RESEARCH ARTICLE
A M E R I C A N J O U R N A L O F B O TA N Y

I N V I T E D PA P E R
For the Special Issue: The Evolutionary Importance of Polyploidy

Ecological distributions, phenological isolation,
and genetic structure in sympatric and parapatric
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PREMISE OF THE STUDY: Polyploidy is widely recognized as a mechanism of diversification. Contributions of polyploidy to specific pre- and postzygotic
barriers—and classifications of polyploid speciation as “ecological” vs. “non-ecological”—are more contentious. Evaluation of these issues requires comprehensive studies that test ecological characteristics of cytotypes as well as the coincidence of genetic structure with cytotype distributions.
METHODS: We investigated a classical example of autopolyploid speciation, Larrea tridentata, at multiple areas of cytotype co-occurrence. Habitat and
phenological differences were compared between diploid, tetraploid, and hexaploid populations on the basis of edaphic, community composition, and
flowering time surveys. Frequency of hybridization between diploids and tetraploids was investigated using a diploid-specific chloroplast DNA (cpDNA)
marker; genetic structure for all cytotypes was assessed using amplified fragment length polymorphisms (AFLPs).
KEY RESULTS: Across contact zones, we found cytotypes in habitats distinguished by soil and vegetation. We observed modest differences in timing and
production of flowers, indicating a degree of assortative mating that was asymmetric between cytotypes. Nonetheless, cpDNA analyses in diploid–
tetraploid contact zones suggested that ~5% of tetraploid plants had hybrid origins involving unilateral sexual polyploidization. Genetic structure of
AFLPs largely coincided with cytotype distributions in diploid–tetraploid contact zones. In contrast, there was little structure in areas of contact between
tetraploids and hexaploids, suggesting intercytotype gene flow or recurrent hexaploid formation.
CONCLUSIONS: Diploid, tetraploid, and hexaploid cytotypes of L. tridentata are segregated by environmental distributions and flowering phenology in
contact zones, with diploid and tetraploid populations having corresponding differences in genetic structure.
KEY WORDS AFLPs; chromosome evolution; cryptic species; ecological speciation; flowering phenology; Larrea tridentata; Zygophyllaceae

Polyploidy, or whole-genome duplication, is recognized as a major
evolutionary mechanism in angiosperms (Masterson, 1994; Otto
and Whitton, 2000; Soltis et al., 2007; Wood et al., 2009). The role
genome duplication plays in speciation is disputed, however, as
polyploidy is considered both a clear example of instantaneous,
nonecological speciation as well as a fundamentally ecological process
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involving rapid adaptation to novel habitats (Stebbins, 1940; Lewis,
1967; Thompson and Lumaret, 1992; Schluter, 2000; Coyne and
Orr, 2004; Sobel et al., 2010). Intrinsic postzygotic reproductive
barriers between diploids and polyploids arising from F1 hybrid
inviability (“triploid block”) and sterility are well documented and
historically have been considered pivotal elements that drive divergence between cytotype populations (Marks, 1966; Köhler et al.,
2010). Yet, the strength of these barriers is taxon dependent, and
intercytotype gene flow has been shown to occur with greater frequency than previously thought, especially among higher ploidy
levels (Ramsey and Schemske, 1998, 2002; Husband, 2004; Mandáková
and Münzbergová, 2008; Hersch-Green and Cronn, 2009; Köhler
et al., 2010; Hersch-Green, 2012; Vallejo-Marin and Lye, 2013).
Moreover, immediate effects of genome duplication on phenological, physiological, and life-history traits—well known from agricultural systems in which polyploids have been experimentally
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induced—may underlie prezygotic and ecologically mediated aspects of reproductive isolation (Husband et al., 2008; Maherali
et al., 2009; Ramsey, 2011). Indeed, studies of natural polyploids point
to a role of pollen–pistil interactions, flowering phenology, and
pollinator behavior as factors mediating intercytotype gene flow
(Husband and Schemske, 2000; Thompson and Merg, 2008; Baldwin
and Husband, 2011; Borges et al., 2012).
For evolutionary biologists to test polyploidy as an agent of ecological speciation and adaptation, polyploid species complexes require comprehensive analysis of spatial distributions, environmental
associations, and reproductive characteristics to identify cytotype
differences of potential biological significance. Surprisingly, despite
the focus of early students of polyploidy on the discipline of cytogeography, there are few rigorous and multifaceted studies of the
ecology of polyploids (Ramsey and Ramsey, 2014). Prior to the
1970s, for example, broad conclusions about the environmental
distributions of related diploids and polyploids were drawn from
only a few chromosome-counted individuals (Müntzing, 1936;
Clausen et al., 1940, 1945; Stebbins, 1950; Lewis, 1980). While the
emergence of flow cytometry methods increased the scope and
sampling effort of ecological studies in the 1980s and 1990s (Doležel
et al., 2007), there remained a tendency for work to be conducted
on small spatial scales without geographic replication, and to focus
on comparisons of diploid vs. tetraploid populations while ignoring higher ploidy levels that exist in many study systems (Lumaret
et al., 1987; Lumaret and Barrientos, 1990; Keeler, 1992; Petit et al.,
1997, 1999; Husband and Schemske, 2000). Ecological niche modeling has recently addressed some of these shortcomings but may
not be appropriate to evaluate cytotype differences at small spatial
scales that relate principally to edaphic or plant community differences rather than climate parameters, or that involves phenological
variation rather than spatial distributions (McIntyre, 2012; Godsoe
et al., 2013; Laport et al., 2013; Glennon et al., 2014).
Phylogeographic analyses of polyploid species complexes—
initially focused on the chloroplast genome but increasingly leveraging nuclear markers—have similarly been built on geographically
limited sampling and have generally lacked replication and environmental context (van Dijk and Bakx-Schotman, 1997; Segraves
and Thompson, 1999; Sharbel and Mitchell-Olds, 2001; Doyle et al.,
2002; Sang et al., 2004; Parisod and Bresnard, 2007; Schönswetter
et al., 2007; Mándaková and Münzbergová, 2008; Raabová et al., 2008;
Hersch-Green and Cronn, 2009). While these studies have proven
invaluable for evaluating issues regarding the origins of polyploidy
(e.g., auto- vs. allopolyploidy, single vs. multiple polyploid establishments), they are less insightful about the significance of ploidy
variation in restricting gene flow or mediating local adapation. To
resolve these issues, environmentally structured and geographically
replicated analyses across cytotype contact zones are needed to
evaluate the coincidence of population genetic structure with
ploidy variation, spatial isolation of populations, and ecological parameters that influence plant distributions (Barton, 1979; Hardy
et al., 2000; Rebernig et al., 2010a, 2010b; Soltis et al., 2010; Sampson
and Byrne, 2012; Martin and Husband, 2013; Roccaforte et al.,
2015; Servick et al., 2015).
Here we report on the environmental distributions, flowering
phenology, and genetic structure of cytotype populations in the
North American creosote bush [Larrea tridentata (DC.) Coville;
Zygophyllaceae]. Regarded as a classic autopolyploid complex
(Hunziker et al., 1977; Lewis, 1980), the species comprises three
chromosome races that are distributed widely throughout the
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Chihuahuan (diploids; 2n = 2x = 26), Sonoran (predominantly tetraploids 2n = 4x = 52), and Mojave (predominantly hexaploids; 2n
= 6x = 78) Deserts of the southwestern United States and northern
Mexico (Laport et al., 2012, 2013). Prior studies of creosote bush
indicate the cytotypes evolved recently (ca. 1 million years ago;
Laport et al., 2012), minimizing time for postpolyploidization adaptation. Yet, the cytotypes differ slightly in morphology and
growth form (Barbour, 1969; Yang, 1970; Laport and Ramsey,
2015), suggesting there has been adaptation to unique desert habitats
(Laport et al., 2013). This cytotype differentiation includes the tetraploid, L. tridentata var. arenaria L. D. Benson, which is restricted to sand dunes in southeastern California (Benson and
Darrow, 1981; Felger, 2000; Laport et al., 2012). Recent work utilizing guard cell measurements (Hunter et al., 2001) and flow cytometry (Laport et al., 2012) reveals that the cytotypes have complex
distributions, and several areas of close parapatry and sympatry
have been identified at their distributional margins (Laport and
Ramsey, 2015).
On the basis of extensive field sampling across diploid, tetraploid, and hexaploid populations, and analyses of chloroplast DNA
sequences and amplified fragment length polymorphisms (AFLPs),
we addressed the following questions: (1) Do cytotypes have distinct environmental and habitat distributions in zones of contact
across the desert southwest? (2) What patterns of flowering synchrony and F1 hybrid formation occur within and across cytotype
populations? (3) Is genetic structure of populations in contact
zones coincident with the distribution of cytotypes? On the basis of
these multifaceted and geographically replicated analyses, we discuss the possible significance of genome duplication to ecological
adaptation and speciation in creosote bush and the types of investigations that could build upon these analyses to better illuminate
patterns of ecological and genetic divergence.
MATERIALS AND METHODS
Field localities—Prior field sampling and flow cytometry identified
distributional boundaries between chromosome races and indicated
that cytotype co-occurrence within populations is rare (Laport
et al., 2012; Laport and Ramsey, 2015). Here, we use transects in six
areas of sympatry (cytotypes occurring within ca. 20 m at the same
site) and close parapatry (pure cytotype populations separated by a
few kilometers) established by Laport and Ramsey (2015) that cross
cytotype distributional boundaries (Fig. 1), to investigate patterns
of intercytotype ecological differentiation and genetic structure.
The transects range from 30 to 50 km long with populations occurring at 3–7 km intervals spanning the distance between pure cytotype populations identified previously by Laport et al. (2012). At
each population, 20–50 plants were randomly sampled in relatively
undisturbed habitats offset at least 25–50 m from roads and agricultural land use (Laport and Ramsey, 2015).
Habitat and plant community associations—We investigated

whether the cytotypes occur in distinct habitats where they come
into contact, by evaluating elevation, soil texture, soil pH, and vegetation characteristics at sites along transects in contact zones (Fig.
1). Elevations were recorded from GPS readings. Soil texture (via
sedimentation analyses) and pH were determined for two bulk soil
samples per transect site collected with a hand trowel to a depth of
ca. 25 cm after removing overlying large gravel or stone (Table 1;
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FIGURE 1 (A) Locations of sampling transects at the distributional boundaries between cytotypes. Colored areas represent approximate ranges of
diploid (green), tetraploid (blue), and hexaploid (red) Larrea tridentata, and tetraploid L. tridentata var. arenaria (yellow). (B) Transect details showing
individual sites. Pie charts indicate the proportion of diploids (white), tetraploids (gray), hexaploids (black), L. tridentata var. arenaria (striped), and
triploids or pentaploids (stippled; at Algodones S 3, Kofa 2, San Pedro 4, Gila 3). Scale bars in each transect panel indicate approximately 5 km. Modified from Laport and Ramsey, 2015.

Laport et al., 2013). Soil samples were collected from representative
portions of each site, with samples from sympatric sites representing portions of the site dominated by each of the co-occurring cytotypes. Vegetation was surveyed in the winter and spring of 2011
in two 20 × 20 m sampling plots at each transect site to investigate
species richness and composition differences between diploid, tetraploid, and hexaploid sites. Vegetation plots were located in representative portions of each site. At sympatric sites, one plot was
located in each portion of the site dominated by each of the cooccurring cytotypes. In each plot, the density and basal area of woody
perennial species (e.g., trees, shrubs, and cacti) were recorded (Tables 1, 2). Basal area estimates were derived from stem diameter

measurements made at the soil surface for all stems. For prostrate
and densely multistemmed species, we measured the diameter of a
circle approximating the entire footprint of the plant.
Vegetation associations with L. tridentata cytotypes were evaluated with nonmetric multidimensional scaling (NMS) ordinations
implemented by the vegan (v2.0.3) CRAN library for community
ecology analyses in the R statistical package (v2.14.1, R Foundation
for Statistical Computing, Vienna, Austria). We analyzed individual plot data (two plots per site) for the two transects of each type.
All ordinations were implemented on square-root transformed and
Wisconsin double-standardized data using Bray–Curtis dissimilarities (McCune and Grace, 2002). We also analyzed elevation, soil
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TABLE 1. Summary table of elevation, soil properties, and vegetation in sites occupied by diploid, tetraploid, and hexaploid Larrea tridentata, and tetraploid L.
tridentata var. arenaria, in natural contact zones. Vegetation data are summarized by species richness (S), total density (D), and total basal area (BA); individual
plant species are reported in Table 2 and Appendix S4.

Cytotype contact
2x/4x
2x/4x
2x/4x
2x/4x
2x/4x
2x/4x
2x/4x
2x/4x
2x/4x
4x/6x
4x/6x
4x/6x
4x/6x
4x/6x
4x/6x
4x/6x
4x/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x
arenaria/6x

Transect name

Site

Ploidy

Elevation (m a.s.l.)

Gravel (%)

Sand (%)

pH

S

D

BA (m2)

SanPedro
SanPedro
SanPedro
SanPedro
SanPedro
Gila
Gila
Gila
Gila
Salton
Salton
Salton
Salton
Salton
Kofa
Kofa
Kofa
Algodones N
Algodones N
Algodones N
Algodones N
Algodones N
Algodones N
Algodones S
Algodones S
Algodones S
Algodones S

1
2
3
4
5
1
2
3
4
1
2
3
4
5
1
2
3
1
2
3
4
5
6
1
2
3
4

4x
4x
2x/4x
2x
2x
4x
4x
2x
2x
6x
6x
4x
4x
4x
6x
4x/6x
4x
4x
4x
4x/6x
4x/6x
4x/6x
6x
4x
4x
4x/6x
6x

779.5
797.0
806.5
821.5
832.0
620.0
654.0
874.0
782.5
157.0
35.5
−3.5
−33.5
−53.0
406.0
124.5
133.5
9.5
38.0
82.0
113.5
158.5
344.0
19.5
49.5
87.0
174.5

7.7
31.7
25.5
18.0
20.7
33.0
36.5
25.9
27.4
8.4
18.8
0.3
5.8
7.5
47.5
22.3
27.7
3.1
0.0
15.2
21.1
35.4
51.9
7.4
4.6
17.1
41.2

34.2
72.4
74.9
67.4
68.3
73.7
67.5
33.9
57.2
84.8
79.0
58.2
73.6
80.1
57.9
72.9
74.0
93.2
95.4
85.0
77.4
75.2
80.2
89.1
92.7
88.7
72.1

8.5
8.6
8.0
7.9
8.2
7.9
8.1
7.9
7.2
8.5
8.2
8.4
9.2
8.5
8.3
8.2
8.0
8.3
8.4
8.1
8.1
8.1
8.3
8.2
8.2
8.2
8.5

3
5
8
7
10.5
9
11.5
13.5
7.5
4.5
2.5
2.5
3
4
6.5
3.5
2.5
3.5
4
2.5
3.5
6
10
5.5
3.5
4
9.5

146
136
117.5
106.5
138
97
97
88.5
66.5
24
15.5
9.5
12
28
67
40.5
51
18.5
23
12.5
20
29.5
46.5
36
17.5
44
90

4.0
5.7
2.7
2.9
1.7
1.2
1.6
1.6
1.5
0.2
0.2
0.1
0.1
11.2
0.7
1.1
1.9
4.3
11.9
0.3
1.3
0.4
0.3
8.4
35.4
0.7
0.5

texture (percentage gravel, percentage sand), species richness, total
basal area, and total plant density data with a multivariate analysis
of variance (MANOVA) model in the JMP statistical software
package (version 9; SAS Institute, Cary, North Carolina, USA);
ploidy, transect, ploidy × transect, and site (nested under ploidy
and transect) were included as effects. We then used univariate
ANOVA with sequential Bonferroni corrections to analyze attributes individually.
Flowering phenology analyses—We monitored flowering phenology on an approximately weekly interval during the spring bloom
of 2010 at each site along transects in areas of cytotype contact (Fig.
1). We recorded the total number of open flowers on two randomly
selected, marked stems for 12 individuals of known ploidy. In sympatric sites, 12 plants of each cytotype were monitored. Flowers
were counted as open when all petals had emerged from the bud.
For each site, we calculated the mean and total number of flowers
produced by individuals of each cytotype over the monitoring period, the date of first flowering, and the peak flowering date (date

on which the largest number of flowers were open). Flower counts
made along each transect were +0.5 square-root-transformed before analysis with repeated measures ANOVA models in JMP that
included ploidy, transect, date, ploidy × transect, ploidy × date, and
transect × date as effects.
Differences in flower production and phenological asynchrony
may result in assortative mating. To evaluate the larger biological
significance of flowering differences between cytotypes in sympatry, we performed calculations of assortative mating (i.e., reproductive isolation associated with flowering differences and assuming
no differences in pollinator visitation or performance) following
Sobel and Chen (2014: eq. 4S1 in appendix A):
RIAssortative Mating

1− 2

i

A i A total Bi A i

Bi ,

(1)

where A and B are the number of flowers produced by the two
co-occurring cytotypes on each survey day (i). This formula determines the expected number of intra- and intercytotype matings from

TABLE 2. Woody perennial plant species that were most prevalent (highest densities) at closely parapatric and sympatric diploid, tetraploid, and hexaploid
Larrea tridentata, and tetraploid L. tridentata var. arenaria sites.

Diploid–tetraploid transects
Diploid sites
Cylindropuntia spp.
Larrea tridentata
Carnegiea gigantea
Calliandra eriophylla
Acacia greggii
Prosopis velutina

Tetraploid–hexaploid transects

L. tridentata var. arenaria–hexaploid transects

Tetraploid sites

Tetraploid sites

Hexaploid sites

L. tridentata var. arenaria sites

Hexaploid sites

Larrea tridentata
Acacia greggii
Cylindropuntia spp.
Prosopis velutina
Carnegiea gigantea
Ferocactus spp.

Larrea tridentata
Ambrosia dumosa
Atriplex polycarpa
Hesperocallis undulata
Prosopis velutina
Ambrosia illicifolia

Larrea tridentata
Cylindropuntia spp.
Ambrosia dumosa
Fouqueria splendens
Fagonia californica
Encelia farinosa

Larrea tridentata
Ephedra spp.
Ambrosia dumosa
Hesperocallis undulata
Cylindropuntia spp.
Ambrosia ilicifolia

Cylindropuntia spp.
Larrea tridentata
Ambrosia dumosa
Fagonia californica
Fouqeria splendens
Simmondsia chinensis
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the observed number of flowers present on each sympatric cytotype
on each survey day, treating each flower as a potential reproductive
unit and assuming random mating. We calculated the assortative
mating for each sympatric cytotype to examine asymmetric values of
assortative mating. Positive values indicate assortative mating (higher
probability of intracytotype mating) and negative values indicate dissasortative mating (higher probability of intercytotype mating).
Genetic structure: Intercytotype hybridization—To investigate the

frequency of intercytotype hybridization, we first screened for triploids among naturally recruited seedlings at the diploid–tetraploid
sympatric site (San Pedro 3; Fig. 1B) using flow cytometry following Laport et al. (2012) to infer ploidy. We collected 427 seedlings
from spring 2009 to 2012 and assumed all seedlings were recruited
within a few years of sampling due to the low rates of seedling transitions to adults in L. tridentata (Chew and Chew, 1965). Nuclei
extracted from silica-dried seedling tissue were stained with propidium iodide and run on a FACSCalibur flow cytometer (B-D Biosciences, San Jose, California [CA], USA). We used L. tridentata
tissue of previously determined DNA content (Laport et al., 2012),
or plant tissue recommended in Doležel et al. (2007) as internal
standards (Raphanus sativus cv. Saxa, 2C DNA content = 1.11 pg;
Glycine max cv. Polanka, 2C DNA content = 2.50 pg) in each sample. We determined 2C DNA content and ploidy from the relative
fluorescence (FL2-A) of each sample relative to the internal standard in CellQuest Pro Software (version 5.2.1; B-D Biosciences).
Additional details are provided in the Supplemental Data with the
online version of this article (Appendix S1).
We next asked whether hybridization occurred through the formation of tetraploid hybrids via unilateral sexual polyploidization
(i.e., tetraploid plants generated by unreduced gamete-producing
diploids in diploid–tetraploid crosses). In a landscape-level analysis
of chloroplast DNA (cpDNA) variation, Laport et al. (2012) found
that all hexaploids, and 292 of 294 tetraploids, had a trinucleotide
deletion in the rpoB-trnC intergenic spacer, while diploids were
fixed for an insertion. Such easily scored and cytotype-specific
DNA polymorphisms are rarely available for study in autopolyploid
systems, and the indel presents an opportunity to characterize intercytotype hybrid formation. We note that the chloroplast is paternally
inherited in Larrea (Yang et al., 2000) and that this cpDNA marker
will only identify F1 tetraploid hybrids that were sired by a diploid
plant. Moreover, a tetraploid plant with the diploid-specific cpDNA
marker may have been produced by a cross between two tetraploid
plants in a prior generation, where the male tetraploid parent had
hybrid ancestry involving a cross between diploid and tetraploid
plants at some point in the past. Despite these caveats, the rpoB-trnC
intergenic spacer provides valuable insights regarding intercytotype
hybridization in this study system (Laport et al., 2012).
Triploid and tetraploid seedlings were sequenced for the rpoBtrnC haplotype at the diploid–tetraploid sympatric site (San Pedro
3; see below) because very few seedlings were observed at other
mixed cytotype sites in the surveyed years. To investigate whether
tetraploid hybrids may reach maturity, however, we sequenced 246
adult individuals of known cytotype on the two diploid–tetraploid
transects (Fig. 1B) for rpoB-trnC polymorphism (154 diploids, 92
tetraploids; Laport and Ramsey, 2015; Appendix S2, see online Supplemental Data); we analyzed partitioning of cpDNA haplotype
variation between populations of adult diploids and tetraploids
using an analysis of molecular variance (AMOVA) in the program
Arlequin (v3.5; Excoffier and Lischer, 2010).

For all analyses (seedling and adult), we extracted DNA from
silica-preserved tissue using QIAGEN DNeasy plant kits (QIAGEN,
Valencia, CA, USA) and performed PCR amplification and sequencing reactions following protocols outlined by Laport et al. (2012).
Sequences were manually edited using the program Sequencher
(version 4.1; Gene Codes, Ann Arbor, Michigan, USA), and manually aligned and edited in the program MacClade (version 4.08;
Maddison and Maddison, 2002).
Genetic structure: Amplified fragment length polymorphisms—

We investigated patterns of genetic structure among all cytotypes
on a subset of transects that include a sympatric site or putative
hybrids. We generated AFLPs for 29 diploids, one triploid, and 30
tetraploids on the San Pedro transect; 19 diploids, one triploid,
and 13 tetraploids on the Gila transect; 19 tetraploids, two pentaploids, and 19 hexaploids on the Kofa transect; and 28 tetraploid
L. tridentata var. arenaria, two pentaploids, and 26 hexaploid
L. tridentata on the Algodones S transect (Fig. 1B). Plants were
sampled representatively from each site on the analyzed transects.
DNA was extracted from silica-preserved tissue with QIAGEN
DNeasy plant kits. Fragment generation was modified from Vos
et al. (1995) and Hazen et al. (2002) using protocols outlined by
Lambert et al. (2013). We used a digestion–ligation with EcoRI and
MseI endonucleases and double stranded adaptors, and reduced
the fragment pool with preselective amplifications using primers
complimentary to the adaptor sequences plus an additional base
(EcoRI+A and MseI+C). Selective PCR amplifications were carried out with 5′-FAM6-labeled primers specific to the EcoRI adaptor (5′-FAM6-EcoRI+AGGCT, and 5′-FAM6-EcoRI+AGCAG)
and unlabeled primers complimentary to the MseI adaptor
(MseI+CTGAA and MseI+CTTGA), resulting in four nonoverlapping fragment sets. Detection and sizing of AFLP bands was
performed with the program Peak Scanner (ver. 1.0; Applied Biosystems, Waltham, Massachusetts, USA) using default parameters; binning and scoring was performed with the R package RAWGENO
(ver. 2.0.1; Arrigo et al., 2009). Fragments <100 relative fluorescent units were discarded. After scoring, data from the four fragment sets were merged into a single file for population structure
analyses. We adopted a fragment reproducibility threshold of 80%
for each fragment set to preserve characters that may be informative about population structure (Holland et al., 2008; Zhang and
Hare, 2012). To evaluate band reproducibility, we included a set of
eight DNA samples in replicated digestions, ligations, amplifications, and fragment analysis for each primer combination. For
each primer set, we assessed whether greater than 80% of bands
occurred in each replicated sample. Additional details are provided
in Appendix S1.
We made intra- and intercytotype site comparisons (splitting
mixed-cytotype sites into two additional “pure cytotype” sites) to
determine numbers of pairwise differences and calculate FST values
in Arlequin (v3.5; Excoffier and Lischer, 2010). We also performed
AMOVA in Arlequin to assess partitioning of genetic variance
among populations, cytotypes, and transects. Significance of the
AMOVA was assessed with 1000 permutations. Population structure was additionally inferred for each transect individually using
the Bayesian Markov chain Monte Carlo (MCMC) clustering algorithm with admixture in the program structure to assign individuals to discrete genetic clusters (ver. 2.3.3; Pritchard et al., 2000;
Falush et al., 2003). We conducted 10 runs of 800,000 generations
with burn-ins of 200,000 generations for clusters (K) = 1–10.
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Optimal cluster number was determined from the mean likelihood
[L(K)] values produced by structure and the ΔK method of
Evanno et al. (2005) with the web application Structure Harvester
(Earl and vonHoldt, 2012). To identify population structure not
recovered by the ΔK method, we iteratively ran structure on
inferred clusters until ΔK values indicated an optimal K = 1 (indicating discrete populations) or until identified clusters were no longer geographically interpretable (Coulon et al., 2008).
Although calculations of FST and structure analyses make
assumptions about diploid inheritance and random mating—
conditions almost surely violated by polyploids—parallel approaches
parameterized for multisomic polyploid populations require cytogenetic information that we currently lack. For example, the frequency of bivalent and multivalent chromosome pairing can
influence segregation frequencies, making estimations of allele frequencies in polyploids difficult (De Silva et al., 2005; Tomiuk et al.,
2009; Vanderpoorten et al., 2011). Similarly, the frequency of double reduction (the probability of gametes getting both alleles from
sister chromatids) can also influence allele frequencies in polyploids, altering demographic and coalescent expectations (Arnold
et al., 2012). Though imperative for accurately modeling the population genetics of polyploids, recently developed computational
approaches for the analysis of highly variable genetic markers in
polyploids (POLYSAT, Clark and Jasieniuk, 2011; Clark and Schreier,
2015) are optimized for smaller microsatellite data sets and are unable to accommodate AFLP data sets as large as the one we generated here (see below). For these reasons, recent genetic studies of
autopolyploid populations have generally used dominant markers
and analytical methods that assume diploid inheritance (Guo et al.,
2005; Falush et al., 2007; Kloda et al., 2008; Ma et al., 2010; Rebernig
et al., 2010a, 2010b; but see Servick et al., 2015). We followed this
precedence here and interpreted our results conservatively.
RESULTS
Habitat and plant community associations—Sympatric occurrences of diploids and tetraploids, tetraploids and hexaploids, and
tetraploid L. tridentata var. arenaria and hexaploids were previously documented at only six of 27 surveyed sites at contact zones
(Laport and Ramsey, 2015; Fig. 1). Transitions between cytotypes
were abrupt, with distances between neighboring sites of different
cytotypes averaging 10.9 km. Diploids and tetraploids co-occurred
at one of nine transect sites (Fig. 1B). Tetraploids and hexaploids
also co-occurred at one of nine transect sites (Fig. 1B). Larrea tridentata var. arenaria and hexaploids co-occurred at four of 10 sites
(Fig. 1B). Sampled sites occurred at elevations ranging from −54.0
to 877.0 m. In general, diploids occurred at the highest elevations
(mean = 827.5 m), tetraploids at intermediate elevations (mean =
394.4 m), and hexaploids at low elevations (mean = 212.6 m). The
L. tridentata var. arenaria sites occurred at the lowest elevations
(55.3 m; Table 1). However, tetraploid sites occurred at lower elevations than diploid sites along diploid–tetraploid transects (F8, 9 =
588.225, P < 0.0001), hexaploid sites along tetraploid–hexaploid
transects (F7, 8 = 11583.77, P < 0.0001), and hexaploid sites along
L. tridentata var. arenaria–hexaploid transects (F9, 10 = 4860.211,
P < 0.0001; Table 1).
The majority of the 54 analyzed soil samples were sandy loam
(27), followed by loamy sand (13), sand (9), loam (3), silt loam (1),
and sandy clay loam (1; Table 1). Overall, diploid sites had the least
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sandy soils (56.7%), tetraploid sites had intermediate levels of sand
(65.7%), while hexaploid sites had soils with high sand content
(74.9%). The sandiest samples were collected at L. tridentata var.
arenaria sites (91.1%; Table 1). Tetraploid sites had sandier soils
than did diploid sites along diploid–tetraploid transects (F8, 9 =
11.7766, P = 0.0006) and hexaploid sites along L. tridentata var.
arenaria–hexaploid transects (F9, 10 = 4.2273, P = 0.0172), but hexaploid sites were slightly sandier (though not significantly) along
tetraploid–hexaploid transects (Table 1). Univariate analyses of
habitat differences are provided in online Appendix S3.
Vegetation community analyses yielded 38 species in 54 sampling plots at 27 sites (Table 1; online Appendices S3, S4). Mean
species richness was generally higher at diploid and hexaploid sites
(S = 9.625 and 6.6, respectively) than at tetraploid sites (including
L. tridentata var. arenaria sites; S = 4.75), but mean total basal areas
were higher at tetraploid sites (7.15 m2) than diploid or hexaploid
sites (1.91 m2 and 0.38 m2, respectively; Table 1; Appendix S3). The
lowest stress NMS ordinations of vegetation at diploid–tetraploid,
tetraploid–hexaploid, and L. tridentata var. arenaria–hexaploid
transect sites produced two-dimensional solutions with differentiated plant communities (Fig. 2). This was especially true for the L.
tridentata var. arenaria–hexaploid transects where plots sampled at
L. tridentata var. arenaria sites on both transects tended to cluster
well, while plots sampled at sympatric sites tended to be intermediate in vegetation composition (Fig. 2C). However, sites containing
different cytotypes on all transects tended to have unique vegetation assemblages. For example, diploid and tetraploid sites were
characterized by higher densities of different species (Table 2). Diploid sites tended to have higher densities of Cylindropuntia spp.,
while tetraploid sites tended to be dominated by L. tridentata. Similarly, tetraploid (including L. tridentata var. arenaria) and hexaploid sites were also characterized by higher densities of different
species (Table 2). Tetraploid sites again tended to be dominated by
L. tridentata along with Ambrosia dumosa and Hesperocallis undulata, in contrast to hexaploid sites that tended to have more Cylindropuntia spp. and Fagonia californica mixed in with L. tridentata.
Notably, the total basal area of L. tridentata was higher at tetraploid
sites than at diploid (F3, 14 = 14.977, P = 0.0001) or hexaploid sites
(F3, 12 = 14.650, P = 0.0003; online Appendix S5). Similarly, L. tridentata density was higher at tetraploid sites than at diploid (F3, 14 =
17.111, P < 0.0001) or hexaploid sites (F3, 12 = 4.832, P = 0.0198).
MANOVA models indicated that diploid and tetraploid sites
(Wilks’ Λ = 2.438e−7, F56, 22 = 6.097, P < 0.0001), tetraploid and hexaploid sites (Wilks’ Λ = 1.746e−9, F49, 15 = 15.499, P < 0.0001), and L.
tridentata var. arenaria and hexaploid sites (Wilks’ Λ = 9.351e−11,
F81, 22 = 9.362, P < 0.0001) were significantly differentiated by combined elevation, soil, and vegetation data.
Flowering phenology analyses—Between 15 February and 29 April

2010, we tallied 4484 diploid flowers, 416 triploid flowers, 9694 tetraploid flowers, 390 pentaploid flowers, 7527 hexaploid flowers, and
10,262 L. tridentata var. arenaria flowers on 60 diploid, two triploid,
204 tetraploid, four pentaploid, and 96 hexaploid plants at 27 sites
along six transects (Table 3; online Appendix S6). The flowering
phenologies of sympatric and parapatric diploids and tetraploids,
tetraploids and hexaploids, and tetraploid L. tridentata var. arenaria
and hexaploids, were largely overlapping; however, there were significant flowering response differences over the flowering season
along all transects (Fig. 3, Table 3; Appendix S6). For example, a few
diploid plants tended to initiate flowering several weeks earlier than
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FIGURE 2 Site and species ordinations generated by nonmetric multidimensional scaling for woody perennial plants in natural areas of Larrea
tridentata cytotype co-occurrence (diploid–tetraploid, tetraploid–
hexaploid, L. tridentata var. arenaria–hexaploid); analyses incorporated
two plots at all sites from two transects for each cytotype comparison.
At diploid and tetraploid sites (A), vegetation associations are modestly
differentiated by the first axis of the ordination (NMDS1). For comparisons of tetraploid vs. hexaploid sites (B) and L. tridentata var. arenaria
vs. hexaploid sites (C), vegetation associations are strongly differentiated.
Diploid sites are denoted by white circles, tetraploid sites by gray circles,
hexaploid sites by black circles, and L. tridentata var. arenaria sites by
crosshatched circles; sympatric sites are shown by circles containing
two fill patterns. Complete names of woody perennial taxa are shown in
Table 2 and online Appendix S4.

parapatric tetraploids, but flowering in symptary began concordantly (Fig. 3A). Similarly, some individual tetraploids (including
L. tridentata var. arenaria) began flowering several weeks earlier
than parapatric and sympatric hexaploids on the Algodones N and
S transects (Fig. 3B, C). Tetraploids also tended to produce more
flowers than diploids across transects (diploids: 7.48 flowers; tetraploids: 8.32 flowers), but the difference was not significant (F1, 116 =
0.030, P = 0.8635; Table 2). Tetraploids (5.60 flowers) and L. tridentata var. arenaria (7.79 flowers) produced significantly more flowers
than hexaploid plants on the Salton and Kofa transects (4.23 flowers; F1, 104 = 4.395, P = 0.0385) or the Algodones N and S transects
(5.26 flowers; F1, 139 = 5.628, P = 0.0190), respectively (Table 3).
Repeated measures models indicated that diploid and tetraploid
sites (Wilks’ Λ = 0.635, F12, 299 = 4.665, P < 0.0001), tetraploid and
hexaploid sites (Wilks’ Λ = 0.344, F18, 280 = 7.145, P < 0.0001), and
L. tridentata var. arenaria and hexaploid sites (Wilks’ Λ = 0.574,

F18, 379 = 4.578, P < 0.0001), had significant flower number × survey
date interactions (Table 3). Thus, the number of flowers produced
by co-occurring cytotypes differed by survey date, despite similar bloom magnitudes over the flowering period.
Flower production differences resulted in asymmetric values of
assortative mating between sympatric cytotypes. At the diploid–
tetraploid sympatric site (San Pedro 3), diploids produced fewer
flowers and should experience disassortative mating with tetraploids (RIAssortative Mating = −0.304), while tetraploids should experience moderate assortative mating (RIAssortative Mating = +0.320). At the
tetraploid–hexaploid sympatric site (Kofa 2), flower production
was similar, and mating is expected to be nearly random for both
tetraploids (RIAssortative Mating = +0.096) and hexaploids (RIAssortative Mating =
+0.010). At the two L. tridentata var. arenaria–hexaploid sympatric
sites (Algodones N4 and Algodones S3), tetraploids should experience moderate assortative mating (RI = +0.231, 0.354, respectively).
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TABLE 3. Repeated measures analyses of flower production by diploid, tetraploid, and hexaploid cytotypes of Larrea tridentata, and tetraploid L. tridentata var.
arenaria in close parapatry and sympatry. Cytotype means are reported for number of open flowers per plant per site visit. Significant ploidy × date interactions
were observed at all contact zones, indicating the cytotypes have different flowering responses. Significant effects of ploidy for the tetraploid–hexaploid and
L. tridentata var. arenaria–hexaploid transects suggest overall differences in flower production between cytotypes.

Effect test

F-statistic

P

2x (mean = 7.475, SE = 0.559)
4x (mean = 8.323, SE = 0.704)

Comparison

ploidy
transect
ploidy × transect
date
ploidy × date
transect × date
ploidy × transect × date

F1, 116 = 0.030
F1, 116 = 0.142
F1, 116 = 0.020
F4, 113 = 184.791
F4, 113 = 3.187
F4, 113 = 4.626
F4, 113 = 6.041

0.8635
0.7073
0.8882
<0.0001
0.0160
0.0017
0.0002

4x (mean = 5.598, SE = 0.413)
6x (mean = 4.234, SE = 0.487)

ploidy
transect
ploidy × transect
date
ploidy × date
transect × date
ploidy × transect × date

F1, 104 = 4.395
F1, 104 = 7.582
F1, 104 = 4.743
F6, 99 = 46.440
F6, 99 = 5.342
F6, 99 = 17.390
F6, 99 = 1.940

0.0385
0.0070
0.0317
<0.0001
<0.0001
<0.0001
0.0818

L. tridentata var. arenaria 4x (mean = 8.443, SE = 0.560)
6x (mean = 4.557, SE = 0.512)

ploidy
transect
ploidy × transect
date
ploidy × date
transect × date
ploidy × transect × date

F1, 139 = 5.628
F1, 139 = 0.875
F1, 139 = 0.952
F6, 134 = 74.113
F6, 134 = 11.155
F6, 134 = 0.414
F6, 134 = 2.477

0.0190
0.3512
0.3307
<0.0001
<0.0001
0.8686
0.0265

Hexaploids should experience disassortative mating with L. tridentata var. arenaria (RI = −0.017 and −0.292, respectively), due to
producing fewer flowers despite initiating flowering slightly later
than tetraploids.
Genetic structure: Intercytotype hybridization—Flow cytometry

revealed that 315 (73.8%) of the 427 collected seedlings at the
mixed-cytotype site (San Pedro 3) were diploid (mean DNA content = 0.97 pg, range = 0.65−1.27 pg), and 112 (26.2%) were tetraploid (mean DNA content = 1.94 pg, range = 1.68−2.46 pg). DNA
content histograms averaged 1154 events per sample (range
105−7581), and 84% of the samples exhibited coefficients of variation less than 7.00%. Although no seedlings were found to have a
DNA content indicative of a triploid (ca. 1.46 pg, the average between diploid and tetraploid values), one seedling with the tetraploid cpDNA haplotype had a DNA content of 1.58 pg and may
represent a triploid or aneuploid individual; conservatively, we
hereafter interpret this plant as a putative triploid. Based on the
total diploid and tetraploid flower production (597 flowers and
1144 flowers, respectively), we estimated that 192 triploids should
occur among the 427 seedlings cytotyped at this site in the absence
of mating barriers [427 × 2(proportion diploid flowers)(proportion
tetraploid flowers)]. The observation of one putative triploid seedling represents a significant deviation from the expected number of
triploids under random mating ( χ 22 = 1612.731, P < 0.0001).
In contrast, five of 112 tetraploid seedlings (4.5%) had the diploid insertion haplotype in the cpDNA rpoB-trnC intergenic spacer,
suggesting that these plants were F1 tetraploid hybrids formed via
unilateral sexual polyploidization in diploid–tetraploid crosses or
had ancestory involving such an F1 tetraploid hybrid (online Appendix S7). Among adult plants, we found 5.4% of tetraploid individuals at the diploid–tetraploid contact zones had the diploid
cpDNA haplotype, including one individual at the sympatric site

(San Pedro 3; online Appendices S2, S7, S8). Two triploids were
also identified among adult plants at the two contact zones, both at
otherwise pure diploid sites (San Pedro 4, DNA content = 1.56 pg;
Gila 3, DNA content = 1.62 pg). Both triploids had a diploid
cpDNA haplotype (Appendices S2, S7, S8).
AMOVA of the aligned rpoB-trnC sequence (416 bp) indicated
that adult diploids and tetraploids are differentiated by cpDNA
haplotypes (Table 4A). Most of the sequence variation occurred
among groups (93.3% when defined by ploidy) or among populations within groups (111.4% when defined by transect) for the combined San Pedro and Gila transect data. Only a small amount of
haplotypic variance was harbored within populations (6.8% when
defined by ploidy).
Genetic structure: Amplified fragment length polymorphisms—

We generated 836 AFLP markers, 779 of which were polymorphic,
with a mean of 141.97 pairwise differences among genotypes (FST =
0.165). The replicated quality control samples met the 80% reproducibility threshold for each primer set, suggesting our fragment
generation was adequately reproducible for all DNA samples. The
average number of pairwise intercytotype differences on the diploid–
tetraploid transects (San Pedro and Gila) was higher than the
intracytotype differences (online Appendix S9). This pattern was
less pronounced on the tetraploid–hexaploid transect (Kofa), and
the L. tridentata var. arenaria-hexaploid transect (Algodones S).
FST values paralleled the genetic distance patterns (Appendix S9).
Overall, intercytotype comparisons tended to exhibit a greater
genetic distance than intracytotype comparisons.
AMOVA of the combined AFLP data set indicated that genetic
variation was partitioned by geography (FCT = 0.102, P < 0.0001)
and by ploidy (FCT = 0.077, P < 0.0001), but that most (ca. 80%) of
the variation occurred within populations (data not shown). On the
diploid–tetraploid transects, most of the haplotype variation was
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FIGURE 3 Flowering phenology of Larrea tridentata in natural areas of cytotype co-occurrence (diploid–tetraploid, tetraploid–hexaploid, L. tridentata
var. arenaria–hexaploid). Bar charts show numbers of flowers present at 27 sites across six transects (two transects for each cytotype comparison)
between 15 February (“Week 1”) and 29 April (“Week 11”) 2010. On the two diploid–tetraploid transects (A), cytotypes mainly differed in the number
of flowers produced with tetraploids having more flowers than diploids. On the two tetraploid–hexaploid transects (B), tetraploids tended to produce
more flowers than hexaploids and initiated flowering slightly earlier. Similarly, on the two L. tridentata var. arenaria–hexaploid transects (C), tetraploid
L. tridentata var. arenaria produced more flowers and began flowering earlier than hexaploids. Diploids are represented by white bars, tetraploids by
gray bars, hexaploids by black bars, and tetraploid L. tridentata var. arenaria by striped bars. Triploids (San Pedro 4 and Gila 3) and pentaploids (Kofa 2
and Algodones S 3), represented by stippled bars, were also observed producing flowers. Error bars indicate ±1 SE; calendar dates for first flower and
peak flowering time at each site may be found in online Appendix S6.

harbored within populations whether populations were defined by
ploidy (84.3%) or by transect (84.5%; Table 4B). However, significant variation was also observed among groups (4.1% and 3.2%,
respectively) and among populations within groups (11.7% and
12.3%, respectively) suggesting a pattern of modest differentiation
by ploidy level and geography (Table 4B). AMOVA of the tetraploid–
hexaploid transect indicated no genetic differentiation between the
cytotypes (−0.5%) with most of the marker variation occurring
within populations (89.9%; Table 4C). More cytotypic variation
was observed between tetraploid L. tridentata var. arenaria and
hexaploid L. tridentata (3.5%), but the majority of the genetic variation was observed within populations (95.3%; Table 4D). Overall,
genetic differentiation between cytotypes at areas of contact was
modest (diploid–tetraploid, L. tridentata var. arenaria–hexaploid)
or not substantial (tetraploid–hexaploid), with most of the marker
variation exhibited within populations.
The structure analysis of AFLP data generally corroborated
the AMOVAs. On the diploid–tetraploid transects (San Pedro and
Gila), structure indicated an optimal genetic cluster number of
K = 2 (Fig. 4A, B). In both cases, clusters were strongly associated
with diploid and tetraploid individuals; however, several individuals
displayed signatures of admixture with genotypic contributions from

both cytotypes. Iterative clustering analysis of inferred clusters on the
San Pedro transect indicated that the diploid cluster did not harbor
additional discrete clusters, but the tetraploid cluster was inferred to
contain two discrete clusters representing tetraploids at sites San
Pedro 1 and San Pedro 2 + San Pedro 3 (Fig. 4A). On the Gila transect,
iterative analysis indicated a genetic break between the diploids at
sites Gila 3 and Gila 4 and the tetraploids at site Gila 2 that had significant diploid genotype assignments in the overall analysis (Fig. 4B).
The tetraploid–hexaploid transect (Kofa) had an optimal K = 2,
with clusters generally representing tetraploids or hexaploids. The
genetic break between clusters was concordant with the geographic
break between the tetraploid site Kofa 1 and the sympatric site Kofa 2,
with no distinction between tetraploid, pentaploid, and hexaploid
individuals in the sympatric site (Fig. 4C). Iterative analysis of these
two genetic clusters did not reveal differentiation between tetraploids, pentaploids, and hexaploids at the mixed-cytotype site
(Kofa 2), and the tetraploid cluster (Kofa 1) also remained discrete
(Fig. 4C). Similarly, the L. tridentata var. arenaria–hexaploid transect (Algodones S) had an optimal K = 2, with clusters generally
representing tetraploid L. tridentata var. arenaria and hexaploid
L. tridentata (Fig. 4D). The modest genetic break was concordant
with the geographic distributions of L. tridentata var. arenaria and
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TABLE 4. Analysis of molecular variance tables for the (A) cpDNA rpoB-trnC intergenic spacer and (B–D) for AFLPs. For the diploid–tetraploid transects (San
Pedro and Gila), most of the genetic variation in cpDNA was partitioned between cytotypes. AFLP variation along the diploid–tetraploid transects mostly
occurred within populations, but was also partitioned between cytotypes. In contrast, AFLP variation along the tetraploid–hexaploid transect (Kofa) and
the Larrea tridentata var. arenaria–-hexaploid L. tridentata transect (Algodones S) mostly occurred within populations and was not significantly partitioned
between cytotypes.

A) Diploid–tetraploid cpDNA analysis
Groups defined by transect
Among groups
Among populations within groups
Within populations
Groups defined by ploidy level
Among groups
Among populations within groups
Within populations
B) Diploid–tetraploid AFLP analysis
Groups defined by transect
Among groups
Among populations within groups
Within populations
Groups defined by ploidy level
Among groups
Among populations within groups
Within populations
C) Tetraploid–hexaploid AFLP analysis
Among ploidy levels
Among populations within ploidy level
Within populations
D) L. tridentata var. arenaria-hexaploid
Among ploidy levels
Among populations within ploidy level
Within populations

Percentage of variation

Fixation index

Statistical significance

−25.56
111.37
14.19

FCT = −0.256
FSC = 0.887
FST = 0.858

P = 0.6999, df = 1
P < 0.0001, df = 13
P < 0.0001, df = 227

93.29
−0.07
6.78

FCT = 0.933
FSC = −0.110
FST = 0.932

P < 0.0001, df = 1
P = 0.4144, df = 13
P < 0.0001, df = 227

3.24
12.30
84.46

FCT = 0.032
FSC = 0.127
FST = 0.155

P = 0.0250, df = 1
P < 0.0001, df = 9
P < 0.0001, df = 88

4.05
11.66
84.29

FCT = 0.041
FSC = 0.122
FST = 0.157

P = 0.0050, df = 1
P < 0.0001, df = 9
P < 0.0001, df = 88

−0.45
10.51
89.94

FCT = −0.005
FSC = 0.105
FST = 0.101

P = 1.0000, df = 1
P < 0.0001, df = 2
P < 0.0001, df = 34

3.54
1.17
95.29

FCT =0.035
FSC =0.012
FST =0.047

P = 0.1030, df = 1
P = 0.0430, df = 4
P < 0.0001, df = 46

hexaploid L. tridentata, but several hexaploids and L. tridentata
var. arenaria displayed signatures of admixture. At the sympatric
site (Algodones S 3), there was no inferred genetic distinction between tetraploids, pentaploids, and hexaploids. Iterative analyses of
the two clusters did not identify additional groupings in either of
the initial clusters and failed to distinguish sympatric tetraploid
L. tridentata var. arenaria and hexaploid L. tridentata (Fig. 4D).
DISCUSSION
Polyploidy is widely considered an important mechanism of plant
speciation, yet uncertainty persists over the relative significance of
intrinsic genetic incompatibilities (e.g., inviability and sterility of
triploids) vs. extrinsic ecological isolation (e.g., habitat specialization,
phenological divergence, and pollinator isolation) to polyploid
diversification (Levin, 1983; Schluter, 2000; Schemske, 2010;
Madlung, 2013). This area of research is difficult for both logistical
and conceptual reasons. In the best of scenarios, for example, empirical studies of multiple components of reproductive isolation in
natural populations are a daunting task (Sobel et al., 2010). There
is also the challenge of distinguishing reproductive barriers caused
by polyploidy per se (such as those influenced by cell size and division rates, gene dosage, and other “instantaneous” effects of
genome duplication) vs. reproductive barriers caused by genetic
differences (such as may arise via ecological adaptation or reinforcement) following the divergence of diploid and polyploid lineages (Husband et al., 2008; Oswald and Nuismer, 2011; Ramsey,
2011; Ramsey and Ramsey, 2014). Arguably, the former has greater

importance for the purposes of classifying polyploidy as a mechanism of speciation.
What seems clear, however, is that populations differing in cytotype have historically been woefully undersampled within polyploid species complexes and that knowledge about the “ecology of
polyploidy” across the geographic range is very useful for framing
hypotheses about the evolutionary consequences of polyploidy.
Over the past decade, there has been a trend for improved sampling
and geographic replication for investigations of polyploids, most
notably in studies of invasive species (Treier et al., 2009; Schlaepfer
et al., 2010; Green et al., 2013). To our knowledge, however, this
study is one of the largest and most comprehensive field comparisons of the spatial distributions, environmental associations, and
reproductive characteristics of natural populations differing in cytotype. It is also unusual for including multiple comparisons (diploid vs. tetraploid and tetraploid vs. hexaploid L. tridentata as well
as tetraploid L. tridentata var. arenaria vs. hexaploid L. tridentata)
as most polyploid research has ignored higher ploidy levels and
subspecific taxa. We did not unambiguously determine contributions of polyploidy to ecological vs. nonecological components of
reproductive isolation, yet this research sets the stage for targeted
field and greenhouse experiments to rigorously investigate these issues. Below, we identify major trends in the data and discuss possible future directions.
Habitat and plant community associations—Ecological adaptation
plays an important role in population differentiation at a local scale
(Angert and Schemske, 2005; Sun et al., 2014). Studies in polyploid
systems are consistent with studies in diploid systems in documenting
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FIGURE 4 Plots generated by STRUCTURE using AFLP data from Larrea tridentata plants in natural contact zones between cytotypes. (A, B) Diploid and
tetraploid L. tridentata (San Pedro and Gila transects) display significant differentiation but several individuals have admixed genotypes. (C) Tetraploid
and hexaploid L. tridentata (Kofa transect) display a complex pattern of genetic structure, but no differentiation in sympatry. (D) Tetraploid L. tridentata
var. arenaria and hexaploid L. tridentata (Algodones S transect) display no significant genetic differentiation over the length of the contact zone. In
each panel, each bar represents an individual plant, and colors indicate cluster assignments. Each transect was analyzed individually, and the optimal
cluster numbers were determined from the mean likelihood values and the ∆K method of Evanno et al. (2005). Sites along each transect are separated
by heavy black lines, and site names are noted below each plot. The ploidy of each individual is denoted by the colored bar running beneath each plot
(white = diploid, gray = tetraploid, black = hexaploid, striped = L. tridentata var. arenaria, stippled = triploid/pentaploid).
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ecological divergence in contrasting environments (Husband and
Schemske, 1998, 2000; Buggs and Pannell, 2007; Ramsey, 2011;
Martin and Husband, 2013; but see Soltis et al., 2010). In a study of
Achillea borealis on the coast of California, Ramsey (2011) documented significant differences in soil and vegetation associations
between tetraploid and hexaploid cytotypes with corresponding
differences in plant performance in field transplant experiments.
Similarly, Martin and Husband (2013) showed that diploids and
tetraploids of Chamerion angustifolium display signatures of climatic adaptation along an elevational transect in Alberta. At larger
spatial scales, niche differences among cytotypes have been implicated using ecological niche modeling (Glennon et al., 2012;
McIntyre, 2012; Laport et al., 2013). While differences in spatial
and environmental distributions between cytotypes support the
hypothesis of ecological divergence, experimental data are important to confirm trait differences and to measure fitness. In studies of
diploid and hexaploid Mercurialis annua, for example, Buggs and
Pannell (2007) documented ecological differentiation between cytotypes. In transplant experiments, however, diploids maintained a
fitness advantage across habitats and appeared to be displacing
hexaploids in some areas of contact.
Over short distances, we found that the cytotypes of L. tridentata
have unique environmental distributions with limited sympatry
(Figs. 1–3). These observations are consistent with prior landscapelevel investigations suggesting the chromosome races of creosote
bush are found in contrasting environments (Barbour, 1969; Yang,
1970; Laport et al., 2012, 2013). For example, tetraploids tend to
occur in sites with denser vegetation and higher basal areas—
including higher densities and basal areas of L. tridentata—while
diploids and hexaploids tend to occur at higher elevations, in more
coarsely textured soils, and in more species-rich communities than
tetraploids. The sand dune endemic, L. tridentata var. arenaria, resides in sandier sites than nearby hexaploids, and in distinctive
plant communities. Together, these differences in plant densities
and size, combined with spatial clustering of the cytotypes in sympatry reported by Laport and Ramsey (2015), suggest that the cytotypes may respond differently to climatic and edaphic variables or
microspatial environmental heterogeneity. Moreover, the higher
density of L. tridentata in tetraploid sites may indicate this cytotype
has a competitive or fitness advantage over diploids and hexaploids
and could displace these cytotypes from marginal habitats.
Prior analyses of morphological variation along these transects
showed that L. tridentata cytotypes differed statistically in whole
plant architecture, flower size, and leaf size in sympatry and parapatry (Laport and Ramsey, 2015). Such findings may reflect ploidy
effects on plant phenotype and underlie differences in environmental distributions observed in this study; tetraploid and hexaploid
L. tridentata may be “pre-adapted” to reside in geographic ranges
to the west of areas occupied by diploids (Soltis et al., 2010). It is
also possible that such trait differences reflect genetic divergence
following polyploid formation or environmental effects on plant
growth and development. In these scenarios, cytotype distributions
in L. tridentata may be determined principally by historical events
and minority cytotype exclusion (Levin, 1975). Finally, recurrent
formation of tetraploids and hexaploids could mediate demographic establishment of, and augment genetic variation within,
nascent polyploid populations. The existence of phenotypic variability within, and morphometric overlap between, cytotypes of
L. tridentata (Laport and Ramsey, 2015) may reflect recurrent polyploid formation and hybridization with established populations, as

• 1369

inferred by molecular analyses. Long-term demographic monitoring of populations, measurements of plant growth and ecophysiology in the field, and common garden or greenhouse experiments
would go far in helping to evaluate possible causes for the differences in cytotype distributions reported here.
Flowering phenology analyses—Reproductive asynchrony and

relative flower production significantly influences gene flow and assortative mating among plant species (Waser, 1986; Arnold, 1997;
Kay, 2006; Thompson and Merg, 2008; Chen, 2013). Prior phenological studies in polyploid species complexes (Felber, 1988; Bretagnolle
and Thompson, 1996; Petit et al., 1997; Husband and Schemske,
2000; Ramsey, 2011) have documented significant differentiation
in flowering times among cytotypes. Ramsey (2011) documented a
29-d difference in peak flowering between wild populations of tetraploid and hexaploid A. borealis, for example, while Petit et al.
(1997) found that tetraploid Arrhenatherum elatius essentially
completed flowering before diploid flowering began. Both cases
suggest enhanced assortative mating and reduced opportunities for
gene flow when cytotypes occur sympatrically. In the few cases
where investigations have been made, differences in flowering time
have a significant effect on intercytotype pollen movement. For example, Husband and Schemske (2000) documented significant differences in visitation by the primary pollinator of C. angustifolium,
at least in part because of flowering time differences between cooccurring diploids and autotetraploids. Slight differences in flowering
time combined with unique pollinator assemblages also influence
reproductive isolation in the species pair Erythronium mesochoreum and E. albidum (diploid and autotetraploid, respectively)
where they come into contact in the Midwestern United States
(Roccaforte et al., 2015). Such variable plant–animal interactions
have also played an important role in the well-studied autopolyploid complex, Heuchera grossulariifolia. Observations in multiple
natural areas of sympatry have revealed unique pollinator assemblages on diploids and tetraploids (Segraves and Thompson, 1999;
Thompson and Merg, 2008), as well as unique patterns of herbivore attack (Thompson et al., 2004).
In sympatry and close parapatry, the cytotypes of L. tridentata
have similar flowering phenologies. However, tetraploids (including
L. tridentata var. arenaria) tend to begin flowering before, and produce more flowers than, diploids or hexaploids. This variation in
flower production (significant ploidy × date effects; Table 3, Fig. 3),
especially combined with the higher densities of tetraploid plants at
tetraploid sites, may indicate a reproductive advantage for tetraploids
over sympatric and parapatric diploids and hexaploids. The spatial
and temporal variation in flower production may derive from intrinsic physiological alterations associated with chromosome doubling
(Ramsey and Schemske, 2002) or indicate that ploidy-specific phenotypic differences are nuanced and caused by cytotype × environment
interactions, a conclusion proposed by Laport and Ramsey (2015)
based on a suite of morphological traits in L. tridentata. For example,
L. tridentata var. arenaria exists at low density beyond the limits of
the Algodones Dunes in southeastern California, but hexaploids in
these areas produce more flowers and likely have a fitness advantage
(Fig. 3; R. Laport, personal observation).
Flowering times may also be influenced by recurrent polyploid
formation, contributing to patterns of flowering phenology overlap
in sympatry and parapatry. For example, recurrent tetraploid formation from diploid populations may prevent divergence in flowering time if diploid flowering alleles are recurrently introgressed
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into nearby tetraploids. Although we studied populations in natural areas of sympatry and close parapatry, highlighting intercytotype interactions in natural settings while limiting environmental
variation, the potential for cytotype × environment interactions
and recurrent polyploid formation in shaping intercytotype reproductive interactions underscores the need for future common garden studies.
Genetic structure: Intercytotype hybridization—Intrinsic postzygotic isolation resulting from chromosome number imbalance is
usually strong between diploids and tetraploids because F1 hybrids
are inviable (i.e., triploid block). However, viable and semifertile
intercytotype hybrids are sometimes documented, which may produce backcross progeny with both parental cytotypes facilitating
continued intercytotype gene flow (Petit et al., 1997, 1999; Ramsey
and Schemske, 1998; Husband, 2004; Köhler et al., 2010). Additionally, unilateral sexual polyploidization (i.e., hybrids resulting
from the union of reduced and unreduced gametes) may be a relatively common hybridization pathway (Ramsey and Schemske,
1998; Husband and Sabara, 2003). Such hybrids may have significant consequences for local adaptation and the evolution of polyploid species (e.g., facilitating movement of adaptive/maladaptive
alleles, increasing genetic diversity), even if they occur at low frequencies. Thus, assessments of intercytotype hybridization are a
powerful tool for understanding patterns of phenotypic variation
and population divergence (Petit et al., 1999; Köhler et al., 2010).
For example, mixed populations of C. angustifolium (Husband,
2004) and Galax urceolata (Burton and Husband, 1999; Servick
et al., 2015) often contain triploids, which are responsible for recurrent polyploid formation and are likely the main drivers of tetraploid
establishment. In Heuchera grossulariifolia, multiple polyploid
populations with unique trait associations have arisen independently. The unique trait assemblages associated with these independent formations, along with differing rates of intercytotype gene
flow, may have influenced the observed unique patterns of plant–
pollinator and plant–herbivore interactions (Thompson et al.,
1997; Thompson and Merg, 2008).
In sympatry, diploid and tetraploid seedlings of L. tridentata occurred in frequencies roughly equal to adult frequencies, and only
a single putative triploid seedling was identified with a tetraploid
cpDNA haplotype. However, a nontrivial number of tetraploid
seedlings and adult plants (ca. 5%) on the diploid–tetraploid transects had the diploid cpDNA haplotype. This marker only identifies
F1 tetraploid hybrids that are sired by diploid plants. Assuming unreduced pollen and unreduced ovules are produced at equal frequencies, we would expect that the actual frequency of F1 formation
is twice that estimated by the marker. On the other hand, tetraploid
plants with the diploid cpDNA haplotype may not be F1 hybrids
but rather descended from F1 triploid or tetraploid plants that
formed at some time in the past. In this scenario, our observed rate
of 4.5% is an overestimate of the per generation rate of tetraploid F1
formation via unilateral sexual polyploidization. These explanations for the occurrence of tetraploid plants with a “mismatched”
cpDNA sequence are not mutually exclusive and will require further study to tease apart. However, what seems clear is that diploid–
tetraploid crosses are a significant pathway of intercytotype gene
flow in L. tridentata and that without the fortuitious discovery
of the diploid-specific cpDNA indel in the rpoB-trnC intergenic
spacer, the occurrence of tetraploid hybrids would have remained
unknown.

Episodic seedling recruitment and the lack of a molecular
marker that distinguishes tetraploid and hexaploid L. tridentata
precluded a broader comparison of intercytotype hybridization
among the three cytotypes. However, based on prior sampling efforts, Laport and Ramsey (2015) identified two adult pentaploid
individuals on the tetraploid–hexaploid and L. tridentata var. arenaria–hexaploid transects, and only a single adult triploid on each
of the diploid–tetraploid transects. These observations are consistent with empirical evidence regarding frequencies of triploid and
pentaploid formation in agricultural systems (Ramsey and Schemske,
1998, 2002), providing a basis on which to expect a higher incidence of pentaploid F1 hybrids than triploids in L. tridentata.
Preliminary investigations suggest the pollen fertility of adult triploids (68%) and pentaploids (52%), though reduced relative to the
parental cytotypes (>95%), is nonetheless high (R. Laport, unpublished data), and the fertility of tetraploid hybrids (produced via
unilateral sexual polyploidization) is likely similar to established
tetraploids. As rates of outcrossing tend to be higher than rates of
selfing in L. tridentata (Simpson et al., 1977), these hybrids have the
opportunity to facilitate significant gene flow through recurrent
formation of higher ploidies despite occurring at low frequencies
(Petit et al., 1999; Husband, 2004). Such recurrent polyploid formation, as discussed already, may introduce novel alleles or allele
combinations across cytotype boundaries, which may impact the
range of ploidy-specific phenotypes and local adaptation in sympatry and parapatry.
Genetic structure: Amplified fragment length polymorphism—Recent

genetic marker analyses of naturally occurring polyploid populations of Achillea (Guo et al., 2005; Ramsey et al., 2008; Ma et al.,
2010), Melampodium (Rebernig et al., 2010a, 2010b), Atriplex
(Sampson and Byrne, 2012), Mimulus (Vallejo-Marin and Lye,
2013), and Galax (Servick et al., 2015) have revealed patterns of cytotypic genetic structure similar to those we observe in L. tridentata. While these studies were conducted at larger spatial scales and
not focused on sympatry and close parapatry, combinations of contemporary gene flow, incomplete lineage sorting, and recurrent
polyploid formation have been invoked to explain observed patterns of marker diversity. All these phenomena likely occurred in L.
tridentata as it underwent repeated demographic expansions coincident with tetraploid and hexaploid formation following dispersal
from South America in the Pleistocene or late Pliocene (Laport et al.,
2012). Disentangling the effects of these processes would require
testing genealogical hypotheses with coalescent simulations, the assumptions of which are typically violated by dominant marker data
(Bonin et al., 2007) and species that have complex demographic histories (e.g., recent and recurrent bottlenecks, nonrandom mating;
Arnold et al., 2012). Based on the co-occurrence of cytotypes and
the existence of tetraploid plants with the diploid-specific cpDNA
marker, however, recurrent polyploid formation seems to contribute substantially to patterns of genetic structure in creosote bush.
Our large AFLP data set revealed significant genetic differentiation between diploids and tetraploids, but only modest genetic differentiation between tetraploid and hexaploid L. tridentata. While
all sympatric sites comprised many individuals with admixed genotypes, consistent with ongoing intercytotype gene flow in sympatry
(Fig. 4), the degree of differentiation varied for the two types of
tetraploid–hexaploid contact zones. While there was no significant
differentiation between L. tridentata var. arenaria and hexaploids
(Algodones S transect), genotypic differentiation varied within the
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tetraploid–hexaploid (Kofa) transect with stronger differentiation
between parapatric plants (sites 1 and 3; Fig. 4C). These differences
may reflect the relative recency and potential recurrent formation of
hexaploids from multiple disparate tetraploid ancestors, as well as
persistent intercytotype gene flow (Laport et al., 2012). The spatial
variation in genotypic differentiation between tetraploids and hexaploids might also reflect strong introgressive hybridization from
hexaploids into tetraploids or complex geographic variation among
tetraploid genotypes over relatively short distances (ca. 15 km).
While our cpDNA and AFLP analyses indicate patterns of intercytotype gene flow and genotypic admixture, the demographic possibility of multiple tetraploid and hexaploid origins complicates an
interpretation of contemporary intercytotype gene flow (Felber,
1991; Soltis et al., 2014; Arnold et al., 2012). For example, cpDNA
data at the landscape level suggest tetraploids formed only a single
time from diploids (Laport et al., 2012); however, our analyses reveal evidence that tetraploids are recurrently forming in diploid–
tetraploid sympatry and that hexaploids may have formed/are
forming multiple times. Nevertheless, the lack of significant genetic differentiation between sympatric tetraploid and hexaploid L.
tridentata, and L. tridentata var. arenaria and hexaploid L. tridentata is curious regardless of whether it arises from contemporary
intercytotype gene flow, recurrent polyploid formation, or neutral
demographic processes. For example, L. tridentata var. arenaria
represents a unique taxonomic entity with several putative adaptations to dune habitat (Benson and Darrow, 1981; Felger, 2000; Laport
and Ramsey, 2015). Persistent gene flow between L. tridentata var.
arenaria and hexaploid L. tridentata inhabiting very different
edaphic conditions would be expected to preclude local adaptation.
Local ecological gradients may be strong enough in these areas to
maintain discrete populations in the face of gene flow, but it is also
possible that intercytotype gene flow between tetraploids and hexaploids is unidirectional (into hexaploids) or that the hexaploids in
this area have only recently evolved from tetraploid progenitors
(Ramsey et al., 2008; Laport et al., 2013; Martin and Husband,
2013). Indeed, persistent gene flow between any of the interacting
cytotype pairs would be expected to lessen local ecological adaptation, indicating that perhaps selection plays a role in maintaining
the cytotype ranges by limiting introgression of alleles across cytotype boundaries (Johnson et al., 2003). For example, diploid cpDNA haplotypes are not widely observed throughout the tetraploid
range, suggesting that recurrent tetraploid formation has had only
a limited, or only recent, effect on genetic diversity in tetraploids.
Similarly, AFLP data on the tetraploid–hexaploid transect (Kofa)
suggests allele sharing occurs in sympatry, but perhaps not over
large geographic areas. Further investigations into the causes and
consequences of apparent intercytotype gene flow, perhaps utilizing microsatellites or genomic data, and patterns of cytotype-specific
adaptation, will likely prove fruitful in helping to understand the
evolutionary significance of polyploid populations.
CONCLUSIONS
Recent studies of diploid species have interpreted patterns of ecological and genetic differentiation between intraspecific populations in the context of nascent speciation (Judd et al., 2007; Berner
et al., 2009; Ng and Glor, 2011; Rosenblum and Harmon, 2011).
While studies of genome duplication have multiplied rapidly in recent decades, resulting in numerous studies that have made great
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strides in understanding polyploid evolution, relatively few have
combined analyses of ecological associations and patterns of genetic structure that could facilitate similar inferences of nascent
polyploid speciation. Here we showed that cytotypes of L. tridentata have different environmental distributions and exhibit patterns of genetic structure that vary among cytotypes. These results
highlight the complexity of understanding the contributions of genome duplication to species diversification (Mayr, 1942, 1992; De
Queiroz, 2007; Soltis et al., 2007). For example, our results show
that different cytotypes of a single species may have unique patterns
of genetic structure despite having non- or minimally overlapping
ecological associations. In broad strokes, the patterns we observed
echo those documented for some diploid species, suggesting the
cytotypes of L. tridentata might represent incipient species, with
diploids being more clearly differentiated from tetraploids than tetraploids are from hexaploids. However, a single interpretation of
“polyploid species” may not be appropriate for all cytotypes, making it difficult to recognize autopolyploid diversity in a taxonomic
context (Soltis et al., 2007). Additional studies of intercytotype reproductive interactions, including pollinator interactions, postmating barriers, and the strengthening of reproductive isolation by
natural selection (i.e., reinforcement; Pfennig and Pfennig, 2009),
would prove illuminating.
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