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Abstract

Premise: Accurate species delimitation is essential for evolutionary biology,
conservation, and biodiversity management. We studied species delimitation in
North American pinyon pines, Pinus subsection Cembroides, a natural group with
high levels of incomplete lineage sorting.

Methods: We used coalescent-based methods and multivariate analyses of low-copy
number nuclear genes and nearly complete high-copy number plastomes generated
with the Hyb-Seq method. The three coalescent-based species delimitation methods
evaluated were the Generalized Mixed Yule Coalescent (GMYC), Poisson Tree
Process (PTP), and Trinomial Distribution of Triplets (Tr2). We also measured
admixture in populations with possible introgression.

Results: Our results show inconsistencies among GMYC, PTP, and Tr2. The single-
locus based GMYC analysis of plastid DNA recovered a higher number of species
(up to 24 entities, including singleton lineages and clusters) than PTP and the multi-
locus coalescent approach. The PTP analysis identified 10 species whereas Tr2
recovered 13, which agreed closely with taxonomic treatments.

Conclusions: We found that PTP and GMYC identified species with low levels of
ILS and high morphological divergence (P. maximartinezii, P. pinceana, and
P. rzedowskii). However, GMYC method oversplit species by identification of more
divergent samples as singletons. Moreover, both PTP and GMYC were incapable of
identifying some species that are readily identified morphologically. We suggest that
the divergence times between lineages within North American pinyon pines are so
disparate that GMYC results are unreliable. Results of the Tr2 method coincided well
with previous delimitations based on morphology, DNA, geography, and secondary
chemistry.
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Species are fundamental units of study in several areas of
the biological sciences. The accurate delimitation of species
boundaries is essential for evolutionary biology, conserva-
tion biology, and biodiversity management (Sites and
Crandall, 1997; Sites and Marshall, 2003; Yang and Rannala,
2010). Species delimitation is related to species concepts,
which have been long debated by biologists because there
are discrepancies among species definitions (de Queiroz,

2007). Definitions are independent of methodological
aspects of lineage delimitation, but criteria for inferring
species boundaries have been used both for conceptualiza-
tion and species delimitation. Nonetheless, species concepts
exhibit an underlying unity that provides the basis for a
unified concept of species as separately evolving lineages,
which allows us to address the problem of delimitation
more directly (de Queiroz, 2007).
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Interest in integrative species delimitation has grown
thanks to the increasing availability of molecular data, new
approaches, and methods (Schlick-Steiner et al., 2010; Fujita
et al., 2012; Zhang et al., 2013) that have been developed to test
species boundaries. Many coalescent-based methods have been
developed, including single-locus methods such as the
Generalized Mixed Yule Coalescent (GMYC; Pons et al.,
2006) and Poisson Tree Processes (PTP; Zhang et al., 2013;
Kapli et al., 2017). Multi-locus species delimitation methods
include Brownian processes (Brownie; O'Meara et al., 2006;
O'Meara, 2010) and Species Tree Estimation under Maximum
Likelihood (spedeSTEM; Ence and Carstens, 2011). Methods
have also been developed for biallelic genetic markers such as
Single Nucleotide Polymorphisms and Amplified Fragment
Length Polymorphisms Phylogenies (SNAPP; Bryant et al,
2012), Bayesian Phylogenetics and Phylogeography (BP&P;
Yang, 2015), Division of Individuals into Species using
Sequences and Epsilon-Collapsed Trees (DISSECT; Jones
et al, 2015), and the Trinomial Distribution method (Tr2;
Fujisawa et al., 2016). Coalescent-based methods provide an
attractive alternative for studying the evolutionary processes
that contribute to speciation, inferring the relationships among
species, and delimiting independent evolutionary lineages
objectively in the presence of gene-tree conflict (Fujita et al.,
2012; Smith et al,, 2015, 2020; Luo et al.,, 2018).

In pines and other conifers, there are few studies using
objective methods for the delimitation of species. Pinus
L. classification and species delimitation initially used a small
number of morphological characters. Over time additional
evidence was incorporated from anatomy, reproductive
biology, biochemistry, and molecular markers (Price et al.,
1998; Gernandt et al.,, 2001, 2003, 2005; Syring et al., 2005;
Parks et al,, 2012; Willyard et al., 2021). Nevertheless, each
source of evidence used undergoes processes that can
introduce error, such as plasticity of certain morphological
characters in response to the environment (e.g., number of
needles per fascicle and needle length and width), transfer of
genetic information among genomic compartments, low
interspecific variability (e.g., plastid DNA markers), and
uniparental inheritance of plastid DNA, which is susceptible
to “plastid capture” (Mirov, 1967; Rieseberg and Soltis, 1991;
Liston et al,, 1999; Gernandt et al.,, 2003; Kan et al, 2007;
Mort et al., 2007; Poulos and Berlyn, 2007; Cole et al., 2008;
Tsutsui et al., 2009; Turna and Giiney, 2009; Nobis et al.,
2012; Cole et al., 2013). Lineage delimitation of trees is also
difficult because of complex evolutionary histories caused by
incomplete lineage sorting (ILS) and reticulation resulting
from hybridization and introgression (Rosenberg, 2003;
Hernandez-Leon et al,, 2013; Zhang et al.,, 2014).

Trees are commonly characterized by large popula-
tion sizes, longevity, slower mutation and speciation
rates, and longer generation times (Petit and Hampe,
2006). Studies of species boundaries have been carried out
in Populus L. (Wang et al., 2011), Cycas L. (Feng et al.,
2016), and Pinus (Moreno-Letelier et al., 2013; Zhang
et al., 2014; Lopez-Reyes et al., 2015; Willyard et al.,
2017). Species delimitation has been done using

clustering algorithms (Pritchard et al., 2000) and group-
ing individuals in populations but without evaluating the
evolutionary divergence of clusters. An exception was an
attempt to delimit species of North American hard pines
using plastid DNA and a single-locus based coalescent-
based method (Herndndez-Ledn et al., 2013).

Pinus subsection Cembroides Engelm. is a clade of North
American pinyon pines with a fossil record that extends to
the Late Oligocene (Wolfe and Schorn, 1990). The pinyon
pines are restricted to arid or semi-arid environments
extending from the southwestern United States to south
central Mexico (Critchfield and Little, 1966). They comprise
approximately 15 pine taxa of exceptional ecological
importance (Lanner, 1981; Farjon and Styles, 1997). The
North American pinyon pines are small to medium-sized
trees or shrubs with 1 to 5 secondary leaves with deciduous
fascicle sheaths, ovulate cones with a short peduncle, and
seeds that are functionally wingless in all species except
P. rzedowskii Madrigal & M. Caball. (Madrigal and
Caballero, 1969; Malusa, 1992). The International Union
for Conservation of Nature (IUCN, 2019) lists five pinyon
pine taxa as vulnerable or endangered whereas the Mexican
government lists nine as protected (SEMARNAT, 2010).

The circumscription of recognized species in Pinus
subsect. Cembroides differs in recent works (Gernandt et al.,
2005; Farjon and Filer, 2013; Gernandt and Pérez de la Rosa,
2014; Montes et al., 2019) and the taxonomic ranges used
for pinyon pines has varied widely, due in part to placing
emphasis on different molecular and structural characters
(Malusa, 1992; Farjon and Styles, 1997; Gernandt et al.,
2005; Farjon and Filer, 2013). Disagreements in the
classification of some taxa include whether or not to elevate
P. cembroides Zucc. subsp. orizabensis D.K. Bailey and
P. cembroides subsp. lagunae (Robert-Passini) D.K. Bailey
(here treated as P. lagunae (Robert-Passini) Passini), to the
rank of species (Gernandt et al., 2005; Farjon and Filer,
2013; Montes et al., 2019). Similarly, phylogenetic analyses
clearly support separating P. discolor D.K. Bailey & F.G.
Hawksw. and P. johannis M.F. Robert from P. cembroides
(Gernandt et al., 2003, 2005; Parks et al., 2012; Montes et al.,
2019) although they have been treated as infraspecific taxa
of P. cembroides (Farjon and Filer, 2013).

Pinus californiarum D.K. Bailey, P. fallax (Little)
Businsky, and P. monophylla Torr. & Frém. all have solitary
needles (Malusa, 1992). Pinus californiarum has been
treated as an independent lineage, as a synonym of
P. monophylla, or as a variety, P. monophylla var.
californiarum (D.K. Bailey) Silba (Silba, 1990; Farjon and
Styles, 1997; Price et al., 1998). Pinus californiarum was
recovered as sister to P. monophylla and P. quadrifolia Parl.
ex Sudw. in a previous phylogenetic study of low-copy
nuclear DNA, suggesting that it could be considered as a
valid species rather than as an infraspecific taxon of
P. monophylla (Montes et al., 2019). Pinus fallax and P.
californiarum may also be valid species rather than
infraspecific taxa of P. monophylla or P. edulis Engelm.
(Montes et al., 2019). Pinus fallax was originally described
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as P. edulis var. fallax Little (1968) but has been treated as P.
californiarum subsp. fallax (Little) D.K. Bailey, or P.
monophylla subsp. fallax (Little) Silba (Farjon and Styles,
1997; Cole et al.,, 2008; Farjon and Filer, 2013). Pinus fallax
occurs in environmental conditions with moderate
summer rainfall (Malusa, 1992; Cole et al., 2008) unlike
P. monophylla and P. californiarum, which inhabit places
with dry summers (Cole et al., 2008).

Pinus subsect. Cembroides offers an opportunity to study
the boundaries among species that have evolved few
morphological differences (Price et al., 1998; Gernandt
et al., 2008) and species with clear morphological diver-
gences and presumably relatively deep divergences. In this
study, our aims were to: (1) infer the species boundaries in
Pinus subsect. Cembroides using coalescent-based methods;
(2) compare species delimitation hypotheses of single and
multi-locus coalescent methods; (3) reexamine the taxo-
nomic validity of some taxa in the light of multi-locus data;
and (4) study admixture in three subgroups: (a) Pinus
cembroides subsp. cembroides, P. cembroides subsp.
orizabensis, and P. lagunae; (b) P. johannis and P. discolor;
and (c) P. californiarum, P. fallax, and P. monophylla.

MATERIALS AND METHODS
Sampling

We included 3-8 individuals per species from material
deposited in the Herbario Nacional de México (MEXU) and
from field collections (Appendix S1). Ninety-three indivi-
duals were sampled, including 80 corresponding to subsect.
Cembroides, four to subsect. Balfourianae Engelm., and three
to subsect. Nelsoniae Burgh. These three subsections
comprise section Parrya Mayr of subgenus Strobus Lemmon
(Gernandt et al., 2005). From sect. Quinquefoliae Duhamel
we included two individuals of subsect. Gerardianae Loudon,
one of subsect. Krempfianae Little and Critchfield, and one of
subsect. Strobus Loudon.

We extracted DNA from haploid seed megagametophyte
of 10 individuals using a Wizard genomic DNA purification
kit (Promega, Madison, Wisconsin, USA) and from diploid
leaf tissue of 83 individuals using the CTAB method
(Doyle and Doyle, 1987).

Illumina library preparation, probe design, and
Hyb-Seq sequencing

We used 500 ng of total DNA per sample to prepare the
genomic libraries. DNA fragments of ca. 250 bp were size-
selected with a bioruptor sonicator and the length
distribution of fragments was evaluated by automated
electrophoresis using a 2100 Bioanalyzer System (Agilent,
Santa Clara, California, USA). Barcode adapters were
ligated for Illumina sequencing using a NEBNext library
prep kit for three samples (P. lagunae BS3-BS5) and a

TruSeq library prep kit for all other samples (Illumina,
San Diego, California, USA).

Pools of 24 samples were enriched for nuclear targets
with MYbaits version 2.3.1 biotinylated RNA baits (Arbor
Biosciences, Ann Arbor, Michigan, USA) following the
manufacturer's protocol. Probes were designed for 1045
putative low-copy nuclear genes from Pinus taeda L. (Willyard
et al., 2007; Neves et al., 2013; Gernandt et al., 2018; see
Appendix S2 for more details). The samples were spread across
eight sequencing runs (Appendix S3) that also included
Pinaceae samples for other studies. Different mixtures of
enriched and unenriched libraries were used for successive
runs, according to recovery of plastid sequences in prior runs.
We combined samples into three different multiplex sets
(Appendix S3) to sequence on a single lane each of an Illumina
Hi-Seq. 2500 or Hi-Seq. 4000 using the 100, 125, or 150 bp
modules with paired reads (Appendix S3).

Processing of Hyb-Seq data

[lumina reads were demultiplexed based on their barcode
and processed with Trimmomatic version 0.32 (Bolger
et al, 2014) using the parameters for paired end reads
suggested by the authors (Appendix S2). Trimmed reads
were assembled with the HybPiper version 1.2 pipeline
(Johnson et al., 2016). This pipeline first performs read
sorting with the BWA method (Li and Durbin, 2009) using
the nuclear gene sequences from the probe design step
as references and then assembles each gene using SPAdes
version 3.10.1 (Bankevich et al,, 2012). Assembled gene
files (without introns) were imported into Geneious
version R11.0.5 (Kearse et al., 2012) and aligned with
MAFFT version 7.0 (Katoh et al., 2002). The genes were
filtered under five ad hoc exclusion criteria: (1) missing
sequence for one or more samples (341); (2) pairwise
identity less than 93% (168); (3) fewer than 50% of
identical sites (67); (4) genes detected as possible paralogs
(164); and (5) genes with anomalously high substitution
rates based on profiling phylogenetic informativeness (22)
(Appendix S2). The first three criteria were applied in
Geneious and the fourth with the HybPiper script
paralog_investigator.py (Johnson et al., 2016). The paralog
script identified contigs with lengths >85% of the reference
sequence, indicating multiple long-length matches.

We estimated the informativeness of characters with the
PhyDesign web application (Townsend, 2007; Loépez-
Giradldez and Townsend, 2011). The input files for PhyDe-
sign were the concatenated alignment with 229 gene
partitions (those remaining after filtering) and the ultra-
metric tree. Maximum likelihood trees were inferred in
RAXML version 8.2.10 (Stamatakis, 2014) under the
general time reversible model with the gamma parameter
(GTR+G) and 1000 bootstrap searches. The trees were
ultrametricized with clock-based likelihood in PAUP*
version 4.0al50 (Swofford, 2002) using the HKY85
substitution model and “Thorne” parameterization for
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clock optimization. Genes with unusually high substitution
rates, resulting in recent illusory spikes in the informative-
ness plot were eliminated (Appendix S4).

We used the modified protocol by Aguirre-Dugua and
Gernandt (2017) to assemble plastomes. We removed
duplicated reads in Geneious and trimmed low-quality
bases with Trimmomatic. De novo assembly was then
performed on the sequences that mapped to the reference
using SPAdes. The resulting scaffolds were imported into
Geneious, eliminating those that were <500 bp in length.
We mapped the scaffolds to the consensus sequence
that was previously generated in the mapping step
and extracted a new consensus sequence. Finally, we
remapped the reads to the consensus sequence to produce
a final consensus. From the assembled plastomes, we
chose those with the highest coverage for phylogenetic
analyses (Appendix S5).

The plastome sequences were aligned with MAFFT in
Geneious. Poorly aligned or divergent regions (with
elevated numbers of differences, insertions, and deletions)
were deleted using the Gblocks webserver version 0.91b
(Castresana, 2000) with the following options: (1) smaller
final blocks; (2) gap position within the final blocks; and (3)
less strict flanking positions.

Phylogenetic analysis

We performed a maximum likelihood analysis of the 207
nuclear genes and 93 terminals in RAXML (Stamatakis, 2014).
We performed heuristic searches with the -#autoMREoption,
which automatically determines the sufficient number of
bootstrap replicates (bs) and a GTR + G model to calculate the
heterogeneity of rates for each of the multiple alignments. We
also concatenated the 207 gene alignments and performed a
maximum likelihood analysis in RAXML with 1000 heuristic
searches and the GTR+ G model. The plastome sequences
were analyzed in RAXML with 1000 heuristic searches on the
alignment partitioned into coding and noncoding regions and
applying the GTR + G model to each.

We also performed Bayesian inference using MrBayes
version 3.2.7 (Huelsenbeck and Ronquist, 2001) on the
plastid DNA alignment with partition blocks for coding and
noncoding regions. The nucleotide substitution model was
chosen using the Akaike Information Criterion test (AIC) in
jModelTest version 2.1.10 (Miller et al., 2010; Darriba et al.,
2012). The analysis was conducted using the GTR model
allowing both invariant sites and rate heterogeneity (I + G).
The analysis was run using three heated chains and one cold
chain, and a heating of 0.2. Two independent runs of
40,000,000 generations were performed with sampling every
1000 generations, discarding 0.25 as a burn-in fraction. We
used Tracer version 1.7.1. (Rambaut et al., 2018) to
corroborate chain convergence. Tree topologies were
summarized in a 50% majority rule tree and the consensus
tree was imported into FigTree version 1.4.0 for further
editing (Rambaut, 2012).

Identification of single nucleotide
polymorphisms

To provide an alternative method for assessing variable sites
for the species delimitation analyses, SNP calling was
performed through the alignment of the Hyb-Seq data to
the Pinus taeda genome. SNPs were initially called from all
93 samples. Quality of demultiplexed sequence reads was
assessed with FastQC version 0.11.7 and MultiQC version
1.5 (Andrews, 2010; Ewels et al.,, 2016). Sequence quality
trimming and adapter removal were performed using
Trimmomatic with default parameters (Bolger et al,
2014). Paired cleaned reads were mapped against the
P. taeda genome version 2.01 using BWA-MEM (Li, 2013
[Preprint]; Neale et al., 2014; Wegrzyn et al.,, 2014). BAM
files were sorted and uniquely mapped reads were extracted
with the sort and view routines of SAMtools version 0.1.19
(Li et al.,, 2009). The Picard tool MarkDuplicates version
2.5.0 was used to discard duplicate reads (website: http://
broadinstitute.github.io/picard). SAMtools mpileup was
used to call variants with the following parameters: (1)
biallelic variants only; (2) no-BAQ; (3) minimum mapping
quality of 20; and (4) minimum base quality of 25 (Li, 2011).
A first step filter was applied with VCFtools version 0.1.13
to keep variants genotyped in 50% of the samples, having a
minimum quality score of 25, a minor allele count less than
three, and a minimum mean depth of three reads (Danecek
etal, 2011). In a second filtering step, SNPs were removed if
genotypes were not present across all samples (100%),
minimum mean depth was below 10, and minimum quality
score was below 30. With respect to the SNPs called for the
P. cembroides complex (17 samples), the P. johannis-discolor
complex (11 samples), and the P. californiarum-fallax-
monophylla complex (27 samples), samples were extracted
separately after the first step filter with VCFtools and then
subjected to the second filter. The variant calling format
(VCF) file containing all 93 samples was converted into a
tab-delimited text file, and subsequently SNPs were
concatenated into a FASTA file including heterozygous
sites. A multiple sequence alignment was generated with
MAFFT.

Lineage tree estimation

Lineage tree inference was performed with the coalescent
method ASTRAL-III version 5.7.3 (Mirarab and Warnow,
2015; Zhang et al., 2018). We used 207 nuclear gene trees
with 93 terminals estimated previously with RAXML as
input for ASTRAL-III. Branch lengths, coalescent units,
and local posterior probabilities (Ipp) were estimated with
the lineage tree. We also explored gene conflict using
gene-concordance factors (gCFs) in IQ-TREE-2 version
2.1.2 (Minh et al., 2020).

Tree inference based on SNPs was performed with the
coalescent method SVDquartets (Chifman and Kubatko,
2014) in PAUP* (Swofford, 2002). SVDquartets performs
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well even when there is variation in effective population
sizes, presence of ILS, and gene flow (Long and Kubatko,
2018, 2019). It infers unrooted trees from quartets based on
multi-locus and unlinked SNP data (Chifman and Kubatko,
2014). For this method we used a NEXUS input file that
included 26,180 SNPs and 93 terminals. All possible
quartets were analyzed and branch support was estimated
with 1000 bootstrap replicates.

Coalescent-based species delimitation

Species boundaries were inferred under the coalescent
framework with both low-copy nuclear genes and plastid
DNA. For plastomes, we employed the Generalized Mixed
Yule Coalescent (GMYC) wusing single and multiple
thresholds models (sGMYC; Pons et al,, 2006; mGMYC;
Monaghan et al., 2009), and the Poisson Tree Processes
method (PTP; Zhang et al., 2013; Kapli et al.,, 2017). The
rooted triplets method (Tr2; Fujisawa et al., 2016) was used
to perform species delimitation with the nuclear genes.

The GMYC was designed to test species delimitation
with single-locus data. The method distinguishes between
Yule (branching events inter-specific) and coalescence
processes (branching events intraspecific) based on the
difference in branching rates across all species in the
phylogeny (Pons et al., 2006). A likelihood ratio test (LRt) is
used to assess the timing of branching events from a null
model (same species) and an alternative model (different
species). The likelihood score from a chi-square test allows
detecting significant changes between branching events
inter-specific and branching events intraspecific (Pons et al.,
2006). We used the ultrametric plastid tree with branch
lengths estimated using maximum likelihood as input and
performed the analyses in RStudio version 1.2.1335
(RStudio team, 2019; website: http://www.rstudio.com)
using the “splits” package.

PTP wuses two functions (speciation/coalescence) for
modeling the transition point (node) between inter-specific
and intraspecific branching events in a phylogeny (Zhang et al.,
2013; Kapli et al., 2017). PTP uses an exponential distribution
that represents the number of accumulated substitutions (k) for
speciation events (1) (Kapli et al, 2017) and assumes that
speciation and coalescence rates are different. PTP implements
Markovian chains to assess delimitation support on a
phylogenetic tree (Kapli et al, 2017). We used the (non-
ultrametric) tree estimated from the plastid DNA alignment
with MrBayes as input for PTP version 0.51. The bPTP analysis
was run for 500,000 generations (as recommended by the
authors), with a thinning of 100, and discarding 0.1 generations
as a burn-in fraction.

Species delimitation was also performed with Tr2 in
Python version 2.7 (Fujisawa et al., 2016). Tr2 uses Bayesian
model comparison and reduces the likelihood calculations
because phylogenies are decomposed into rooted triplet
topologies. The method explores the best delimitation
model from a guide tree and multi-locus data. Posterior

probability is used to find the best delimitation model from
a set of possible hypotheses. The best model is the one with
a posterior probability close to 0 (Fujisawa et al., 2016). Tr2
estimates a null model (without a priori assignment of
individuals to species) and allows alternate assignment of
individuals to species to test among hypotheses. The 207
maximum likelihood gene trees obtained in RAXML were
the input for Tr2. We compared the likelihood scores of five
alternative hypotheses based on taxonomic classifications
(Appendix S6).

Identifying genetic clustering from SNPs

We identified genetic clusters from three subsets of SNPs
using a principal components analysis (PCA) and discrim-
inant analysis of principal components (DAPC). Analyses
were performed separately for subsets of taxa from
three species complexes. The first subset corresponded to
P. discolor and P. johannis (K=2), the second to
P. cembroides subsp. cembroides, P. cembroides subsp.
orizabensis, and P. lagunae (K=2-3), and the third to
P. californiarum, P. fallax, P. monophylla, P. edulis, and
P. quadrifolia (K = 4-5); this clade was called “one-needle
pines + P. edulis + P. quadrifolia”. Both PCA and DAPC
analyses were carried out following the code by Griinwald
et al. (2016) in RStudio with the “ape” version 5.6 (Paradis
and Schliep, 2019) and “poppr” version 2.8.5 packages
(Kamvar et al., 2014). The first two components were used
for plotting using ggplot2 package version 3.2.2 (Villanueva
et al., 2016). The DAPC was performed to maximize the
discrimination between groups with the same parameters
as in the PCA (see Griinwald et al., 2016). We assigned
the samples a priori to each species and evaluated the
species assignments based on the results of the PCA. We
illustrated the probability of population membership and
assigned probability of populations membership.

Admixture analysis

To estimate the genetic admixture proportions within the
three sample complexes the VCF files were converted to
ordinary PLINK files using PLINK version 1.9 (Purcell et al,,
2007). The optimal K value (evaluated from 2-10) and the
admixture proportions (Q-values) up to K= 6 were obtained
with ADMIXTURE version 1.3.0 (Alexander et al., 2009).
The Clumpak program version 1.1 was used for the
clustering and plotting of Q-matrices (Kopelman et al., 2015).

RESULTS
Pre-processing and processing of data

For nuclear DNA, paired reads from 99 individuals were
assembled to 996 reference genes in HybPiper. The average
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number of reads mapped to the references was 5,064,027.
The number of genes recovered was 969 with a mean
coverage of 249.3x. We retained 207 genes after filtering
(see Materials and Methods).

For plastid DNA, we assembled 82 plastomes, 69
corresponding to subsect. Cembroides and 13 to close
relatives. The mean number of reads per sample was
8,985,593 and the mean number of reads that mapped to
the plastid reference was 86,426. The plastomes had a mean
length of 117,610 bp and a mean coverage of 73.5%, ranging
from 8.5 to 1925x. From the 82 assembled plastomes, we
chose 59 with a coverage of 20x or higher and with a mean
coverage of 102.2x (Appendix S5). The three samples with the
highest coverage (P. aristata Engelm. AZ2; 1926.2x,
P. bungeana Zucc. ex Engelm. CN; 1098.7x, and P. cembroides
subsp. orizabensis PL; 437.2x) were sequenced with version 1
of the probes, which included two plastome regions. This
caused a spike in total coverage at two places in the plastome.

Phylogenetic analyses

We assembled a concatenated nuclear alignment with
140,845 bp and 11,281 informative sites. The best ML tree
with partitions by gene (Appendix S7) agreed in topology
with the best tree without partitions (Appendix S8), except
for minor differences in relationships among different
samples of the same species and bootstrap values. Pinus
subsection Cembroides was monophyletic, and samples for
six species were recovered as monophyletic lineages
(Appendix S7).

The plastid DNA alignment was 117,210bp after
removal of ambiguously aligned sites. It included 3378
informative characters and 1884 variable but parsimony
uninformative characters. The Bayesian inference analysis
of the plastid DNA alignment recovered the monophyly of
subsects. Cembroides, Balfourianae, and Gerardianae. In
subsect. Cembroides, P. cembroides subsp. cembroides,
P. maximartinezii, P. monophylla, P. quadrifolia, P. remota
(Little) D.K. Bailey & F.G. Hawksw., and P. rzedowskii were
recovered as monophyletic lineages. Of the taxa recovered
as monophyletic, only P. remota had an incongruent
phylogenetic position between the nuclear and plastid trees
(Appendices S7 and S9).

Lineage tree estimation

The SVDquartets and ASTRAL analyses recovered Pinus
subsection Cembroides as monophyletic and a greater number
of taxa as monophyletic lineages than were recovered with
analyses of plastid DNA and concatenated nuclear genes. In
both coalescent trees, P. discolor, P. culminicola Andresen &
Beaman, P. johannis, P. lagunae, P. maximartinezii, P.
monophylla, P. pinceana Gordon, P. quadrifolia, P. remota,
and P. rzedowskii were recovered as exclusive lineages,
whereas P. cembroides subsp. cembroides, P. cembroides subsp.

orizabensis, P. californiarum, P. edulis, and P. fallax were
nonmonophyletic (Figures 1 and 2). The majority of
monophyletic lineages recovered in both SVDquartets and
ASTRAL received high support (>80% bs and 0.8 Ipp,
respectively) except for P. discolor and P. johannis in the
ASTRAL tree (Figure 2). The interrelationships in the trees
based on SNPs and low-copy nuclear genes were different in
small-cone species but identical in big-cone species (Figures 1
and 2). The level of ILS in the ASTRAL species tree was very
high (0.5), indicating that only 50% of the total (331,985,270)
quartets estimated from gene trees agree with the lineage
tree. The local posterior probabilities for a third of branches
were >0.8 and coalescent branch lengths in the ASTRAL tree
were short for most relationships in the small-cone clade with
an exception in P. culminicola (Figure 2). The percent of gene
discordance showed high levels of conflict in all branches
within subsect. Cembroides. In some branches, no gene tree
agreed (Figure 2).

Coalescent-based species delimitation

From the ultrametric tree inferred with 59 plastid genomes,
we performed delimitation analyses with both single and
multiple threshold GMYC models. Both analyses were
congruent in all independent coalescent groups identified,
except in the “D”, “E”, and “I” groups (Figure 3). The
number of species (clusters and singletons) described below
considers only subsect. Cembroides. Single threshold GMYC
identified 21 species (P=0.05). The single threshold
coalescent model exhibited significantly better fit over the
null model (logLgmyc=-529.7634, logL,.=-524.9513,
LRt = 9.624205, P = 0.008130748**) (Appendix S10). Multi-
ple threshold GMYC recovered four speciation-coalescence
transition events (Appendix S11) and identified 24 species
(P =0.05). The multiple threshold model exhibited signifi-
cantly better fit than the null model (logLgyyc = —530.1472,
10gLoun = -524.9513, LRt = 10.39178, P = 0.005539288**). A
comparison between single and multiple GMYC models
revealed that they were not significantly different from each
other (X*=0.1918, Pyos=0.661437). From 21 species
identified by the single threshold GMYC model, only 5
taxa from subsect. Cembroides have been treated as separate
species based on morphological and molecular evidence
(Gernandt et al.,, 2005; Montes et al., 2019). These taxa
(P. monophylla, P. maximartinezii, P. quadrifolia, P. remota,
and P. rzedowskii) also were exclusive lineages in the
Bayesian inference tree (Appendix S9) whereas with
multiple threshold GMYC only 3 taxa identified in the
subsect. Cembroides clade correspond to recognized species
(P. monophylla, P. maximartinezii, and P. remota). More-
over, multiple threshold GMYC separated individuals of P.
quadrifolia and P. rzedowskii into multiple species. Others
were treated as a single entity with both single and multiple
threshold models, including the P. cembroides subsp.
cembroides + P. cembroides subsp. orizabensis + P. lagunae
clade and the P. californiarum + P. fallax + P. edulis clade.



712

SPECIES DELIMITATION OF PINYON PINES

100

73

100

97

100

96

100

small-cone species

100

84 63

81

|
97 I |
76

11

81

I

92

)

sect.
Parrya

subsect.
Cembroides

100

100

subsect.
Nelsoniae

100

subsect.
Balfourianae

100

_sect.
Quinquefoliae

FIGURE 1

\ P. johannis ZS3
. P.johannis ZS2
' P. johannis SLP 1 =
' P. johannis SLP3
: P. johannis SLP4
: P. johannis SLP2
' P. johannis ZS1
\ P. discolor AZ2
1 P. discolor AZ1

VVTVVV VUV VTV VIV VU VUV VT IV VUV VU U T T VUV VUV VTV IV VUV UV U VI VIV VUV VT T IV VUV UV T TV UV

culminicola NL1
culminicola CL2
culminicola CL1
culminicola CL3
culminicola NL2
culminicola NL3
remota CL4
remota CL1
remota NL
remota CL2
remota CL3
remota TX

. orizabensis PL
. orizabensis PL2
orizabensis PL3
. orizabensis TL

. cembroides ZS1
cembroides ZS3 ~\§

. cembroides HG

. cembroides QO

c. orizabensis PL1
lagunae BS1
lagunae BS2
lagunae BS3
lagunae BS5
lagunae BS4

c. cembroides CH

c. cembroides ZS2
c. cembroides TX
monophylla CA2 -
monophylla NV
monophylla CA1
monophylla CA4
monophylla CA5
monophylla CA3
quadrifolia BC3 -~
quadrifolia BC2
quadrifolia BC4
quadrifolia CA1
quadrifolia BC1
californiarum BC1
californiarum CA1 -
californiarum BC5
californiarum BC2
fallax UT2
californiarum CA3
californiarum BC4
californiarum CA2
californiarum BC3
fallax UT 1
fallax UT3
edulis AZ1
edulisUT2 .
edulis UT3

fallax AZ2

edulis UT1

pinceana ZS
pinceana QO
pinceana SLP
pinceana HG2
pinceana HG1
pinceana DG
maximartinezij ZS2
maximartinezii ZS3
maximartinezii ZS1 -
rzedowskii MN4 \
rzedowskii MN2
rzedowskii MN3
rzedowskii MN
nelsonij SLP:
nelsonii NL
nelsonii TS
nelsonii SLP1
aristata AZ2
aristata AZ1

. aristata CO

SN NN NoNoNoN el

Gerardianae
Krempfianae

Strobus

SVDquartets lineage tree based on SNPs. The small-cone and big-cone clades of Pinus subsection Cembroides are indicated. Transverse
sections of needles by SEM show the needle shape, number of resin canals, and other internal structures. Bootstrap values >50% are shown on branches.
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FIGURE 3 Single-locus, coalescent-based species delimitation. Results presented are based on the plastome tree resulting from Bayesian inference (BI).
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multiple thresholds, and the final vertical bars indicate clusters recovered by GMYC with a single threshold.
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Poisson tree processes estimated 9 to 10 species within
subsect. Cembroides (Figure 3). Bayesian and maximum
likelihood solutions agreed in all independent coalescent groups
identified with the exception of the monophyletic P. cembroides
group (Figure 3). The number of independent coalescent groups
estimated with a moderately to well-supported partition in both
analyses represents 50% of all taxa (Acceptance . = 0.53). The
likelihood plot indicated convergence of Markovian chains
(Appendix S12). The Bayesian solution of PTP estimated more
well-supported species than the maximum likelihood solution
(Appendices S12 and S13). The bPTP-BI analysis estimated
10 species within subsect. Cembroides, and the bPTP-ML
analysis estimated 9 (Figure 3). Of 10 species estimated by
bPTP-BI, only P. cembroides subsp. cembroides, P. monophylla,
P. maximartinezii, P. quadrifolia, P. remota, and P. rzedowskii
were monophyletic lineages in the Bayesian inference tree
(Appendix S9). As with GMYC, bPTP solutions identified
P. californiarum, P. fallax, and P. edulis as a single species
(Figure 3) and all individuals from the P. discolor+
P. johannis + P. culminicola clade as a single species. Based on
the bPTP-BI solution, P. cembroides is divided into two taxa:
P. cembroides subsp. cembroides and P. lagunae + P. cembroides
subsp. orizabensis. However, the bPTP-BI solution did not
identify all individuals of P. lagunae as part of the same species
(P. lagunae BS3). This result was not supported by the bPTP-
ML solution (Figure 3).

Based on the guide tree obtained with SVDquartets, five
different hypotheses were tested with Tr2. The alternative
model (Ha=66208.32) was better than the null model (Ho =
9289676.36). Based on the null hypothesis, Tr2 estimated 8
species in subsect. Cembroides (Figure 4) corresponding to
P. culminicola, P. maximartinezii, P. pinceana, P. remota,
P. rzedowskii, the P. discolor + P. johannis clade, P. cembroides
(together with P. lagunae and P. cembroides subsp. orizabensis),
and the one-needle pines + P. edulis + P. quadrifolia. The best
delimitation model was Hs, which identified thirteen species.
Ten belonged to the small-cone pinyons clade: Pinus
californiarum, P. culminicola, P. cembroides subsp. cembroides +
P. cembroides subsp. orizabensis, P. discolor, P. edulis + P. fallax,
P. johannis, P. lagunae, P. monophylla, P. quadrifolia, and
P. remota, and three to the large-cone pinyons: P. maximarti-
nezii, P. pinceana, and P. rzedowskii. Pinus fallax and
P. cembroides subsp. orizabensis were not identified as
independent evolutionary lineages or species. Particularly,
P. fallax was not recovered as a monophyletic lineage because
two samples (UT3, AZ2) grouped with P. edulis (Figure 4).
These individuals of P. fallax had one and two needles on the
same tree. Another two samples (UT1, UT2) grouped with
P. californiarum (Figure 4). All individuals of this latter cluster
had predominantly solitary needles but both samples of
P. fallax also had one and two needles on the same tree.

Identifying genetic clustering from SNP subsets

The first subset of SNPs for the P. cembroides complex had
22,500 variants. The first three principal components (PCs)

represent 33.1% of the total variation, 16%, 11%, and
6.1%, respectively (Figure 5). The K=2 analysis identified
and separated two different clusters, one comprising all
individuals of P. cembroides subsp. cembroides and P.
cembroides subsp. orizabensis and the second comprising
individuals of P. lagunae. The PC1 had low and positive
values, mainly for P. cembroides subsp. cembroides and
P. cembroides subsp. orizabensis. The PC2 differentiated
P. lagunae from the other taxa. The second set of SNPs for
P. johannis and P. discolor had 29,601 variants. Similarly,
the first three principal components represent 42% of the
total variation, 17%, 14%, and 11%, respectively (Figure 5).
The K=2 analysis differentiated two clusters, one compris-
ing all individuals of P. johannis and the other all
individuals of P. discolor. The PC1 had negative values for
P. discolor. The PC2 had mainly positive values and
differentiated P. johannis from P. discolor. The last set of
SNPs for solitary needle species, P. edulis and P. quadrifolia
had 30,666 variants. The first three principal components
represent 28.8% of the total variation, 17%, 6%, and 5.8%,
respectively (Figure 5). The K = 4 analysis differentiated four
clusters, one composed of individuals of P. monophylla, a
second of individuals of P. quadrifolia, which is nested in P.
monophylla, a third of individuals of P. edulis and only one
sample of P. fallax (UT1) from Utah, and the last cluster is
composed of individuals of P. californiarum and the
remaining P. fallax samples from Utah and Arizona (UT2,
UT3, AZ2). The PCl had positive values mainly for
P. californiarum and P. fallax UT2, UT3, and AZ2, whereas
P. monophylla and P. quadrifolia had negative values. In the
PC2 both P. monophylla and P. quadrifolia were differenti-
ated from the other species. The analysis also separated
P. edulis and P. fallax UT1 from a cluster of all other species.
We performed three discriminant analyses of principal
components (DAPC) retaining the same principal compo-
nents of the PCA (3 PCs). The DAPC results coincide with
the PCA (Figure 5). Eight clusters were differentiated: (I)
Pinus cembroides subsp. cembroides and P. cembroides
subsp. orizabensis distributed from southwestern USA and
north to south-central Mexico; (II) P. lagunae, endemic to
Baja California Sur, Mexico; (III) P. discolor distributed in
southwestern USA (Arizona and New Mexico), northwest-
ern Mexico and southern San Luis Potosi; (IV) P. johannis
distributed in the Sierra Madre Oriental; (V) P. californiar-
um, P. fallax UT2, UT3, and AZ2 are distributed in
southwestern USA and Baja California, Mexico; (VI)
P. edulis and P. fallax (UT1) distributed in southwestern
USA; (VII) P. monophylla distributed in southwestern USA;
and (VIII) P. quadrifolia distributed in southwestern USA
(California) and Baja California, Mexico. All individuals of
this last cluster, including the only sample of P. fallax, share
two needles per fascicle, and. All individuals of this last
cluster have predominantly solitary needles but two samples
of P. fallax had both solitary and two-needle fascicles. The
posterior membership probability calculated for all clusters
was high (>95%), indicating a correct assignment of the
individuals to species (Figure 5).
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Hypotheses
Model Score H1 H2 H3 H4 H5
P. johannis ZS3
P. johannis ZS2
P. johannis SP1
P. johannis SP3
P. johannis SP4
P. johannis SP2
P. johannis ZS1

P. discolor AZ2
P. discolor AZ1
P. discolor AZ3

Null 9289676.36
Model1 80957.89

Model2 72334.75 (*-2.67)
Model3 66208.32*
Model4 79318.81
Model5 66815.97

. discolor SR
. culminicola NL1
. culminicola CL2
culminicola CL1
culminicola CL3
culminicola NL2
culminicola NL3
remota CL4
remota CL1
remota NL
remota CL2
remota CL3
remota TX
orizabensis PL
orizabensis PL2
orizabensis PL3
orizabensis TL
cembroides ZS1
cembroides ZS3
cembroides HG
cembroides QO
orizabensis PL1
lagunae BS1
lagunae BS2
lagunae BS3
lagunae BS5
lagunae BS4
c. cembroides CH
c. cembroides ZS2
c. cembroides TX
monophylla CA2
monophylla NV
monophylla CA1
monophylla CA4
monophylla CA5
monophylla CA3
quadrifolia BC3
quadrifolia BC2
quadrifolia BC4
quadrifolia CA1
quadrifolia BC1
californiarum BC1
californiarum CA1
californiarum BC5
californiarum BC2
fallax UT2
californiarum CA3
californiarum BC4
californiarum CA2
californiarum BC3
fallax UT1
fallax UT3
edulis AZ1
edulis UT2
edulis UT3
edulis AZ2
edulis UT1
pinceana ZS
pinceana QO
pinceana SP
pinceana HG2
pinceana HG1
pinceana CL
maximartinezii ZS2
maximartinezii ZS3
maximartinezii ZS1
rzedowskij MN4
rzedowskii MN2
rzedowskii MN3
rzedowskii MN1
nelsonii SLP2
nelsonii NL
nelsonii TS
nelsonii SLP1
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FIGURE 4 Multi-locus coalescent-based species delimitation scenarios. Results presented are based on the SNPs tree resulting from SVDquartets.
Vertical bars correspond to each lineage recovered as a potential species. Colored vertical bars represent different hypotheses tested (H#). The gray boxes
correspond to the null hypothesis. The best model of delimitation is hypothesis three. The numbers on the branches indicate average differences of posterior
probability scores. “*-” indicates the best delimitation according to the null model. Positive values = between-species branches, negative values = within
species. Values without symbols do not have enough samples to split.
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Admixture analysis The average mean depth of the SNPs for the three

sets was 200x. For the three groups analyzed, the optimal
In total, 29,506 SNPs were obtained for the P. johannis and P. clustering was for two subpopulations (K=2); however, a
discolor group, 22,454 for the P. cembroides group, and 30,609  cluster range of 2 to 6 was evaluated to explore the
for the one-needle pines, P. edulis, and P. quadrifolia group. dynamics of the classifications (Figure 6). Overall, the two
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subpopulations partitioned by the optimal clustering in each
of the three groups did not match exactly with the clade
organization in the SNP tree. In the P. johannis and P. discolor
group, optimal clustering inferred two subpopulation struc-
tures for individuals of P. johannis, sharing one of these
structures with P. discolor. Only one individual (P. johannis
SLP1) in this group showed signs of admixture. For most of
the subsequent higher K values, the subpopulation composed
of only individuals of P. johannis was kept, and at least one of
the other subpopulations was composed of individuals of the
two species. In the P. cembroides group, one subpopulation
(K=2) included individuals of P. cembroides subsp. cem-
broides and P. lagunae, whereas the other subpopulation had
individuals of all three taxa. Three individuals showed signs of
admixture, including one of P. cembroides subsp. orizabensis.
Three of five individuals of P. lagunae that do not have the
same structure (BS3, BS4, and BS5) group with individuals of
P. cembroides from Zacatecas, Mexico (ZS1 and ZS3) (SMOc-
South; Figure 6). The P. lagunae BS3 individual was admixed
with the main subpopulation from the north. Individuals
predominantly from the south (Sierra Madre Oriental-South),
forming one clade, were partitioned in more subpopulations
than the individuals from the north, and thus had more
admixed individuals in the successive K values. The
subpopulations of the one-needled pines, P. edulis, and P.
quadrifolia best matched the order of the clades in the tree
(Figure 6) across most of the K values evaluated. The
admixture run of K=2 in this group resulted in a
subpopulation composed of all the individuals of P. mono-
phylla and P. quadrifolia, three of P. californiarum, one P.
fallax, and three P. edulis. The other subpopulation comprised
individuals of P. californiarum, P. fallax, and P. edulis,
suggesting higher genetic variation and admixture among the
individuals of these species than those of P. monophylla and P.
quadrifolia. For K = 3, a new subpopulation containing mainly
individuals of P. quadrifolia was observed. For the remaining
values of K, the individuals of P. monophylla comprised one
reliable subpopulation. Only one individual from P. quad-
rifolia showed strong admixture proportions with this
subpopulation. Also, for different numbers of ancestral
clusters, individuals of P. californiarum tended to be assigned
to two different subpopulations denoting structure within the
species. For K > 3, certain individuals of P. fallax and P. edulis
were grouped in the same subpopulation as some individuals
of P. californiarum; however, certain individuals of these two
species also constituted an independent subpopulation.

DISCUSSION
Plastid and Nuclear DNA data

Our analyses of plastomes and low copy nuclear genes allowed
us to re-evaluate previous studies of Pinus subsection
Cembroides based on much smaller data sets (Gernandt
etal, 2001, 2005). We analyzed plastomes for a comprehensive
taxonomic sampling from multiple individuals per species

within subsect. Cembroides. The alignment length (117,210 bp)
was shorter, and the number of informative sites (11,281 bp)
was fewer in our plastome alignment of Pinus subgen. Strobus
than the genus-wide alignment by Parks et al. (2012), which
had a total length of 141,265 aligned sites and 15,151
informative characters but only one individual per species.
The plastid DNA relationships among pinyon pines, including
those supported by high bootstrap values, changed somewhat
between the studies. In contrast to Parks et al. (2012),
P. monophyla and P. quadrifolia formed a well-supported clade
(1.0 posterior probability [pp]). Likewise, P. maximartinezii,
P. pinceana, and P. rzedowskii formed another well-supported
clade (1.0 pp).

For nuclear DNA, we used fewer genes for phylogenetic
estimates compared to a previous study (Montes et al.,
2019) because we included an additional criterion to
eliminate genes with exceptionally high substitution rates.
Nonetheless, we added 36 more individuals than Montes
et al. (2019). The individuals cover a greater part of the
geographical distribution of Pinus subsect. Cembroides,
including several individuals per species from edges of their
ranges. For instance, we included eight individuals of
P. californiarum, three from California, and five from Baja
California (including one population from La Asamblea, the
southern limit of the species). We also added four more
individuals of P. pinceana from different populations in
Mexico (Durango, Hidalgo, Querétaro, and Zacatecas), and
expanded sampling of P. cembroides subsp. cembroides
to include individuals from three more populations
(Querétaro, Zacatecas, Mexico and Texas, USA). The
phylogenetic position of taxa with expanded sampling is
consistent with our previous study (Montes et al.,, 2019)
although there are some differences in poorly supported
relationships of closely related taxa.

Coalescent-based species delimitation

Species delimitations were inconsistent among GMYC,
PTP, and Tr2 methods in Pinus subsection Cembroides.
Single-locus based coalescent analyses accurately delimited
the species of the big-cone pinyons, P. maximartinezii,
P. pinceana, and P. rzedowskii. These three Mexican
endemics are easily recognized based on their morpholog-
ically divergent needles, wood anatomy, cones, and seeds
(Malusa, 1992). Also, both GMYC and bPTP methods
identified P. monophylla, P. quadrifolia, and P. remota
as species. These taxa are consistently recognized in
morphological treatments (Price et al., 1998) and have
been recovered as distinct lineages in molecular phyloge-
netic studies (Gernandt et al., 2003; Montes et al., 2019).
Our results support treating P. quadrifolia from south-
western USA and Baja California, Mexico as separate from
the single-needle pinyon pines, P. monophylla from
southwestern USA and P. californiarum distributed in
California and Baja California. Lanner (1974) proposed
that P. quadrifolia originates from recent hybridization
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between P. californiarum and a five-needled species that he
named P. juarezensis Lanner (which we treat as a synonym
of P. quadrifolia). The evidence suggests that P. quadrifolia
is not a hybrid (Montes et al., 2019), although P.
quadrifolia show signs of admixture with some individuals
of P. californiarum and P. monophylla (Buck et al., 2020).

GMYC analyses of plastid DNA recovered more lineages
(up to 24; Figure 3) than bPTP and Tr2. Nonetheless, GMYC
lumped together greater numbers of putative species in the
small-cone clade, mainly in the “A” and “C” groups. Our
results failed to separate P. culminicola, P. discolor, and
P. johannis (Group A). Pinus culminicola has consistently
been treated as a valid species, whereas P. discolor and P.
johannis have been treated as separate species (Perry, 1991,
Price et al, 1998) or as a single variety of P. cembroides
(Farjon and Styles, 1997). The three taxa have been recovered
as a clade in phylogenetic studies (Malusa, 1992; Gernandt
et al., 2003; Ortiz-Medrano et al., 2016; Montes et al., 2019).

The single-locus methods GMYC and bPTP did not
separate P. californiarum, P. edulis, and P. fallax (Group C).
Montes et al. (2019) recognized P. fallax as a valid species
based on its phylogenetic position in an analysis of nuclear
genes but the results from the three species delimitation
methods presented do not support that conclusion here (the
nuclear results are discussed below). Henceforth, we refer to
this taxon as P. edulis var. fallax, as originally proposed by
Little (1968). Pinus californiarum and P. edulis have been
recognized based on morphology, phylogeny, geographic
distribution, and distinctive precipitation regimens (Bailey,
1987; Cole et al., 2008; Montes et al., 2019). However, the
species of clade “C” cluster together and were identified as
only one species by bPTP and GMYC. This result
corroborates the study by LaHood (1995), who found that
populations of P. edulis, P. edulis var. fallax, and P.
californiarum share plastid DNA due to introgression.

Our results reflect both the nature of the molecular data
and the limitations of both bPTP and GMYC methods.
Hernandez-Leén et al. (2013) suggested that including
longer sequences of plastid DNA could improve species
estimates with GMYC in another pine clade, Pinus sect.
Trifoliae Duhamel, but despite obtaining relatively high
resolution among terminals using nearly complete plas-
tomes (~117,000 bp) in this study (Appendix S9), bPTP
identified fewer species than expected whereas GMYC
identified more species.

Our results suggest that even though sampling was
increased and longer plastid DNA sequences were used,
both GMYC and bPTP are not accurate for delimiting pine
species. Many pine and other tree species have large
effective population sizes (Petit and Hampe, 2006), and
the discriminatory power of GMYC and bPTP in recogniz-
ing species with plastome data could be associated with
different biological phenomena, such as plastid capture,
gene flow, and population size (Luo et al., 2018).

Multi-locus analysis with the Tr2 method recovered 13
species (P. californiarum, P. cembroides, P. culminicola, P.
discolor, P. edulis, P. johannis, P. lagunae, P. maximartinezii,

P. monophylla, P. pinceana, P. quadrifolia, P. remota, and P.
rzedowskii). Moreover, our delimitation results with Tr2
and multivariate analyses agreed with recent phylogenetic
analyses (Montes et al., 2019) but failed to identify P. edulis
var. fallax as a distinct species. Although we included one
individual from near the type locality in Gila, Arizona, it
grouped with P. edulis from Utah and Arizona. Thus, our
results support the hypothesis by Little (1968) that single-
needle pinyon pines from Arizona are a taxonomic variety
of P. edulis, which predominantly has two needles per
fascicle. Pinus edulis and P. edulis var. fallax are parapatric
in distribution (Malusa, 1992; Cole et al., 2008) and some
populations co-occur in Arizona and New Mexico. Both
taxa occupy areas with similar seasonal precipitation (Cole
et al., 2008). Needle numbers seem to be associated with
distinct precipitation regimens and seasonality, and partic-
ularly in P. edulis var. fallax the needle numbers could be an
adaptation to water deficit in summer (Cole et al., 2008).
Nevertheless, two individuals of P. edulis var. fallax with one
and two-needles on the same tree (UT1 and UT2) grouped
with P. californiarum. Bailey (1987) studied the morpholog-
ical similarities mainly in needles, resin canals, cones, and
seeds of single-needle pinyons from Arizona and concluded
that they are a taxonomic variety of P. californiarum
(predominantly one-needle).

The phylogenetic position of P. edulis var. fallax
individuals could be reflecting the presence of shared
ancestral polymorphism or introgression from P. edulis var.
fallax into P. californiarum. However, the hypothesis of
introgression from P. edulis var. fallax into P. californiarum
was not recovered using phylogenetic network analysis
(Than et al., 2008) of nuclear genes by Montes et al. (2019).
The coalescent, paleoclimatic, ecological, and genetic
evidence do not reinforce the species boundaries between
P. edulis var. fallax and P. californiarum. Increased sampling
of P. edulis var. fallax populations is required for a more
complete perspective of this taxon.

In morphology-based classifications, P. californiarum and
P. monophylla are united by possessing solitary needles
(Malusa, 1992) and P. californiarum has been considered a
taxonomic variety of P. monophylla (Silba, 1990). Bailey
(1987) segregated P. californiarum from P. monophylla based
on differences in fascicle sheath length, the number of leaf
resin canals, the shape of the base of the seed cone, and seed
size. Our results support Bailey (1987) in recognizing this
taxon as a valid species. Coalescent phylogenetic analyses
recovered P. californiarum as an independent lineage and
sister to P. monophylla and P. quadrifolia (Figures 7 and 8
in Montes et al., 2019). Pinus californiarum occurs in
southeastern and central California and northern Baja
California (Silba, 1990) and co-occurs with P. quadrifolia in
both regions. Although P. californiarum occurs in sympatry
with P. quadrifolia at some sites, it is easy to distinguish one
taxon from the other because P. quadrifolia has approxi-
mately four needles per fascicle. Pinus monophylla and P.
californiarum both occur in California (Bailey, 1987) but are
parapatric or allopatric in distribution (Critchfield and Little,
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1966). The geographic distribution of P. monophylla extends
to western Utah, northwestern Arizona, southern Idaho, and
western Nevada (Critchfield and Little, 1966; Bailey, 1987).
Both single-needle pinyon pines occur in regions with high
winter precipitation (Cole et al, 2008). Morphological,
phylogenetic, paleoclimatic, geographical, ecological, and
genetic evidence support the recognition of P. californiarum
and P. monophylla as separate species.

Pinus quadrifolia and P. monophylla present divergent
morphology in the trunk, number of leaves per fascicle,
number of rows of stomata on the leaves, and leaf anatomy
(Bailey, 1987; Farjon and Styles, 1997). The species are
genetically distinct (Montes et al., 2019; Buck et al., 2020) but
in our PCA analysis, P. quadrifolia is indistinguishable from
P. monophylla. In contrast, DAPC was capable of separating
the two. Pinus quadrifolia is sister to P. monophylla and likely
they share alleles due to shared ancestral polymorphism or
introgression (see below).

Pinus cembroides is distributed in the southern USA
and widespread in Mexico (Critchfield and Little, 1966).
This species was segregated into three taxa (Bailey, 1983;
Passini, 1987) based on morphology and distribution. All
three taxa share characters including a tree growth form
with a monopodial and short trunk, short (4-6 mm) and
loosely imbricate fascicle sheaths, ovoid to cylindric
vegetative buds, rough shoots with non-decurrent or short
decurrent pulvini, and a pinkish megagametophyte (Farjon
and Styles, 1997). Our results support the treatment by
Passini (1987) of P. lagunae as a distinct species from
P. cembroides but do not support the proposal by Bailey
and Hawksworth (1992) to elevate P. cembroides subsp.
orizabensis to specific status. The P. cembroides subsp.
cembroides + P. cembroides subsp. orizabensis clade is
identified as a single species (P. cembroides).

The rooted triplets method had discriminatory power to
delimit P. lagunae and P. cembroides. Pinus lagunae is
endemic to Baja California Sur and is widely separated
geographically from the rest of P. cembroides, whereas
P. cembroides subsp. cembroides and P. cembroides subsp.
orizabensis are allopatric or parapatric (Bailey, 1983). Based
on morphology, P. lagunae differs from P. cembroides in
height, substantially longer leaves (4-7 cm; Passini and
Pinel, 1987), and in internal and external leaf cuticular
characteristics such as an elliptical to rectangular stomatal
apparatus, and circular stomata that usually lack a plug
(Whang et al., 2001). Pinus lagunae occurs in a subtropical
climate on granitic slopes whereas P. cembroides inhabits a
broad elevational range with vegetation types ranging from
semi-desert to montane forest (Bailey, 1983; Passini and
Pinel, 1987; Farjon and Styles, 1997). Moreover, climatic
changes during glacial or interglacial periods in the
Pleistocene may have affected the geographic range and
genetic composition of pine species (Moreno-Letelier and
Pifiero, 2009). We hypothesize that the divergence of
P. cembroides and P. lagunae occurred during the
Pleistocene and the current geographic distribution of
P. lagunae may be the result of climatic fluctuations during

that time, resulting in an expansion of its range towards the
south and its subsequent persistence in the southern Baja
California refuge. A similar history was reported in the
columnar cactus Pachycereus pringlei (S. Watson) Britton &
Rose distributed in the Baja California Peninsula and the
Sonoran Desert where the interaction of climatic fluctuations,
historical vicariance, and dispersal can explain its current
biogeographic pattern (Gutiérrez-Flores et al., 2016).

The rooted triplets method and multivariate analyses
also were congruent in recovering P. discolor and
P. johannis as separate species. Our results support previous
studies (Flores-Renteria et al., 2013, Ortiz-Medrano et al.,
2016; Montes et al, 2019) in treating P. discolor and
P. johannis as distinct. Pinus discolor is not a synonym of
P. johannis as suggested by Passini (1994). Pinus johannis
and P. discolor are morphologically similar, although some
differences have been identified. For instance, the number of
cotyledons was reported as 6-11 in P. johannis and 8-15 in
P. discolor (Robert, 1978; Little, 1968), height was reported
as 2 to 6 m in P. johannis and 5 to 12 m in P. discolor (Bailey
and Hawksworth, 1983), and growth form was described as
a multi-stemmed shrub or tree in P. johannis compared to a
tree in P. discolor (Bailey and Hawksworth, 1979) but these
claims have caused confusion and disagreement. The two
taxa have yet to evolve clear morphological differences
although apparently, they are geographically separated. The
distribution of P. johannis is restricted to the Sierra Madre
Oriental whereas P. discolor occurs in the Sky Islands of
the southwestern USA, the Sierra Madre Occidental, and the
southern Sierra Madre Oriental in San Luis Potosi (Bailey
and Hawksworth, 1979). Moreover, P. johannis develops on
sand-textured lithic rendzina or calcareous soils (Robert,
1978) whereas P. discolor occurs on arid slopes and ridges
(Farjon and Styles, 1997). Populations of P. discolor are
adapted to a mild winter climate (Little, 1968), whereas
P. johannis is adapted to a longer winter period from
October to March (Robert, 1978).

Pinus discolor and P. johannis differ significantly in the
concentration of sabinene-related monoterpenes such as
sabinene, thujene, y-terpinene, terpinolene, and p-cymene.
Pinus discolor produces a higher quantity of these mono-
terpenes compared to P. johannis, which has them in trace
amounts (Zavarin and Snajberk, 1986). Traditionally, ter-
penes have been used as a character to differentiate species of
pines (Miti¢ et al., 2017) but the differences are not always
significant at the species level because the composition of
monoterpenes differs very little among species or there is
great variability in composition of monoterpenes within
species (Zavarin et al., 1980; Snajberk and Zavarin, 1986;
Zavarin and Snajberk, 1987).

Admixture analysis
Our results provide a picture of possible interbreeding in

the three groups of small-cone pinyon pines: (1) Pinus
cembroides subsp. cembroides, P. cembroides subsp.
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orizabensis, and P. lagunae; (2) P. johannis and P. discolor;
and (3) P. californiarum, P. edulis var. fallax, and
P. monophylla. For all values of K analyzed (2 to 6), two
subpopulations (K=2) were the optimal clustering in this
study (Figure 6). The number of subpopulations partitioned
by the optimal clustering did not coincide with the number
of lineages in the SNPs tree, particularly in the single-needled
pinyons, P. edulis, and P. quadrifolia subgroup where five
previously hypothesized taxa are considered (Figure 6) and
the best model of K in admixture resulted in two
subpopulations. Distribution of ancestry fractions indicate
that P. monophylla (s.s.) shares genetic diversity with
individuals of P. quadrifolia, P. californiarum, P. edulis, and
P. edulis var. fallax. Buck et al. (2020) reported from 1868
SNPs that interbreeding does occur between P. californiarum
and P. quadrifolia, as well as between P. quadrifolia and
P. monophylla, and less commonly between P. monophylla
and P. californiarum. Also, Montes et al. (2019) detected gene
flow in P. edulis from P. monophylla using nuclear genes and
SNPs. The other subpopulation indicates that individuals of
P. edulis and P. edulis var. fallax are introgressed with
P. californiarum but the direction of gene flow was not
determined (Montes et al., 2019). Our results suggest higher
genetic variation and admixture among the individuals of
P. edulis, P. edulis var. fallax, and P. californiarum than those
of P. monophylla and P. quadrifolia. Although interbreeding
occurs between P. monophylla and P. quadrifolia it is less
common (Buck et al., 2020). We observed genetic structure
in P. californiarum, P. monophylla, and P. quadrifolia for
K=3 to K=6, supporting that they are genetically distinct
species. Conversely, we did not observe genetic structure
between P. edulis and P. edulis var. fallax.

Distribution of ancestry fractions indicates that
P. lagunae is introgressed with P. cembroides. According
to Montes et al. (2019), evidence of reticulation between
P. lagunae and P. cembroides was weak but signatures of
admixture could be the result of long-distance pollen
dispersal. Both species release their pollen in a short
interval of time from May to July (Farjon and Styles, 1997).
However, P. cembroides and P. lagunae are sisters and it is
more likely that their shared genetic diversity is due to
retention of ancestral polymorphism.

Distribution of ancestry fractions indicates that
P. johannis is introgressed with P. discolor but this was
not detected by Montes et al. (2019). Pinus discolor
and P. johannis are closely related and share little genetic
diversity that can be caused by introgression or ILS. This
sign of admixture occurs only in one individual of
P. johannis from San Luis Potosi where Pinus discolor
and P. johannis come into close contact, separated by a ca.
120km between San Miguelito Mountains and Las
Charcas. Our results showed genetic structure in these
species and support that they are genetically distinct.
Nonetheless, more field work is needed in San Luis Potosi
to explore the evidence of historical contact between
P. discolor and P. johannis.

Perspectives for the use of coalescent-based
methods of species delimitation

Employing data from target enrichment and genome
skimming (Hyb-Seq; Weitemier et al., 2014) permitted us to
delimit species using plastome and nuclear DNA sequences in
a group of pines. Moreover, we examined the utility of using
coalescent-based models to assess the boundaries with single-
locus and multi-locus data. Our study revealed the potential of
using single and multi-locus methods to estimate species in the
presence of ILS and recent divergence (Gernandt et al., 2008;
Montes et al., 2019). The multi-locus method Tr2 provided an
estimate that better matched our expectations based on
morphology, geography, and previous genetic studies.
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Appendix S1. List of individual taxa used in this study. The
ID locality is based in ISO 3166-2, RENAPO, MX.

Appendix S2. Details for designing target DNA enrichment
probes for conifers and processing of Hyb-Seq data.

Appendix S3. Conditions and concentrations of the
parallel sequencing per sample. Sequencing depth=
unenriched:enriched. The ID locality is based in ISO
3166-2, RENAPO, MX.

Appendix S4. Informativeness profile. (A) Plot of the genes
list identified in PhyDesign with unusually high inferred
substitution rates. Colored lines represent nuclear genes.
(B) List of nuclear genes with unusually high inferred
substitution rates. A total of 22 genes were eliminated from
sampling.

Appendix S5. List of the individual taxa and statistics for
plastome coverage. **Plastomes assembled and used in this
study.

Appendix S6. Species delimitation hypotheses in Tr2. The
hypothesis was tested according to the species reported for
subsection Cembroides in several studies (Lanner, 1974;
Bailey, 1987; Price et al., 1998; Gernandt et al., 2005; Montes
et al., 2019). The numbers represent lineages.

Appendix S7. Maximum likelihood tree based on low-copy
nuclear genes. Results presented are based on the concate-
nated analysis with partitions. Bootstrap support values
>50% are shown on branches. The abbreviations of the
states are based on ISO3166-2:MX. Subsections are colored,
Cembroides by blue branches, Balfourianae by orange,
Nelsoniae by green, Gerardianae by purple, Krempfianae by
navy blue, and Strobus by gray.

Appendix S8. Maximum likelihood tree based on low-copy
nuclear genes. Results presented are based on the concate-
nated analysis without partitions. Bootstrap support values
>50% are shown on branches. The abbreviations of the
states are based on ISO3166-2:MX. Subsections are colored,
Cembroides by blue branches, Balfourianae by orange,
Nelsoniae by green, Gerardianae by purple, Krempfianae by
navy blue, and Strobus by gray.

Appendix S9. Bayesian inference (BI) tree based on
plastome sequences. We included plastomes with coverage
>20x with some exceptions reported in this appendix.
Posterior probability (PP) values > 0.5 from the BI analysis
are shown on branches. The abbreviations of the states are
based on ISO3166-2:MX.

Appendix S10. Generalized Mixed Yule Coalescent using
single thresholds models. Results presented are based on the
plastome tree resulting from Bayesian inference (BI).
Colored areas corresponding to each cluster are identified
as potential species. The blue line represents the transition
between coalescence and speciation. The corresponding
lineage-through-time plot is given on the upper left. The
coalescent model of sGMYC exhibited significantly better fit
over the null model (loglgyyc=-529.7634, logL,.=
-524.9513, LRt = 9.624205, P = 0.008130748**)

Appendix S11. Generalized Mixed Yule Coalescent using
multiple thresholds models. Results presented are based on
the plastome tree resulting from Bayesian inference (BI).
Colored areas corresponding to each cluster identified as
potential species. The corresponding lineage-through-time
plot is given on the upper left. The coalescent model of
mGMYC exhibited significantly better fit than the null
model (logLgayc = -530.1472, logL, . =-524.9513, LRt =
10.39178, P = 0.005539288**).

Appendix S12. Poisson tree processes using Bayesian
inference solution. Results presented are based on the plastome
tree resulting from Bayesian inference (BI). Colored areas
corresponding to each cluster are identified as potential
species. The likelihood plot indicated convergence of Marko-
vian chains on the upper left. Bootstrap values (left) and
posterior probability (right) are shown on branches.

Appendix S13. Poisson tree processes using maximum
likelihood solution. Results presented are based on the
plastome tree resulting from Bayesian inference (BI).
Colored areas corresponding to each cluster identified as
potential species. Bootstrap values are shown on branches.

Appendix S14. Concatenated alignment of nuclear genes.
Appendix S15. Concatenated alignment of SNPs.

Appendix S16. Plastome alignment with partitions, coding,
and noncoding blocks.
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