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ABSTRACT 

 

The Association between Polyploidy and Clonality  

in the Herbaceous Plant, Chamerion angustifolium (Onagraceae) 

 

 

Sarah J Baldwin 

University of Guelph, 2012 

 

Advisor: 

Dr. Brian C Husband 

 

The co-occurrence of polyploidy and clonal reproduction among plant species has 

long been recognized, but the evolutionary mechanisms underlying the association are 

unknown. Here, I investigate whether polyploidy increases the magnitude of clonality, either 

directly or indirectly, by comparing the extent and spatial structure of clones between diploid 

and tetraploid Chamerion angustifolium in a greenhouse environment and natural 

populations. In the greenhouse, tetraploid plants allocated 90.4% more dry mass to root buds, 

the primary mechanism of clonal reproduction, than diploids. Per unit root mass, tetraploids 

produced 44% fewer root buds and the average position of the root buds along the root was 

47% closer to the stem than in diploids. In natural populations, the magnitude of clonality in 

tetraploid C. angustifolium was similar or less than in diploids. However, clones were 

spatially aggregated in all diploid populations but only in two of five tetraploid populations. 

Average clone patch diameter, however, was not significantly different between diploids (3.9 

m) and tetraploids (2.5 m). These data do not support the hypothesis that clonality increases 

as a result of genome duplication. Rather, it is possible that clonality is linked to genome 

duplication because clonal diploids are predisposed for polyploid formation and 

establishment.
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INTRODUCTION 

 

Understanding the consequences of genome duplication for the evolution of sexual 

systems is a central focus of plant evolutionary biology. Genome duplication, resulting in 

polyploidy (the presence of more than two sets of chromosomes), has occurred at least once 

in the lineages of most, if not all, angiosperm (flowering plant) species (Soltis et al. 2009). 

Variation in ploidy has contributed to the wide range in somatic chromosome copy number 

(i.e. 2n = 2x to 2n = 80x; Murray et al. 2005) and genome size (i.e. 0.06 to 152.2 pg; 

Greilhuber et al. 2006, Pellicer et al. 2010 respectively) among angiosperms. Researchers 

have investigated the effect of genome duplication on many aspects of reproduction such as 

self-compatibility (Mable 2004), outcrossing rate (Lande and Schemske 1985), and gender 

(Miller and Venable 2000). In general, researchers have claimed there is a strong association 

between the co-occurrence of polyploidy and asexual reproduction. Angiosperms are variable 

with respect to their capacity for asexual reproduction (reproduction without ovule 

fertilization), which can function through seed production (i.e. some forms of agamospermy) 

or through clonal growth (i.e. ramet production). Of these two forms, clonality is the most 

common mode of asexual reproduction in angiosperms, occurring in from 45 to 80% of all 

species (reviewed in Klime et al. 1997).  

Gustafsson (1948) was the first to report an association between polyploidy and 

vegetative reproduction. He showed that the rate of polyploidy is higher in clonal plants than 

in predominantly sexual perennials and annuals. In fact, among the clonal plants surveyed, 

64-68% were polyploids, whereas only 32-34% of annuals and 38-46% of sexual perennials 

were polyploid. This relationship has since been confirmed in many other surveys of 

angiosperms, and is even mirrored in animals, in which parthenogenetic species (where 

embryo formation occurs without fertilization) are more likely to be polyploid than their 

sexual relatives (Otto and Whitton 2000). Although the association between asexuality and 

polyploidy is ubiquitous, the cause is not well understood. 
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Hypotheses explaining the association between polyploidy and clonal reproduction 

 Two general hypotheses may explain the association between polyploidy and 

clonality: 1) clonal reproduction is a precondition for polyploid evolution, and 2) polyploidy 

enhances the incidence or degree of clonality. The first, and traditional, hypothesis is that 

clonality is a prerequisite for polyploid evolution (Stebbins 1950) as it increases the 

likelihood of polyploid establishment or formation. Polyploid establishment is inhibited by 

low sexual fertility because of problems with chromosome pairing during meiosis, and the 

production of unbalanced gametes in odd-ploidy polyploids (Ramsey and Schemske 2002). 

Polyploid establishment is also inhibited by low mate availability and high rates of between-

ploidy mating, which is ineffectual (Levin 1975). Clonality would facilitate the establishment 

of polyploid populations by reducing reliance on the immediate availability of mates. Instead, 

clonal polyploids could persist asexually until additional mates arise through recurrent 

polyploid formation, or by spatially aggregating polyploids, which promotes within-ploidy 

mating. The idea that clonality is a precursor to polyploidy is additionally supported by 

observations within animal groups. Polyploidy in animals is found almost exclusively in 

parthenogenetic organisms, particularly in insects and reptiles (Otto and Whitton 2000). 

Conversely, polyploidy is rare in woody angiosperms and gymnosperms, which have low 

levels of asexual reproduction (although the reason for this might also be developmental 

constraints related to cell size; Otto and Whitton 2000). If this first hypothesis is true, clonal 

reproduction in diploids and tetraploids should be the same. 

 The second hypothesis, which is not mutually exclusive from the first hypothesis, 

postulates that clonality and polyploidy are linked because the degree of clonality increases 

in polyploids due to either direct or indirect effects of genome duplication. Genome 

duplication may directly lead to the novel appearance of asexual structures like root buds or 

rhizomes, but this is rarely, if ever, observed in synthesized polyploids (Stebbins 1950). 

However, it is possible that polyploidy will cause a functional increase in clonality by 

increasing the ratio of asexual to sexual reproduction. This could arise as a potential side-

effect of the many changes associated with polyploidy such as increased cell size, reductions 

in gamete viability, decreased growth rate, and increased branching (Stebbins 1950; Eckert 

2001).  
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Genome duplication may also increase clonality, indirectly, by altering natural 

selection in populations. Selection on clone size is modeled in Figure 1 as a trade-off between 

the fitness costs of between-ploidy mating and inbreeding. Here, clone size is the proportion 

of individuals per genotype (clone) in a population. On one hand, fitness is expected to rise 

with clone size, as the frequency of mating between ploidies declines (solid lines, Figure 1; 

Husband et al. 2008).  At the same time, fitness is expected to decline because of inbreeding 

depression as increased clone size increases the frequency of within-clone mating (i.e. self 

fertilization; Figure 1). Optimal clone size, then, is depicted as the point at which the effects 

of inbreeding and between-ploidy mating are minimized. Since inbreeding depression is 

expected to be lower in polyploids than in diploids (Husband and Schemske 1997, Husband 

et al. 2008), optimum clone size is predicted to be larger in polyploids than in diploids 

(Figure 1). Initial polyploids (neopolyploids) may not experience any inbreeding depression 

at all (Husband et al. 2008), which would lead to even stronger selection for large clones 

(Figure 1). Two assumptions of this model are that 1) ramets within a clone are aggregated 

and 2) variation in ramet production is heritable. In contrast to the first hypothesis, if 

polyploidy increases clonality I expect that clonal reproduction should be higher in 

tetraploids than in diploids. 

 

Current state of research 

Two published studies have examined clonal structure in polyploid species but 

neither explicitly tested for the effect of polyploidy on the spatial extent of clones. Eckert et 

al. (2003) compared clonal diversity between fertile diploid and sterile triploid Butomus 

umbellatus. Natural populations of the sterile triploid tended to be less clonal (more 

genotypes) than the fertile diploids, although not significantly, which is the opposite of what 

was expected (Eckert et al. 2003). The effect of ploidy, however, was confounded by 

differences in mating system, and clone size was not directly compared. Keeler (2004) tested 

the role of intraspecific ploidy variation on differences in clonality in hexaploid (2n = 6x = 

60) and enneaploid (2n = 9x = 90) Andropogon gerardii. Here, clumps of plants were 

visually identified and then clump size and growth were compared between the ploidies. 

Again, no statistical differences were detected between the ploidies. Furthermore, two 

polyploid cytotypes were compared instead of diploids and polyploids, and it is unclear if the 
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same hypotheses apply to this system. In addition, since genotypes were not identified within 

ploidy cytotypes, the accuracy of clone size comparisons is questionable. Even though the 

role of polyploidy in the evolution of clonality was not tested directly, the data from these 

studies indirectly suggest that polyploidy does not lead to the differential expression of 

clonality.    

The tools and analyses required to directly test for differences in the extent of 

clonality between diploids and polyploids are readily available. Flow cytometry now permits 

ploidy to be determined for large sample sizes relatively quickly and with low cost (Suda et 

al. 2006). In addition, there are a range of hyper-variable genetic markers that can be useful 

for identifying the number and spatial extent of clones (Rogstad et al. 2001, Douhovnikoff 

and Dodd 2003, Meirmans and van Tienderen 2004, Lasso 2008) and methods for 

quantifying the spatial organization of clonality (Harada et al. 1997, Chung et al. 2004, 

Alberto et al. 2005, Hoebee 2005). Despite this, the methods have not been applied to test for 

increased clonality in polyploids relative to diploids.  

 

Chamerion angustifolium as a model species for polyploid evolution 

Chamerion angustifolium (Onagraceae) is an ideal species for exploring the 

relationship between polyploidy and clonal reproduction within a species. This perennial, 

herbaceous flowering plant is predominantly comprised of diploid (2n = 2x = 36) and 

tetraploid (2n = 4x = 72) individuals in North America (Figure 2), diploids in Europe and 

Asia, with some populations of tetraploids in the Himalayas and South Asia, and hexaploids 

(2n = 6x = 108) in Japan (Mosquin 1997). In general, plants occur in open or disturbed 

habitats, but tetraploids occur at lower latitudes and altitudes than diploids (Flint 1980; 

Husband and Sabara unpublished). Diploids and tetraploids co-occur in an extended zone of 

contact and significant hybridization between them has been confirmed by the presence of 

triploids in many mixed-ploidy populations (Husband and Sabara 2004; Sabara 2008). The 

triploids produced from hybridization are largely sterile in contrast to the highly fertile 

diploids and tetraploids (Burton and Husband 2000).  

Chamerion angustifolium reproduces through sexual and asexual (vegetative clonal 

growth) mechanisms. Sexual reproduction occurs through production of showy, insect- 

pollinated flowers produced on multi-flowered inflorescences (Kennedy et al. 2008). 
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Although flowers are hermaphroditic, most seeds are derived from outcrossing and plants 

exhibit significant inbreeding depression when self-fertilized (Husband and Schemske 1998, 

Husband et al. 2008). Each fruit produces up to 500 seeds, which are dispersed over long 

distances by wind, which may contribute to the little genetic differentiation across 

populations (Roy 2008). Asexual reproduction in this species occurs through root bud 

development and growth. Root buds contain meristematic tissue and can arise at any location 

along the roots. They grow vertically to form above-ground stems, which have the potential 

to develop into completely independent ramets. Through root bud growth, it is possible for 

new clones to be produced up to a meter away in one year (Broderick 1990). It is currently 

unknown if the predominant form of recruitment in natural populations is sexual or asexual, 

or if there is a difference in clonal growth between diploids and tetraploids.  

Selection may favour increased clonality in polyploid Chamerion angustifolium due 

to differences in the effects of inbreeding and mating between diploid and polyploid plants. 

In this species, neotetraploids (chemically synthesized from diploids) have no measurable 

inbreeding depression and tetraploids have a 62% reduction in seed set upon selfing, whereas 

diploids have a 92% reduction in seed set under inbreeding (Husband et al. 2008). Diploids 

also experience the greatest cost from between-ploidy mating. Diploid seed set is 67% lower 

under hybridization than within-ploidy mating, whereas established tetraploid and 

neotetraploid seed set is 55% and 49% lower, respectively (Baldwin and Husband 2011). 

Applying these fitness values to the model (Figure 1), the optimal clone size in tetraploid C. 

angustifolium should be larger than in diploids (Figure 1).  

 

Research objectives 

My overarching research goal is to test whether genome duplication increases the 

expression of clonal reproduction, either directly or indirectly, in Chamerion angustifolium. I 

use natural and greenhouse populations of diploid and tetraploid Chamerion angustifolium to 

address three related questions. First, is the potential for clonal reproduction different 

between diploids and tetraploids when root bud production and morphology is compared in a 

uniform greenhouse environment? Second, is the extent of clonality (e.g. number of ramets 

per clone), as measured with AFLP genetic markers, different between diploid and tetraploid 

natural populations? Last, when clonal genotype diversity is combined with the spatial 
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distribution of clones, are there differences in the spatial organization of diploid and 

tetraploid clones? Differences in clonality between diploid and tetraploid C. angustifolium 

would support the hypothesis that the association between polyploidy and asexual 

reproduction is a direct or indirect consequence of genome duplication. Evidence for greater 

clonal reproduction in polyploids would support the hypothesis that large clones have a 

selective advantage during polyploid establishment.  
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METHODS 

 

Greenhouse study of potential for clonal reproduction 

Plant Sampling and Experimental Design  

To test for differences in the capacity for asexual reproduction through clonal growth 

between diploid and tetraploid Chamerion angustifolium, I compared root bud production 

and morphology of both ploidies in a common greenhouse environment. Seeds of C. 

angustifolium were collected from 97 maternal plants in five locations in the Rocky 

Mountains (Table 1). Seed families were sown on moist filter paper in petri dishes over three 

days and stored at 4 °C until all petri dishes were prepared and ready to be germinated in a 

Percival growth cabinet in the University of Guelph Phytotron. The seeds were then exposed 

to 16 hour days at 24 °C and eight hour nights at 22 °C for approximately 2 weeks until 

seedlings were over 1 cm tall. Seedlings were transplanted into ½ gallon, 6 inch diameter 

pots with a 5 : 1 mixture of Sunshine Mix to turface and covered with a plastic petri dish for 

about two weeks to maintain high humidity. Plants were randomly placed on a greenhouse 

bench and grown for 16 hour days at 25°C and nights at 19.5°C. After 15 weeks the plants 

were moved outside for two weeks to expose them to cool evening temperatures (~8-15 °C) 

to mimic the end of the growing season.  

 

Growth Measurements 

I measured plant size and production of root buds for all plants. Above ground 

biomass was harvested and stored in paper bags to air dry. Roots were gently washed and 

stored in plastic bags at 4 °C for no longer than a week and then the number and size of root 

buds were measured. Root buds are produced on the roots and are capable of developing into 

independent shoots; they are differentiated from root initials by their lighter pigmentation, 

vertical orientation, and scaly leaf primordia (Figure 3). Root buds were counted, and their 

height (Figure 3) and distance from the primary shoot were measured (Figure 4). Since small 

root buds and small root initials look very similar I only counted root buds that were over 1.5 

mm long. After taking these measurements, all root buds were removed from the root and 

dried in silica. After 48 hours the total mass of all root buds for each plant was weighed. Root 
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buds were stored in silica and used for ploidy determination with flow cytometry (see 

below). To generate a measure of plant biomass, the shoots and roots were further dried at 80 

°C for at least 48 hours and then weighed. 

 

Ploidy Measurements 

To confirm the ploidy of each plant, DNA ploidy (Suda et al. 2006; henceforth 

ploidy) of all plants was determined using a FACSCalibur flow cytometer (BD Bioscience) 

at the University of Guelph. One to two cm2 of dried leaf or one dried root bud was co-

chopped with fresh leaves of an internal standard (Solanum lycopersicum (tomato)) in 0.8 mL 

(for leaves) or 0.4 mL (for root buds) modified DeLaat’s buffer (Kron et al. 2009) with 50 µg 

ml-1 propidium iodide and 50 µg ml-1 RNase and passed through a 30 um filter. Samples 

were stained for a minimum of 20 minutes. Relative fluorescence was measured with the FL2 

detector (585/42nm) and DNA content was quantified with FL2-area (integrated 

fluorescence). Non-informative data were removed by isolating nuclei peaks and removing 

noise from the histograms by gating the data on scatter plots of FL2-area by SSC-height, 

FL2-height, and FL3-area using CellQuest. Ploidy was then determined by estimating the 

relative fluorescence of the nuclei using the curve fitting software ModFit LT (Verity 

Software House, Inc; http://www.vsh.com/products/mflt/index.asp). Fluorescence peaks with 

high coefficients of variation (CV > 8) or low nuclei counts (< 500) were rerun without the 

internal standard, but with confirmed diploid and tetraploid C. angustifolium and S. 

lycopersicum run separately as external standards. Samples below these quality thresholds 

were included in the dataset only if run at least twice and they produced a peak easily 

identified as either ploidy.  

 

Analysis of variance in root bud production 

 The effect of ploidy on plant size and root bud production was tested with analysis of 

variance (ANOVA). First, I tested for the contribution of ploidy (fixed effect, as are all others 

unless otherwise noted) and seed family (random effect nested within ploidy) to variation in 

three plant size traits: total plant dry mass, root dry mass, and shoot dry mass. Second, I 

tested for the contribution of ploidy and seed family (random effect nested within ploidy) to 
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variation in four root bud traits: number of root buds, total dry mass of root buds per plant, 

height of root buds, and average distance of the root buds from the central stem. Third, to 

control for the influence of plant size on these traits, I repeated the ANOVAs and expressed 

the root bud traits in proportion to total plant mass and root mass. Last, to determine if ploidy 

has an effect on the spatial variation in root bud resource allocation, I used analysis of 

variance (ANOVA) to test for a relationship between root bud height and distance in each 

ploidy. Seed family (random effect) and individual plant (random effect nested in seed 

family) were included as covariates in the ANOVAs. I used an ANCOVA to test if the 

relationship between root bud height and distance is different between diploids and 

tetraploids. Seed family (random effect nested in ploidy) and individual plant (random effect 

nested in seed family and ploidy) were included as covariates in the ANCOVA. 

 

Clone diversity and spatial structure in natural populations 

Experimental design 

 To test for differences in clonal growth between diploids and polyploids in natural 

populations, I used Amplified Fragment Length Polymorphisms (AFLPs) and flow cytometry 

to identify clonal genotypes for each ploidy and characterize their spatial distribution in nine 

locations within the mixed-ploidy region for Chamerion angustifolium in the Canadian 

Rocky Mountains (Table 2; Figure 5). Two locations (S and C) were recently (10-15 years 

earlier) disturbed by clear-cutting. The remaining locations were along roadsides, which were 

open but relatively free of recent disturbance. A two dimensional grid (approximately 11 x 

10 m) was randomly positioned within each location (Table 2). Due to differences in 

topography and C. angustifolium distribution, final grid size varied somewhat in dimensions 

and ranged in total area from 80 m2 to 140 m2 (Table 2). Plants were collected every meter 

along the grid; the number of samples ranged from 87 to 121 (mean = 111.6). In total, over 

1000 diploid or tetraploid plants were sampled (Table 2). Approximately 4 green leaves or 

root buds (when leaves were not green) were collected from the plant closest to each meter 

interval, to a maximum of 45 cm, then stored in paper envelopes within airtight containers, 

and desiccated in silica (1-2 mm beaded silica gel beads, Dry Pak Industries, Encino 

California). The DNA ploidy of all samples was determined with flow cytometry as 
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described previously. Each ploidy group at each location was treated as a separate population 

for analysis. For example, at location “C” three ploidy levels were identified (2x, 3x, and 4x) 

and each was treated as a separate population. AFLP genetic markers were used to identify 

distinct clones (genotypes) and assign samples to these clones.  

 

DNA extraction 

DNA was extracted using a modified CTAB extraction protocol (Doyle and Doyle 

1990) using the Machery-Nagel NucleoSpin Plant II Kit (MJSBioLynx Inc., cat: 

MCN740770250; optimization details in the APPENDIX). For each sample, 6 to 12 mg of 

desiccated tissue was first pulverized by ceramic bead beating for 4 to 5 seconds. DNA 

concentration and quality was estimated with spectroscopy using a Nanodrop® N-D 8000 

Spectrophotometer (Thermo Fisher Scientific, USA). Extractions with concentrations above 

30 ng / μl were diluted to between 15 and 30 ng / μl. To determine the contribution of the 

DNA extraction step to overall repeatability, 25 samples were extracted twice with this 

CTAB protocol.  

 

AFLP genotyping 

  To genotype each sample (ramet), amplified fragment length polymorphism (AFLP) 

analysis (Vos et al. 1995) was performed following a modified Wolf protocol 

(http://bioweb.usu.edu/wolf/aflp_protocol.htm; Table 3). Digestion and ligation were 

combined into one 11 µl reaction with 9 µl of reagents and 2 µl of DNA diluted to < 30 ng / 

µl (Table 3). DNA was digested by EcoRI and MseI restriction enzymes, and then adapters 

were ligated onto the DNA fragments while being incubated in a PTC-200 Peltier 

ThermoCycler (GMI, Ramsey, Minnesota) at 37 °C for 2 hours and then stored at 4 °C. The 

digestion/ligation product was diluted 1 : 9 with T10E1 (10 mM Tris, 1 mM EDTA, pH = 8) 

before the pre-selective amplification step. Three microliters of this diluted product were 

combined with 22 µl of reagents (including the selective primer pairs MseI-C and EcoRI-A; 

Table 3) for the pre-selective polymerase chain reaction (PCR) on the same thermocycler. 

The conditions for the pre-selective PCR reaction were 72 ˚C for 2 min; then, repeated 30 

times, are 94 ˚C for 30 s, 56 ˚C for 30 s and 72 ˚C for 2 min; then 60 ˚C for 10 min followed 

http://bioweb.usu.edu/wolf/aflp_protocol.htm
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by storage at 4 °C. The products from the pre-selective PCR were diluted 3 : 20 with T10E1 

and 3 µl diluted product, respectively, and combined with 22 µl of reagents for a 25 µl 

selective amplification reaction (Table 3). The selective amplification was performed three 

separate times with the following three combinations of MseI and fluorescently labeled 

EcoR1 primer pairs: MseI-CGA and EcoRI-AAG (yellow = NED), MseI-CAG and EcoRI-

ACA (green = VIC) and MseI-CAG and EcoRI-ACG (blue = 6-FAM; Applied Biosystems). 

The running conditions for the PCR reaction are 94 ˚C for 2 min; then 13 cycles of 94 ˚C for 

30 s, 65 ˚C (decreasing at -0.7˚C per cycle) for 30 sec, and 72 ˚C for 2 min; then 24 cycles of 

94 ˚C for 30 sec, 56 ˚C for 30 sec, and 72 ˚C for 2 min; then 72 ˚C for 10 min followed by 

storage at 4 ˚C.  

  The concentration of the final ALFP reaction product was optimized after realizing 

that undiluted reaction products were sometimes too concentrated, as the size standard could 

not be seen behind the strong fragment peaks. For 15 different samples, the reaction product 

from the yellow primer pair (see Methods) was diluted 5x, 25x, and 125x and then the AFLP 

fragment profiles were determined. Samples from the 125x dilution were not concentrated 

enough for fragment peaks to be identified. The 5x dilution was the most informative 

dilution, with more fragment peaks distinguishable than in the 25x dilution, while the size 

standard could also be seen. The role of final ALFP product dilution (5x and 25x) on ALFP 

repeatability was also assessed. The effect of dilution on AFLP repeatability was determined 

for the yellow primer pair with a t-test. Even though the effect of dilution was not significant 

(F1,43 = 1.318, p = 0.2573), the dilution of the samples was kept constant at 5x for the 

remainder of the samples analyzed. Therefore, the PCR products from these three selective 

PCRs were combined in a 1:5 dilution with 5 µl of each product and 10 µl H20. The AFLP 

fragments were separated on the basis of size on an Applied Biosystems 3730 DNA Analyzer 

and the GeneScan 500 LIZ Size Standard (Applied Biosystems) was included so that the 

sizes of the separated fragments could be determined.  

 

AFLP Scoring and Quality Control 

  I determined AFLP genotypes by scoring fragments as absent (0) or present (1) in 

each sample using GeneMapperTM software version 3.7 (© 2004, Applied Biosystems). To 

ensure reliability, I only scored fragments in the size range of 70-500 bp, with relative 
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fluorescence intensity over 200 rfu (relative fluorescence units), and with a fluorescence 

intensity of at least 10% of the highest peak (Zhang et al. 2010, Bonin et al. 2004). 

Otherwise, the software’s AFLP default settings were used. To efficiently identify and 

remove samples with unreliable AFLP profiles, a minimum fragment number threshold was 

set for each primer pair based on the normal range of fragment numbers among all samples. 

Samples producing profiles with less than 9, 7, and 16 bands for blue, green, and yellow 

primer pairs respectively were considered unsuccessful and were excluded from the analysis 

(Table 4). Samples that were unsuccessful for only one primer pair were redone for that 

unsuccessful primer pair and then the data from the separate runs were combined. Of the 

1200 samples analyzed, 686 samples had complete profiles for all three primer pairs.  

  The samples were further edited based on the repeatability of the individual AFLP 

fragments. In total, 91 samples were successfully run multiple times. Of these, 25, 46, and 71 

samples were successfully replicated at least once (fragment number over the threshold) for 

the blue, green, and yellow primer pairs, respectively. Of the samples that were successfully 

replicated, 52 were replicated on the same AFLP plate from the same extraction, 46 were 

replicated on different AFLP plates from the same extraction and 10 were replicated from 

separate extractions. Of the 10 samples with replicate extractions, nine were run in the same 

AFLP plate and six were also run on separate AFLP plates (Table 4). For the yellow primer 

pair, 14 comparisons were also made between final reaction products diluted 5x and 25x 

(which were used for methods optimization; Appendix 2) and were included in the 

calculation of the repeatability of the yellow primer pair. I estimated repeatability as the 

frequency that presence or absence of a fragment of a particular size was the same between 

replicates. Mean repeatability was determined across all fragment sizes for each pair of 

replicates, and across all replicates for fragments of each size. Using ANOVA I tested the 

effect of primer pair (blue, green, yellow), extraction (same or different), and run (same or 

different), as well as the possible interactions between them (i.e. extraction could decrease 

repeatability in only one of the primer pairs), on repeatability. Here, only primer pair 

influenced repeatability significantly, with the yellow primer pair having the lowest 

repeatability (F2,394 = 5.0029, p = 0.0072). 

  All replicates were pooled and the repeatability of each fragment was calculated as 

the average repeatability of fragments across all replicates. Fragments were eliminated from 
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the entire dataset if repeatability was below 85%. In addition, to increase the frequency of 

fragments of a particular size, only fragments of a particular size present in at least 4 samples 

were retained. These two quality control measures dropped the fragment number from 953 to 

388 but increased repeatability from 0.96 to 0.97 and fragment frequency from 0.07 to 0.10 

(Table 4). These AFLP primer pairs thus have a 4% error rate (1 – repeatability) in C. 

angustifolium.  

 

Clone Assignment 

  Each sample (ramet) was assigned to a multilocus genotype based on its AFLP 

profile. AFLP profiles may not be identical for all ramets in a clone for biological reasons 

(i.e. somatic mutations), and because repeatability is not 100% due to PCR artifacts, scoring 

errors, etc. Therefore, it is important to determine the number of fragment differences 

between samples needed to correctly assign ramets to different clones while also 

distinguishing clones from close relatives (Rogstad et al. 2002, Douhovnikoff and Dodd 

2003). I used the distribution of the pairwise differences between all AFLP profiles at a 

sample location to identify the critical number of fragment differences between different 

genotypes (Figure 6). In most locations, these distributions are multimodal. The first peak 

represents the pairwise comparisons between ramets of the same clone, followed by a second 

(or more) peak(s) showing pairwise differences between different genotypes (Douhovnikoff 

and Dodd 2003). The valley between the first and second peaks is a reliable indicator of the 

threshold number of differences required to assigns ramets to the same or different clones 

(Douhovnikoff and Dodd 2003, Merimans and van Tienderen 2004, Lasso 2008).  

  In this study, pairwise distance distributions were plotted for each population with 

GenoDive (Merimans and van Tienderen 2004). A multi-modal distribution was not visible 

across the entire dataset (all populations), as expected with large sample sizes (Figure 6A). 

Therefore, a subset of the data was used to determine the clone identification threshold 

(Lasso 2008, Figure 6B-C). Pairwise distance distributions for seven populations that 

exhibited the expected bimodal distribution were used to generate the overall population 

threshold (H2x and M4x were excluded). The average threshold value (mean = 19 

differences) from these populations was then applied to the entire dataset, and clones were 

assigned. Interestingly, this threshold is only slightly higher than the number of differences 
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expected based on the error rate (1 – repeatability) observed in replicate samples (0.04 error 

rate X 388 fragments = 15.53 errors expected on average). During clonal assignment, ramets 

in different populations were not assigned to the same clones because this 1) minimizes 

problems associated with assigning clones in large datasets (Meirmans and van Tienderen 

2004) and 2) is biologically reasonable since long-distance dispersal through root buds is 

unlikely. Once ploidy and clones were assigned to all 658 samples, this information was 

mapped for all locations using the coordinates of each plant. 

  To determine the minimum sample size needed per population to infer patterns of 

clonal reproduction I determined the clone accumulation curve by randomly sampling ramets 

from each population and estimated clone number using a jackknife analysis with 9999 

permutations in GenoDive (Meirmans 2011). For each permutation, clone number was 

determined from a randomly selected subset of ramets, ranging from one individual to N-1. 

Clone numbers were averaged across all permutations for each subset size (1 to N-1). The 

change in the slope can then be used to determine how much of an effect sample size has on 

clone number and the differences between populations for this relationship. 

 

Test for clonality 

  Once ramets were assigned to clones, I tested the contribution of clonal recruitment 

versus sexual recombination to the genetic structure of a population using GenoDive 

(Meirmans 2011).  I compared the observed genotypic diversity to the genotypic variation 

expected under sexual recombination, given the frequencies of fragments in each population. 

The observed genotypic diversity was calculated for each population using Simpson’s 

diversity index (Nei’s diversity index corrected for sample size; Nei 1987). This statistic 

gives the probability that any two randomly sampled individuals have the same genotype, 

which describes the extent of clonality as genotypic diversity decreases from 1 to 0. Given 

the fragment frequencies in each population, expected genotypic diversities were determined 

by randomizing fragments over individuals within each population and then calculating 

Simpson’s diversity index. Fragment randomization and the calculation of genotypic 

diversity were repeated 9999 times to create a distribution of genotypic diversities under 

random mating. The distribution was used to test if the genotypic diversity of the observed 

population can be explained by random mating. 
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Extent of clonal reproduction 

 The extent of clonality and the diversity of genotypes within each population were 

measured using the number of ramets (N) and clones (G, i.e. genets) in each population. In 

addition to counting the number of clones, I determined the effective clone number (clone 

number corrected for the relative abundance of clones), which was calculated as, nec  = 1 / 

Σpi
2, where nec is the effective clone number and pi is the frequency of the ith clone (adopted 

from Hartl and Clark 1997). To determine differences in the extent of clonality, the number of 

ramets per clone (N / G), the number of ramets per effective clone (N / nec), the index of 

clonality (1 – (G / N); Rogstad et al. 2001), the dominance of the largest clone (NGL / N; 

where NGL is the number of ramets in the largest clone, and the percentage of genotypes that 

are clonal (i.e. genets with more than one ramet) were calculated. To characterize the 

diversity of genotypes within populations, I calculated genotypic richness (G - 1 / N - 1; 

Dorken and Eckert 2001). For each measurement of clonality I tested for differences between 

the four diploid populations and the five tetraploid populations with a t-test.  

 

Spatial distribution of clones 

 The ploidy and genotype of each plant was mapped onto grids for each location using 

their coordinates. I examined the spatial distribution of clones within populations using 

Moran’s I for qualitative variables, which is a two-dimensional measure of spatial 

autocorrelation between qualitative states (in this case clones) calculated in TOROCOR 1.0 

(Hardy 2009). Moran’s I values are above zero when ramets separated by a particular 

distance are positively correlated with respect to genotype, below zero when negatively 

correlated, and not significantly different than zero when randomly distributed. Moran’s I 

was calculated at eight distance intervals. Starting at zero, each distance interval increases by 

√(1 2+1 2) ≈ 1.4 to incorporate the first vertical and horizontal neighbours separated by 1 m 

on the grid as well as the first diagonal neighbours. The last distance interval is larger than 

the rest to maintain a meaningful number of comparisons across populations in this distance 

class. Therefore, maximum distances of the distance intervals were 1.4, 2.8, 4.2, 5.7, 8.5, 9.9, 

and 20.0 m. Over 100 comparisons were made at each distance interval, which is high 

compared to the minimum recommended number of 30 (Degen et al. 2001). For all analyses, 

“distance” is the average distance separating comparisons within a distance class. The slope 
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of the entire correlogram (of Moran’s I against distance) was calculated for the four diploid 

and five tetraploid populations. I tested if Moran’s I values and correlogram slopes deviated 

significantly from zero (no correlation) with a bootstrap test that recalculated this variable 

when clone locations were randomized over 4999 permutations. The average diameter of a 

clone in each population was estimated as the largest distance class with a significant, 

positive Moran’s I value. 

 I compared the spatial structure of clonality between diploid and tetraploid populations 

using two different analyses of variance. First, I tested if the slope of the regressions between 

Moran’s I and distance (average distance of comparisons within a distance class) for each 

ploidy differed significantly from zero. Population (random effect) was included as a 

covariate. I then tested if diploid and tetraploid populations differed from each other with 

respect to their relationship between Moran’s I and distance using an analysis of covariance 

(ANCOVA). Included in the ANCOVA model was ploidy, distance, and the interaction 

between ploidy and distance. Population (random effect nested within ploidy) was included 

as a covariate. Both analyses were conducted in JMP version 9.0.2 (SAS Institute Inc, 2010). 

 Clone diameter (mean diameter of the area covered by a clone) was first estimated for 

each ploidy from the x-intercept of the regressions between distance and Moran’s I, if the 

regression was significant. The regression of all tetraploid populations combined was not 

significant, so overall clone area could not be determined for tetraploids this way. Although 

an overestimate of clone diameter, the tetraploid regression was repeated including only 

populations with significant correlograms (C and S2). The average patch size (average 

continuous area covered by a clone) of clones can also be estimated using the first distance 

class at which Moran’s I is not significant (Sokal 1979, Chung and Epperson 2000). For each 

ploidy, the values of the first distance class in which Moran’s I did not deviate from expected 

for each population were averaged to estimate patch size. 
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RESULTS 

 

Ploidy Measurements 

Ploidy was determined for 130 plants for the greenhouse study of the potential for 

clonal reproduction and 658 plants for the study of diversity and spatial structure of clones in 

natural populations. Diploids and tetraploids, respectively, had average nuclei counts of 1351 

and 1872, and CVs of 5.14 and 4.18. Diploid samples had lower relative fluorescence (FL2-

A) than S. lycopersicum, and the mean fluorescence ratio (sample / external standard) 

between their peaks is ~0.67. FL2-A was higher in tetraploids than in S. lycopersicum and the 

mean ratio between them was ~1.33. Diploid, triploid and tetraploid plants were easily 

identified as their fluorescence ranges were distinct and non-overlapping (Figure 7). 

Chamerion angustifolium samples that fell within the range of the standard (107.7 ± 10% = 

96.93 – 118.47), were considered triploid. The relative fluorescence of 97.6% of the C. 

angustifolium samples fell within 10% of the mean fluorescence value for diploids (78.3 ± 

10% = 70.5 – 86.1) or tetraploids (158.3 ± 10% = 142.47 – 174.13; Figure 7). Values outside 

the 10% ranges were considered the nearest ploidy (Figure 7). 

 

Greenhouse study of potential for clonal reproduction 

 Diploid and tetraploid plants had different biomass; tetraploid plants were 

significantly larger than diploid plants based on root dry mass (68.7% heavier), and total 

(root + shoot) dry mass (52.4% heavier; Table 5). Tetraploid shoot dry mass was also higher 

than diploids (31.3% heavier), but only approached significantly different. Seed family 

(random effect nested within ploidy) was also a significant source of variation in shoot mass, 

root mass, and total plant mass (Table 5).  

Mean total dry mass of root buds per plant was 90.4% higher in tetraploids (57.9 ± 

4.7 mg) than in diploids (30.4 ± 2.5; Table 5); however, this difference was not significant 

when the values were expressed relative to total root dry mass or plant dry mass (Table 5, 

Figure 8). Absolute values for root bud number, average root bud height, and average root 

bud distance from the stem were not significantly different between diploids and tetraploids 
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(Table 5). However, when expressed relative to root dry mass these values (root bud number, 

root bud height, and root bud distance from the stem) were significantly lower in tetraploids 

than diploids (Table 5, Figure 8) indicating that tetraploids produce proportionally fewer, 

shorter root buds. Expressed relative to total plant mass, only root bud number remains 

significantly lower in tetraploids than in diploids (Table 5, Figure 8). Regression analyses 

indicated there was a significant, positive relationship between root bud height and distance 

from the stem in diploids but not in tetraploids (Figure 9). The diploid and tetraploid 

regressions were significantly different based on an ANCOVA (Table 6, Figure 9). 

 

Clone diversity and spatial structure in natural populations 

AFLP genotype and DNA ploidy were successfully analyzed for 658 samples 

(ramets): 269 diploids, 380 tetraploids and 9 triploids (Table 2). These samples were 

collected from 9 locations and sample sizes for each population ranged from 10 to 110 

ramets (mean sample size = 73; Table 2). Differences in tissue quality at each location 

contributed to the variation in the number of samples successfully analyzed among locations. 

Clone accumulation curves were generated for all nine populations. The greatest 

acceleration in clone size number occurs between two and 12 samples (Figure 10). The 

increase in clone number levels out between 12 and 33, with the exception of two locations 

that were recently clear-cut: diploid and tetraploid populations at C and the tetraploid 

population at S1. At higher sample sizes, differences in clone size measurements are smaller 

(Figure 10). This reinforces the benefit of setting a high sample size threshold for 

populations, as it decreases the confounding effect of sample size on measurements of 

clonality. Based on these results, I decided that the minimum number of samples per 

population would be 33. 

 

Ploidy composition  

Diploid and tetraploid plants were identified at all but one location (S2; Table 2). 

Three locations were dominated by diploids (2x > 85%: H, WC2, SM) and five populations 

were dominated by tetraploids (4x > 85%: P, M, S1, S2, WC1). One location (C) had a more 

even mix, with 33 (30%) diploids and 68 (62%) tetraploids. Nine (8%) triploids were also 
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identified in this well-mixed location, the only one in which triploids were observed (Table 

2).  

Sample sizes were sufficient for both diploid and tetraploid populations at the mixed 

location (C), so were treated as separate populations for all analyses. The sample size cutoff 

excludes one of the nine locations (WC1, sample size = 10). Thus, the number of populations 

used here is nine: four diploid populations and five tetraploid populations. Sample size per 

population ranged from 33 to 89 with diploid populations averaging 66 ramets and tetraploid 

populations averaging 71 ramets (Table 7, Table 8). 

 

Extent of clonal diversity 

The diversity of clones and the magnitude of clonality are highly variable across 

populations (Table 8, Figure 11). The number of genetically distinct clones identified within 

populations ranged from three in the H diploid population (N = 88 ramets sampled) to 17 in 

the S2 tetraploid (N = 89 ramets) population (Table 8). The diversity of clones was higher in 

tetraploids than in diploids using four different measures. I identified 11.2 ± 2.0 clones in 

tetraploid populations and 6.5 ± 2.2 clones in diploid populations but this difference was not 

significant (Table 9; Figure 12A). Genotypic richness (G-1/N-1) was also not significantly 

different between diploids (0.11 ± 0.05) and tetraploids (0.15 ± 0.04; p = 0.604), and neither 

was the index of clonality (diploids = 0.87 ± 0.05; tetraploids = 0.84 ± 0.04; p = 0.649), 

although the means indicate that tetraploids tend to be less clonal than diploids.  

The magnitude of clonality was lower in tetraploids than in diploids using five 

different measures. Tetraploid clones are smaller, with 49% fewer ramets per clone (7.2 ± 3.4 

ramets) than diploids (14.0 ± 3.8 ramets; Table 9; Figure 12B). Tetraploids also tend to have 

a smaller average effective clone size, percent of ramets per effective clone, and index of 

clonality (Table 9). The percentage of genotypes that were represented by more than one 

ramet ranged from 100% in one diploid (H) population to only 40% in one tetraploid (M) 

population. On average, the percentage of clonal genotypes was 79.4% (± 8.6) in diploid 

populations and 54.4% (± 7.7 %) in tetraploid populations (Table 9; Figure 12C). Only this 

measurement of clonality approached a significant difference between diploids and 

tetraploids. 
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Test of Clonal Population Structure 

 To test for clonal structure (i.e. the contribution to population genotype diversity by 

clonal reproduction, rather than strictly sexual recruitment), the diversity of multilocus AFLP 

genotypes in each population was compared to the genotypic variation expected under 

random mating using Nei’s genotypic diversity statistic corrected for sample size (i.e. 

Simpson’s index of diversity, Nei 1987). The highest and lowest observed genotypic 

diversity values were in tetraploid populations, ranging from 0.236 (location M) to 0.867 

(location S1; Table 7). The average observed genotypic variation was 0.559 in diploid 

populations and 0.612 in tetraploid populations. Overall, the pattern of observed genotypic 

diversity (0.956) was significantly less than the expectation under random mating (0.977). In 

individual populations, observed genotypic diversity was significantly less than the expected 

in three of the four diploid populations and all five of the tetraploid populations. Only in the 

diploid WC2 population was the observed genotypic variation (0.292) not significantly lower 

than expected (0.004). 

 

Spatial distribution of clonality 

Spatial autocorrelation analysis was used to test for spatial structure of AFLP 

genotypes in diploid and tetraploid populations. The degree of clonal structure (clumping), as 

measured by the slope of the correlograms (Moran’s I vs. distance), was significantly 

different than zero in all four diploid populations (C, H, SM and WC2) but only two of the 

five tetraploid populations (C, S2; Table 10; Figure 13). At the closest distance class (0-1.4 

m), Moran’s I was significantly greater than zero in three out of four diploid populations (H, 

SM and WC2) and two out of five tetraploid populations (C and S2, Table 10). A significant, 

positive Moran’s I was also found in three populations at the second distance class (two 2x 

and one 4x), and four populations at the third distance class (two 2x and two 4x). Beyond that 

significant positive correlations were found only in two tetraploid populations, one at the 

sixth distance class and one at the last distance class. 

The regression between Moran’s I and distance for all diploid populations combined 

is significant (F1,26 = 35.12, p < 0.0001), with distance explaining 54% of the variation in 

Moran’s I. For tetraploid populations only, the regression between these variables is not 

significant (F1,34 = 3.26, p = 0.0801; Table 11) and explains only 11% of the variation in 
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Moran’s I (Figure 14). Analysis of covariance (ANCOVA), which compares the regression 

coefficient for diploids to tetraploids, indicates there is significantly more genotype clumping 

in diploids than in tetraploids. Population was not a significant source of variation for the 

regression of diploid populations combined (F3,26 = 0.8486, p = 0.480), tetraploid populations 

combined (F4,34 = 0.25, p = 0.9095), or for only tetraploid populations with significant spatial 

structure (F1,13 = 0.0000, p = 0.9988). Population was also not a significant source of 

variation in the ANCOVA between Moran’s I and distance including diploids and tetraploids 

(F7,60 = 0.49, p = 0.8348; Table 11). Again, population was not a significant source of 

variation in the ANCOVA between Moran’s I and distance including diploids and tetraploids 

(F7,60 = 0.49, p = 0.8348; Table 11). Overall the spatial pattern of patchiness, or clumping, is 

variable within ploidies but the spatial aggregation of clones tends to be more common in 

diploids.   

The size of clone patches was estimated as the x-intercept of the regression between 

Moran’s I and distance. The x-intercept for the overall diploid regression is 5.3 m (Table 11). 

The average clone diameter of tetraploids could not be determined across all tetraploid 

populations because the regression does not significantly deviate from zero (Table 11). When 

only the subset of tetraploid populations with significant correlograms is examined (C4x, S2) 

the regression of Moran’s I on distance deviated significantly from zero (F1,13 = 22.3818, p = 

0.0004) and average clone diameter for these two populations was 5.4 m. Therefore, diploid 

and tetraploid populations with significant spatial structure have the same clone diameter; 

however, diploid populations are more likely to exhibit spatial structure. 

The clone patch diameter for each population was estimated separately, as the first 

distance interval in which Moran’s I did not deviate significantly from zero. For tetraploids, 

Moran’s I was first not significantly different from zero in the first distance class of three 

populations (M, P, S1), the second distance class in one population (C), and at the fourth 

distance class in one population (S2). Therefore, the average patch diameter for tetraploids is 

2.54 m. The average patch diameter is 4.25 m for the two tetraploid populations with 

significant correlograms (C, S2). Moran’s I in diploids was not significantly different from 

zero in the first distance class of one population (C), the second distance class in one 

population (H), and the fourth distance class in two populations (SM, WC2). Therefore the 
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average diploid patch diameter is 3.9 m. Average clone patch diameter is not significantly 

different between diploid and tetraploid populations (F1,7 = 1.03, p = 0.3436). 
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DISCUSSION 

 

Researchers have long known that polyploidy and clonality often co-occur, and that 

most polyploid plants are capable of clonal reproduction (Gustafsson 1948, Otto and Whitton 

2000), but little is known about the mechanism promoting this association. In this study, I 

test for differences in clonality between diploid and tetraploid Chamerion angustifolium, 

specifically to determine if clonal reproduction is greater in tetraploids. I find that the 

magnitude and spatial structure of clonal growth is different between tetraploids and diploids 

when compared in a greenhouse environment and in natural populations. In a greenhouse 

environment, total biomass allocated to root buds is greater in tetraploids, but not in 

proportion to their larger size. There are fewer tetraploid root buds per unit mass and they do 

not increase in size with distance from the stem, as diploid root buds do. In natural 

populations, there is a trend towards less clonal growth and spatial aggregation of clones in 

tetraploids compared to diploids. On average, all measures of the prevalence of clonality 

were higher in diploids including ramets per clone, ramets per effective clone, percentage of 

genotypes that are clonal, percent of ramets in the largest clone, and index of clonality. In 

terms of spatial structure, diploid populations exhibit consistently strong clonal aggregation 

although tetraploids do not. The hypothesis that polyploidy increases clonality, either directly 

or by mediating selection for enhanced clonality, is not supported by these results. 

 

Clonality in Chamerion angustifolium 

 Clonality is an important mechanism of plant recruitment within populations and 

ploidies of C. angustifolium. In all but one population, genotypic variation was significantly 

lower than expected with sexual recombination, which supports the conclusion that clonality 

is prevalent in this species. The exception is one of the diploid populations, WC2, in which 

observed genotypic variation (0.292) was not lower than expected (0.004). This may be a 

product of low genetic variation, high clonality, and the dominance of a single clonal 

genotype in this population. Among all nine populations, the observed genotypic variation in 

WC2 is second lowest (to M 4x) and its index of clonality is second lowest (to H 2x).  The 

largest clone in WC2 comprises 84% of all ramets, and the population had the largest 
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variance in the number of ramets per clone, which illustrates the skewed dominance of clonal 

genotypes. These factors may have decreased the ability of the test to detect a significant 

deviation from random mating, since most ramets are identical. 

Several other measures reinforce the importance of clonality in this species. 

Compared to published population genetic estimates of clonal diversity (G/N), which is 

negatively related to clonality, average values are as low as or lower than C. angustifolium in 

only two of 31 species (Figure 2 and 7 in Silvertown 2008). Interestingly, intraspecific ploidy 

variation is present in one of the two species, Allium vineale (3x and 4x; Karpaviciene 2007). 

Clonality is also more prevalent in C. angustifolium (average across ploidies = 8.85 ramets 

per clone; G/N = 0.113) than in B. umbellatus (average between ploidies = 3.17 ramets per 

clone; G/N = 0.315; Eckert et al 2003), the only other species in which the extent of clonality 

has been compared between diploids and polyploids.  

 

Tetraploids are not more clonal than diploids 

AFLP data from natural populations of diploid and tetraploid C. angustifolium 

indicate that tetraploids are not more clonal than diploids. None of the measurements of 

clonality were higher in tetraploids than in diploids. The only variable that approached 

significance was the average number of genotypes that had more than one ramet, which was 

greater in diploid than tetraploid populations (p = 0.068). This is concordant with the trend 

towards lower clonality found in triploid compared to diploid B. umbellatus, which is the 

only other population genetic study of clonality between diploids and polyploids. Genotypic 

richness (G-1/N-1) is higher in triploid B. umbellatus than in diploids (2x = 0.24, 3x = 0.30), 

indicating more sexual recruitment, and the number of ramets per clone is lower in triploids 

(2x = 3.37, 3x = 2.97; Eckert et al 2003), indicating less clonal recruitment. Although not a 

population genetic comparison, Keeler (2004) also found that patches (assumed to be clones) 

of aneuploid Andropogon gerardii were smaller than clumps of hexaploids, which also 

suggests that increases in ploidy do not result in increases in clonality. My results and those 

from these previous studies do not support the hypothesis that clonality is higher in 

polyploids. This leads to the question, why are polyploids not more clonal than diploids? 

Tetraploids may be as or less clonal than their diploid progenitors because polyploidy 

does not increase root bud initiation. In greenhouse conditions, C. angustifolium tetraploids 
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are larger than diploids and therefore produce more biomass. This is mirrored in their root 

buds, which have greater total biomass than diploids. Although there is no difference in the 

absolute number of root buds produced by diploids and tetraploids, tetraploids produce fewer 

root buds per unit growth relative to plant size than diploids. Based on these data, I would not 

expect tetraploids to be more clonal than diploids as measured by genotype diversity.  

My ability to detect differences between diploids and polyploids may have been 

affected by the AFLP genotyping used to quantify clonality in C. angustifolium. Genetic 

variation in diploids and polyploids may not be equally detected with dominant molecular 

markers like AFLPs because dominant “alleles” (i.e. presence of a fragment) can mask the 

presence of up to three recessive “alleles” (absence of a fragment) in tetraploids but only up 

to one recessive “allele” in diploids. This would decrease the number of genotypes that could 

be distinguished in tetraploids and would inflate clonality measurements especially when the 

number of markers used is limited. To mitigate this I used three primer pairs to collect AFLP 

data from 388 variable fragment sizes. With a high number of informative fragment sizes, my 

capacity to distinguish genotypes should not be limited by the dominance of the genetic 

marker. This potential problem with detecting hidden genotypes may also be limited because 

the population frequency of most AFLP fragments is low (mean=10%). In this circumstance, 

AFLP fragments that are detected are more likely to occur in genotypes as a single copy. 

Furthermore, since I found that the number of clones detected in diploid and polyploid 

populations was very similar, correcting for the bias would have strengthened, not reversed, 

the conclusion that tetraploids are not more clonal than diploids. 

Differences in population age may have contributed to lower measurements of 

clonality in tetraploids. In a review of studies of clonality and population age across 20 

species, population age was positively associated with clone size (Silvertown 2008). In my 

study, two locations (C and S1 which contain one diploid and two tetraploid populations) 

were clear-cut approximately ten to fifteen years ago, making them the youngest (or most 

recently disturbed) populations in this study, and these populations are also the least clonal; 

they have the highest genotypic richness and effective genet number, and the lowest effective 

clone size (ramets per effective clone) and index of clonality (Table 8). Age-related effects 

may also account for ploidy differences in clonal propagation and expansion. Tetraploids are 
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likely forming recurrently within diploid populations (Roy et al 2008), and tetraploid clones 

would therefore be younger on average, and therefore smaller.  

Diploids and tetraploids have different ecogeographic distributions (Figure 2), which 

may mask the expected differences between ploidies in clonality in natural populations. 

Rather, clonality in the two ploidies might more closely reflect the influence of 

environmental differences on clonal growth and expansion. For example, tetraploids occur at 

lower altitudes and latitudes than diploids (Table 2). The longer growing season in the 

tetraploid distribution may increase the likelihood that plants reach sexual maturity each 

season, which would lead to a reduced dependence on clonality. In contrast, the shorter 

growing season at higher latitudes and altitudes of diploid environments may promote 

dependence on clonality. I attempted to minimize the differences in environmental factors 

among natural populations by sampling from a small section of this species’ distribution, 

within the region where diploid and tetraploid distributions overlap. In addition, both ploidies 

were present in all locations sampled except for one (Table 2). The average elevation of 

tetraploid populations in this study (1594 m) is significantly lower than the average elevation 

for diploids populations (2037 m; F1,7 = 13.89, p = 0.0074; Table 2). However, when diploids 

and tetraploids were from the same environment (location C), tetraploids were still less 

clonal, with a slightly lower number of ramets per clone (2x = 4.3, 4x = 3.3) and slightly 

lower genotypic richness (2x = 0.28, 4x = 0.22).  

 

Tetraploids clones are less likely to be spatially aggregated 

Despite strong evidence for clonal genotypic structure, clones were not spatially 

aggregated in the majority (three of five) of tetraploid populations, but clones were 

aggregated in all diploid populations. This is unexpected based on a review of clonal 

structure in plant populations, in which significant spatial autocorrelation was found in over 

80% of studies (Silvertown 2008). This is also unexpected because mixed-ploidy C. 

angustifolium populations do show significant spatial structure with respect to ploidy (Sabara 

2008). However, in the two tetraploid populations that had significant spatial autocorrelation 

of clones, their patch sizes were similar to that of the diploid populations. 

The differences between the spatial distribution of diploid and tetraploid C. 

angustifolium clones may have resulted from differences in population or clone age. Clone 
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patches are usually distinct in young populations since clones have not yet fully expanded 

and diffused into the surrounding area occupied by the ramets of other genotypes (Cheplick 

1997, cited in Arnaud-Haond 2007). This potentially explains why the two youngest 

tetraploid populations (S1 and C, which were from locations recently clear-cut) were the only 

two tetraploid populations showing clone aggregation. Perhaps the remaining tetraploid 

populations were sufficiently old that clones have become distributed evenly. Since clones 

were aggregated in all diploid populations, the diploid populations may be younger, or, 

tetraploid clones become diffused throughout populations more quickly than diploid clones.   

Intrinsic differences in the spatial distribution of root buds within a plant’s root 

system may also contribute to the differences in spatial organization of clones in diploid and 

tetraploid populations. Tetraploid root buds showed a tendency to be more elongated closer 

to the stem, whereas diploid root buds were significantly more elongated further from the 

stem (Figure 9). If tetraploids allocate resources to root buds closer to the stem than diploids, 

they may develop denser clones that cover less area. In such a case, the 1m interval in which 

ramets was sampled may be too large. I used a distance interval of 1 m because this distance 

proved informative in spatial analyses of other herbaceous, clonal plants such as Andropogon 

(Keeler et al 2002). Broderick (1990) found evidence that C. angustifolium clones can 

disperse up to 1 m per year, although he made no attempt to compare clonality between 

diploids and tetraploids. Therefore, the contrast between the lack of spatial structure in 

natural tetraploid populations and the expectation of clonal clumping from the spatial 

organization of tetraploid root buds may be resolved by comparing diploid and tetraploid 

clone size at a smaller sampling interval, such as 0.25 m.  

 

Implications 

Differences in clonal aggregation between ploidies will affect mating patterns 

(Handel 1985), with implications for polyploid establishment. Strong aggregation of diploid 

clones should result in more inbreeding due to geitonogamous pollination and less 

outcrossing compared to tetraploids (Hendel 1985, Hämmerli and Reush 2003). At the same 

time, in mixed-ploidy populations, diploids will be less likely to experience between-ploidy 

pollinations, while tetraploids are more likely to receive diploid pollen. Mixed-ploidy mating 

is a major obstacle to the establishment of tetraploids because, as the minority cytotype, most 
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matings would result in sterile triploids (Levin 1975, Husband 2000, Baack 2005). Therefore, 

current patterns of clonality would not help tetraploids to overcome minority cytotype 

disadvantage and facilitate tetraploid establishment. If anything, diploids would be more 

reproductively isolated, although more vulnerable to the effects of inbreeding. Clearly, 

studies of variation in clonal structure within other species that are variable for ploidy will be 

important to determine if the conclusions here are representative. In addition, to isolate the 

role of mixed-ploidy mating on clonality, clonality should be compared between mixed-

ploidy populations and populations outside the mixed-ploidy region.  

The hypothesis that clonality is selectively favoured during tetraploid establishment 

assumes that the magnitude and spatial organization of clonality is heritable. If clonal 

expansion is largely dependent on the environment, it is possible that heritability is quite low, 

thereby decreasing the capacity for selection to drive differences between diploids and 

tetraploids. It is also possible that even within controlled environments, including the 

greenhouse environment used in this study, genetic variation in the expression of clonality is 

low. In my study, plant size variables varied significantly among maternal families but root 

bud traits did not (Table 5), suggesting weak genetic differences. However, the maximum 

number of plants in a family was only three, which limits my ability to detect a genetic effect 

and does not exclude the possibility that clonality is heritable in C. angustifolium. The 

heritability of clonality has been successfully detected in other species. For example, a two-

generation selection experiment with Ranunculus reptans resulted in a 36.9% increase in 

clonal spread and a realized heritability for clonal growth of 0.149 ± 0.039  (± SE; Fischer et 

al 2004). It is reasonable to assume that although clonality may be more plastic than other 

growth traits, it can respond to selection if the trait is genetically variable.  

If polyploidy does not increase the expression of clonality, why then are polyploidy 

and clonality so closely associated among angiosperm species? Through analyses of root bud 

production and clone genotype distributions in natural populations, this study refutes the 

hypothesis that polyploidy enhances the expression of clonal growth and reproduction. The 

best alternative explanation is that polyploidy and clonality are associated because clonality 

is a pre-condition for polyploid formation and/or establishment. Clonality is important for 

polyploid evolution because it increases the probability of the formation and establishment of 

tetraploids within a diploid population while minimizing maladaptive mixed-mating. This 
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suggests that clonality evolves first, followed by the evolution of polyploidy. This hypothesis 

could be tested with a phylogenetically controlled, comparative analysis. Such an approach 

could first test for an association between the evolution of clonality and polyploidy 

throughout evolutionary history. Then, by mapping the origins of clonality and polyploidy on 

to a tree, one could test whether clonality evolves before polyploidy or vice versa (Robertson 

et al 2010). 

If clonality is a precondition for polyploid evolution, polyploids may form and 

establish not only within species that are clonal but also within environments that promote 

clonality in diploid species. Clonality is associated with environmental conditions in which 

the opportunity for sexual reproduction is lower or more variable, such as high altitudes or 

latitudes (Silvertown 2008), the margins of geographic distributions (Eckert 2001) and 

habitats that are colder, have lower light levels, or have nutrient-poor soils (Groenendael et al 

1996). This leads to two predictions. First, within a species, polyploid formation should 

occur most often in the most clonal populations of diploid species; i.e., in habitats that favour 

clonality.  Second, polyploidy may be associated with traits that are favoured in 

environments where clonality is prevalent. For example, polyploids may have increased cold 

tolerance not because of the direct effects of polyploidy, but because clonality was more 

likely in diploid populations adapted to cold environments. Further research on how clonality 

predisposes diploids to become polyploid, and on whether genome duplication can under 

some circumstances enhance clonal reproduction, will be important to explore in order to 

fully understand the linkages between clonal reproduction and polyploidy. 
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Table 1. Summary of locations, sample sizes, and ploidy frequencies for seed sources used to test the effect of ploidy on root bud 

production in Chamerion angustifolium in a greenhouse study. Initial sample sizes are the number of plants and maternal seed families 

initially germinated and transplanted. The final sample size includes only families and plants that survived to the end of the study and 

that were also successfully screened for ploidy.  

    Initial sample size Final sample size Ploidy freq. 

Lab code Elevation (m) Latitude Longitude Families Plants Families Plants 2x 4x 

J-077  1768 N 52°48'6.00'' W 118°04'57.36'' 32 51 16 26 25 1 

K-038 2010 N 50°49'32.04'' W 115°12'3.12'' 25 51 21 38 31 7 

B-060 2090 N 51°27'15.54'' W 116°08'36.30'' 12 20 4 11 0 11 

WY-093  2110 N 44°23'57.07''  W 104°57'14.86'' 10 25 8 20 0 20 

K-003 1365 N 51°03'21.00''  W 115°00'50.16'' 16 46 15 39 4 35 

Total    97 193 64 134 60 74 
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Table 2. Summary of the nine locations used to measure clone diversity and spatial structure in diploid and tetraploid 

Chamerion angustifolium. Lab code and lat/long coordinates correspond to the closest population previously identified and 

studied by the Husband lab. Also listed are the grid dimensions sampled (Grid dim.), final sample sizes after ploidy and AFLP 

analysis (N Final), and number of diploids (2x) and tetraploids (4x) each location. The populations used for statistical analyses 

are bolded. Nine triploids were also identified from location C (110 = 33 + 68 + 9). Only the plants within a 10 x 8 area were 

analyzed from the 12 x 8 m grid sampled in location M.  

Location  Lab code Elev. (m) Latitude Longitude Grid dim. (m) N Sampled N Final 2x 4x 

C K-100 1732 N 50°18'38.88"  W 114°36'45.66" 10 x 10 119 110 33 68 

H K-020 2197 N 50°35'38.71"  W 114°58''56.51" 10 x 10 117 99 88 11 

M B-067 1442 N 51°15'23.16"   W 115°52'3.36" 12 x 8 114 41 1 40 

PJ K-015 1760 N 50°30'35.59"  W 114°49'29.23" 12 x 10 117 86 2 84 

S1 K-004 1503 N 51°02'29.46"  W 114°59'8.76" 10 x 10 103 74 1 73 

S2 K-005 1531 N 51°03'9.12"  W 114°56'59.58" 8 x 10 121 89 0 89 

SM B-082 2178 N 51°08'34.68"  W 115°34'24.48" 18 x 7 87 70 69 1 

WC1 J-047 2045 N 52°13'3.3"  W 117°11'10.02" 10 x 14 109 10 1 9 

WC2 J-047 2042 N 52°12'59.64"  W 117°10'53.4" 9 x 9 117 79 74 5 

Overall      1004 658 269 380 
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Table 3. Concentrations and volumes per sample of reagent and DNA or PCR product required for the three reaction steps for AFLP 

genotyping. Reagent dilutions are done in ultrapure water unless otherwise noted.  

Reaction Reagent Concentration Volume (µl) 

Digestion/Ligation (D/L) Water ultrapure 2.60 

 T4 ligase buffer 5X 2.20 

 NaCl 0.5M 1.10 

 BSA 1 mg/ml 0.55 

 MseI 10 u / µl      0.10 

 EcoRI 20 u / µl      0.25 

 T4 ligase 1 U / µl      0.20 

 MseI-adapter pair 50 µM 1.00 

 EcoRI-adapter pair 5 µM 1.00 

    

 Total reagent volume  9.00 

 DNA < 30 ng / µl 2.00 

 Total reaction volume  11.00 

    

Pre-Selective Amplification Water Ultrapure 17.05 

(P-S) Taq (PCR rxn) buffer 10 X 2.50 

 Taq DNA Polymerase 5 U / µl 0.10 

 MgCl2 50 mM 0.75 
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 dNTPs 5 mM 0.60 

 Primer – MseI-C 10 µM 0.50 

 Primer – EcoRI-A 10 µM 0.50 

    

 Total reagent volume  22.00 

 D/L PCR product diluted 1 : 9 in T10E1 3.00 

 Total reaction volume  25.00 

    

    

Selective Amplification Water Ultrapure 17.05 

(Sel.) Taq (PCR rxn) buffer 10 X 2.50 

 Taq DNA Polymerase 5 U / µl 0.10 

 MgCl2 50 mM 0.75 

 dNTPs 5 mM 0.60 

 Primer – MseI-CXX 10 µM 0.50 

 Primer – EcoRI-AXX-lbd 10 µM 0.50 

    

 Total reagent volume  22.00 

 P-S product  diluted 3 : 20 in T10E1 3.00 

 Total reaction volume  25.00 
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Table 4. Summary of plant sample number and AFLP fragment repeatability, fragment frequency, and fragment number before 

and after editing for quality. Values are given for each of three fluorescently labeled primer pairs: MseI-CAG with EcoRI-ACG 

(blue), MseI-CAG with EcoRI-ACA (green), and MseI-CGA with EcoRI-AAG (yellow). Initial sample and fragment numbers are 

the unedited data. Final plant sample numbers exclude samples considered low quality because of low fragment numbers: if 

below 9, 7, and 16 in blue, green, and yellow primer pairs respectively. Final fragment frequency, repeatability, and fragment 

numbers exclude fragments considered low quality because of repeatability below 85% or low frequency (present in fewer 

than 4 samples).  

 Primer pair  

 Blue Green Yellow Overall 

Number of plant samples     

Before editing 1104 1104 1104 1200 

After editing 877 747 839 686 

Repeatability of fragments     

Initial  0.9629 0.9664 0.9409 0.9567 

Final 0.9784 0.9778 0.9546 0.9701 

Frequency of fragments     

Initial 0.0664 0.0492 0.0936 0.0698 

Final 0.0877 0.0691 0.1291 0.0963 

Number of fragments     

Initial 318 318 318 953 

Final 138 117 133 388 
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Table 5. Summary of analyses of variance for 15 plant size and root bud traits in Chamerion angustifolium. For each trait, I tested for 

an effect of ploidy (diploid or tetraploid) and maternal family within ploidy. Degrees of freedom (DF) for 1) ploidy, 2) family (which 

was nested in ploidy), and 3) error and mean values (+/- SE) for diploid (2x) and tetraploid (4x) plants are reported.  

  DF Mean ± SE Family  

(nested in ploidy) 

Ploidy 

Trait N 1 2 3 2x 4x F P F P 

Total mass (g) 130 1 68 61   3.51 ± 0.21   5.35 ± 0.27 1.88 0.0067 13.71 0.0004 

Shoot mass (g) 130 1 68 61   1.50 ± 0.11   1.97 ± 0.10 2.09 0.0020 3.31 0.0724 

Root mass (g) 130 1 68 61   2.01 ± 0.14   3.39 ± 0.19 1.81 0.0099 18.00 <0.0001 

           

Bud mass (mg) 129 1 68 60 30.4 ± 2.5 57.9 ± 4.7 1.13 0.3131 13.41 0.0004 

Bud number  130 1 68 61   5.60 ± 0.46   5.88 ± 0.44 1.33 0.1305 0.06 0.8148 

Bud height (mm) 117 1 67 49   7.04 ± 0.63   6.58 ± 0.38 0.85 0.7362 0.86 0.3550 

Bud distance (cm) 117 1 67 49   2.90 ± 0.55   2.26 ± 0.16 0.83 0.7686 0.86 0.3569 

           

Bud mass (mg) / total mass (g) 130 1 68 61   8.99 ± 0. 58 10.30 ± 0.59 0.75 0.8720 1.32 0.2539 

Bud number / total mass (g) 130 1 68 61  2.06 ± 0.28   1.31 ± 0.11 0.92 0.6276 6.14 0.0150 

Bud height (mm) / total mass (g) 117 1 67 49  2.82 ± 0.54   1.61 ± 0.16 0.77 0.8447 3.57 0.0617 

Bud distance (mm) / total mass (g) 117 1 67 49  0.948 ± 0.219  0.527 ± 0.049 0.74 0.8731 2.94 0.0892 

           

Bud mass (mg) / root mass (g) 130 1 68 61 16.5 ± 1.2 16.7 ± 1.0 0.93 0.6233 0.21 0.6457 
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Bud number / root mass (g) 130 1 68 61   3.90 ± 0.56   2.18 ± 0.19 0.93 0.6102 9.09 0.0033 

Bud height (mm) / root mass (g) 117 1 67 49   5.53 ± 1.14   2.72 ± 0.28 0.71 0.9054 4.90 0.0292 

Bud distance (mm) / root mass (g) 117 1 67 49  1.71 ± 0.35    0.91 ± 0.11 0.90 0.6659 4.49 0.0367 
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Table 6. Summary of analysis of covariance (ANCOVA) of bud height (mm) and bud distance from the main stem (cm). The model 

includes the effect of ploidy, bud distance, maternal family within ploidy, plant within maternal family, and the interaction between 

ploidy and distance of the root buds from the stem. The latter term tests whether the relationship between bud distance and height 

differs between diploids and tetraploids. The only significant source of variation was the interaction between ploidy and bud distance 

with bud size increasing with bud distance in diploids and but decreasing with bud distance in tetraploids (Figure 9). 

Source of Variation DF Sum of Squares F Ratio p 

Ploidy 1 106.23 1.6206 0.2048 

Bud distance (cm) 1 5.81 0.0883 0.7664 

Ploidy * Bud distance (cm) 1 374.55 5.6942 0.0173 

     

Family [Ploidy] 67 4155.70 0.7068 0.6062 

Plant [Family, Ploidy] 52 4509.55 1.3184 0.0714 

     

Error 639 42031.02   
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Table 7. Test for clonal structure in four diploid (2x) and five tetraploid (4x) populations of Chamerion angustifolium. The diversity 

measure used was Nei’s (1987) genotype diversity, corrected for unequal sample sizes. Expected values were calculated from 9999 

simulated populations under random mating, where alleles were randomly distributed across individuals. Also given are the location 

names, population ploidies, sample sizes (N), number of AFLP genotypes (G), and the probability values (P) for each test.  

Location Ploidy N  G Observed diversity (Nei’s) Expected diversity (Nei’s) p 

C 2x 33 10 0.807 1.000 <0.0001 

H 2x 88 3 0.366 0.645 <0.0001 

SM 2x 69 8 0.771 0.999 <0.0001 

WC2 2x 74 5 0.292 0.004 1 

C 4x 68 16 0.831 1.000 <0.0001 

M 4x 40 5 0.236 0.347 0.042 

PJ 4x 84 10 0.414 0.890 <0.0001 

S1 4x 73 17 0.867 1.000 <0.0001 

S2 4x 89 8 0.712 0.998 <0.0001 

Overall    0.956 0.977 <0.0001 
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Table 8. Clone diversity and extent of clonality in four diploid and five tetraploid populations of Chamerion angustifolium. Clone 

genotype diversity is described as number of distinct AFLP clones (G), effective clone number, clone diversity and genotypic 

richness. Extent of clonality is depicted as # ramets/clonal genotype, # ramets per effective genotype, % of genotypes that clonal (with 

> 1 ramet), and % of ramets (N) in largest clone. For each measure, the highest and lowest values across all populations are 

underlined.  

  Diploid populations  Tetraploid populations 

Location code C H SM WC2   C M PJ S1 S2 

Ramet number (N) 33 88 69 74  68 40 84 73 89 

Clonal diversity           

     Clone number (G) 10 3 8 5  16 5 10 17 8 

     Effective clone number 4.6 1.6 4.2 1.4  5.5 1.3 1.7 6.9 3.4 

      Clonal diversity (G/N) 0.30 0.03 0.12 0.07  0.24 0.13 0.12 0.23 0.09 

      Genotypic richness  (G-1) / (N-1) 0.28 0.02 0.10 0.05  0.22 0.10 0.11 0.22 0.08 

Extent of clonality           

      Ramets per clone 3.3 29.3 8.6 14.8  4.3 8.0 8.4 4.3 11.1 

      Ramets per effective clone 7.2 55.0 16.4 52.9  12.4 30.8 49.4 10.6 26.2 

      Percentage of genotypes that are clonal 50.0 100 87.5 60.0  50.0 40.0 60.0 47.1 75.0 

      Percentage of ramets in the largest clone 36.4 78.4 39.1 83.8   32.4 87.5 76.2 28.8 43.8 

      Index of clonality (1 – (G/N)) 0.70 0.97 0.88 0.93  0.76 0.88 0.88 0.77 0.91 
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Table 9. Mean clone diversity and extent of clonality for diploid and tetraploid Chamerion angustifolium populations. Sample size is 

the number of ramets (N). Clone genotype diversity is described as number of distinct AFLP clones (G), effective clone number, clone 

diversity and genotypic richness. Extent of clonality is depicted as # ramets/clonal genotype, # ramets per effective genotype, % of 

genotypes that clonal (with > 1 ramet), and % of ramets (N) in largest clone. 

 Diploid ± SE Tetraploid ± SE F 1,7 p 

Ramet number (N) 66.0  10.5 70.8  9.4 0.1151 0.7443 

Clone genotype diversity         

      Clone number (G) 6.5  2.2 11.2  2.0 2.5304 0.1557 

      Effective clone number 3.0  1.1 3.8  1.0 0.3207 0.5889 

      Clonal diversity (G/N) 0.130  0.047 0.162  0.042 0.2599 0.6258 

      Genotypic richness  (G-1) / (N-1) 0.113  0.046 0.146  0.042 0.2939 0.6045 

Extent of clonality         

      Ramets per clone 14.0  3.8 7.2  3.4 1.7388 0.2288 

      Ramets per effective clone 32.9  10.0 25.9  9.0 0.2705 0.6190 

      Percentage of genotypes that are clonal 79.4  8.6 54.4  7.7 4.6358 0.0683 

      Percentage of ramets in the largest clone 59.4  13.0 53.7  11.6 0.1069 0.7533 

      Index of clonality (1 – (G/N)) 0.870  0.047 0.840  0.042 0.2258 0.6491 
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Table 10. Moran’s I values of spatial autocorrelation for AFLP genotypes at each of eight distance classes and correlogram slopes for 

nine populations of diploid (2x) and tetraploid (4x) Chamerion angustifolium. Moran’s I values that are significantly greater than zero 

are shaded blue, values not significantly different from zero are white, and values significantly less than zero are pink. Asterisks 

indicate significance level (<0.05*, <0.01**, <0.001***).  

  Distance interval (maximum)  

Location Ploidy 1.4 2.8 4.2 5.7 7.1 8.5 9.9 20.0 Slope 

C 2x 0.147 0.097 0.009 -0.083 -0.108 -0.140 * -0.166  -0.043 * 

H 2x 0.164 * 0.088 0.106 0.073 -0.044 -0.095 -0.102 -0.310  -0.042 * 

SM 2x 0.539 ** 0.438 ** 0.193 ** -0.009 -0.127 * -0.147 ** -0.170 ** -0.236 ** -0.052 ** 

WC2 2x 0.361 * 0.446 ** 0.354 ** 0.080 0.107 -0.009 -0.573 ** -1.469 ** -0.165 ** 

C 4x 0.140 * 0.017 0.032 * -0.025 -0.029 -0.045 -0.064 -0.150 * -0.018 * 

M 4x 0.324 0.083 0.124 -0.232 -0.340 -0.212 -0.024 1.000 * -0.011 

P 4x 0.088 0.096 -0.087 -0.088 -0.009 * 0.151 * -0.082 -0.063 -0.002 

S1 4x -0.027 0.041 -0.056 -0.016 0.018 0.010 -0.037 -0.053 -0.004 

S2 4x 0.581 ** 0.478 ** 0.209 ** -0.052 -0.229 ** -0.308 ** -0.389 ** -0.392 ** -0.122** 
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Table 11. Regression of Moran’s I against distance in A) all diploid populations, B) all tetraploid populations, C) only tetraploid 

populations with significant spatial structure (C and S2), and D) an analysis of covariance (ANCOVA) of Moran’s I and distance 

between all diploid and tetraploid populations. Populations are included as a random effect in all tests, and in the ANCOVA is nested 

within ploidy. Distance is the mean distance between all sampling points in each distance interval. The x-intercept for significant 

regressions is given. Significant p-values are bolded. 

  DF Sum of squares F - value P R2 

A) Diploid populations 3 0.1569 0.8486 0.4800 0.585 

 Distance 1 2.1641 35.1169 < 0.0001  

 Error 26 1.6023    

      Regression equation: y = 0.4288 – 0.0813x  xy=0 = 5.3   

B) Tetraploid populations 4 0.0654 0.2470 0.9095 0.111 

 Distance 1 0.2154 3.2550 0.0801  

 Error 34 2.2496    

      Regression equation: y = 0.1378 – 0.0228x     

C) Tetraploid populations (C, S2) 1 0.0000 0.0000 0.9988 0.633 

 Distance 1 0.7043 22.3818 0.0004  

 Error 13 0.0409    

      Regression equation: y = 0.3543 – 0.0656x  xy=0 = 5.4    

D) All populations (ploidy) 7 0.2223 0.4946 0.8348 0.398 

 Ploidy 1 0.0225 0.7051 0.4283  

 Distance 1 1.9823 30.8772 < 0.0001  
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 Ploidy x distance 1 0.6263 9.7559 0.0028  

 Error 60 3.8519    
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Figure 1. Optimal clone sizes in diploid and polyploid plants, depicted as that which 

minimizes the negative effects of inbreeding (dotted lines) and between-ploidy mating 

(solid lines) on seed set. The X-axis ranges from no clonality (all genotypes represented 

by a single ramet) to complete clonality (all ramets belong to a single genotype). As clone 

size increases, geitonogamous pollination decreases seed set through inbreeding 

depression. The effects of clone size on inbreeding differ among ploidies because 

inbreeding depression is generally less in tetraploids (red) than in diploids (black), and is 

nonexistent in newly formed neotetraploids (pink). As clone size increases, 

geitonogamous mating can simultaneously increase seed set by decreasing between-

ploidy mating. Optimal clone size is estimated as the point at which seed set losses due to 

both mechanisms (inbreeding and between-ploidy mating) are minimized. Published data 

from experimental crosses in Chamerion angustifolium were used to determine seed set 

under inbreeding (Husband et al 2008) and mixed-mating (Baldwin and Husband 2011).  
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Figure 2. Geographic distribution of diploid and tetraploid Chamerion angustifolium 

throughout North America. The regions where both ploidies are present are shaded black. 

Tetraploids are more often found at lower altitudes and latitudes. Modified from Mosquin 

and Small (1971).
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Figure 3. Photograph of a root bud emerging from the root of Chamerion angustifolium. 

Root buds, each of which can develop into an independent shoot (ramet), are variable in 

number, size, and position per plant. Root buds can be identified by their light 

pigmentation and scale-like primordial leaves. Root buds cannot be distinguished from 

young new root growths when they are less than 1.5 mm in length. Root bud height was 

measured from the highest point to the base connecting it to the underlying root as 

indicated by the red lines. 
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Figure 4. Photograph of a diploid Chamerion angustifolium root system. The shoot base 

is labeled A and three visible root buds are labeled B, C and D. Root bud distance was 

measured as the minimum distance along the root from the shoot base to each root bud on 

the root (red lines). 
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Figure 5. Nine locations sampled to test for differences in diversity and spatial 

distribution of clones between diploid and tetraploid Chamerion angustifolium: C – 

Coleman Clear-Cut (C), Pickle Jar (P), Highwood Pass (H), Sibbald 1 (S1), Sibbald 2 

(S2), Sulphur Mountain (SM), Moose Meadows (M), Wilcox Creek 1 (WC1), Wilcox 

Creek 2 (WC2). Location coordinates and altitude are given in Table 2. 
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Figure 6. Pairwise distance distribution of AFLP genotypes for A) all populations, B) 

tetraploid population S2, and C) diploid population WC2. Arrows indicate the maximum 

genetic distance between two samples for them to be considered from the same clone. 

This is the threshold value for detecting clones and it is the distance value at the bottom 

of the first peak in the histogram. Thresholds were determined for all populations with 

the expected bimodal distribution. This value was averaged (19 differences, illustrated by 

the dotted line) and was used to assign clones across all populations. 
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Figure 7. Distribution of relative fluorescence values for all samples analyzed via flow 

cytometry. The distributions of diploid (first peak) and tetraploid (last peak) Chamerion 

angustifolium are distinct from each other. Diploid and tetraploid values are also distinct 

from the distribution of the standard, Solanum lycopersicum and the nine triploids 

identified (middle peak). Samples within 10% of means for 2x, 3x and 4x were 

automatically classified as such (shaded regions). Samples that deviate by more than 10% 

were assigned to the nearest ploidy (illustrated by arrows)
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Figure 8. Mean values (+/- SE) of four root bud variables (root bud number, average root 

bud distance from the stem, root bud height, and total root bud mass) for tetraploid 

Chamerion angustifolium, expressed as percentage difference from diploids.  Each root 

bud variable is expressed as the absolute value (black bars), per unit root mass (grey) and 

per unit plant mass (white). Asterisks indicate a significant difference from diploid values  

(* <0.05, **<0.01, ***<0.001; Table 5).
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Figure 9. Regression between root bud height and root bud distance from the stem for 

diploid (black) and tetraploid (red) plants of Chamerion angustifolium. There is a 

significant, positive relationship for diploids but not for tetraploids. The difference 

between these regressions is also significantly different (p = 0.0173, Table 6).  
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Figure 10. Number of genotypes detected per population as a function of increasing ramet 

sample size for tetraploid (red lines) and diploid (black lines) populations. The effect of 

sample size on clone number was determined by subsampling ramets (N = 2 to 33) using 

a jackknife analysis (9999 permutations) in the software GENODIVE. Note that S1 and C 

are locations that had been recently clear-cut.
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 Figure 11. Spatial distribution of ALFP clonal genotypes (numbers) and ploidy (diploid 

= black squares; triploid = grey squares; tetraploid = pink squares) for individual 

Chamerion angustifolium plants sampled at 1 meter intervals along grids in eight 

locations: A) Coleman Clear-Cut, B) Highwood Pass, C) Moose Meadows, D) Pickel Jar, 

E) Sibbald Road 1, F) Sibbald Road 2, G) Sulphur Mountain, and H) Wilcox Creek 2. At 

each location, samples that are assigned the same number are the same clone genotype. 

Grid locations with no clone number and no shading either i) did not have a plant at that 

coordinate or ii) was not successfully scored for genotype or ploidy. 
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Figure 12. Average (+/- SE) number of A) multilocus AFLP genotypes (clones), B) ramets per clone and C) number of clones with > 1 

ramet for four diploid and five tetraploid populations of Chamerion angustifolium  There is a tendency for diploid populations to have 

fewer, larger clones than tetraploid populations although none of the variables are statistically different (# of genotypes, p=0.156; 

ramets per genotype, p=0.229; genotype with > 1 ramet, p=0.068).  
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Figure 13. Correlograms illustrating the correlation of clonal genotypes at eight distance 

intervals ranging from 1.4 - 20 m in A) diploid and B) tetraploid populations. Correlograms 

are shown for each population. Those with slopes significantly different from zero are 

represented by solid lines; those with dashed lines are not significantly different from zero.  
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Figure 14. Regression between Moran’s I (i.e. the likelihood of two ramets being the same 

genotype) and distance (m) for diploid (black) and tetraploid (red) plants of Chamerion 

angustifolium. The diploid and tetraploid regressions are significantly different (Table 11).  
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APPENDIX 

Appendix Table 1: DNA quality (absorbance ratios and concentration) and AFLP analysis error rate as determined on the Nanodrop 

spectrophotometer for the optimization of DNA extraction method. Twenty-four samples were extracted with the SDS protocol 

(DNeasy Plant Mini Kit, Qiagen), with twelve homogenized in the cell lysis buffer (SDS1) and twelve homogenized dry (SDS2). 

Twelve samples were extracted with the CTAB method (Nucleo Spin Plant II, Macherey-Nagel GmbH & Co.), six were extracted 

with the CTAB method with 10 mM N-phenacylthiazolium in the cell lysis buffer (CTAB+P), six were extracted with 1% potassium 

ethyl xanthogenate (CTAB+X), and six were extracted with the CTAB extraction method and both additions (CTAB+PX). A size 

quality error prevents analysis as fragments cannot be sized whereas off scale errors only indicate low quality. 

  Nanodrop-8000 Errors during AFLP analysis 

Extraction Method N [DNA] 

ng/µl 

Purity 1 

260/280 

Purity 2 

260/230 

Size Quality 

(#) 

Size Quality 

(%) 

Off Scale  

(#) 

Off Scale 

(%) 

SDS (1) 12 16.76 1.14 0.41 na na na na 

SDS (2) 12 17.93 1.40 0.42 4 33.3 2 16.7 

CTAB 12 28.24 1.72 0.89 1 8.3 1 8.3 

CTAB+P 6 45.86 1.84 1.29 1 16.7 0 0 

CTAB+PX 6 43.79 1.71 0.91 2 33.3 3 50 

CTAB+X 6 53.80 1.76 0.87 0 0 0 0 
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