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importance of accurate
taxonomy to conservation

Mitchell E. McGlaughlin* and Samantha K. Naibauer

Department of Biological Sciences, University of Northern Colorado, Greeley, CO, United States
Introduction: Recent advances in genetic data collection utilizing next-generation

DNA sequencing technologies have the potential to greatly aid the taxonomic

assessment of species of conservation concern, particularly species that have been

difficult to describe usingmorphology alone. Accurate taxonomic descriptions aided

by genetic data are essential to directing limited conservation resources to species

most in need. Sclerocactus glaucus is a plant endemic to Western Colorado that is

currently listed as Threatened under the Endangered Species Act (ESA). However, in

2023, the U. S. Fish and Wildlife Service proposed de-listing S. glaucus from the ESA

due to recovery of the species. Previous research had found substantial genetic

structure between populations in the northern part of the S. glaucus range relative to

the majority of the species distribution.

Methods: In this study we utilized double-digest Restriction-site Associated DNA

sequencing (RAD-seq) in order to better understand the genetic structure of

S. glaucus.

Results: Our results indicate that S. glaucus contains two distinct evolutionary

lineages that warrant recognition at the level of species, with what was previously

described as S. glaucus North being recognized as Sclerocactus dawsoniae.

Discussion: The newly described S. dawsoniae has a limited estimated number of

individuals, low levels of nucleotide diversity, a very narrow geographic range, and an

uneven geographic distribution with most plants being found in a singlemanagement

area, all of which supports continued direct conservation of this species. In contrast, S.

glaucus has a large estimated minimum population size, a broad geographic range

that includes numerous protected areas, and adequate levels of genetic diversity.

Without further conservation action, a delisting decision for S. glaucus will

simultaneously remove all Endangered Species Act protections for S. dawsoniae.

The current work demonstrates the importance of having robust genetic datasets

when planning conservation activities for species of concern. Moving forward, we

recommend that government stakeholders prioritize supporting genetic studies of

endangered species prior to making any changes to listing decisions.

KEYWORDS

RAD-seq, conservation genetics, taxonomy, Endangered Species Act, Sclerocactus
dawsoniae
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1 Introduction

Conservation scientists are continually challenged to

recommend, develop, and execute conservation activities that will

be impactful for protecting species of conservation concern. Although

considerable debate exists around how best to allocate conservation

resources (Bottrill et al., 2008; Wilson and Law, 2016; Wiedenfeld

et al., 2021), there is widespread acceptance that there is not enough

funding dedicated to conservation activities (Gerber, 2016; Buxton

et al., 2020). An area where research can aid in conservation decision

making when resources are scarce is by assessing the taxonomic

status of species of concern (Haig et al., 2016; Morrison et al., 2009;

Thomson et al., 2018; Jackson et al., 2022). Multiple examples exist of

conservation funding not being directed toward evolutionary distinct

lineages that warrant conservation priority that have not been

formally recognized as distinct species (e.g., Malaney et al., 2017;

Gippoliti et al., 2018; Melville et al., 2021). By utilizing genetic data we

can ensure that taxonomy is accurate and that conservation resources

are appropriately prioritized.

Recent advances in genetic data analyses utilizing next-generation

DNA sequencing technologies have the potential to greatly aid the

taxonomic assessment of species of conservation concern (Harrison

and Kidner, 2011; Pante et al., 2015; Coates et al., 2018). Reduced

representation sequencing methods such as Restriction-site Associated

DNA sequencing (RAD-seq; Baird et al., 2008) and Genotype-by-

Sequencing (GBS; Elshire et al., 2011) have two significant advantages

over historically utilized conservation genetic techniques, such as

microsatellites, mitochondrial DNA sequencing, and low copy

nuclear sequencing. First, reduced representation sequencing

methods do not require any previous information about the genome

of the species under study (Baird et al., 2008; Grover and Sharma, 2016;

Fuentes-Pardo and Ruzzante, 2017). This allows studies to be initiated

de novowith a lower relative cost and without time dedicated tomarker

development (Harrison and Kidner, 2011; Andrews et al., 2016).

Second, reduced representation sequencing techniques allow for the

analysis of 1,000’s of SNP’s with greater genomic representation than

previous markers. Taken together, the advantages of reduced

representation sequencing make these markers appealing for efficient

and cost-effective assessments of taxonomic accuracy.

Reduced representation sequencing is increasingly being used to

inform taxonomy, particularly in groups that have undergone

recent diversification and have unresolved species (e.g., Quattrini

et al., 2019; Balao et al., 2020; Reyes-Velasco et al., 2020; Wagner

et al., 2020). Despite the value of these types of studies, limited

research has examined the taxonomy of species of conservation

concern (e.g., Pedraza-Marrón et al., 2019). Although considerable

challenges exist related to how best to incorporate genomic data

into species concepts (Stanton et al., 2019) the potential for better

understanding biodiversity should outweigh these concerns.

Sclerocactus (Cactaceae) has long been recognized as a taxonomic

challenge with multiple competing classifications (Heil and Porter,

1994; Hochstätter, 1995; Hochstätter, 1996a; Hochstätter, 1996b,

Hochstätter, 1997; Porter et al., 2000). Ten of the 19 Sclerocactus

species recognized by NatureServe (2023a) are ranked as Imperiled

(G2) or Critically Imperiled (G1) and seven members of the genus are

listed as threatened (6) or endangered (1) under the U.S. Endangered
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Species Act (ESA; USFWS, 2023a). Members of Sclerocactus are

cylindrical-stemmed cacti that are generally less than 40 cm tall,

with relatively few distinguishing morphological characters and

considerable variability within named taxa (Welsh, 1984).

Traditionally, species have been differentiated based on overall size,

central spine number and shape, seed surface cell types, flower color,

and fruit shape (Heil and Porter, 1994; Hochstätter, 1995;

Hochstätter, 1996a; Hochstätter, 1996b, Hochstätter, 1997; Porter

et al., 2013). However, genetic analyses have demonstrated that

several of these morphological features, specifically spine shape

(Schwabe et al., 2015) and overall size (Porter et al., 2018;

McGlaughlin unpublished data)1 do not align with genetically

recognized groups (Schwabe et al., 2015; Porter et al., 2018; Porter

et al., 2013; McGlaughlin unpublished data)1.

In this work, we were interested in examining the taxonomic status

of Sclerocactus glaucus (K. Schim.) L.D. Benson, the Colorado hookless

cactus. Sclerocactus glaucus is currently listed as Threatened under the

ESA (USFWS, 2023a) and as Imperiled (G2) by NatureServe (2023b).

However, in 2023 the U.S. Fish and Wildlife Service formally proposed

removing S. glaucus from the Endangered Species List (USFWS, 2023b).

Like most members of the genus, Sclerocactus glaucus has a complicated

taxonomic history. This species was originally circumscribed to contain

plants found in western Colorado and the Uintah Basin of northeastern

Utah. In the late 1980’s and early 1990’s, plants found in Utah were

removed from S. glaucus and recognized as S. wetlandicus Hochstätter

(Hochstätter, 1989) and S. brevispinus K. D. Heil & J. M. Porter (Heil

and Porter, 1994), a taxonomic revision that has been supported by

genetic data (Porter et al., 2013). As currently recognized, S. glaucus is

endemic to western Colorado, occurring in three geographic areas: 1)

Along the Colorado River near DeBeque; 2) throughout the Grand

Valley surrounding Grand Junction; and 3) along the Gunnison River

south of the Grand Valley to Delta (Figure 1).

Previous genetic work by Schwabe et al. (2015) utilizing nuclear

microsatellites and plastid DNA sequences determined that

hybridization between S. glaucus and a more widespread relative, S.

parviflorus Clover & Jotter, was uncommon and not a major

conservation concern. Schwabe et al. (2015) also found that there was

substantial genetic differentiation between populations in the northern

part of the S. glaucus range (near DeBeque) that were approaching the

level of differentiation seen between S. glaucus and S. parviflorus, but no

taxonomic revisions were recommended at that time. Here, we

reexamine the genetic structure of S. glaucus and S. parviflorus using

RAD-seq to gain a better understanding of the taxonomic diversity

contained within this species of conservation concern.
2 Methods

2.1 Population sampling

Populations of Sclerocactus glaucus, S. parviflorus, S. wetlandicus,

and S. brevispinus in Colorado, Utah, and NewMexico were sampled
frontiersin.org
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between 2009 – 2022 (Figure 1). Sclerocactus glaucus was sampled

from the entire known range in Colorado covering the 3 previously

recognized geographic groups (Supplementary Figure 1;

Supplementary Table 1; Schwabe et al., 2015; McGlaughlin and

Neale, 2017): Grand Valley (GV), Gunnison River (GR), and

North. Sclerocactus parviflorus was sampled from populations in

Colorado, Utah, and New Mexico, with the sampled populations in

Colorado having been previously genetically identified (Schwabe

et al., 2015). Sclerocactus wetlandicus and S. brevispinus were

collected throughout their known ranges as part of another study

and are included here to provide taxonomic context (McGlaughlin

unpublished data)1. Floral tissue was collected and dried in silica

beads until DNA extraction.
2.2 DNA extraction, sequencing, and
SNP selection

DNA was extracted using a modified CTAB extraction protocol

(Doyle and Doyle, 1987). DNA samples and library preparation

were processed according to a modified double digest RADseq

(ddRAD) protocol (Parchman et al., 2012; Tripp et al., 2017) using
Frontiers in Conservation Science 03
EcoR1 and Mse1 enzymes (New England Biolabs, Ipswich, MA).

Illumina adapters and barcodes (Tripp et al., 2017) were ligated to

opposing ends of the fragments through a single ligation step

followed by two separate PCR enrichments which were combined.

The fragments were quality filtered and size selected using

BluePippin (Sage Science, Beverly, MA) at the University of

Oregon Genomics and Cell Characterization Core Facility (GC3F;

Eugene, OR). Fragments between 200-400 bp were chosen for

library construction and sequenced using a HiSeq 4000 or a

NovaSeq 6000 (Illumina, San Diego, CA) by GC3F. This work

utilized the Alpine high performance computing resource at the

University of Colorado Boulder (CURC, 2023). Alpine is jointly

funded by the University of Colorado Boulder, the University of

Colorado Anschutz, Colorado State University, and the National

Science Foundation (award 2201538). Data storage is supported by

the University of Colorado Boulder ‘PetaLibrary’ (CURC, 2021).

The resulting sequence data were cleaned and trimmed of single

end adapters using TRIMMOMATIC v 0.39 (Bolger et al., 2014),

and then demultiplexed using FASTQ-MULTX (Aronesty, 2013).

Single Nucleotide Polymorphism (SNP) loci were determined

denovo using the software iPYRAD v 0.9.87 (Eaton and Overcast,

2020) which was run following a two-step procedure to refine the
FIGURE 1

Sampling of Sclerocactus species included in the Taxonomic dataset. Each species is color-coded: S. dawsoniae (green), S. glaucus – Grand Valley
(yellow), S. glaucus – Gunnison River (blue), S. parviflorus (red), S. wetlandicus (purple) and S. brevispinus (pink). Map of the relative sampling location
in North America is inset. See Supplementary Figure 1 for population names of S. dawsoniae and S. glaucus.
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datasets. In the first iPYRAD analysis, default parameters were used

except clustering threshold [14] which was set to 0.90, the

minimum number of samples per locus [21] which was set to

reflect 75% of the individuals (allowing for 25% missing data), and

the maximum number of SNP’s called per locus [22] was varied

depending on dataset (detailed below). The resulting stats file was

examined, and all samples that had a sample coverage of less than

60% of the total retained loci were removed. iPYRAD was then run

a second time on the smaller dataset, using the same parameters as

the previous run. Two datasets were created that varied in the

maximum number of SNP’s per locus [22] and samples included, to

examine either broad taxonomic relationships or focused

population structure. The Taxonomic dataset was created

allowing for 0.1 SNP’s per locus and included 208 samples (75 S.

glaucus (GR and GV), 75 S. glaucus (North), 15 S. parviflorus, 24 S.

wetlandicus, 19 S. brevispinus), resulting in 3537 loci and 20991

SNP’s. The Population Structure dataset was created to limit any

impacts due to linked SNP’s within a single locus, allowing for 0.05

SNP’s per locus and included 150 individuals of S. glaucus (35

Grand Valley, 40 Gunnison River, and 75 North), resulting in 2476

loci and 3812 SNP’s.
2.3 Analyses

A Maximum Likelihood (ML) phylogenetic tree and

performance of a rapid bootstrap analysis was completed on the

Taxonomic dataset using RAxML ver. 8 (Stamatakis, 2014) with the

GTRGAMMA model of rate heterogeneity, random seed number,

and 100 bootstrap replicates. FigTree v 1.4.4 (Rambaut, 2016) was

used to visualize phylogenetic trees. The R package, ADEGENET ver.

2.0 (Jombart, 2008), was used to perform principle component

analysis (PCoA) on both the Taxonomic and Population Structure

datasets. The Population Structure dataset was analyzed using the

Bayesian clustering algorithm FASTSTRUCTURE (Raj et al., 2014).

Output structure files from iPYRAD (.vcf) were converted into

Arlequin format (.arp) using PGDSPIDER version 2.1.1.5 (Lischer

and Excoffier, 2012) for both datasets. The Taxonomic dataset was

analyzed with Arlequin v 3.5 (Excoffier and Lischer, 2010) to

calculate pairwise genetic distance (FST) among taxonomic

groups, splitting S. glaucus into three regional groups (GR, GV,

and North). The Population Structure dataset was analyzed with

Arlequin v 3.5 to determine population level genetic diversity,

including nucleotide diversity (p), average number of alleles (A),

number of polymorphic loci (P), expected (He) and observed (Ho)

heterozygosity, and inbreeding coefficient (FIS). To test for diversity

differences among groups, a Mann-Whitney U Test was conducted

for each genetic diversity measure using IBM SPSS Statistics for

Windows, Version 25 (IBM Corp., Armonk, N.Y., USA).
2 McGlaughlin, M. E., and Naibauer, S. K. (in press). Sclerocactus dawsoniae

(Cactaceae), a new species from Western Colorado, USA. Novon. Submitted

October, 5, 2023.
3 Results

All analyses found that what was previously described as S.

glaucus North is a substantially divergent group, which is

recognized as Sclerocactus dawsoniae (McGlaughlin and Naibauer
Frontiers in Conservation Science 04
in press2) for the remainder of this paper. Maximum likelihood

phylogenetic analysis of the Taxonomic dataset (Figure 2;

Supplementary Figure 2) resolved four well supported groups: S.

parviflorus, S. glaucus (Grand Valley and Gunnison River), S.

dawsoniae, and S. brevispinus/S. wetlandicus. There is a lack of

clear genetic distinction between S. brevispinus and S. wetlandicus.

Principle Coordinate Analyses (PCoA) of the Taxonomic

dataset supported recognizing four distinct species (Figures 3A,

B). Axis 1 explained 28.59% of the variation and separated S.

glaucus and S. dawsoniae from S. parviflorus, S. brevispinus and S.

wetlandicus; Axis 2, explained 7.34% of the variation and separated

S. glaucus, S. dawsoniae, and S. parviflorus from S. brevispinus and

S. wetlandicus; Axis 3 explained 6.17% of the variation and further

separated S. glaucus from S. dawsoniae. For the Population

Structure dataset (Figure 3C) Axis 1 explained 22.03% of the

variation and separated S. glaucus and S. dawsoniae; Axis 2

explained 5.46% of the variation, resolving geographic structuring

within S. glaucus. FastStructure further supports the distinction

between S. glaucus and S. dawsoniae. The most statistically

significant number of genetic groups was two (K=2), separating S.

glaucus (Group 1, blue) and S. dawsoniae (Group 2, green)

(Figure 4; Supplementary Figure 3). Sclerocactus glaucus had an

average mean Q assignment of 0.991 to Group 1, while S. dawsoniae

had an average mean Q assignment of 0.998 to Group 2

(Supplementary Table 2). FastStructure also indicated low levels

of historic geneflow between populations of S. glaucus in the Grand

Valley and S. dawsoniae, with 5 total samples showing 5-8%

admixture between Groups 1 and 2. Although not the best

statistically supported, FastStructure resolving three groups (K=3)

aligned with McGlaughlin and Neale (2017) resolving 3 genetic

groups: S. glaucus Gunnison River (blue), S. glaucus Grand Valley

(yellow), and S. dawsoniae (green)(Supplementary Figure 3).

Measures of genetic distance (FST) were examined to determine

the genetic distinction of named taxa and previously recognized

genetic groups using the Taxonomic dataset (Table 1). The lowest

FST values were observed between S. brevispinus and S. wetlandicus

(0.02) and S. glaucus Gunnison River and Grand Valley (0.08). The

highest FST values were observed between S. dawsoniae and both S.

brevispinus and S. wetlandicus (0.60). Sclerocactus dawsoniae had a

minimum FST of 0.25 when compared to any other group.

Measures of genetic distance (FST) were also examined using the

Population Structure dataset, comparing all populations of S.

dawsoniae and S. glaucus with more than 6 samples (Supplementary

Table 3), which was then averaged to determine the genetic distance

between S. dawsoniae and the two regional groups of S. glaucus

(Table 2). Average FST within S. dawsoniae and S. glaucus was low

(0.070-0.137), while distances between the two species were high

(0.350-0.361) (Supplementary Table 3). Genetic diversity was

calculated for the Population Structure dataset (Table 3), with

estimates of polymorphic loci and heterozygosity excluded from

populations with less than 5 sampled plants, due to errors in
frontiersin.org
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estimates when sample sizes are small. Mann-Whitney U Tests found

that S. dawsoniae and S. glaucus were significantly different for

nucleotide diversity (p; p <0.001), approaching significance for

average number of alleles (A; p=0.068) and number of polymorphic

loci (P; p=0.093), and not significantly different for expected

heterozygosity (He; p = 1.000), observed heterozygosity (Ho; p =

1.000), or inbreeding coefficient (FIS; p = 0.622).
4 Discussion

Sclerocactus has long been a taxonomic challenge due to

variability in measurable morphological traits both within and

among taxa, leading to multiple competing classifications (Heil

and Porter, 1994; Hochstätter, 1995; Hochstätter, 1996a;

Hochstätter, 1996b, Hochstätter, 1997; Porter et al., 2000).

Sclerocactus taxonomic challenges are further compounded by the

fact that close to 60% of all species are of conservation concern (G1

or G2, NatureServe, 2023a; USFWS, 2023a). Hence, which species

are recognized can have significant impacts on how finite
Frontiers in Conservation Science 05
conservation funding is allocated. As shown here, recent advances

in reduced representation next generation DNA sequencing

provides an appealing approach to generate large genomic

datasets capable of resolving taxonomic relationships and

directing conservation activities to the taxa most in need.
4.1 Sclerocactus taxonomy

All genetic analyses support recognizing Sclerocactus glaucus as

two distinct evolutionary entities at the level of species. What was

previously described as S. glaucus North (Schwabe et al., 2015) was

shown to be a substantially divergent group, now recognized as

Sclerocactus dawsoniae (McGlaughlin and Naibauer in press2).

Phylogenetic analyses (Figure 2) resolved 4 highly supported

monophyletic groups: 1) S. glaucus – containing all populations

from the Grand Valley and Gunnison River geographic areas; 2) S.

dawsoniae – containing all populations previously recognized as S.

glaucus North; 3) S. parviflorus – containing populations from

Colorado, New Mexico, and Utah; and 4) a combined S. brevispinus
FIGURE 2

Maximum Likelihood phylogenetic tree for the Taxonomic data set. Individual samples are color coded by species: Blue – S. glaucus - Gunnison
River; yellow – S. glaucus – Grand Valley; Green – S. dawsoniae; Red – S. parviflorus; Purple – S. wetlandicus; Pink – S. brevispinus. Bootstrap
values of 100% are indicated by ** while bootstrap values between 95% - 99% are indicated by *. The same tree with sample labels is provided as
Supplementary Figure 2.
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and S. wetlandicus. The split between S. glaucus and S. dawsoniae is

the most recent divergence within this analysis, but the divergence is

substantial and well supported. The Principle Coordinate Analyses

(Figures 3A, B) provides further support of the distinction among taxa,

with the four groups all occupying distinct character space. Finally,

measures of genetic distance (Table 1) show high levels of divergence

among all groups except for S. brevispinus and S. wetlandicus, and S.

glaucus Grand Valley and Gunnison River geographic areas.
Frontiers in Conservation Science 06
Despite numerous competing Sclerocactus treatments, limited

research has investigated genetic relationships among species.

Porter et al. (2000) generated the only Sclerocactus wide phylogeny

using chloroplast DNA sequence data which validated that the genus

was monophyletic, but they were unable to resolve species

relationships. A later study by Porter et al. (2013) examined genetic

andmorphological relationships among S. glaucus, S. brevispinus, and

S. wetlandicus and concluded that these species should continue to be
A

C

B

FIGURE 3

Principal Coordinate Analysis of the Taxonomic (A, B) and Population Structure (C) datasets with 95% confidence intervals drawn around identified
groups. The relative contribution of each eigenvalue by axis is shown in the inset figure within each panel, with the axes being compared highlighted
in black. For the Taxonomic dataset (A, B), axes 1-3 are shown explaining 28.50%, 7.34%, and 6.17% of the genetic variability, respectively. For the
Populations Structure dataset (C), axes 1-2 are shown, explaining 22.03% and 5.46% of the genetic variability, respectively. Sampled species are color
coded: Sclerocactus glaucus – blue; Sclerocactus dawsoniae – green; Sclerocactus parviflorus – red; Sclercactus wetlandicus – purple; and
Sclerocactus brevispinus – pink. Within the Population Structure analysis (C), sampled populations are labeled to illustrate geographic structure.
FIGURE 4

FASTSTRUCTURE analysis of the Population Structure dataset showing two groups (K=2) as the best supported grouping. The two groups are color
coded: Blue – S. glaucus (Gunnison River and Grand Valley); Green – S. dawsoniae. This figure with specific populations labeled for K=2 and K=3 is
provided as Supplementary Figure 3.
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recognized as distinct taxa. Our results agree that S. glaucus is

distinctive from S. brevispinus and S. wetlandicus, but we cannot

resolve the latter two taxa. It is important to note that Porter et al.

(2013) did not find species supporting differences in chloroplast DNA

sequences and their summary analyses of AFLP genetic structure

included S. glaucus, which was likely driving the signal of among

species genetic structure. Additionally, a Masters Thesis using

chloroplast DNA sequence data and nuclear microsatellites also

could not resolve a genetic distinction between S. brevispinus and S.

wetlandicus (Hubbard, 2014). The lack of genetic distinction among

S. brevispinus and S. wetlandicus despite identifiable morphological

differences continues to be an active area of research (McGlaughlin

unpublished data)1. Schwabe et al. (2015) confirmed that there is

genetic distinction among S. parviflorus and S. glaucus but did not

place these species into a larger phylogenetic context.

The taxonomic accuracy of named Sclerocactus in northwestern

New Mexico was also recently investigated using RAD-seq in a

management report (Porter et al., 2018). The taxonomic placement

of S. cloverae has been debated as well as the distinction of S.

cloverae subsp. cloverae and subsp. brackii, with the two subspecies

being differentiated based largely on size and habitat. Porter et al.

(2018) concluded that S. cloverae should not be recognized as

containing distinct subspecies, postulating that local infestation of

cactus weevil or cactus longhorn beetle may have led to the loss of

larger plants (subsp. cloverae like) at impacted locations. This study

was also able to verify that S. cloverae was not closely related to S.

whipplei, which it was originally described as a variety of, rather

being most closely related to S. parviflorus. Interestingly, Porter

et al. (2018) did not resolve S. parviflorus as a monophyletic species,

which aligns with the current phylogenetic analyses where we

observed considerable divergence between S. parviflorus located in

northwestern NewMexico and northeastern Utah that is distinctive

from populations located along the Colorado/Utah border

(Supplementary Figure 2). This research lends support to our

contention that the true units of biological diversity within

Sclerocactus are not well understood and that they cannot be

accurately resolved without the use of genetic analyses.
4.2 Population diversity

At the population level, S. dawsoniae and S. glaucus were

resolved as genetically distinct species with substantial genetic
Frontiers in Conservation Science 07
divergence (Table 2). Limited previous studies have examined

genetic distinction among populations of Sclerocactus species and

sub-species. Measures of genetic divergence (FST) between S.

dawsoniae and S. g laucus were higher than previous

microsatellite based estimates comparing S. glaucus and S.

parviflorus (Schwabe et al., 2015) or S. brevihamatus subsp.

tobuschii and subsp. brevihamatus (Rayamajhi and Sharma,

2018), and RAD-seq based estimates between Sclerocactus

cloverae subsp. cloverae and subsp. brackii (Porter et al., 2018).

Limited admixture was observed between S. dawsoniae and S.

g laucus populat ions in the Grand Val ley (Figure 4 ;

Supplementary Figure 3), with only 5 individuals having 5-8%

admixture between Groups 1 and 2 (Supplementary Table 2).

Populations of S. dawsoniae east of the Colorado River (Atwell

Gulch and Sunnyside) and in the north-east (Red Hill, Mile Post,

and South Shale Ridge) formed well supported clades in the

taxonomic analysis (Supplementary Figure 2), but there was not

distinctive genetic structure in other analyses. Within S. glaucus,

slight genetic structure between Grand Valley and Gunnison

River populations was observed (Figure 3C; Supplementary

Figure 3; Table 2), which has been suggested in a previous

management report (McGlaughlin and Neale, 2017). Levels of

heterozygosity were comparable between S. dawsoniae and S.

glaucus, but lower than previous estimates using nuclear

microsatellites (Schwabe et al., 2015), which is a common trend

in studies that compare RADseq and microsatellite data (Sunde

et al., 2020). However, S. dawsoniae had significantly lower levels

of nucleotide diversity than S. glaucus. This pattern suggests that

S. dawsoniae has not experienced recent population bottlenecks,

but reduced nucleotide diversity is indicative of it being a younger

species with a with smaller geographic range and total

population size.
TABLE 1 Pairwise matrix of genetic distance (Fst) among species or groups within the Taxonomic dataset.

SCGL GR SCGL GV SCDA SCPA SCBR SCWE

SCGL GR –

SCGL GV 0.08 –

SCDA 0.26 0.25 –

SCPA 0.45 0.46 0.55 –

SCWE 0.51 0.52 0.60 0.45 –

SCBR 0.51 0.52 0.60 0.44 0.02 –
Group abbreviations are: SCGL GR, S. glaucus Gunnison River; SCGL GV, S. glaucus Grand Valley; SCDA, S. dawsoniae; SCPA, S. parviflorus, SCWE, S. wetlandicus, SCBR, S. brevispinus.
TABLE 2 Pairwise matrix of average genetic distance (Fst) among groups
of S. dawsoniae and S. glaucus.

SCGL GR SCGL GV SCDA

SCGL GR 0.070

SCGL GV 0.137 0.054

SCDA 0.361 0.350 0.117
Only populations with 6 or more samples were included. Complete table of population by
population comparisons is shown in Supplementary Table 2. Group abbreviations are: SCGL
GR, S. glaucus Gunnison River; SCGL GV, S. glaucus Grand Valley; SCDA, S. dawsoniae.
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4.3 Sclerocactus dawsoniae morphology
and distribution

The genetic data presented here is part of the basis for

recognizing S. dawsoniae as a distinct species along with

morphological features and geographic separation that also

support this distinction. As described by McGlaughlin and

Naibauer (in press)2, S. dawsoniae differs from S. glaucus by

having a smaller size (average of 7.42 cm tall x 5.07 cm wide v.s.

10.8 cm tall x 7.7 cm wide) and fewer spines per areole (average of

7.9 vs. 10.6). The distribution of S. dawsoniae is also allopatric

relative to the distribution of S. glaucus, occurring north and west of

Colorado Hwy 65, near De Beque, CO. There is a 10 km distance

between the closest populations of genetically identified S.

dawsoniae and S. glaucus. The ranges of both S. dawsoniae and S.

glaucus have been extensively surveyed and it is unlikely that there

are any occurrences that connect the two species ranges. Since

morphological characters have been shown to be misleading in

Sclerocactus (Schwabe et al., 2015; Porter et al., 2018; Porter et al.,
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2013; McGlaughlin unpublished data)1, we feel that geography and

genetic data are the best tools to identify species in this region.
4.4 Conservation implications

In 2023, the U.S. Fish and Wildlife Service (USFWS, 2023b)

recommended delisting S. glaucus (including S. dawsoniae) based on

long-term population monitoring, designation of protected habitat,

recent estimations of minimum population sizes, and sufficient

species Redundancy, Resiliency, and Representation (USFWS,

2023b). Colorado Bureau of Land Management (BLM) has

documented a stable/increasing trend in S. glaucus across its entire

range and in one population of S. dawsoniae since 2009. Colorado

BLM has also designated ten protected areas with special

management status across the distribution of S. glaucus (112,605

acres) and four protected areas for S. dawsoniae (45,753 acres). Most

significantly, estimates for minimum population size across the range

of S. glaucus (as treated here) were considerably larger (103,086 ±
TABLE 3 Population genetic diversity statistics using the Population Structure dataset with the standard error in parentheses and species averages
shown in bold.

Population Region N p A P Ho He Fis

Atwell Gulch SCDA 25 0.037 (0.018) 1.19 (0.41) 752 0.23 (0.19) 0.25 (0.17) 0.08

MP68 SCDA 4 0.027 (0.015) 1.08 (0.30) – – – –

Pyramid Rock SCDA 9 0.029 (0.015) 1.15 (0.36) 518 0.29 (0.18) 0.30 (0.15) 0.03

Red Hill SCDA 7 0.029 (0.015) 1.12 (0.34) 470 0.32 (0.20) 0.33 (0.14) 0.03

South Shale Ridge SCDA 14 0.043 (0.021) 1.20 (0.40) 749 0.23 (0.18) 0.25 (0.16) 0.08

Sulphur Gulch SCDA 2 0.029 (0.019) 0.87 (0.45) – – – –

SunnySide SCDA 2 0.031 (0.020) 1.04 (0.26) – – – –

Winter Flats SCDA 12 0.034 (0.017) 1.16 (0.37) 576 0.29 (0.20) 0.30 (0.15) 0.03

S. dawsoniae Average 0.032 (0.005) 1.10 (0.11) 613 (131) 0.27 (0.04) 0.29 (0.04) 0.05 (0.03)

Adobe Hills GR 14 0.038 (0.019) 1.20 (0.41) 673 0.28 (0.18) 0.31 (0.14) 0.10

Cactus Park GR 11 0.056 (0.028) 1.26 (0.46) 989 0.24 (0.18) 0.25 (0.15) 0.04

Dominguez Canyon GR 8 0.047 (0.023) 1.23 (0.42) 845 0.27 (0.18) 0.28 (0.14) 0.04

Picnic Site GR 12 0.045 (0.022) 1.24 (0.44) 900 0.25 (0.18) 0.26 (0.15) 0.04

Ravens Nest GR 2 0.045 (0.029) 1.05 (0.36) – – – –

18 RD GV 2 0.040 (0.026) 1.03 (0.36) – – – –

Horse Mountain GV 11 0.046 (0.023) 1.22 (0.42) 842 0.24 (0.17) 0.25 (0.15) 0.04

Reader Mesa GV 6 0.038 (0.019) 1.17 (0.38) 624 0.31 (0.19) 0.33 (0.13) 0.06

Stage Coach Trail GV 10 0.038 (0.019) 1.18 (0.39) 699 0.27 (0.18) 0.29 (0.15) 0.07

Upper Billing’s GV 6 0.043 (0.023) 1.18 (0.40) 665 0.32 (0.20) 0.33 (0.14) 0.03

S. glaucus Average 0.044 (0.006) 1.18 (0.08) 780 (132) 0.27 (0.03) 0.29 (0.03) 0.05 (0.02)
fro
p and A are reported for all loci. All other measures are averaged across all polymorphic loci with less than 50%missing data and are shown from populations with 6 or more sampled individuals.
N, number of individuals sampled; p, nucleotide diversity; A, average number of alleles; P, number of polymorphic loci; Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding
coefficient; SCDA, S. dawsoniae; GR, S. glaucus Gunnison River; GV, S. glaucus Grand Valley.
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34,966 individual plants; Krening et al., 2021) than previously

reported by Colorado Natural Heritage Program (16,800

individuals; CNHP, 2017) and at the time of ESA listing (15,000

individuals; Federal Resister, 1979). However, minimum population

estimates for S. dawsoniae have been suggested to be much lower

than expected (17,362 individual plants; BLM, 2023), compared to

the numbers reported in the recent Species Status Assessment Report

(31,867 individuals; USFWS, 2022 pg. 14). This updated minimum

population estimate for S. dawsoniae is 54% lower than what USFWS

recognizes. Additionally, 86% of S. dawsoniae individuals are believed

to occur in one management area (Roan Creek; 14,901 individuals;

BLM, 2023). The substantially lower population number and unequal

distribution of S. dawsoniae individuals across the species range leads

to concerns about the species ability to respond to potential stochastic

disturbances. This study also shows that S. dawsoniae has

significantly less nucleotide diversity than S. glaucus, leading to

concerns about the ability for this species to adapt to changing

conditions. Although the most recent scientific data indicates that S.

glaucus is stable and should be a candidate for delisting, we do not feel

that S. dawsoniae exhibits the population number, representation, or

redundancy necessary to persist in the future without further

conservation actions. Without further action by the U.S. Fish and

Wildlife Service, a delisting decision for S. glaucuswill simultaneously

remove all Endangered Species Act protections for S. dawsoniae.

The taxonomic splitting of S. glaucus and S. dawsoniae has

widespread implications for conservation and management, due to

these two species having vastly different conservation needs.

Sclerocactus glaucus has many individuals across its range

(100,000+ individuals), monitored populations are stable or

increasing in size, genetic diversity is relatively high, and there are

habitat protections throughout its entire distribution. In contrast, S.

dawsoniae is a narrowly endemic species with a small estimated

population size (~17,362 individuals), reduced levels of genetic

diversity, and an unequal abundance across the species range with

an estimated 86% of S. dawsoniae located in a single management

area. Based on our taxonomic split, resources for conservation

should be directed to S. dawsoniae.
4.5 Taxonomic accuracy in conservation

As shown here, taxonomy-based research is essential for

defining elements of biodiversity and directing conservation

funding to protect that diversity. Although disagreements exist

about how best to incorporate taxonomy into conservation

(Thomson et al., 2018), the value of modern genetic approaches is

clear (Stanton et al., 2019). Reduced representation sequencing is

particularly valuable because it has been shown to differentiate

cryptic species (Malaney et al., 2017; Quattrini et al., 2019; Melville

et al., 2021), define population structure (Pedraza-Marrón et al.,

2019), provide assessments of genetic health (Zhao et al., 2022),

does not require previous knowledge of an organisms’ genome, and

is relatively quick and cost effective (Andrews et al., 2016). The

current work demonstrates the importance of having robust genetic

datasets when planning conservation activities for species of
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concern. Moving forward, we recommend that government

stakeholders prioritize supporting genetic studies of endangered

species prior to making any changes to listing decisions.
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A., Domıńguez-Domıńguez, O., et al. (2019). Genomics overrules mitochondrial DNA,
siding with morphology on a controversial case of species delimitation. Proc. R. Soc. B
286 (1900), 20182924. doi: 10.1098/rspb.2018.2924

Porter, J. M., Clifford, A., Medina, N., Namoff, S., Jensen, N., and Cohen, D. (2018).
Genetic diversity within Sclerocactus cloverae Heil & Porter based on ddRAD-seq: the
genetic basis for subspecies recognition, Unpublished Technical Report to New Mexico
USFWS and Bureau of Land Management. doi: 10.5642/aliso.20133002.2

Porter, J. M., Cruse-Sanders, J., Prince, L., and Lauri, R. (2013). Species status of
Sclerocactus brevispinus, S. wetlandicus and S. glaucus: inferences from morphology,
chloroplast DNA sequences, and AFLP markers. Aliso: A J. Systematic Floristic Bot. 30
(2), 69–83. doi: 10.5642/aliso.20133002.2

Porter, J. M., Kinney, M. S., and Heil, K. D. (2000). Relationships between
Sclerocactus and Toumeya (Cactaceae) based on chloroplast trnL-trnF sequences.
Haseltonia 7, 8–23.

Quattrini, A. M., Wu, T., Soong, K., Jeng, M. S., Benayahu, Y., and McFadden, C. S.
(2019). A next generation approach to species delimitation reveals the role of
hybridization in a cryptic species complex of corals. BMC Evolutionary Biol. 19, 1–
19. doi: 10.1186/s12862-019-1427-y

Raj, A., Stephens, M., and Pritchard, J. K. (2014). fastSTRUCTURE: variational
inference of population structure in large SNP data sets. Genetics 197 (2), 573–589. doi:
10.1534/genetics.114.164350

Rambaut, A. (2016). FigTree v1. 4.3 2006–2016. Tree Figure Drawing Tool. Available
at: http://tree.bio.ed.ac.uk/software/figtree/.

Rayamajhi, N., and Sharma, J. (2018). Genetic diversity and structure of a rare
endemic cactus and an assessment of its genetic relationship with a more common
congener. Genetica 146, 329–340. doi: 10.1007/s10709-018-0024-0

Reyes-Velasco, J., Adams, R. H., Boissinot, S., Parkinson, C. L., Campbell, J. A.,
Castoe, T. A., et al. (2020). Genome-wide SNPs clarify lineage diversity confused by
coloration in coralsnakes of the Micrurus diastema species complex (Serpentes:
Elapidae). Mol. Phylogenet. Evol. 147, 106770. doi: 10.1016/j.ympev.2020.106770

Schwabe, A. L., Neale, J., and McGlaughlin, M. E. (2015). Examining the genetic
integrity of a rare endemic Colorado cactus (Sclerocactus glaucus) in the face of
hybridization threats from a close and widespread congener (Sclerocactus parviflorus).
Conserv. Genet. 16, 443–457. doi: 10.1007/s10592-014-0671-3

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30 (9), 1312–1313. doi: 10.1093/
bioinformatics/btu033

Stanton, D. W., Frandsen, P., Waples, R. K., Heller, R., Russo, I. R. M., Orozco-
terWengel, P. A., et al. (2019). More grist for the mill? Species delimitation in the
genomic era and its implications for conservation. Conserv. Genet. 20, 101–113. doi:
10.1007/s10592-019-01149-5

Sunde, J., Yıldırım, Y., Tibblin, P., and Forsman, A. (2020). Comparing the
performance of microsatellites and RADseq in population genetic studies: Analysis
Frontiers in Conservation Science 11
of data for pike (Esox lucius) and a synthesis of previous studies. Front. Genet. 11, 218.
doi: 10.3389/fgene.2020.00218

Thomson, S. A., Pyle, R. L., Ahyong, S. T., Alonso-Zarazaga, M., Ammirati, J., Araya,
J. F., et al. (2018). Taxonomy based on science is necessary for global conservation. PloS
Biol. 16 (3), e2005075. doi: 10.1371/journal.pbio.2005075

Tripp, E. A., Tsai, Y. H. E., Zhuang, Y., and Dexter, K. G. (2017). RAD seq dataset
with 90% missing data fully resolves recent radiation of Petalidium (Acanthaceae) in
the ultra-arid deserts of Namibia. Ecol. Evol. 7 (19), pp.7920–7936. doi:
10.1002.ece3.3274

United States Fish and Wildlife Service (USFWS) (2021) Species status assessment
report for Colorado hookless cactus (Sclerocactus glaucus and Sclerocactus dawsoniae)
(Lakewood, Colorado). Available at: https://ecos.fws.gov/ecp/species/2280#ssa
(Accessed September 25, 2023).

United States Fish and Wildlife Service (USFWS) (2022) Species Status Assessment
Report for Colorado Hookless Cactus (Sclerocactus glaucus and Sclerocactus dawsoniae).
Available at: https://ecos.fws.gov/ServCat/DownloadFile/231569.

United States Fish and Wildlife Service (USFWS) (2023a) Sclerocactus. Available at:
https://ecos.fws.gov/ecp/report/specieslistingsbytaxgroupstatusCategory=
Listed&groupName=All%20Plants (Accessed September 25, 2023).

United States Fish and Wildlife Service (USFWS) (2023b). Endangered and
threatened wildlife and plants; removal of the Colorado hookless cactus from the
federal list of endangered and threatened wildlife. Federal Register 88 (69), 21582–
21600.

University of Colorado Boulder Research Computing (CURC) (2021). PetaLibrary
(University of Colorado Boulder). doi: 10.25811/81nc-wv41

University of Colorado Boulder Research Computing (CURC) (2023). Alpine
(University of Colorado Boulder). doi: 10.25811/k3w6-pk81

Wagner, F., Ott, T., Schall, M., Lautenschlager, U., Vogt, R., and Oberprieler, C.
(2020). Taming the Red Bastards: Hybridisation and species delimitation in the
Rhodanthemum arundanum-group (Compositae, Anthemideae). Mol. Phylogenet.
Evol. 144, 106702. doi: 10.1016/j.ympev.2019.106702

Welsh, S. L. (1984). Utah flora: cactaceae. Great Basin Nat. 44 (1), 52–69. Available
at: https://www.jstor.org/stable/41712042.

Wiedenfeld, D. A., Alberts, A. C., Angulo, A., Bennett, E. L., Byers, O., Contreras-
MacBeath, T., et al. (2021). Conservation resource allocation, small population
resiliency, and the fallacy of conservation triage. Conserv. Biol. 35 (5), 1388–1395.
doi: 10.1111/cobi.13696

Wilson, K. A., and Law, E. A. (2016). Ethics of conservation triage. Front. Ecol. Evol.
4, 112. doi: 10.3389/fevo.2016.00112

Zhao, Y. J., Yin, G. S., and Gong, X. (2022). RAD-sequencing improves the genetic
characterization of a threatened tree peony (Paeonia ludlowii) endemic to China:
Implications for conservation. Plant Diversity 45 (5), 513–522. doi: 10.1016/
j.pld.2022.07.002
frontiersin.org

https://doi.org/10.1098/rspb.2018.2924
https://doi.org/10.5642/aliso.20133002.2
https://doi.org/10.5642/aliso.20133002.2
https://doi.org/10.1186/s12862-019-1427-y
https://doi.org/10.1534/genetics.114.164350
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1007/s10709-018-0024-0
https://doi.org/10.1016/j.ympev.2020.106770
https://doi.org/10.1007/s10592-014-0671-3
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1007/s10592-019-01149-5
https://doi.org/10.3389/fgene.2020.00218
https://doi.org/10.1371/journal.pbio.2005075
https://doi.org/10.1002.ece3.3274
https://ecos.fws.gov/ecp/species/2280#ssa
https://ecos.fws.gov/ServCat/DownloadFile/231569
https://ecos.fws.gov/ecp/report/specieslistingsbytaxgroupstatusCategory=Listed&groupName=All%20Plants
https://ecos.fws.gov/ecp/report/specieslistingsbytaxgroupstatusCategory=Listed&groupName=All%20Plants
https://doi.org/10.25811/81nc-wv41
https://doi.org/10.25811/k3w6-pk81
https://doi.org/10.1016/j.ympev.2019.106702
https://www.jstor.org/stable/41712042
https://doi.org/10.1111/cobi.13696
https://doi.org/10.3389/fevo.2016.00112
https://doi.org/10.1016/j.pld.2022.07.002
https://doi.org/10.1016/j.pld.2022.07.002
https://doi.org/10.3389/fcosc.2023.1310985
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

	Conservation genetics of Sclerocactus in Colorado: the importance of accurate taxonomy to conservation
	1 Introduction
	2 Methods
	2.1 Population sampling
	2.2 DNA extraction, sequencing, and SNP selection
	2.3 Analyses

	3 Results
	4 Discussion
	4.1 Sclerocactus taxonomy
	4.2 Population diversity
	4.3 Sclerocactus dawsoniae morphology and distribution
	4.4 Conservation implications
	4.5 Taxonomic accuracy in conservation

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


