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Abstract

Range and niche expansion are commonly associated with transitions to asexuality,

polyploidy and hybridity (allopolyploidy) in plants. The ability of asexual polyploids

to colonize novel habitats may be due to widespread generalist clones, multiple eco-

logically specialized clones, or may be a neutral by-product of multiple, independent

origins of asexual polyploids throughout the range. We have quantified niche size

and divergence for hawthorns of the Pacific Northwest using data from herbarium

vouchers with known cytotypes. We find that all polyploid niches diverge from that

of the diploid range, and allopolyploids have the broadest niches. Allotetraploids

have the largest niche and the widest geographic distribution. We then assessed the

genetic mechanism of range expansion by surveying the ecological and geographic

distribution of genotypes within each cytotype from sites in which fine-scale habitat

assessments were completed. We find no isolation by either geographic or ecologi-

cal distance in allopolyploids, suggesting high dispersal and colonization ability. In

contrast, autotriploids and diploids show patterns of isolation by geographic dis-

tance. We also compared the geographic and ecological distributions of clonal geno-

types with those of randomly drawn sites of the most widespread cytotype. We

found that most clones are geographically widespread and occur in a variety of

habitats. We interpret these findings to suggest that patterns of range and niche

expansion in Pacific Northwest Hawthorns may stem from these widespread, eco-

logically generalist clones of hybrid origin.
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1 | INTRODUCTION

Polyploidization is a common evolutionary transition, particularly in

plants (Comai, 2005; Otto & Whitton, 2000; Ramsey & Schemske,

1998). In plants, however, polyploidization is also often associated

with hybridity (allopolyploidization) and the transition to asexual

reproduction (i.e., through gametophytic apomixis; the formation and

parthenogenetic development of unreduced female gametes;

reviewed in H€orandl, 2006 and De Storme & Mason, 2014). The

evolutionary potential of these asexual allopolyploid taxa has long

been debated (i.e., Comai, 2005; Mayrose et al., 2011; Otto, 2007;

Stebbins, 1940), but one common consequence is the expansion of

range and niche in asexual polyploid taxa relative to their sexual,

diploid progenitors (Geographic Parthenogenesis; Bierzychudek,

1985; Hijmans et al., 2007; Lowry & Lester, 2006; Vandel, 1928).

Asexuality, polyploidization and hybridization may each con-

tribute to niche expansion, either independently, or in concert. Asex-

uality allows for single individuals to colonize new geographic areas
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without mate limitation (Baker’s Law, Baker, 1955; Pannell & Barrett,

1998) or risk of inbreeding depression (Bierzychudek, 1985; H€orandl,

2006). Polyploidization may allow for better adaptive potential, as

the probability of a mutation (including beneficial mutations)

increases with increasing gene copy number (see Otto & Whitton,

2000 for details). Hybridization may also increase adaptive potential,

as hybrid individuals may be able to access one or both parental

genomes (Shimizu-Inatsugi et al., 2017), and in some cases, have

been shown to have novel patterns of gene expression relative to

their progenitors (Paun et al., 2011). These potential benefits are

amplified in allopolyploid apomicts, which do not undergo recombi-

nation via sexual reproduction and are fixed heterozygotes. An

increase in adaptive potential paired with a lack of mate limitation

can increase colonization ability and niche breadth, and thus allows

for the colonization of geographically and ecologically novel environ-

ments. However, we lack a comprehensive understanding of the

genetic mechanisms by which range and niche expansions are

achieved in asexual polyploids.

Two main hypotheses regarding the distribution of clonal geno-

types have been proposed. The “General-Purpose Genotypes”

hypothesis posits that a given clonal genotype, having access to mul-

tiple alleles at each locus, may have greater plasticity, and hence

would be able to live in a greater variety of habitats than their sexual,

diploid relatives (Baker, 1965; Lynch, 1984). Evidence for this hypoth-

esis is mixed. Many studies have found that asexual polyploids pos-

sess less variance in fitness components across environmental

gradients (Bierzychudek, 1989; Hancock & Bringhurst, 1981; Michaels

& Bazzaz, 1989; Oplaat & Verhoeven, 2015; although see Bretagnolle

& Thompson, 2001) or have more adaptively plastic gene expression

across environments (Shimizu-Inatsugi et al., 2017). However, of the

few studies that have genotyped range-wide samples of cytotypes,

widespread clonal genotypes are often very rare or nonexistent

(Cosendai, Wagner, Ladinig, Rosche, & H€orandl, 2013; Ellstrand &

Roose, 1987; Van Dijk, 2003). Alternatively, the “Frozen Niche”

hypothesis posits that a given asexual polyploid taxon comprises sev-

eral, genetically diverse, ecologically specialized clonal lineages, and

collectively these clones increase niche breadth (Vrijenhoek, 1984;

Vrijenhoek & Parker, 2009). While, most clones do tend to be geo-

graphically restricted to one or two sites (Ellstrand & Roose, 1987), or

even to particular habitats within sites (Paun, Greilhuber, Temsch, &

H€orandl, 2006), few studies have distinguished whether these clones

are truly ecologically specialized (i.e., locally adapted), or simply just

of recent origin and/or with limited dispersal ability. The few studies

which have been able to quantify the extent of local adaptation

among populations of higher cytotypes (either through quantifying

fitness (i.e., Ramsey (2011)), or quantified the spread of alleles across

ecological gradients (i.e., Parisod and Christin (2008)) have been car-

ried out in autopolyploids. Thus, we also lack an understanding of

how hybridization may contribute to differences in the genetic mech-

anism by which niche expansion is accomplished in polyploid taxa.

Apparent niche expansion may also simply be a by-product of

the demographic history by which asexual polyploid taxa evolved

(i.e., Thompson & Whitton, 2006; Van Dijk & Bakx-Schotman, 1997).

If an asexual allopolyploid lineage originates multiple times, each

time in a separate geographic area or habitat, the combined range

and/or niche of these independent allopolyploid lineages could

appear larger than the diploid progenitor ranges. For example, Meim-

berg, Rice, Milan, Njoku, and McKay (2009) have found that range

and niche expansions in Aegilops are associated with the number of

origins of a given asexual cytotype.

Here, we aim to compare the ecological distributions of cytotypes

of hawthorns (Crataegus L., Rosaceae) of the Pacific Northwest, mod-

erately long-lived woody perennials that exhibit geographic partheno-

genesis (Coughlan, Stefanovi�c, & Dickinson, 2014; Lo, Stefanovic, &

Dickinson, 2013). Using range-wide data, we first confirm the result

that while diploids occupy a relatively limited geographic range, poly-

ploids are considerably more widely distributed. We then test

whether the polyploids have undergone niche differentiation and/or

niche expansion, and whether this phenomenon differs among allo-

and autopolyploids. We then use the geographic and ecological distri-

bution of genotypes to test whether niche expansion in allote-

traploids is associated with (i) widespread, ecologically generalist

clones, consistent with the general-purpose genotypes hypothesis, (ii)

geographically restricted, ecologically specialized clones, consistent

with the frozen niche hypothesis or (iii) highly spatially structured

populations, consistent with multiple origins.

2 | MATERIALS AND METHODS

2.1 | Study group

Pacific Northwest hawthorns comprise at least four reasonably wide-

spread species, two that are largely confined to this area, and two

that have trans-continental ranges that encroach on the Pacific

Northwest from the east. The first two species are the most com-

mon and abundant representatives of a mainly black-fruited clade

recognized as Crataegus subgenus Sanguineae Ufimov (Eurasia and

North America; the taxa dealt with here are exclusively North Ameri-

can in distribution; Zarrei, Stefanovi�c, & Dickinson, 2014). Crataegus

suksdorfii (Sarg.) Kruschke is recognizable because of its flowers with

approximately 20 stamens each. As presently understood, this spe-

cies comprises at least three cytotypes, diploid, triploid and tetra-

ploid, that are largely allopatric in distribution (Coughlan et al., 2014;

Figure 1). Crataegus douglasii Lindl. is almost exclusively tetraploid

and has flowers with approximately 10 stamens each. Its distribution

overlaps with and extends beyond (to a set of disjunct populations

in the upper Great Lakes basin) those of the polyploid C. suksdorfii

cytotypes (Coughlan et al., 2014; Figure 1). The other two species in

our comparison belong to a large, at present poorly differentiated

clade of red-fruited eastern North American species that make up C.

subg. Americanae El-Gazzar (exclusively North American in distribu-

tion). The two members of C. subg. Americanae in our sample,

C. chrysocarpa Ashe and C. macracantha Lodd. ex Loudon, are both

tetraploids, with 10 stamens per flower.

The Sanguineae polyploids referred to above have been shown to

be allopolyploids, formed through recurrent backcrosses between
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F IGURE 1 Geographic and ecological distributions for Pacific Northwest Crataegus, as well as their hypothesized phylogenetic relationships.
(a–c) Geographic Distributions based on Royal Ontario Museum herbarium records for (a) Crataegus subg. Americanae, (b) allotetraploid
C. douglasii and (c) multiple cytotypes of C. suksdorfii as well as autotriploid C. gaylussacia and pentaploid C. douglasii. Autotriploid
C. gaylussacia are indicated by the black arrow. (d) Inferred taxonomic relationships among cytotypes of the Pacific Northwest Hawthorns.
Solid lines based on Lo et al. (2010) and Zarrei et al. (2014), dotted line is the hypothesized relationship based on geographic distribution and
morphological resemblance. (e–g) Ecological distribution of all cytotypes in Crataegus subg. Americanae (e), allotetraploid C. douglasii (f) and
multiple cytotypes of C. suksdorfii as well as autotriploid C. gaylussacia, and pentaploid C. douglasii (g) using site data from Royal Ontario
Museum databased collections in a PCA of climate data. Polygons represent the convex hulls which includes all sites from a given cytotype. (h)
Niche area (as defined by the area of the convex hull in the PC1-PC2 plane that enclosed all individuals) as a proportion of the allotetraploid
C. douglasii niche
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allotetraploid C. douglasii and various cytotypes of C. suksdorfii (Lo,

Stefanovi�c, & Dickinson, 2010; Zarrei et al., 2014; Figure 1). In addi-

tion, the sample studied here includes two more black-fruited San-

guineae cytotypes: pentaploid C. douglasii, and autotriploid

C. gaylussacia Heller. The pentaploid appears to occur sporadically in

the northwestern portion of the range of C. douglasii and is hypothe-

sized to have arisen between backcrosses between allotetraploid

C. douglasii and allotriploid C. suksdorfii (Figure 1). Here, we use the

name C. gaylussacia in its original sense to refer to specimens with

20 stamens per flower from Marin and Sonoma counties in Califor-

nia because of the evidence that it is an autotriploid (Zarrei et al.,

2014). This usage is mentioned in Flora North America (Phipps, 2015)

as an alternative to not distinguishing the different cytotypes pre-

sent in the complex.

For most North American, polyploid Crataegus studied to date the

predominant mode of reproduction involves parthenogenetic develop-

ment of embryos from unreduced female gametes (apospory) that is

dependent on the occurrence of central cell fertilization, and hence

pollination (pseudogamous gametophytic apomixis; Dickinson, Lo, &

Talent, 2007; Lo et al., 2013). Because hawthorns, in common with

many other Rosaceae, have gametophytic self-incompatibility, it

means that unlike diploids, polyploid Crataegus are able to fertilize the

central cell with self-pollen (Campbell, Greene, & Dickinson, 1991).

2.2 | Niche assessment of herbarium samples

We created general climate niches for each of the C. subg. San-

guineae cytotypes using the records for the Crataegus specimens in

the Royal Ontario Museum Green Plant Herbarium. Although previ-

ous researchers have explored the ecological distributions of taxa

within this group before, this is the first report which fully explores

these ecological distributions from a range-wide sample of these

taxa. Because C. douglasii is thought to be a hybrid between diploid

C. suksdorfii and a member of C. subg. Americanae (Zarrei et al.,

2014), we also created climate niches for North American C. subg.

Sanguineae and C. subg. Americanae, which has not been previously

described. The herbarium records represent 590 independent sites,

from which at least one individual tree has been collected for either

C. subg. Americanae (n = 214) or C. subg. Sanguineae (n = 376). For

the Sanguineae, only sites with individuals of known cytotype (deter-

mine by flow cytometry or chromosome squashes) were used to cre-

ate the distribution map and climate niches (n = 261, compared to

Lo et al., 2013; where n = 24). To distinguish autotriploid C. gaylus-

sacia from other triploids within the complex, we also use geographi-

cal information, as only C. gaylussaccia is known to exist in Sonoma

and Marin county, California. We cannot exclude the possibility of

other autotriploid C. suksdorfii that exist further north or inland;

however, the only autotriploid C. suksdorfii that have been described

to date occur adjacent to the range of diploid C. suksdorfii (i.e., Lo,

Stefanovi�c, & Dickinson, 2009; Lo et al., 2010, 2013). Outside of this

area, autotriploid C. suksdorfii are thought to be relatively rare

(Coughlan et al., 2014). In fact, for populations that were genotyped

in the current study and others, no obvious autotriploid C. suksdorfii

populations were found in the bulk of the triploid C. suksdorfii range

(Zarrei et al., 2014).

For climate information for each site, we used the 19 Bioclim

variables (and elevation) available WorldClim data sets (Hijmans,

Cameron, Parra, Jones, & Jarvis, 2005). We then completed a PCA in

which each variable was scaled to have unit variance (R Core Team,

2012). The first two components of the PCA accounted for 45% and

22% of the variance, respectively, while the third and lower PC axes

accounted for 11% or less of the variation within the climate data.

We assessed the significance of the variance explained by each PC

axis using a Broken Stick Model (Legendre & Legendre, 1998). PCs

1–4 explained a significant proportion of the variance, but as PC1

and PC2 explained approximately 67% of the total variance, we sim-

ply use the first two PCs to visualize and test climate niches for each

cytotype. For each cytotype, we used the area of the convex hull in

the PC1–PC2 plane that enclosed all individuals to estimate the size

of the niche, and compared these relative to the largest, that for

C. douglasii. We completed an ANOVA on each PC to determine if

the niches were significantly different from each other, with a post

hoc Tukey Honest Significant Difference test (which corrects for

multiple comparisons) to determine which cytotypes differed in PC

space. All analyses were carried out in R (R Core Team, 2012).

2.3 | Field collections

To understand the genetic basis of niche breadth revealed in our

analysis of herbarium records, Pacific Northwest hawthorns were

collected, genotyped, and had their cytotype determined by flow

cytometry in the spring and summer of 2011. Collections consist of

213 individuals from 52 distinct sites (with an average of four indi-

viduals per site, see Table 1 for sample size details. Note that for

one “site” for C. gaylussacia—Central CA, individuals were pooled

from a relatively small geographic region, as they occurred as single-

ton trees). The sites cover much of the range of Crataegus subgenus

Sanguineae (Coughlan et al., 2014; Dickinson, Lo, Talent, & Love,

2008) from central California to central British Columbia, and as far

East as central Montana (Figure 2). Individuals at all sites were col-

lected randomly, using ignorant-person sampling (Ward, 1974). Vou-

cher specimens and flow cytometry were used to confirm species

identity upon return.

Two leaf tissue samples were collected from each individual, one

of which was immediately desiccated in silica gel sand for further

genetic analysis, and the other was kept cool and dry for cytotype

determination. Two flowering herbarium vouchers were collected

per individual in the spring of 2011, and where possible two fruiting

herbarium vouchers were collected per individual later in the sum-

mer 2011, 2012 or 2013 and deposited in the Green Plant Herbar-

ium of the Royal Ontario Museum (TRT) for identification (see

Table S1 for details). A small number of putative C. douglasii individ-

uals (13 of 213) were collected at a developmental stage at which

species identification was difficult. We inferred species identities for

these individuals based on (i) ploidy level determination, (ii) the mor-

phological features that could be assessed on the specimens and (iii)

COUGHLAN ET AL. | 5487



the species and ploidy level composition of the site. These 13 indi-

viduals resided at sites where only C. douglasii is found, and the mor-

phological features which could be assessed were consistent with

C. douglasii. We note that none of these individuals are genetically

distinct from C. douglasii individuals in which voucher identification

was possible.

2.4 | Habitat assessments

In addition to the collecting the specimens described above we sur-

veyed the collection sites to gauge more fine-scale environmental

variables and determine if nonclimatic variables contributed substan-

tially to niche divergence and breadth. Following Husband (2000), at

each site, we obtained the per cent cover of different vegetation

types (i.e., herbaceous, shrub, tree) and substrates (soil, gravel, moss,

water) using three randomly placed quadrats.

At each site, a soil core was taken from at least 20 cm before

the soil surface to sample the most biologically relevant soil level.

Soil samples were housed in air- and watertight containers and were

stored in cool, dry conditions until processing. Soil was analysed for

soil texture, pH, organic carbon content, colour and water content.

Samples were first sieved with a 2-mm mesh to remove debris and

TABLE 1 Patterns of genetic diversity and divergence among cytotypes of Crataegus subgenus Sanguineae

Species C. sukdorfii C. gaylussacia C. sukdorfii C. douglasii

Cytotype 2x Auto3x Allo3x 4x

N individuals (N populations) 37 (9) 17 (4) 12 (4) 147 (35)

N alleles 7.562 4.75 5 13.562

Effective N 2.593 2.323 2.126 2.229

HO 0.479 0.389 0.477 0.420

HS 0.662 0.532 0.537 0.55

HT 0.682 0.563 0.618 0.657

H’T 0.685 0.574 0.645 0.660

FIS 0.276 0.270 0.113 0.237

Nei’s D 0.0018 �0.0028 0.006 0.018

N Individuals (N Populations), total number of individuals (number of individuals); N alleles, the number of alleles observed; Effective N, the number of

alleles in a population weighted by their frequency; HO, observed heterozygosity; HS, within population heterozygosity; HT, expected heterozygosity;

H’T, expected heterozygosity, corrected for small sample size; FIS, inbreeding coefficient; Nei’s D, the average genetic distance between populations with

a bias correction for small sample sizes.
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stones. Soil texture was determined by a texture-by-feel test

(Arshad, Lowery, & Grossman, 1996). Soil pH was determined on un-

dried soil by making a 1:1 volume:volume slurry of soil and de-

ionized water, pH measurements were taken every 15 min for

approximately 60 min, or until readings remained stable through

time (Van Lierop & MacKenzie, 1977). Water content was measured

by weighing, drying, and reweighing samples, then dividing the dried

weight by the wet weight and subtracting from one to attain the per

cent water by weight. Organic carbon content was determined using

dry samples by burning the samples at 1,000°C for at least 6 hr and

measuring the loss on ignition (LOI). Qualitative colour was deter-

mined by completing a colour assignment test (Munsell Soil Colour

Charts).

As with the herbarium samples, climatic data were collected for

19 World BioClim variables, as well as altitude, and quarterly aver-

ages for precipitation, and temperature maximums and minimums

(Hijmans et al., 2005). Sites were also measured for their proximity

to various disturbance vectors, including major roads and agriculture,

as well as nearest aboveground water source. This was performed

using Google Earth aerial images and measuring Euclidean distance

in ImageJ (National Institute of Health).

We calculated principal coordinates analyses (PCoA) with all eco-

logical variables using a distance matrix calculated using the distance

form of Gower’s coefficient for mixed data (APE package, R Core

Team, 2012). We completed a PCoA for this set of variables, as

many of our new ecological variables were multistate categorical,

rather than continuous. In this analysis, only the first two compo-

nents of the PCoA were significant, according to a Broken Stick

model, and they accounted for 52.7% and 17.7% of the variance,

respectively. PC1 largely accounted for variance in temperature sea-

sonality, and PC2 described variation in annual precipitation.

2.5 | Cytotype determination

For all field collections, cytotype (ploidy level) was determined by

flow cytometry of leaf tissue using the method described by Talent

and Dickinson (2005). Briefly, samples were run on a FACSCalibur

flow cytometer (Becton-Dickinson) soon after collection. We used

Pisum sativum as an internal standard, added to all samples. Calcula-

tions of total DNA content were completed using FlowJo (Tree Star

Inc.).

2.6 | DNA extractions and microsatellite
amplification

For all field collections, DNA samples were extracted using a stan-

dard CTAB extraction protocol (Lo et al., 2009, 2010) then stored at

�20°C. Using primers originally developed for Malus, a closely

related genus (Gianfranceschi, Seglias, Tarchini, Komjanc, & Gessler,

1998; Liebhard et al., 2002), we screened 24 microsatellite loci,

including those used by Lo et al. (2009, 2010). Sixteen loci were

found to amplify well (see Table S1). Samples were amplified for all

16 microsatellite loci using the following concentrations in a 15 ll

reaction: ~20 ng of genomic DNA, 1.5 ll of a high TRIS KCl buffer,

0.2 lM of each dNTP, 0.5 unit of taq polymerase, 4.5 lg of Bovine

Serum Albumin, 2.67 lM of forward primer and 4.67 lM of both

reverse primer and the fluorescently labelled tag (with NED, VIC or

FAM, depending on the loci). The amplification was completed with

the following cycles: an initial denaturing period of 94°C for 2 min,

then 5 cycles of 94°C for 30 s, 63°C for 45 s and 72°C for 1 min,

reducing the annealing temperature by 1°C every cycle to improve

specific annealing, followed by 30 cycles of 94°C for 30 s, 58°C for

45 s and 72°C for 1 min, and finally a 10 min final extension period

at 72°C. Fluorescently tagged bands were analysed for fragment size

using an ABI sequencer (Royal Ontario Museum), and band length

peaks were scored by hand using GENEMARKER (ABI software).

2.7 | Population genetic analyses and clone calling

One major hurdle in interpreting genotypic information in polyploids

is the problem of allele dosage. For example, if a tetraploid individual

possesses the alleles A1 and A2, their genotype could be A1 A1 A1

A2, A2 A2 A2 A1, or A1 A1 A2 A2. Two common ways to overcome

this problem are either to “fill in” missing genotype information using

probabilities that are based on allele frequencies within the popula-

tion (i.e., Clark & Jasieniuk, 2011; Meirmans, Vlot, Den Nijs, & Men-

ken, 2003), or to convert allelic information to binary form, and treat

the microsatellites as dominant markers (Dufresne, Stift, Vergilino, &

Mable, 2014). We performed our analyses using both of these tech-

niques, but as both analyses qualitatively agree, we report our find-

ings from the binary data, with the exception of our measurements

of diversity (i.e., heterozygosity), which is more intuitive to interpret

using the “filled in” ambiguous genotype information.

We used GENODIVE (Meirmans & Van Tienderen, 2004) to calcu-

late measurements of diversity and divergence within each cytotype,

using a stepwise-mutation model. We then sought to determine if

genetic differentiation occurs along a geographic or ecological axis

or neither. We used a mantel test to correlate geographic distance

(calculated as the Haversine distance between pairs of latitude and

longitude coordinates) and Nei’s D genetic distance for each cyto-

type. Similarly, we also correlated Gower distance based on our eco-

logical variables and Nei’s D, but used a partial Mantel test to

account for geographic distance. Because microsatellite markers

themselves are believed to be relatively neutral, we report these

statistics for diploid C. sukdorfii for comparison, but acknowledge

that these statistics are unlikely to be biologically informative by

themselves. On the other hand, we know that polyploids in Cratae-

gus subgenus Sanguineae are predominantly asexual (Lo et al., 2013);

linkages between microsatellite markers and loci under selection are

thus unlikely to be disrupted. In this way, the microsatellite markers

may be informative in determining correlates of population genetic

structure.

We then used GENODIVE to call clonal genotypes within each cyto-

type. Even clones can differ in multilocus genotypes, simply due to

scoring error, or somatic mutations. In long-lived perennials, somatic

mutations may contribute substantially to differences between two
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individuals of the same clonal genotype. While some cytotypes may

display a disjunct distribution, such that there is a small, discrete

class of individuals which are more closely related (representing

clones), the distribution of pairwise differences may also be more

continuous. To address this issue, we called clonal genotypes using a

threshold for a maximum number of differences permitted between

individuals to still be considered clones. There is little documentation

for appropriate threshold calling (Meirmans et al., 2003), but Dou-

hovnikoff and Dodd (2003) proposed a method to objectively set

thresholds using estimates of means and standard deviations. We

set thresholds by comparing the distributions of the number of

clones called at each threshold for diploids (which are obligately

outcrossing, and thus should have no clones) and polyploids. These

distributions were relatively normal, but tetraploids and triploids (but

not diploids), had slightly exaggerated left-hand tails, suggesting an

excess of individuals who were very closely related (Figure 3). For

allotriploid C. suksdorfii and autotriploid C. gaylussacia, these distribu-

tions showed a discrete class of individuals which were much more

genetically similar than the bulk of the sample, and we used this

obvious break to call clones. We find 1 clonal genotype for each

allotriploid C. suksdorfii and autotriploid C. gaylussacia.

For cytotypes with a more continuous distribution of pairwise

differences (i.e., diploid C. suksdorfii and allotetraploid C. douglasii),

we set the expected 99% confidence intervals for each distribution

by calculating three standard deviations from the mean. First, we

tested the false positive rate for mis-calling clones in diploid C. suks-

dorfii. In this analysis, three standard deviations from the mean

encapsulated almost the entire distribution (99.5% on the lower

bound), and when this threshold was used to call “clones” in the

diploid data set only two sets of individuals were mis-classified as

putative clones. In one of these sets, both individuals resided in the

same population, and this population was genetically relatively

depauperate. The other set resided approximately 38 km away from

each other.

Applying this method to allotetraploid C. douglasii, the lower

bound of the expected 99% confidence interval excluded a small tail

(~2.5%, Fig. S2). When we used this threshold to call clones, we

found a total of 94 clonal individuals out of 147 individuals (~64% of

individuals). These clonal genotypes consisted of 22 distinct clonal

genotypes, with an average of four individuals per clone. All but one

population had at least one clone called, and each clonal genotype

occurred at three unique geographic locations on average. While

C. douglasii is self-compatible, these clonal individuals are unlikely to

be the result of self-fertilization of the embryo as they were highly

heterozygous. In addition, while there likely have been multiple ori-

gins in this group (see Section 4), it is unlikely that these putative

clonal lineages are the product of identical/very similar parental

genotypes recurrently and independently forming genetically identi-

cal allotetraploid C. douglasii offspring. The probability of recurrently

forming the same allotetraploid C. douglasii genotypes is simply the

probability that multiple identical gametes from diploid C. suksdorfii

fused with multiple identical gametes of the unknown parent from

C. subg. Americanae (and that this happened for each set of putative

clones). While possible, this is highly unlikely, because allelic diversity

is relatively high in diploid C. suksdorfii, and because this species is

obligately outcrossing, we do not expect significant linkage between

microsatellite markers from across the genome (and indeed, we see

little evidence that this is the case), thus simply drawing the same

genotype from a pool of diploid C. suksdorfii gametes is unlikely.

Indeed, even the two false positive clones that were called for

diploid C. suksdorfii using our mean and standard deviation approach

were more different from each other than the maximum threshold

for calling clones in allotetraploid C. douglasii individuals (Figure 3),

indicating that a low probability of drawing the same diploid C. suks-

dorfii gametes multiple times.

2.8 | Determining the ecological and geographic
distributions of clonal genotypes

We then sought to determine the geographic and ecological distribu-

tions of clonal genotypes. We focused on clonal genotypes within

allotetraploid C. douglasii, for two reasons. First, we identified the

largest number of clones in the data set for this species and thus

had the greatest statistical power to test for differences in the eco-

logical and geographic distributions of these clones. Second, this spe-

cies is more common and has the widest geographic distribution of

all cytotypes within this species complex (Figure 1) and thus may be

the most biologically relevant cytotype in which to test how large

range size is achieved.

For clonal genotypes that occurred at more than one geographic

site we calculated the average pairwise geographic and ecological

distances between sites that housed the same clonal genotype (i.e.,

the same focal clone). We did this using the Haversine distances

between the pairs of geographic coordinates (latitude, longitude

using the distHaversine function in the R package geosphere; Hij-

mans, 2015), and the Euclidean distances between pairs of scores on

PCo1 and PCo2 (using the dist function in R). This analysis was per-

formed at the level of site, instead of individual, for two reasons (i)

to avoid confounding the potential distribution of clonal genotypes

with the fact that a given site is likely to have multiple individuals of

the same clonal genotype, and (ii) to determine if clones which did

occur at more than one site were occurring in geographically or eco-

logically proximate locations. To create a distribution of “random”

distances, we randomly sampled sets of three allotetraploid sites

F IGURE 3 Threshold histograms for (a) Diploid C. suksdorfii (b) autotriploid C. gaylussacia, (c) allotriploid C. suksdorfii (c) allotetraploid
C. douglasii. For diploid C. suksdorfii and allotetraploid C. douglasii thick black bar is the mean, while dashed lines are the expected 2nd SD, and
dotted lines are the expected 3rd SD. For autotriploid C. gaylussacia and allotriploid C. suksdorfii, dashed line indicates the threshold used to
call clones based on the disjunct distributions of pairwise differences. Note that these panels do not occur on the same scale

5490 | COUGHLAN ET AL.



20 40 60 100 120 14080

0
10

20
30

40(a)

(d)

10 20 30 40 50 60 70

0
100

200
300

400
500

Fr
eq

ue
nc

y

0 10 20 30 40 50 60

0
2

4
6

8
10

0 10 20 30 40 50 60

0
1

2
3

4
5

6

Fr
eq

ue
nc

y
Fr

eq
ue

nc
y

Fr
eq

ue
nc

y

(b)

(c)

2x C. suksdorfii 

3x C. gaylussacia 

3x C. suksdorfii 

4x C. douglasii 

COUGHLAN ET AL. | 5491



without replacement and calculated the average geographic or eco-

logical distance among them using the distances described above.

We chose sets of three sites to match the average number of sites a

given clonal genotype was found at. We completed this random

sampling 1,000 times, then used a Kruskal–Wallis test to determine

if the average geographic or ecological distance between randomly

chosen points and individuals from a given clonal genotype differed.

While many clonal genotypes occurred at multiple sites, 27% of

clonal genotypes occurred only at one site. These clones may repre-

sent more ecologically specialized clones, and thus, we aimed to

assess whether the ecological and geographic distribution of these

geographically restricted clones occurred in ecologically extreme

habitats, or at higher latitudes or altitudes, relative to the bulk of the

allotetraploid C. douglasii sample.

Lastly, we correlated measurements of clonal diversity with both

latitude and altitude to determine if clonal diversity varies spatially.

Specifically, we asked whether populations at the range edge are

less genetically diverse than the range centre, which could indicate

either a higher propensity for asexual reproduction, or a filtering of

unfit genotypes closer to the edge, consistent with the Frozen Niche

hypothesis.

3 | RESULTS

3.1 | Geographic distributions

Using range-wide samples from the Royal Ontario Museum Cratae-

gus database, we find that Crataegus subg. Sanguineae display pat-

terns of Geographic Parthenogenesis, wherein allotetraploid

C. douglasii displays the widest distribution, allopolyploids exhibit an

intermediate distribution, and autotriploid C. gaylussacia and diploid

C. suksdorfii exhibit the smallest distribution (Figure 1), which is con-

sistent with previous research (see Coughlan et al., 2014; Lo et al.,

2013; McGoey, Chau, & Dickinson, 2014). We also show the novel

result that the distribution of C. douglasii is also intermediate to its

two progenitors; diploid C. suksdorfii and a member of C. subg. Amer-

icanae—though it is larger than either (Figure 1).

3.2 | Ecological distributions

In both the range-wide Herbarium collections as well as our own

field collections, cytotypes varied in niche breadth, wherein allopoly-

ploids tended to have larger niches than either autopolyploids or

diploids for both the herbarium samples and our field collections

(Figures 1 and 2, respectively). Allotetraploid C. douglasii has a sub-

stantially wider ecological distribution than any of its putative paren-

tal species (Figures 1 and 2). Most cytotypes which arose from

subsequent backcrossing display niche sizes that are intermediate

relative to their parents (as is the case for allotriploid C. suksdorfii,

the putative backcross between allotetraploid C. douglasii and diploid

C. suksdorfii, and pentaploid C. douglasii, the putative backcross

between allotetraploid C. douglasii and allotriploid C. suksdorfii). In

contrast, autotriploid C. gaylussacia has a substantially smaller niche

than any other cytotype in the complex (Figure 1). Thus, poly-

ploidization in itself is not sufficient to explain niche expansion in

Pacific Northwest Hawthorns.

Cytotypes also varied in their position within the climate niche

space (F = 196.1, df = 10, p < .0001), particularly along PC1 (Fig-

ure 1). At one extreme, the Mediterranean climate of the California

coastal steppe, inhabited by autotriploid C. gaylussacia sites was

reflected in their generally warmer conditions, greater diurnal variation

in temperature and greater precipitation seasonality. This niche was

distinct from that of its sexual, progenitor, diploid C. suksdorfii, which

inhabits the Marine and Marine Mountain climates of western Oregon

and Washington (also summer-dry, with abundant winter precipita-

tion; Bailey, 1997). On the other extreme, Crataegus. subg. Americanae

reside in habitats that are generally cooler, especially in the winter,

more variable in temperature, and drier. Though larger than either par-

ental niche, allotetraploid C. douglasii inhabits a niche which is inter-

mediate to both of its putative parental species. Along PC1, this niche

is distinct from diploid C. suksdorfii, as allotetraploid C. douglasii is

commonly found in drier and cold environments such as the Temper-

ate Steppe and Temperate Desert climate divisions and their montane

subdivisions, but overlaps with Crataegus. subg. Americanae. The cli-

mate niches of the allopolyploid C. suksdorfii and pentaploid C. dou-

glasii are largely overlapping with allotetraploid C. douglasii, although

all three are intermediate to their respective, putative parental species.

Results from the PCoA based on field collected sites generally

recapitulate the PCA results from herbarium records (Figure 2).

Autotriploid C. gaylussacia and diploid C. suksdorfii display distinct

niches relative to all allopolyploids in the complex, with autotriploid

C. gaylussacia occurring in hot, xeric, climatically stable sites, diploid

C. suksdorfii occurring in much more mesic sites, and all allopoly-

ploids occurring in cooler, drier, higher elevation and more temper-

ately seasonal sites (Figure 2). While the main drivers of niche

divergence among cytotypes were climatic, soil profile did differ

between the habitat of autotriploid C. gaylussacia and all other cyto-

types, such that C. gaylussacia occurs in more acidic soils (Fig. S3).

No other nonclimate ecological variable was important in distinguish-

ing cytotype niches.

3.3 | Patterns of genetic diversity among cytotypes
and across space

Genotype data from our field collected individuals show that both

allotetraploid C. douglasii and diploid C. suksdorfii have similar levels

F IGURE 4 Isolation by distance and isolation by ecological distance, respectively, for field collected individuals based on microsatellite
markers: (a, b) Diploid C. suksdorfii; (c, d) Autotriploid C. gaylussacia; (e, f) Allotriploid C. suksdorfii (g, h) Allotetraploid C. douglasii. Lines are the
regression between genetic dissimilarity and either geographic or ecological dissimilarity, and only appear on comparisons that were significant
or nearly significant based on mantel tests for geography and partial mantel tests for ecology. Note the scales differ in each panel
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of allelic diversity (Table 1), while both allotriploid C. suksdorfii and

autotriploid C. gaylussacia are generally less diverse. Individuals from

autotriploid C. gaylussacia, allotriploid C. suksdorfii and allotetraploid

C. douglasii exhibit a smaller number of average pairwise differences

than individuals of diploid C. suksdorfii (Figure 3), likely in part

because of the presence of clonal genotypes in these groups. Allote-

traploid C. douglasii and allotriploid C. suksdorfii also exhibited much

higher genetic distance among populations than diploid C. suksdorfii,

while autotriploid C. gaylussacia populations showed very little

genetic divergence (Table 1).

We find no evidence for isolation by geographic distance (IBD)

across the range for allotetraploid C. douglasii (r = �.02143, p = .6;

Figure 4) or allotriploid C. suksdorfii (r = �.203, p = .9), but we do

for diploid C. suksdorfii (r = .3608, p = .05), and we find nearly signif-

icant isolation by distance for autotriploid C. gaylussacia (r = .71,

p = .1).

We find evidence of several clonal lineages in allotetraploid

C. douglasii. Approximately two-third of individuals (94 of 147) were

assigned to one of 22 clonal genotypes, with an average of four indi-

viduals per clone. While approximately one-third of the individuals

were found to be genetically unique, this does not mean that they

are the product of sexual reproduction, and may represent clonal lin-

eages which are rarer or older (and thus are harder to find or have

accumulated more mutations, respectively). These results are also

consistent with Lo et al. (2013) which found that all seeds sampled

from allotetraploid C. douglasii were the product of asexual repro-

duction. We also find that these clonal lineages are generally well

dispersed. Of the 94 known clonal individuals, 73% of individuals

occurred at more than one site, with an average of three sites per

clone. Thus, while there was no single clonal genotype which was

widespread across the landscape, widespread clones comprise about

half of the total data set (69 individuals of 147 belonged to clonal

lineages with occurred at more than one site).

In addition, clonal genotypes of allotetraploid C. douglasii which

occurred at two or more sites are widely dispersed across the land-

scape. While they are, on average, slightly less geographically
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F IGURE 5 (a–f) Three representative examples of the geographic and ecological distribution for clonal genotypes which were found to
occur at more than one site for the field collected individuals. Red circles denote sites which housed the same focal clone genotype and black
circles denote the remainder of the sample. (g) The average ecological distance among random sites vs sites which housed the same clonal
genotype. (h) The average geographic distance among random sites vs sites which housed the same clonal genotype. See Fig. S2 for all clones.
All distance measurements, as well as distributions, are based on PCoA analyses completed on the field collected individuals, as in Figure 2
[Colour figure can be viewed at wileyonlinelibrary.com]
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dispersed as a random subset of sites, this difference is barely signif-

icant (v2 = 5.1632, df = 1, p = .0231, with p .025 being the signifi-

cance threshold after multiple comparisons; Figure 5). The most

common clonal genotype called accounted for 8% of the allote-

traploid sample and occurred at 17% of the sampled sites. While on

average, a given clonal genotype was well dispersed, 27% clonal

genotypes occurred at only one site. While broadly dispersed clonal

genotypes are relatively common in allotetraploid C. douglasii, some

clonal genotypes remain more isolated.

We detect one clonal genotype in each autotriploid C. gaylussa-

cia and allotriploid C. sukdorfii. In the case of allotriploid C. suksdorfii,

this clone comprises four individuals and is found at two of the four

sites samples, and occur approximately 25 km apart from each other.

For autotriploid C. gaylussacia, the single clonal genotype comprises

three individuals which each occurred at three of four sampled sites

(which are all <8 km away from each other). We refrain from further

statistical tests of their distributions, given the small sample sizes for

these cytotypes.

3.4 | Distribution of genotypes in ecological space

We also find no evidence for isolation by ecological distance, while

controlling for geographic distance in any cytotype (diploid C. suksdor-

fii: r = .3163, p = .14; autotriploid C. gaylussacia r = �.1213, p = .5;

allotriploid C. suksdorfii r = �.0175, p = .58; allotetraploid C. douglasii:

r = .005337, p = .46; Figure 4). This suggests that successful dispersal

and colonization of genotypes are limited by geography more than

ecology in both diploids and autotriploids, but by neither geography or

ecology in allopolyploids in this group.

In addition, clonal genotypes of allotetraploid C. douglasii are not

clustered in ecological space. In fact, on average, clonal genotypes are

found in ecologically variable habitats (Figures 5, S1) and have an

equally variable ecological distribution as a random sample of allote-

traploid C. douglasii sites (v2 = 0.6989, df = 1, p = .4032; Figure 5). Of

the clonal genotypes which do occur at a single site, these sites were no

more ecologically extreme than the bulk of the allotetraploid C. dou-

glasii range (in terms of their position on PCo1: v2 = 0.25, df = 1,

p = .61, their latitude: v2 = 0.25, df = 1, p = .61 or altitude: v2 = 0.22,

df = 1, p = .64), suggesting that potentially more specialized clones are

not more likely to be found at the edge of the niche or range.

We find no evidence for geographic differences in clonal diver-

sity. The proportion clonal individuals at a given site was not corre-

lated with latitude (r = �0.07, df = 33, p = .66) or altitude (r = .16,

df = 32, p = .34). Thus, it appears that clonal reproduction, clonal

success, or both are not more likely to occur at higher latitudes or

altitudes within the range of allotetraploid C. douglasii.

4 | DISCUSSION

We sought to examine whether the increase in range size associated

with asexual allopolyploids was also associated with an increase in

niche breadth at range-wide scales, and moreover what potential

genetic mechanisms may allow for this expansion. Here, we show

that while all polyploids exhibit some degree of niche divergence,

only allopolyploids exhibit a broader range than that of diploid

C. suksdorfii, suggesting a potential role of hybridity in niche expan-

sion in this group. We find no evidence of geographic structuring

within allotetraploid C. douglasii, as would be expected if niche

expansion were a by-product of multiple origins. We also do not find

evidence that allotetraploid C. douglasii genotypes are ecologically

clustered in either the overall sample or within a given clonal geno-

type, as would be expected under the frozen niche hypothesis. How-

ever, we find clonal genotypes which are ecologically and

geographically widespread, consistent with the generalist genotype

hypothesis. We interpret these findings to suggest that high disper-

sal rates of potentially generalist clones may contribute to niche

expansion in allopolyploids of this group.

4.1 | Niche divergence is associated with all
polyploids, while niche expansion is associated only
with allopolyploids

In North American Crataegus subgenus Sanguineae, the niches of all

polyploids diverge from that of the diploids. Niche differentiation is a

relatively common (though not ubiquitous) consequence of the evolu-

tion of asexual polyploids (Soltis, Visger, Marchant, & Soltis, 2016),

and is thought to be an important barrier to both reproduction and

competition among cytotypes, that could facilitate the maintenance

of cytotype diversity (Fowler & Levin, 1984; Ramsey & Schemske,

1998). In our results, both auto- and allopolyploids differed substan-

tially from diploids in niche position, and this differentiation was pri-

marily driven by both temperatures, precipitation and altitude

(Figures 1, 2, and S2). The relative positions of these cytotypes along

PC1/PCo1, however, are likely influenced by the genetic composition

of the polyploids involved. All C. subg. Sanguineae allopolyploids were

generally found in cooler and more seasonally variable habitats than

diploid C. suksdorfii, while autotriploids were found in warmer, drier

and less seasonally variable habitats than diploid C. suksdorfii. Hybrids

tended to fill niche positions which were intermediate to their par-

ents. This is witnessed for allotetraploid C. douglasii (putative hybrid

of diploid C. suksdorfii 9 Crataegus subgenus Americanae), as well as

allotriploid C. suksdorfii (putative backcrosses between diploid C. suks-

dorfii and allotetraploid C. douglasii) and pentaploid C. douglasii (puta-

tive backcrosses between allotriploid C. suksdorfii and allotetraploid

C. douglasii) (Figure 1). In contrast, the niche divergence between

diploid C. suksdorfii and autotriploid C. gaylussacia cannot be

explained by hybridization. Polyploidization, apomixis, or their combi-

nation may have caused this shift, or patterns of niche divergence

between diploid C. suksdorfii and autotriploid C. gaylussacia may sim-

ply be due to historical contingency, local adaptation and limited dis-

persal among these sites. In Achillea borealis, niche divergence among

cytotypes is, in part, a direct consequence of polyploidization, and in

part due to subsequent local adaptation (Ramsey, 2011). Similarly, in

Boechera, in which diploid apomicts occur, ploidy, rather than repro-

ductive system, appears to drive niche divergence (Mau et al., 2015).

COUGHLAN ET AL. | 5495



In Crataegus subgenus Sanguineae, it appears that polyploidization

and mating system shift are sufficient to cause niche differentiation,

but the extent and direction of niche divergence may be related to

the genetic composition of taxa involved.

In contrast to niche divergence, increased niche breadth relative

to diploids is found only in North American allopolyploid C. subg.

Sanguineae taxa, with allotetraploid C. douglasii exhibiting the largest

niche (Figure 1). This is perhaps not surprising, as allopolyploids in

this complex also have markedly larger geographic ranges and have

been shown to exhibit the pattern of GP (Coughlan et al., 2014).

Stebbins (1940) compared the environmental and geographic distri-

butions of polyploid and diploid Crepis, and since then, many other

researchers have also shown a wider range of habitats associated

with apomictic polyploids compared with their diploid progenitors

(i.e., Bierzychudek, 1985; Hancock & Bringhurst, 1981; Lumaret

et al., 1987; Meimberg et al., 2009). In the case of Crataegus sub-

genus Sanguineae, niche expansion appears to be a consequence of

hybridization, either in concert with or independent of apomixis and

polyploidization, as allopolyploids have a broader niche than both

autopolyploid C. gaylussacia and diploid C. suksdorfii.

Hybridization has been hypothesized to play an important role in

niche expansion, as it can generate substantial genetic diversity as all

individuals are fixed heterozygotes at every locus (Kearney, 2005).

That said, many cases of niche expansion have been found in

autopolyploids (i.e., Bayer, 1991; Yahara, 1990). In Cardamine,

allopolyploids are able to grow equally well in either parental habitat

by nonrandomly expressing the appropriate parental allele (Shimizu-

Inatsugi et al., 2017). In Crataegus subgenus Sanguineae, hybridiza-

tion has likely played an important role in niche expansion. Allote-

traploid C. douglasii is the product of hybridization between two

relatively disparate groups—that is diploid C. suksdorfii (C. subg. San-

guineae), which is found on in mesic environments in the Pacific

NW, and an unknown member of Crataegus subg. Americanae, extant

members of which inhabit sites that are cooler, more variable in tem-

perature, and drier than those occupied by C. douglasii (Zarrei et al.,

2014; Figures 1, 2 and S2). Crataegus douglasii is able to occur in

habitats which span the range between its putative parental niches,

and thus increasing the breadth of its niche by more than double

than either of the putative parental species. Next, we sought to

understand the genetic mechanism of this extreme niche expansion

in allotetraploid C. douglasii.

4.2 | Geographic structuring of populations, and the
role of multiple origins in patterns of geographic
parthenogenesis

We show that allopolyploids exhibit no isolation by distance and no

geographic structuring of clonal genotypes (Figures 4 and 5). This is

in contrast to diploid C. suksdorfii and autotriploid C. gaylussacia,

which exhibit some geographic structuring among populations (Fig-

ure 4). We interpret these results to suggest that allopolyploids have

a higher dispersal and/or colonization ability relative to diploids or

autopolyploids in this group. While a lack of structuring has been

found in allotetraploid C. douglasii across much smaller geographic

spaces with fewer sampled populations (i.e., Lo et al., 2009), we

recapitulate this pattern with a range-wide sampling effort compris-

ing many more populations and larger geographic spaces. We are

the first to report a lack of population structuring both allotriploid

C. suksdorfii and allotetraploid C. douglasii across the range, but evi-

dence for IBD in taxa of nonhybrid origin, as is found in autotriploid

C. gaylussacia and diploid C. sukdorfii. This is congruent with having

found that allopolyploids tend to invest proportionally more in fruit

mass (dispersal-related), while diploids and autotriploids invest more

in seeds (competition-related; Coughlan et al., 2014). This potentially

greater ability to disperse and colonize new geographic locations can

increase range size (Lester, Ruttenberg, Gaines, & Kinlan, 2007), and

so expose a cytotype to a wider range of niches.

Given this lack of geographic structure to our population genetic

data for allopolyploids it seems unlikely that niche expansion, at least in

allotetraploid C. douglasii, is simply a by-product of multiple origins.

While we cannot determine how many times allotetraploids have arisen,

given the poor phylogenetic resolution in this clade (Zarrei et al., 2014),

but there is no evidence of multiple genetic clusters associating with

novel portions of the range or niche, unlike in Plantago media (Van Dijk &

Bakx-Schotman, 1997) or Easter daisies (Thompson & Whitton, 2006).

This is not to say that multiple origins of each cytotype have been unim-

portant in the creation of multiple clonal genotypes which may readily

colonize novel habitats, but simply that genotypes in this group appear

to be highly dispersive and geographically distinct populations do not

appear to be evolutionarily distinct lineages.

4.3 | Ecologically generalist genotypes may
contribute to patterns of GP and niche expansion in
allotetraploid C. douglasii

For cytotypes that show patterns of niche expansion (i.e., allopoly-

ploids), we do not find evidence of ecological clustering of genotypes.

There was no cline in genetic similarity based on ecological similarity

for any cytotype in this study, but patterns of genetic similarity can

be explained by geography for both diploid C. suksdorfii and autotri-

ploid C. gaylussacia, as discussed above. We note that microsatellites

themselves are neutral markers and in the case of sexually reproduc-

ing, randomly mating taxa will likely not be correlated with ecological

gradients even when populations are locally adapted. However, given

that all polyploids in this complex are highly apomictic (Lo et al.,

2013), putatively neutral markers are expected to behave non-neu-

trally, due to close linkage with loci that are under selection. Thus, a

lack of both geographic and ecological structuring of population

genetic similarity highlights a potentially strong role of dispersal and

colonization ability in allopolyploids in this group.

We find that evidence of ecologically and geographically wide-

spread clonal lineages in allotetraploid C. douglasii. While no single

clone is responsible for this pattern, widespread clones as a class

account for approximately half of the individuals sampled. On aver-

age, clonal genotypes for allotetraploid C. douglasii were not clus-

tered in ecological space, as would be expected if most clonal
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genotypes were specialized to particular environmental conditions.

We did find that ~27% of clones were geographically restricted, and

occurred at only one site. These spatially restricted clones could be

examples of ecologically specialized clones, consistent with the Fro-

zen Niche hypothesis (Vrijenhoek, 1984). However, sites which

housed unique clones were not more environmentally extreme than

the bulk of the allotetraploid C. douglasii sites, and these sites often

also housed generalist clones. Spatially restricted clones may also be

relatively new clonal genotypes which have not had time to disperse

across the landscape, or clones which indeed are more broadly dis-

tributed, but were un-sampled at other sites. Along these lines, it

was also common for the same clonal “generalist” genotype to be

found multiple times at the same site. This simply highlights that

despite the putatively high dispersing capacity of allotetraploid

C. douglasii, seeds produced at a given site are more likely to dis-

perse very short distances, while long distance dispersal events

should be relatively less common in any given year (Nathan, 2006),

but across years these long distance dispersal events could con-

tribute greatly to eroding patterns of isolation by distance.

In contrast to many other studies, we find that ecologically wide-

spread clonal genotypes are relatively common in allotetraploid

C. douglasii. Sixty-four per cent of allotetraploid individuals were

found to belong to one of 22 clonal genotypes (94 of 147 individu-

als). When clones occurred at more than one geographic site, those

sites were not ecologically clustered, relative to the range of allote-

traploid C. douglasii, suggesting that the same clonal genotype can

survive in multiple environments. The frequency and distribution of

these clonal genotypes may suggest that allotetraploid C. douglasii is

composed, in part, by generalist clones. As these plants are long-

lived and slow growing, demographic studies and accurate estimates

of local fitness are challenging to obtain, and thus, we cannot pro-

vide estimates of local fitness across habitats for each clone. How-

ever, all individuals sampled were full, adult trees, and thus had

survived local selective sieves acting on colonizing seeds, and seed-

lings. In addition, the trees that were revisited in summer of 2011 all

produced fruit and thus are at least able to reproduce.

Support for the general-purpose genotype has been relatively low.

Many authors have found that certain clonal genotypes are able to

maintain relatively stable fitness measurements across environmental

gradients relative to sexual diploids (Bierzychudek, 1989; Hancock &

Bringhurst, 1981; Michaels & Bazzaz, 1989), and Oplaat and Verho-

even (2015) have found that generalist clonal genotypes are associ-

ated with the leading range edge, while more specialized clonal

genotypes tend to be from closer to the range centre in Taraxacum.

However, if generalist genotypes are contributing to patterns of Geo-

graphic Parthenogenesis, these clonal genotypes should be wide-

spread (or at the leading edge, as in Oplaat & Verhoeven, 2015). Very

few studies have found widespread clonal genotypes, and when

found, these genotypes are often uncommon relative to spatially

restricted ones (i.e., Van Dijk, 2003). Here, we show that putatively

“generalist” clonal genotypes are widespread and occur in a variety of

environments in allotetraploid C. douglasii. These clonal genotypes are

not found in more extreme environments, or within the range edges

(such as Oplaat & Verhoeven, 2015). We suggest that these putatively

generalist clonal genotypes may be related to the fact that these

allopolyploids are the result of hybridization between two relatively

divergent taxa, and thus, these clones may have an increased ability to

tolerate habitats ranging from that of C. suksdorfii to those of wide-

spread members of Crataegus subg. Americanae like C. chrysocarpa and

C. macracantha, as well as potentially novel environments. However,

more information about the evolutionary history of these clones, as

well as measurements of their local fitness are needed to understand

the mechanism by which hybridization is contributing to patterns of

GP in this group, potentially through these generalist clones.

5 | CONCLUSIONS

We have described patterns of niche divergence and breadth across

cytotypes in Pacific Northwest members of Crataegus subg. San-

guineae. We find that while all polyploids display niche divergence

from diploids, only allopolyploids exhibit a broadening of niche. In

addition, these allopolyploids show no patterns of isolation by dis-

tance, while diploids and autotriploids do, suggesting a difference in

dispersal/colonization dynamics between these taxa. Lastly, we

emphasize the overall pattern that allotetraploid C. douglasii has geo-

graphically and ecologically widespread clonal genotypes throughout

its range. Taken together, we infer that patterns of niche expansion

of geographic parthenogenesis in this group may, in part, be related

to highly dispersive, hybrid generalist clonal genotypes.
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