 



quality reads were removed, adapters sequences and restriction sites were trimmed from 

the sequences. Samples with a low number of reads were excluded from subsequent 

analyses. We applied both de novo locus assembly, employing ustacks, and referenced 

assembly, employing pstacks and using the saguaro (Carnegiea gigantea [Engelm.] 

Britton & Rose) genome as a reference (Copetti et al. 2017). Pipeline programs cstacks, 

sstacks and populations were used for both de novo and referenced assemblies. Multiple 

runs were performed varying parameters that control maximum distance (in nucleotides) 

permitted between stacks (ustacks -M), number of mismatches allowed between sample 

loci (cstacks -n), minimum depth of coverage required to create a stack (ustacks -m and 

pstacks -m), minimum number of populations a locus must be present in to process a 

locus (populations -p), and minimum percentage of individuals in a population required 

to process a locus for that population (populations -r). The referenced assemblies used 

bowtie2 vers. 2.2.9 (Langmead and Salzber 2012) to assemble the demultiplexed, and 

cleaned sequences against the saguaro genome scaffold. In addition, we have employed 

ipyrad (Eaton 2014; http://ipyrad.readthedocs.io) to conduct an alternative de novo 

assembly of RAD-tags. As was the case for STACKS, multiple runs were performed in 

which parameter settings were varied to determine the sensitivity of results to these 

differences.  

Standard population parameters, including observed and expected heterozygosity 

(HO and HE, respectively) were calculated by STACKS and ipyrad. Genetic distance 

measures and Analysis of Molecular Variance (AMOVA) were estimated using GenAlEx 

(Peakall and Smouse 2012; 2006). We used STRUCTURE vers. 2.3.4 (Pritchard et al. 

2000; Falush et al. 2003; Hubisz et al. 2009) and Lea (Frichot and Francois 2015) to 

implement a Bayesian K-clustering algorithm for detecting population structure and to 

assign individuals to populations, based upon their multi-locus genotypes. In these 

analyses, we have assumed that all individuals are diploids and two alleles have been 

scored for each individual. The assumed number of populations used in analyses ranged 

from K=1–10 in structure, and the set of 10 analyses were replicated five times using 

ParallelStructure (Besnier and Glover 2013) on the CIPRES Science Gateway (Miller et 

al. 2011) and summarized using the web version of Structure Harvester (Earl and von 

Holdt 2012). The most likely K-score was evaluated using ln(K), Pr(X|K) and the DK 



method (Evanno et al. 2003) and consideration of FST values. Although the DK method is 

the most commonly used method currently, it has been shown to over-represent K= 2 in 

both empirical and simulation studies (Janes et al. 2017). The assumed number of 

populations used in analyses ranged from K=1–30 in Lea (Frichot and Francois 2015), 

under the R framework (R Core Team 2013), with 10 replicates for each value of K. K-

values were contrasted using the cross-entropy criterion, which evaluates the quality of fit 

of the model to the genotypic data using cross-validation (Alexander and Lange 2011; 

Frichot et al. 2014). 

A direct comparison of DNA sequences using maximum likelihood estimation of 

phylogenetic relationships, using RaxML (Stamatakis 2014), and Bayesian phylogenetic 

posterior probability inference, using MrBayes (Huelsenbeck and Ronquist 2001; 

Ronquist and Huelsenbeck 2003), was performed at the CIPRES Science Gateway 

(Miller et al. 2011). The concatenated matrix of 51 populations by all sampled loci was 

employed in both analyses. Alternatively, these data were phylogenetic relationships 

were estimated under a coalescent model using the program SVDquartets v.1.0 (Chifman 

and Kubatko 2014). These data were further analyzed using a neighbor-net analysis 

(Bryant and Moulton 2003) of uncorrected pairwise nucleotide differences, using 

SplitsTree4 (Huson and Bryant 2006). This is a network analysis that graphically 

represents conflicting information in the data.  

 

Results 

 The DNA extraction procedures were successful in providing high molecular 

weight, mucilage-free DNAs, ideal for library preparation. Single-end, Illumina 

sequencing of 100 bases per read produced 906,683,708 reads (mean per sample= 

3,073,504.09), across three lanes, each multiplexed with 95 samples and a control. 

Demultiplexing and sequence cleaning resulted in a set of individuals with a mean 

sampling of 10,944.8 loci (standard deviation= 2,358.58). However, locus sampling 

ranged from a minimum of 429 loci (sample HB3) to a maximum of 23,236 (sample 

15544_G). Lower coverage samples did not show any bias toward specific populations or 

taxa (see Supplemental Figure 2). 



 Estimation of the most appropriate parameters to be employed in the STACKS 

pipeline revealed that variation in the -M and -n parameters had little influence on sample 

coverage (Table 2). While there is no absolute criterion for selecting parameters 

(Rochette and Catchen 2017), we note that there is a stabilization in the relationship 

between the number of genotyped loci and the number of loci present in at least 80% 

(r80) of the samples when M=n= 6 (Supplemental Fig. 3). Therefore, we have employed 

the M=n= 6 analyses of the full data set, using STACKS in this report. This assembly 

produced 3770 loci, of which 61 were found in 80% or more of the individuals. The low 

number of loci (i.e., 3770) appears to be a consequence of filtering a large number of loci 

with poor reads at the restriction sites (compare with ipyrad assembly below). Mean 

observed heterozygosity (Hobs) across all populations (at variable sites) is 0.0573 (mean 

Hexp= 0.0603) and across all sites, including invariant sites is 0.00278 (mean Hexp= 

0.0029). A summary of diversity statistics at the population level, based on Shannon-

Wiener Index of multilocus genotypic diversity (Shannon 2001), Stoddart and Taylor 

Index of multilocus genotypic diversity (Stoddart and Taylor 1988), Simpson’s l Index 

(Simpson 1949) and Nei’s unbiased gene diversity (Nei 1978), as calculated using 

GenAlEx and popprR 2.7.1 (Kamvar et al. 2014, under the R framework: R Core Team 

2017), are provided in Table 2. In general, populations of Sclerocactus cloverae contain 

similar amounts of genetic variation. Populations HB, NKrt and YJ have less diversity. In 

addition, linkage disequilibrium statistics, E5 evenness index (Pielou 1975; Ludwig and 

Reynolds 1988; Grünwald et al. 2003), index of association (Brown, Feldman and Nevo, 

1980; Manard Smith et al. 1993) and the standardized index of association (𝑟̅#, Agapow 

and Burt 2001) are provided in Table 3. These statistics show that the ten populations of 

S. cloverae display similar levels of multilocus genetic diversity and similar degrees of 

heterozygosity. In contrast, there are some differences in linkage disequilibrium, as 

measured by IA and rd. Three populations of questionable identity (HB, NKrt and YJ) 

display somewhat different measures of heterozygosity and linkage disequilibrium; 

however, the low sampling at these populations may be producing a bias. Analysis of 

molecular variance (AMOVA) indicates that there is significant population 

differentiation in S. cloverae, rejecting the null hypothesis that there is a single,  



Table 2. Summary of the influence on varying parameters -M (maximum nucleotide 
differences between alleles) and -n (maximum nucleotide differences between loci) 
on assemblies using STACKS 2.0 b9 (Catchen et al. 2011; 2013; 
http://catchenlab.life.illinois.edu/stacks/). Here we contrast a subset of 12 individuals, 
analyzed using nine different parameter settings, using the mean per-sample coverage 
and standard deviation of this estimate (Per-sample coverage stdev). Compared are 
the number of genotyped loci (Genotyped loci) of all 12 individuals as well as those 
loci that are present in at least 80% of the individuals (r80 loci). We also compare the 
number of SNPs (r80 SNPs) and loci lacking variation (Invariant r80 loci) in those 
loci that are present in at least 80% of the individuals. 

 

M=n value 

Mean per-
sample 

coverage 

Per-sample 
coverage 

stdev 
Genotyped 

loci r80 loci r80 SNPs 
Invariant 
r80 loci  

1 21.9 3.5 856 64 66 19 
2 22 4.2 764 68 88 18 
3 21.7 4.3 729 69 95 18 
4 21.8 4.3 701 70 107 17 
5 21.9 4.5 680 71 118 17 
6 22 4.4 669 72 125 17 
7 22 4.5 664 72 123 17 
8 22.1 4.7 659 74 132 17 
9 22 4.9 650 74 132 17 

 

undifferentiated gene pool (FPT= 0.7282; p= 0.001; FST= 0.6962; p= 0.001). AMOVA, 

calculated using GenAlEx, infers that 73% of the variance in the data is accounted by 

differentiation among populations, while 27% is accounted for by variability within 

populations (Table 4). Estimates of migration rate (Nm) among populations displays 

disparity depending on the specific method used for the estimation and the scope of the 

estimate. If a single migration rate is assumed between all populations of S. cloverae, 

then the rate is 0.109 (1 migrant every 10 generations) based on estimates using FST 

(Wright 1931; Slatkin and Barton 1989) and 0.585 (1 migrant every ca. 2 generations) 

based on estimates using private alleles (Slatkin and Barton 1989). However, a 

comparison between the type locality of Brack’s cactus (15543) and a population 

northeast of Bloomfield (15565) is estimated with a rate is 0.118 (1 migrant every 10 

generations) based on estimates using FST and 1.329 (1 migrant every generation) based  



Table 3. Genetic diversity of populations of Sclerocactus cloverae, as measured by the 
Shannon-Wiener Index of multilocus genotypic diversity (H, Shannon 2001), the 
Stoddart and Taylor Index of multilocus genotypic diversity (G, Stoddart and Taylor 
1988), Simpson’s Index (l, Simpson 1949) Nei’s unbiased gene diversity (Hexp, Nei 
1978). In addition, we report linkage disequilibrium statistics E5 evenness index (E5, 
Pielou 1975; Ludwig and Reynolds 1988; Grünwald et al. 2003), index of association 
(IA, Brown, Feldman and Nevo, 1980; Smith et al. 1993) and the standardized index of 
association (𝑟̅#, Agapow and Burt 2001). Population sample size (N) and estimated 
number of multilocus genotypes (eMLG) are described. Population numbers 
correspond with those described in Table 1. 

 
Population N eMLG H G l E5 Hexp IA 𝑟̅# 

15540 12 10 2.48 12 0.917 1 0.0553 0.9705 0.011156 
15541 12 10 2.48 12 0.917 1 0.0509 1.7011 0.022688 
15542 12 10 2.48 12 0.917 1 0.0641 1.1477 0.010532 
15543 12 10 2.48 12 0.917 1 0.0665 1.3591 0.014933 
15544 12 10 2.48 12 0.917 1 0.0737 3.6812 0.030398 
15545 12 10 2.48 12 0.917 1 0.0546 -0.0494 -0.000439 
15546 12 10 2.48 12 0.917 1 0.0578 0.9387 0.009216 
15547 11 10 2.4 11 0.909 1 0.0617 1.3206 0.011931 
15549 13 10 2.56 13 0.923 1 0.0587 0.571 0.006891 
15549 10 10 2.3 10 0.9 1 0.069 0.7544 0.007161 
15550 12 10 2.48 12 0.917 1 0.0815 1.9463 0.019525 
15552 11 10 2.4 11 0.909 1 0.0768 1.0502 0.010632 
15554 12 10 2.48 12 0.917 1 0.0746 1.4701 0.01584 
15558 12 10 2.48 12 0.917 1 0.0601 0.869 0.010979 
15562 12 10 2.48 12 0.917 1 0.061 2.0057 0.0279 
15563 12 10 2.48 12 0.917 1 0.0536 0.962 0.014107 
15564 12 10 2.48 12 0.917 1 0.0797 8.2225 0.069827 
15565 11 10 2.4 11 0.909 1 0.0911 1.177 0.009787 
15567 12 10 2.48 12 0.917 1 0.0539 1.0806 0.015981 
15568 12 10 2.48 12 0.917 1 0.0543 0.3562 0.003277 
15569 12 10 2.48 12 0.917 1 0.0522 1.9516 0.022528 

HB 3 1 0 1 0 NaN 0 NaN NaN 
NKrt 7 7 1.95 7 0.857 1 0.0943 17.2864 0.166675 
YJ 6 6 1.79 6 0.833 1 0.0895 1.7676 0.01468 

Total 264 10 5.56 258 0.996 0.99 0.1089 2.7969 0.007081 
 
 

on estimates using private alleles. A summary of pairwise Nm values using estimates 

based on FST is provided in Supplemental Table 1. 



Table 4. Analysis of molecular variance (AMOVA) of 20 populations of Sclerocactus 
cloverae and four populations of Sclerocactus that are close to S. cloverae but show 
additivity based on STRUCTURE analyses (putative hybrids), conducted using GenAlEx 
6.5 (Peakall and Smouse 2006; 2012). The AMOVA contrasts 264 individuals and 804 
SNP loci, generated using STACKS (Catchen et al. 2013), with parameters -n= -M= 6, 
and -r= 80.  We report the degrees of freedom (df), sums of squares (SS), mean squares 
(MS), estimated variance (Est. Var.), as well as the percentage of variance explained 
(%). Lastly, we report the FPT value and the probability (p) of an equal or more extreme 
value of Phi. 
 
Source df SS MS Est. Var. % 
Among Populations 23 99303.308 4317.535 380.314 73% 
Within Populations 240 34073.541 141.973 141.973 27% 
Total 263 133376.848  522.287 100% 
 

FPT 0.728 p= 0.001 
 
 

 STACKS assembled loci infer a high degree of structure among populations of 

Sclerocactus cloverae, based upon analyses using structure (Pritchard et al. 2000) and 

LEA (Frichot and Francois 2015). The Evanno method (DK, Evanno et al. 2005; Earl and 

von Hold 2012) infers that K= 2 is the optimal clustering level (Fig. 3A, B; Fig. 4). At K= 

2 the genetic groups have Fst values of 0.5451 and 0.3305 and a log likelihood of -

127,572.5. As previously noted, the DK method has been shown to over-represent K= 2 in 

both empirical and simulation studies (Janes et al. 2017). It is evident that the log 

likelihood score increases to -77,276.7 and the mean value of FST increases to 0.74346 

with K= 11 in the structure analyses (Fig. 3A & C). We suggest that optimal clustering is 

achieved when within-group variance is minimized, and between-group variance is 

maximized. This would occur when FST values are at a maximum and estimated 

heterozygosity (Hexp) is at a minimum. This occurs at K= 11 (Fig. 3C).  By contrast, LEA, 

which uses cross-entropy criterion to evaluate the quality of fit of the model to the 

genotypic data, using cross-validation (Alexander and Lange 2011; Frichot et al. 2014), 

inferred a much higher K value (Fig. 3D; Fig. 5). There is some “plateauing” at K=10, but 

final “plateauing” begins at K= 21 and the minimum is at K= 25. This later value is not 

particularly helpful, as only 24 populations are included in these analyses. The structure 

of the genetic data is evident in the principle coordinates analysis of these data (Fig. 6). It 



 
Figure 3. Comparison of STRUCTURE 2.3.4 analyses, using K-values ranging from 1 to 
20 and 30, based on STACKS assembly of loci. The change in log likelihood with respect 
to K is shown in panel A; change in DK with respect to K is shown in panel B; the 
difference in mean FST and mean expected heterozygosity (Hexp) with respect to K is 
shown in panel C (the arrow indicates a maximum of the difference); minimum cross-
entropy with respect to K , based on analyses using Lea, is shown in panel D. The three 
arrows indicate regions of plateauing and minimum value. 
 

 is important to note that the two axes displayed account for only 21.88% of the variance 

in the data. This indicates that these data contain considerably more structure than in 

represented in the two dimensions of Fig. 6. In this figure we also show the inconsistency 

between these genetic clusters and the named taxa, S. cloverae subsp. brackii (circles) 

and S. cloverae subsp. cloverae (triangles). 

 The STACKS pipeline generates a DNA sequence data file that can be analyzed 

using phylogenetic methods. It summarizes each population by selecting those nucleotide 

sites of the filtered loci that are fixed within populations but differ among the  



 
Figure 4. STRUCTURE 2.3.4 results at K= 2, for 25 populations of Sclerocactus. 
Populations are color-coded, yellow: northern genetic cluster; magenta: southern genetic 
cluster. Known sites of S. cloverae are shown as small, red dots and the Nacimiento 
Formation is shown in brown. 
 

populations. For the parameters assigned to the data (i.e., loci present in at least 80% 

[r80] of the samples when M=n= 6), none of the loci are retained. If the -r parameter is 

relaxed to include all loci present in 50% or more of the individuals (i.e., r50), then 2,465 

loci are retained, but there is considerable missing data. Maximum likelihood analysis of 

these 2,465 loci, using the GTR model with gamma distributed rates in RaxML, produced 

a population-level estimate of phylogenetic relationships (Fig. 7) that implies no 

distinction between Sclerocactus cloverae subspp. cloverae and brackii. It also infers that 

S. cloverae is not closely related to S. whipplei, as suggested by some previous authors 

(Castetter et al. 1976; Hochstätter 1997). The relationship between S. parviflorus and S. 

cloverae is more complicated because S. parviflorus is polyphyletic in this estimate. Even 

so, S. cloverae is inferred to be an independent lineage. 



 
Figure 5. STRUCTURE 2.3.4 results at K= 11, for 25 populations of Sclerocactus. 
Populations are color-coded based upon group membership. The Nacimiento Formation 
is shown in brown. 
 
 Parameter estimation using ipyrad (http://ipyrad.readthedocs.io) focused largely 

on varying parameters 14 (clustering threshold) and 21 (minimum samples per locus). 

Increasing the cluster threshold increases the number of loci discovered, while increasing 

the minimum number of samples per locus decreases the number of loci retained in the 

final data set (Table 5). Here we report on results with parameters 14= 0.87 and 21= 0.85 

(Table 5, IV), which recovered 1944 loci found in 85% or more of the samples, of which 

134 were invariant. Mean estimated heterozygosity (Ho) across all individuals sampled is 

0.0113, and across all individuals of Sclerocactus cloverae is 0.0115. Mean observed 

heterozygosity (Hobs) across all populations (at all sites) is 0.0078 (mean Hexp= 0.0114). 

As observed in the STACKS assembly, the ipyrad assembly shows that populations of 

Sclerocactus cloverae contain similar amounts of genetic variation (Table 6), as 

measured by Shannon-Wiener Index of multilocus genotypic diversity (H), Stoddart and 

Taylor Index of multilocus genotypic diversity (G), Simpson’s l Index and Nei’s  



 

 
Figure 6. Principle coordinates analysis of ddRAD genetic data for 20 populations of 
Sclerocactus cloverae, representing subspecies brackii, cloverae and three population of 
uncertain (unknown) affiliation, suspected represent hybrid introgression. Populations are 
color coded and different taxa use different shapes. Each axis parenthetically includes the 
percent of variance explained. 
 

unbiased gene diversity (Hexp). Populations HB, NKrt, YJ and SL have less diversity, but 

also have smaller sample sizes. In addition, linkage disequilibrium statistics, E5 evenness 

index, index of association (IA) and the standardized index of association (𝑟̅#) indicate 

that significant linkage is detected in populations 15542, 15546, 15548, 15550, 15552, 

15554, 15563, 15565, 15567 and 15568 (Table 6). Analysis of molecular variance 

(AMOVA) indicates, again, that there is significant population differentiation in S. 

cloverae, calculated using poppr and GenAlEx (FST = 0.2962; p= 0.001 and FPT= 

0.1301; p= 0.001, respectively), inferring that 30% of the variance in the data is  
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Figure 7.  Maximum likelihood estimation of phylogenetic relationships among 
populations of Sclerocactus cloverae and eight other species of the genus, based on 
RaxML analyses of loci assembled using STACKS. Red ovals indicate those populations 
corresponding to the morphological form referred to as Brack’s cactus. The green box 
encloses those populations identified as the species S. cloverae. 
 
  



Table 5. Parameters applied to ipyrad assemblies I through VI, including maximum read 
error (phred Q score offset), maximum pairwise distance between alleles in a locus 
(clustering threshold) and minimum number of samples possessing a locus (Min # 
samples per locus). Characteristics of the assemblies are described, including the 
number of loci recovered prior to filtering (Prefiltered loci), the number of loci 
removed by specific filters (i.e., Duplicates, Max SNPS, Max shared H, Min sample 
and Max alleles) and the final number of loci retained (Filtered loci).  

 I II III IV V VI 
Phred Q score offset 33 33 43 43 33 33 
Phred Q score offset 33 33 43 43 33 33 
Clustering threshold 0.85 0.9 0.87 0.9 0.87 0.87 

Min # samples per locus 4 4 219 251 263 277 
Prefiltered loci 193982 219871 200298 219932 200298 200298 

Duplicates 3110 4574 3700 4637 3700 3700 
Max SNPS 13607 12426 2137 1109 907 522 

Max shared H 5732 9735 871 764 536 392 
Min sample 69052 80879 192110 215054 200276 200276 
Max alleles 29567 37939 32995 38003 32995 32995 
Filtered loci 88807 99249 2911 1944 11 11 

 
Table 6. Summary statistics describing 13 populations of Sclerocactus cloverae subsp. 

cloverae and 10 populations of S. cloverae subsp. brackii. Estimated sample size (N), 
number of private alleles, observed heterozygosity (HO), expected heterozygosity 
(HE), FIS and nucleotide diversity, as measured by p, are reported. 

 
Sample 
Number 

N Private 
alleles 

HO HE FIS p 

15541 10.1508 7 0.0264 0.0406 0.0399 0.043 
15542 10.2205 15 0.0217 0.0359 0.0413 0.0379 
15543 9.9244 23 0.0302 0.0447 0.0531 0.0474 
15544 9.7511 23 0.0259 0.0453 0.0654 0.0481 
15545 10.2838 15 0.0237 0.0418 0.0582 0.0443 
15546 10.3037 14 0.0198 0.0379 0.0577 0.0401 
15547 9.6097 17 0.0257 0.0387 0.0438 0.041 
15549 9.2729 14 0.0271 0.0392 0.0365 0.0417 
15550 9.9635 11 0.0236 0.0408 0.0549 0.0432 
15562 9.9436 18 0.0265 0.0366 0.0355 0.0388 
15540 10.3872 18 0.0161 0.0287 0.0399 0.0303 
15548 10.1571 9 0.0246 0.0368 0.0405 0.039 
15552 9.1016 18 0.0243 0.0431 0.057 0.046 



Sample 
Number 

N Private 
alleles 

HO HE FIS p 

15554 9.7404 16 0.0292 0.0456 0.054 0.0484 
15558 9.9874 20 0.0262 0.0431 0.0549 0.0455 
15563 9.8542 11 0.0274 0.0447 0.0524 0.0473 
15564 9.6194 9 0.0325 0.0451 0.046 0.0478 
15565 9.4257 16 0.0303 0.0413 0.0411 0.0438 
15567 10.026 19 0.0207 0.03 0.0339 0.0319 
15568 9.5093 14 0.0255 0.0349 0.0312 0.037 
15569 10.0866 12 0.0256 0.0416 0.0508 0.0441 
NKrt1 5.4903 16 0.0242 0.0367 0.0365 0.0406 
YJ1 5.035 15 0.0321 0.0411 0.0312 0.0463 

 
 

accounted by differentiation among populations, while 70% is accounted for by 

variability within populations.  

Like the assembly generated by STACKS, the ipyrad assembly displays disparity 

depending on the specific method of estimation of migration (Nm). If a single migration 

rate is assumed between all populations of S. cloverae, then the rate is 1.876 (nearly 2 

migrants per generation) based on estimates using FST (Wright 1931) and 0.493 (1 

migrant every ca. 2 generations) based on estimates using private alleles (Slatkin and 

Barton 1989). A comparison between the type locality of Brack’s cactus (15543) and a 

population northeast of Bloomfield (15565) is estimated with a rate is 4.286 (ca. 4 

migrants per generation) based on estimates using FST and 1.137 (1 migrant every 

generation) based on estimates using private alleles. Supplemental Table 1 summarizes 

the pairwise Nm values using estimates based on FST. 

 STRUCTURE analyses, based on the 1944 loci assembled using ipyrad, implies 

complex, or at least hierarchic structure of populations. The Evanno method (DK) 

indicates that the best fit is at K= 2 clusters. This is the same as observed with assemblies 

using STACKS. Within-group genetic variance is minimized, and between-group genetic 

variance is maximized also when K= 2 clusters (Fig. 8A; Fig. 9). By contrast, using Lea, 

the minimum cross-entropy is achieved when K= 11 clusters (Fig. 8B). These results are 

similar to those found using STACKS in that both K= 2 and K= 11 are indicated as 

important clustering thresholds, using alternative criteria for selecting K values. 



 
Figure 8. Comparison of STRUCTURE 2.3.4 analyses, using K-values ranging from 1 to 
20, based on ipyrad assembly of loci. The difference in mean FST and mean expected 
heterozygosity (Hexp) with respect to K is shown in panel A. The arrow indicates a 
maximum of the difference at K= 2. Minimum cross-entropy with respect to K, based on 
analyses using Lea, is shown in panel B. The arrow indicates the minimum value at K= 
11. 
 

 
Figure 9. STRUCTURE 2.3.4 results at K= 2, for 25 populations of Sclerocactus, 
employing the ipyrad assembly. Populations are color-coded, yellow: northern genetic 
cluster; magenta: southern genetic cluster. The Nacimiento Formation is shown in brown. 



 The ipyrad pipeline generates a nucleotide sequence data file for phylogenetic 

analysis on a per individual basis, rather than summarizing populations. The full data set, 

which included outgroup, had 1944 loci with a total of 19,514 variable SNPs and totaled 

175,049 nucleotides. For the parameters here selected, the maximum likelihood (ML) tree 

has a log likelihood of -710839.31, based on RaxML, using the GTR model with gamma 

distributed rates in (Fig. 10). The ML tree is very similar to the posterior probability tree 

from MrBayes, the branch order differing only at a few unsupported nodes. Similar to the 

results from the STACKS assembly, there is strong support for the isolation of 

Sclerocactus cloverae away and apart from S. whipplei. Populations of Sclerocactus from 

near Kirtland, New Mexico, from the Hogback, New Mexico and from Yellow Jacket, 

Colorado form an unsupported clade sister to S. cloverae (S. parviflorus is the sister to 

this group, a population from near San Ysidro and the remainder of S. cloverae). 

Similarly, an anomalous population from near San Ysidro, New Mexico (population 

15540) is highly distinctive and sister to the remaining populations of S. cloverae. 

Populations of S. cloverae are monophyletic and are composed of several well supported 

clades. There is a primary division in S. cloverae separating populations of the Animas 

Valley and west, as well as populations from Aztec, New Mexico south to lower Kutz 

Canyon, from the remainder of the sampled populations. The former group includes the 

type localities of both S. cloverae and S. cloverae subsp. brackii. This implies that S. 

cloverae subsp. brackii and S. cloverae subsp. cloverae are taxonomically the same 

lineage. Within the clade representing the eastern and southern populations of S. cloverae 

is a strongly supported clade representing the populations occurring on the Nacimiento 

Formation between Nageezi and Counselor. These populations display a higher degree of 

intermixing, suggesting either a higher degree of gene-flow or higher degrees of lineage 

sorting as a consequence of recency of common ancestry. This is a contrast to other 

populations, which tend to be monophyletic, implying the absence of gene-flow. 

 

Discussion 

The genetic basis for subspecies status of Brack's cactus—Brack’s cactus was 

recognized as distinct element of Sclerocactus cloverae based on the morphological 

characteristics of reproductive individuals of a population on the Nacimiento Formation  



 
Figure 10.  Maximum likelihood estimation of phylogenetic relationships among 

populations of Sclerocactus cloverae and eight other species of the genus, based on 
RaxML and MrBayes analyses of loci assembled using ipyrad. Posterior probabilities 
(PP) and bootstrap percentages (b) are reported for clades of interest. Inset B is a 
continuation of A. 



 

south of Bloomfield, New Mexico. Individuals in this population possessed very small 

stems and a preponderance of individuals that lacked hooked central spines. Following 

the description of Brack's cactus, this morphotype has been found nearly throughout the 

range of S. cloverae. The lack of geographic contiguity of S. cloverae subsp. brackii is 

problematic because it is expected that a genetically-based subspecies would display 

geographic continuity. This concern is well founded. Genetic K-clustering analyses of 

data sets including 61 and 1914 loci, using structure and Lea, fail to find support for the 

two subspecies of S. cloverae (Figs. n and n). Nor do the PCoA analyses of genetic data 

(Fig. n), which indicate that the two morphotypes are not genetically distinct from one 

another. Genetic relationships are indeed related to geography and populations display an 

overall pattern of isolation by distance.  

 The general lack of support by ddRAD sequences for the distinction between 

subspecies brackii and cloverae is particularly evident in the maximum likelihood and 

Bayesian analyses (Fig. n), which show that some populations of Sclerocactus cloverae 

subsp. cloverae (i.e., population 15558) share closer ancestry with populations of subsp. 

brackii (i.e., population 15559), than with other populations of subsp. cloverae (i.e., 

population 15557). From a taxonomic point of view, it is critical to recognize that the 

population from which the type specimen of subsp. brackii came is found in the same 

genetic grouping as the population from which the type specimen of subsp. cloverae was 

taken, based on STRUCTURE (K= 2; Fig. n) and RaxML/MrBayes (Fig. n) analyses. This 

implies that, by definition (i.e., based on type material), subsp. brackii is the same taxon 

as subsp. cloverae. The only conclusion that can be drawn is that Brack’s cactus is 

synonymous with Clover’s cactus and therefore should have no taxonomic standing. 

 How could morphological evidence have led to such a contrary conclusion 

regarding subspecies status? We suggest that the morphological differences observed 

among populations of Sclerocactus cloverae are real. However, the basis of those 

differences is not genetic difference between populations, but instead a difference caused 

by development and the age of populations. As noted by Heil and Porter (1994), the 

morphology of S. cloverae changes dramatically with age. Young, mostly pre-

reproductive individuals have small, more globose stems, a fewer number of spines and 



the notable absence of central, hooked spines. As plants age, the stems become 

cylindrical, the number of spines increases (both radial and central spines) and a 

prominent hooked central spine is evident in each areole. Brack’s cactus was believed to 

represent a paedomorphic form, retaining the juvenile stem and spine morphology when 

reaching reproductive maturity (Heil and Porter 1994). This may not to be the case, or at 

least is not the entire explanation. We believe that rather than a paedomorph, we are 

observing an age-stratified population (i.e., populations in which all individuals are 

approximately the same age). 

 It has been noted in a number of species of Sclerocactus that periodic infestation 

of cactus weevil (Gerstaeckeria sp.) or cactus longhorn beetle (Moneilema 

semipunctatum) occurs, i.e., S. mesae-verdae, S. wetlandicus, S. wrightiae, S. 

brevihamatus subsp. tobuschii (Kass 2001; Coles et al. 2012). This has been observed in 

S. cloverae as well (Porter, pers. obs.). A consequence of particularly extensive 

infestations of cactus longhorn beetle is the death of nearly all mature, large-stemmed 

individuals. Following this mortality, seed germination results in a nearly even-aged 

stand of S. cloverae. In addition, another possible consequence of cactus longhorn beetle 

infestation is flowering and reproduction at an earlier age. Since larger plants appear to 

be preferentially targeted by beetles, reproducing earlier may be selectively 

advantageous. The sooner the plant reproduces the greater the probability of avoiding 

predation while maintaining fitness. While not demonstrated to be a selective agent, it is 

certainly a plausible scenario. The combination of even aged populations and flowering 

while the stem retains juvenile morphology results in populations with a common 

morphology, corresponding to the Brack’s cactus form. However, in time and in the 

absence of beetle infestation, the population will eventually take on the morphology of 

Clover’s cactus. Here again, the largely even aged stand results in the preponderance of 

individuals with a common morphology. 

 

Genetic differentiation in Sclerocactus cloverae—While there is no genetic merit for 

taxonomic status of Brack’s cactus, this does not mean that Sclerocactus cloverae is 

genetically uniform across its relatively small range. In spite of its endemism, AMOVAs 

indicate that there is significant genetic differentiation among populations. This 



differentiation is evident as well in the STRUCTURE analyses (Figs. x and x), which tend 

to display evidence of hierarchic structure. Strong evidence exists for genetic divergence 

of at least two primary groups: one composed of more southern populations, centering on 

populations on the Nacimiento Formation of southeastern San Juan and adjacent 

Sandoval and Rio Arriba Counties; while the other, is more northern in distribution 

mostly north of the San Juan River (with the exception of populations near the type 

locality of Brack’s cactus). Mean FST among the southern populations of the Nageezi to 

Counselors region (populations 15541, 15543, 15554–7) is 0.017 (ipyrad) and 0.029 

(STACKS), slightly less than within-group FST values observed in S. glaucus (FST= 0.058–

0.072; McGlaughlin and Ramp Neale 2017), using microsatellite loci. These values are 

lower than mean FST between the southern populations and populations at the type 

localities of Brack’s cactus and Clover’s cactus, 0.087 and 0.126 (ipyrad and STACKS, 

respectively). McGlaughlin and Ramp Neale (2017) reports between group (northern vs. 

southern S. glaucus groups) FST= 0.121–0.122. F-statistics based on STRUCTURE 

analyses imply an even higher degree of differentiation of these groups, FST= 0.3305 

based on the STACKS assembly and FST= 0.5086 based on the ipyrad assembly. 

 While the genetic divergence of the populations in the Nageezi to Counselors 

region might merit taxonomic recognition, the morphological basis for such a change is 

lacking. Population in this southern region display the range of morphological forms 

spanning Brack’s cactus and Clover’s cactus. This is precisely the same degree of 

morphological variation observed in among the northern populations. We must assume 

that the genetic differences are associated with non-morphological traits, e.g., 

physiological differences. Even though we believe that it is not productive to name the 

southern populations as a new subspecies, it is critical to recognize that these populations 

are genetically distinct from those in the north. McGlaughlin and Ramp Neale (2017) has 

suggested that the northern populations group of S. glaucus warranted individual 

management considerations, apart from S. glaucus in the Gunnison River and Grand 

Valley regions. This may also be true for the southern populations of S. cloverae. This 

genetic difference is particularly important if plants are removed from their native 

populations to be transplanted into other populations or at different sites. Without 

experimental evidence to the contrary, it is safer to assume that genetic mixing of these 



two genetic groups could have negative fitness consequences. The genetic differences we 

observe suggests to us that transplants should remain within genetic groupings. That is, 

plants from northern populations should remain in the north and those from southern 

population should remain in the south. 

 As noted above, genetic differentiation appears to be somewhat hierarchical. This 

is particularly true of the loci identified by the STACKS assembly and analyzed using 

STRUCTURE. While Evanno’s DK method identifies K= 2 as the preferred clustering, 

mean FST values increase with increasing K values up through, at least, K= 11. Further, 

the minimum cross entropy method used by Lea selects K> 20. This basically indicates 

that nearly all populations sampled can be genetically discriminated. This is also evident 

in the ML phylogenetic tree (Fig. x), in which most of the populations are recovered as 

monophyletic groups. It seems unlikely that each population is being fixed by selection; 

however, high mortality rates, driven by cactus weevil infestation, could allow genetic 

drift to affect change. Again, our ability to detect these differences likely is a 

consequence of the large number of loci that are sampled using ddRAD methods. 

 

Relationships of Sclerocactus cloverae, S. whipplei and S. parviflorus—Sclerocactus 

clover was originally recognized as a pair of varieties (vars. heilii and reevesii) of S. 

whipplei. Heil and Porter (1994) were the first to treat this taxon at the species rank and 

apart from S. whipplei. These authors point out that S. cloverae possesses a suite of traits 

that could be argued to align it with either S. parviflorus or S. whipplei. At the same time, 

the combination of traits found in S. cloverae did not permit unambiguous affiliation with 

either. Hochstätter (1997) has treated S. cloverae as a subvariety of S. whipplei (i.e., S. 

whipplei subvar. aztecia Hochstätter), but more recently as a subspecies (Hochstätter 

2007: S. whipplei subsp. cloverae [K.D. Heil & J.M. Porter] Hochstätter). Our data has 

relevance to this debate. The ML tree (Fig. 10) reveals significant support for the 

placement of S. whipplei as the sister to a clade that includes S. wrightiae Woodruff & 

Benson, S. parviflorus and S. cloverae. This relationship leads to the conclusion that S. 

cloverae should not be included within S. whipplei unless S. wrightiae and S. parviflorus 

are also included. This, we believe, provides the basis to reject the treatment of S. 

cloverae as an element (e.g., subspecies) of S. whipplei. The phylogeny also infers that S. 



cloverae is most closely related to S. parviflorus. Samples representing S. parviflorus 

subsps. parviflorus, intermedius, terre-canyonae and one individual from the Hogback in 

New Mexico, form a clade. However, the relationships between S. cloverae and S. 

parviflorus require further investigation. Several populations were included (15540, 

NKrt, YJ and HB) that are morphologically intermediate between S. cloverae and S. 

parviflorus. They are anomalously placed in the phylogeny as a grade between S. 

cloverae and S. parviflorus. It is unclear if these populations represent part of a hybrid 

zone between S. cloverae and S. parviflorus, or more isolated lineages of S. cloverae. It 

should be pointed out that some of these populations do display patterns of additivity, but 

no more than do some populations of S. cloverae. Moreover, some populations, i.e., 

15540, generally do not display a signature of additivity. Because several relevant 

species, e.g., S. glaucus (K. Schum.) L.D. Benson, S. wetlandicus Hochstätter and S. 

brevispinus K.D. Heil & J.M. Porter have not been sampled in these analyses, placement 

of S. parviflorus could change with their inclusion. Even so, at this point it appears that S. 

parviflorus is the closest related species to S. cloverae. 

 

Conclusions— Sequence-based genotyping data, representing 3,770 loci (which filtered 

to 61–74 loci) using the STACKS pipeline, and 193,982–219,932 loci (which filtered to 

11–99,249 loci) using the ipyrad pipeline, were used to investigate genetic diversity and 

subspecies status in Sclerocactus cloverae. We describe two data sets produced using 

optimal parameters in STACKS and ipyrad, composed of 61 and 1,944 loci, respectively. 

These data show that S. cloverae is a genetically structured species, but that structure is 

inconsistent with the two currently recognized taxonomic subspecies, brackii and 

cloverae. We show that the populations from which the types of both S. cloverae subsp. 

brackii and S. cloverae subsp. cloverae were taken, represent the same genetic group. 

This renders Brack’s cactus a synonym of Clover’s cactus.  

At the same time, there exists significant structure and genetic differentiation 

within S. cloverae. In particular, the southern populations represent a genetically 

differentiated group, which may require management as a distinctive unit. This genetic 

distinction is evident in both data sets produced by ddRAD sequences and regardless of 

the degree of structure (i.e., K= 2 or K= 11). While it is not the purpose of this report to 



summarize conservation need of S. cloverae, we note that the overall range of the two 

genetic units combined is comparable to that of S. glaucus (K. Schum.) L.D. Benson, S. 

mesae-verdae (Boissev. & C. Davidson) L.D. Benson and S. wrightiae L.D. Benson, 

three species currently listed as threatened or endangered. Indeed, even with the 

combination of the two subspecies, S. cloverae is a rare and endemic species. These data 

further indicate that S. cloverae, originally described as two varieties of S. whipplei (vars. 

heilii and reevesii), is more closely related to S. parviflorus than to S. whipplei.  

There is sufficient evidence that S. cloverae is a genetically lineage composed of 

semi-isolated populations which undergo significant gene flow, and therefore, we 

consider it appropriate to treat it at the rank of species. Even so, there is evidence of 

introgression and additivity in populations north of Kirtland, at the Hogback and 

southwest of San Ysidro, New Mexico. This introgression appears to involve genetically 

isolated elements of S. parviflorus; however, broader sampling in S. parviflorus is needed 

to clarify these relationships. While there is some evidence of hybrid introgression at in a 

few peripheral populations involving S. cloverae and S. parviflorus, there is no evidence 

of hybridization involving S. whipplei. 
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Supplemental Figure 2. Distribution of loci captured by SBG/dd-RAD sequencing across 
all samples. 

 
 

Supplemental Figure 3. Relationship between the number of genotyped loci recovered by 

STACKS assembly and the number of loci found in 80% or more of the individuals in the 

sample with -M (maximum nucleotide differences between alleles) and -n (maximum 

nucleotide differences between loci parameters ranging from one to nine. 
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