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Holocentric chromosomes—chromosomes that lack localized centromeres—occur in numerous unrelated clades of insects, flat-

worms, and angiosperms. Chromosome number changes in such organisms often result from fission and fusion events rather

than polyploidy. In this study, I test the hypothesis that chromosome number evolves according to a uniform process in Carex

section Ovales (Cyperaceae), the largest New World section of an angiosperm genus renowned for its chromosomal variability and

species richness. I evaluate alternative models of chromosome evolution that allow for shifts in both stochastic and deterministic

evolutionary processes and that quantify the rate of evolution and heritability/phylogenetic dependence of chromosome num-

ber. Estimates of Ornstein–Uhlenbeck model parameters and tree-scaling parameters in a generalized least squares framework

demonstrate that (1) chromosome numbers evolve rapidly toward clade-specific stationary distributions that cannot be explained

by constant variance (Brownian motion) evolutionary models, (2) chromosome evolution in the section is rapid and exhibits little

phylogenetic inertia, and (3) explaining the phylogenetic pattern of chromosome numbers in the section entails inferring a shift

in evolutionary dynamics at the root of a derived clade. The finding that chromosome evolution is not a uniform process in sedges

provides a novel example of karyotypic orthoselection in an organism with holocentric chromosomes.

KEY WORDS: Brownian motion model, chromosome evolution, holocentric chromosomes, karyotypic orthoselection,

Ornstein–Uhlenbeck models, phylogenetic dependence, phylogenetic generalized least squares (GLS).

Sedges (Carex: Cyperaceae), one of the largest genera of an-

giosperms with more than 2000 species worldwide (Reznicek

1990), exhibit a relatively high rate of species diversification

(Magallon and Sanderson 2001). The genus also exhibits an

exceptional agmatoploid chromosome series ranging from n =
6 to n = 66 (Tanaka 1949). Every chromosome number from

n = 6 to n = 47 is represented by at least one species (Roalson

2006). Chromosome number varies within species as well: some

taxa exhibit a wider range in chromosome number than even the

highly variable house mouse (Nachman and Searle 1995). Chro-

mosome evolution in the genus proceeds almost exclusively by

fission and fusion, without duplication of chromosomes (Hipp

et al., in press). Unlike organisms in which karyotype evolution

proceeds by Robertsonian rearrangements, however, sedges have

holocentric chromosomes, meaning that the spindle fibers attach

along the entire length of the chromosome arms instead of at lo-

calized centromeres (Håkansson 1954).

Holocentric chromosomes occur throughout the Cyperaceae

(sedges) and their sister family Juncaceae (rushes) as well as

in four other angiosperm genera (Cuscuta subgenus Cuscuta,

Drosera, Chionographis, and Myristica fragrans; Flach 1966;

Tanaka and Tanaka 1977; Pazy and Plitmann 1994; Sheikh et al.

1995; Guerra and Garcı́a 2004); nematodes, including Caenorhab-

ditis elegans (Buchwitz et al. 1999); and insects of several orders,

including Lepidoptera, Heteroptera, and Odonata (Perez et al.

2000; Nokkala et al. 2002; Wang and Porter 2004). In these phy-

logenetically disparate organisms, chromosome fragments that

arise by breakages during meiosis segregate normally and have
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the potential to be inherited in Mendelian fashion (Faulkner 1972;

Luceño 1993). As a consequence, breakages generally result in

viable gametes with agmatoploid numbers that may become sta-

bilized through backcrossing or selfing (although see Dernburg

2001 regarding decreased fitness of C. elegans structural heterozy-

gotes).

The potential for rapid karyotype diversification both within

and among species is manifest in Carex, with counts in some

species spanning 10 chromosome pairs (Roalson 2006; Hipp et al.,

in press). Chromosome rearrangements in sedges have been shown

to be weakly underdominant (Whitkus 1988), and the observed

intraspecific karyotype variation within the genus may conse-

quently be due in part to inadequate taxonomic study (i.e., the

various chromosome races within some species may in fact be

separate species). However, ecologically and morphologically co-

herent taxa often show variation in chromosome number between

populations (e.g., Naczi et al. 1998; Rothrock and Reznicek 2001),

suggesting that the high degree of variation in chromosome num-

ber represents real intraspecific variation.

Previous research on a densely sampled clade of North Amer-

ican sedges, Carex section Ovales, has demonstrated that there is

a significantly higher chromosome count in the western North

American grade than in the eastern North American clade that

arises from it (Hipp et al. 2006a). In this study, I test alternative

models of chromosome number evolution in an information the-

oretic framework to evaluate whether the observed distribution of

chromosome numbers can be explained by a uniform evolutionary

process or whether shifts in evolutionary rate or equilibrium chro-

mosome number are needed to explain the data. If the evolution of

chromosome number within a clade of about 90 species cannot be

explained by a uniform evolutionary model, then understanding

the processes of chromosome evolution in sedges and other organ-

isms with holocentric chromosomes will require equal attention to

inferring models of chromosome evolution for individual clades

and to characterizing and explaining phylogenetic shifts between

those models.

Modeling the Evolution of
Holocentric Chromosomes
A comprehensive reconstruction of karyotype evolution would en-

tail reconstructing the history of individual duplications, fission

and fusion events, and rearrangements that comprise the kary-

otype, much as reconstructing the evolution of DNA sequences

entails reconstructing the history of individual mutations and re-

arrangements. Most sedges have extremely small chromosomes

that lack obvious physical landmarks (Hoshino 1981), making

such an approach to reconstructing karyotype evolution currently

impractical. An alternative approach is to use chromosome num-

ber as a proxy for karyotype. Chromosome number evolution has

been reconstructed as a categorical character in previous studies

(e.g., Rockman and Rowell 2002; Kandul et al. 2004; Hipp et al.

2006a). However, the more or less independent fission and fusion

events that lead to changes in chromosome number suggest that

chromosome number in sedges may also be modeled using meth-

ods developed for additive quantitative traits, in which character

state is determined by numerous “at least partially independent. . .

factors of individually small effect” (Hansen 1997: 1343).

The evolution of a character that is appropriately modeled on

short time frames as a normally distributed random variable may

be reconstructed using a Brownian motion model. In the Brownian

motion model, the change in character state from time t to time t

+ dt is a function of �—the strength of all stochastic influences on

phenotype, such as drift and randomly shifting adaptive optima—

and a normally distributed random variable dB(t),

d X (t) = �d B(t) (1)

(from Butler and King 2004). This model underlies Felsenstein’s

(1985) method of independent contrasts. The causes of character

evolution in this model are not distinguished from one another, but

combined into the single term dB(t), which is normally distributed

with mean 0 and variance dt. In the case of chromosome number,

the causes of character evolution are, proximally, the more or less

independent fission and fusion events that lead to chromosome

number change. Distally, these causes include all factors that af-

fect rates of chromosome fission and fusion in a nondirectional,

nonstabilizing manner. The variance and covariance of data that

evolve according to a Brownian motion process on a phylogenetic

tree is described by a variance–covariance matrix based on the tree

topology and branch lengths. The expected covariance in charac-

ter state between any two species on a tree is a function of how

recently they diverged from their most recent common ancestor.

A purely Brownian motion model will overestimate the cor-

relation in character state among species if there is low phylo-

genetic heritability (H2; Lynch 1991; Housworth et al. 2004) or

phylogenetic dependence (�; Pagel 1999; Freckleton et al. 2002),

for example, as a consequence of strong selection or of evolu-

tion being disproportionately concentrated near the tips of the

tree rather than in shared branches of the phylogeny. The phylo-

genetic mixed model (Lynch 1991) partitions character variance

into two components, a heritable portion and a nonheritable por-

tion, and estimates phylogenetic heritability as H2 = �2
a / �2,

where �2
a is the variance of the heritable component of the phe-

notypic trait being measured, and �2 is the sum of the variance

of the heritable component and the residual variance (i.e., that

portion of the phenotypic variance that cannot be explained by

phylogeny; Housworth et al. 2004). It is to be expected that for

traits in which �2
a << �2, models incorporating H2 will fit the

data significantly better than the Brownian motion model. Pagel’s
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(1999) generalized least squares (GLS) method estimates a similar

parameter, phylogenetic dependence (�), a multiplier of the off-

diagonal elements of the variance–covariance matrix (Freckleton

2002). For both H2 and �, a value of 0 indicates that trait evolu-

tion is not predicted by the phylogeny (under a Brownian motion

model), whereas a value of 1 indicates that the observed distribu-

tion of character states is compatible with evolution according to

a Brownian motion process. Freckleton et al. (2002) observe that

Pagel’s � is similar to Lynch’s (1991) H2, and Housworth et al.

(2004) argue that the two are mathematically equivalent. In the

current study, I use � exclusively.

A Brownian motion process may inadequately explain the

evolution of a character due to the action of natural selection or

other deterministic forces (Felsenstein 1985; Hansen 1997). The

Ornstein–Uhlenbeck process can be used to model such forces

through parameters for character state optimum (�) and rate of

evolution toward that optimum (�):

d X (t) = �[� − X (t)]dt + �d B(t) (2)

(from Butler and King 2004). The only random variable associ-

ated with the model is dB(t), so that the effect of selection toward

� is deterministic and the magnitude of its effect is estimated

as �, whereas all other evolutionary forces are modeled as ran-

dom and the magnitude of their cumulative effect is estimated

as � (Butler and King 2004). In this context, the evolution of a

continuous character along a phylogenetic tree is modeled as an

Ornstein–Uhlenbeck process in which selective regimes change

with cladogenesis (Hansen and Martins 1996; Hansen 1997;

Butler and King 2004). The expected covariance in character states

between species is influenced by the period of time spent in each

of i selective regimes, the collection of optimal states � i for all i

selective regimes, and �, the rate of evolution toward � i, as well

as by the phylogenetic effects described by the Brownian motion

model.

It is worth noting that although the � i of Ornstein–Uhlenbeck

models are typically interpreted as adaptive optima and � as the

strength of selection (following Butler and King 2004) or the rate

of adaptation (Hansen 1997), chromosome number per se is not

likely to be adaptive in sedges. Stated another way, there is no rea-

son to expect selective forces that influence the evolution of chro-

mosome morphology and number—for example, meiotic drive,

changes in cellular processes that affect meiosis and mitosis, and

processes that underlie karyotypic orthoselection—will optimize

organismal fitness (Sandler and Novitski 1957; Terzi 1972; Pardo-

Manuel de Villena and Sapienza 2001; Kim et al. 2005). To the

contrary, these processes are capable of driving chromosomal vari-

ants to fixation even if those variants are neutral, underdominant,

or weakly maladaptive (Pardo-Manuel de Villena and Sapienza

2001; Kim et al. 2005). Consequently, I interpret � i in the cur-

rent study as karyotypic equilibria rather than adaptive optima, on

the grounds that if chromosome number evolution proceeds ac-

cording to an Ornstein–Uhlenbeck process, chromosome number

in each lineage will equilibrate at a stationary distribution with

mean � and variance determined by the relationship between �

and �, irrespective of the causes of chromosome evolution. Like-

wise, I interpret � as the rate of evolution toward the karyotypic

equilibrium rather than as the rate of adaptation.

Methods
CHROMOSOME DATA: SOURCES AND CODING

Diploid chromosome numbers for all species in Carex section

Ovales (Cyperaceae) are summarized from published sources

(Appendix 1; Fig. 1). Additional unpublished counts were pro-

vided by P. E. Rothrock (Taylor University). Numbers are taken

from mitotic counts or inferred from counts made at first in-

terphase of meiosis, following the formula (1 × univalents) +
(2 × bivalents) + ··· + (x × x-valents), where x indicates the num-

ber of chromosomes associated with one another at first meiotic

interphase. Some individuals counted have odd inferred diploid

(2n) counts, a common consequence of irregular meiotic pairing

relationships in intraspecific hybrids (Whitkus 1988). An average

chromosome number was calculated for each taxon by weighting

diploid counts by the number of populations in which they were re-

ported (Appendix 1). Weighted mean diploid chromosome counts

were log transformed prior to analysis, based on the expectation

that the rate and amount of chromosome number change by fission

and fusion will be proportional to an individual’s chromosome

number. In trial analyses, log transformation improved model fit

by over 200 log-likelihood units relative to untransformed data.

PHYLOGENY RECONSTRUCTION AND BRANCH

LENGTH OPTIMIZATION

Phylogenies used in this study are from a previous study based

on nuclear ribosomal DNA sequences (Hipp et al. 2006b). All

sequences are deposited in GenBank (Hipp et al. 2006b), and the

dataset and consensus Bayesian tree are deposited in TreeBase

(study accession S1791, matrix accession M3273). Briefly, three

nuclear ribosomal DNA partitions (the internal transcribed spacers

ITS1 and ITS2, 5.8S, and a segment of the external transcribed

spacer) were analyzed using Metropolis-coupled Markov chain

Monte Carlo (MCMC) in MrBayes version 3.0b4 (Huelsenbeck

and Ronquist 2001). Data partitions were modeled separately, all

parameters except branch lengths and topology unlinked across

data partitions. Three independent runs of four linked chains were

each run for 5,000,000 generations, using the default priors and

temperature parameter. Trees from the initial 1,000,000 gener-

ations (the “burn-in”) were eliminated from the analysis. Com-

parative analyses presented in this study were conducted on (1)
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Figure 1. Bayesian consensus tree, ultrametric. The Bayesian consensus topology was generated from the last 4 × 106 generations of a

5 × 106 generation MCMC run using more than 75 taxa from the section (see Methods). Branch lengths were optimized using penalized

likelihood, with smoothing parameter set at 0.1, and taxa for which chromosome data were not available were pruned after branch

length optimization (see methods). Nodes included in the Ornstein–Uhlenbeck analysis are numbered; numbers below the branches are

posterior probabilities estimated from runs with all taxa included. Chromosome numbers indicate euploid (black) and agmatoploid (gray)

diploid counts as reported in the literature (Appendix 1).

the fully resolved tree that maximizes the posterior probability

of each clade based on MCMC analysis, referred to in this ar-

ticle as the Bayesian consensus; and (2) a set of 100 trees sub-

sampled at even intervals from the last 4,000,000 generations of

MCMC—referred to in this article as, collectively, the Bayes sub-

sample. The latter tree set was used to account for phylogenetic

uncertainty.

Ultrametric trees (trees with branches scaled proportional to

time rather than to estimated nucleotide substitutions) were gen-

erated using penalized likelihood (Sanderson 2002) in the ape

package (Paradis et al. 2004) of R version 2.4.1 (R Development

Core Team 2006). The smoothing parameter was optimized on

the Bayesian consensus using cross-validation in r8s version 1.71

(http://ginger.ucdavis.edu/r8s/), which resulted in a smoothing pa-

rameter estimate of 0.1. Branch lengths were optimized on trees

with all 81 sequenced taxa included. This taxon set includes 75

of the approximately 90 species recognized in the section and

several infraspecies. Taxa for which chromosome counts are not

known were pruned subsequent to branch-length optimization.

Trial analyses were also conducted on a series of trees with branch

lengths optimized under smoothing parameters ranging from 0.01

to 10,000, on ultrametric trees generated using nonparametric rate

smoothing (Sanderson 1997) or under an assumption of a global

molecular clock, on trees from which taxa were pruned before

branch-length optimization, and on trees with branch lengths un-

transformed (nonultrametric). None of these treatments had an

effect on the conclusions of this study and are consequently not

reported. Overall tree length was scaled to 1.0 for all analyses.

TESTING ALTERNATIVE MODELS OF CHROMOSOME

NUMBER EVOLUTION

Two classes of generalized least squares (GLS) models were eval-

uated in the current study: a wide range of alternative Ornstein–

Uhlenbeck models (using the methods of Butler and King 2004

as implemented in ouch 1.1–2), and two of Pagel’s (1999) tree

scaling parameters, lambda (�) and kappa (�). Point estimates of

model parameters were obtained using maximum likelihood on the

Bayesian consensus, and confidence intervals were estimated us-

ing parametric bootstrapping (10,000 replicates) for the Ornstein–

Uhlenbeck models or MCMC (1 × 106 generations following at
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100,000-generation burn-in) for Pagel’s scaling parameters. Con-

fidence intervals were estimated on the Bayes subsample when

possible, to incorporate phylogenetic uncertainty (e.g., Table 2),

and on the Bayesian consensus when analyses entailed shifts at

nodes not present in all trees of the Bayes subsample (e.g., Ap-

pendix 2). Small-sample Akaike information criterion (AICc) and

Bayes information criterion (BIC) are used to evaluate support for

alternative models and model parameters (Burnham and Anderson

2002). The two measures are superficially similar—AICc = –2

lnL + 2K (N / [N–K–1]); BIC = –2 lnL + K · ln(N)); L = model

likelihood, N = sample size, K = number of free parameters in the

model—but estimate different quantities: AICc was derived as an

unbiased estimator of relative Kullback–Leibler information—the

“distance” between models—whereas BIC ( = Schwarz’s infor-

mation criterion) was derived as a dimension-consistent estimator

of the posterior probability that a given model is the correct (i.e.,

generating) model (Burnham and Anderson 2002: 286 ff.).

Ornstein–Uhlenbeck analyses were conducted on a large set

of models, designating eight nodes at which karyotypic equilibria

were allowed to change (Fig. 1), for a total of 28 models ranging

from one to nine different values for � i. Evaluating such a large

number of models is not generally recommended (Burnham and

Anderson 2002), but doing so was necessary to test the relative

support for a shift in evolutionary dynamics at the root of the

eastern North American clade. Seven nodes were chosen based

on the criteria that they were supported at phylogenetic poste-

rior probability ≥ 0.95 and had at least five descendents. One

node with only three descendents (Node 8) was added to increase

representation of western North American nodes in the analysis.

Allowing changes in model parameters only at strongly supported

nodes makes it impossible to detect shifts in evolutionary dynam-

ics at poorly supported nodes that may nonetheless represent real

branching events. However, it is not clear how one should inter-

pret a strongly supported shift in evolutionary dynamics at a node

that may not represent a real branching event. Nodes supported

at < 95% posterior probability were consequently not considered

in this study. Intraspecific variance was incorporated into analy-

sis by adding estimated measurement error (on log-transformed

data) to the diagonal of the variance–covariance matrix (Martins

and Hansen 1997). Because only a single count was available for

many taxa, the squared standard error of the mean was estimated

for each taxon as the mean variance for all taxa for which counts

were available from ≥ 3 populations divided by sample size for

each taxon separately. Accounting for intraspecific variance had

minimal effect on model likelihoods and parameter estimates. BIC

and AICc weights (w i) were summed over sets of two, five, 17,

and 257 models (Ornstein–Uhlenbeck and Brownian motion) to

evaluate whether estimates of the support for changes in evolu-

tionary process at specific nodes are sensitive to the number of

models analyzed.

Additional Brownian motion assumptions regarding covari-

ance among species and rate constancy within each subtree were

evaluated by estimating two tree scaling parameters using the GLS

method of Pagel (1997, 1999) as implemented in CONTINUOUS

(http://www.evolution.reading.ac.uk). In this method, � scales the

off-diagonal elements of the variance–covariance matrix. Down-

weighting the off-diagonal elements of the variance–covariance

matrix (� < 1) has the effect of decreasing the estimated covari-

ance among individuals relative to the variance–covariance struc-

ture predicted by the phylogeny under a Brownian motion model.

Given the importance of this parameter and its similar effects to

� of the Ornstein–Uhlenbeck models (Housworth et al. 2004),

the effect of estimating � and � jointly was evaluated in a set of

analyses by incorporating � into the variance–covariance matrix

prior to optimizing � in ouch. A second parameter, kappa (�),

scales branch lengths exponentially, and its maximum-likelihood

value consequently estimates the relationship between individual

branch lengths and the amount of change in a character occurring

on branches of that length. At � = 0, the amount of evolution-

ary change along a path is a function of the number of branching

events along that path rather than of the branch lengths in the

unscaled tree. Conversely, � > 1 models a scenario in which evo-

lutionary change occurs at a disproportionately high rate on longer

branches. A third scaling parameter, �, is typically interpreted in

light of the variance in total path-length on nonultrametric trees

and is not employed in the current study.

Models were fit to the entire phylogeny (“whole-tree” tests)

and to each subtree separately (“censored” tests) by deleting the

branch that connects the two and resolving the western North

American grade as monophyletic, analogous to the censored like-

lihood approach of O’Meara et al. (2006) for testing evolutionary

rates in subtrees. Log-likelihoods for the subtrees were summed

and information criteria were calculated using the summed num-

ber of parameters. The results are compared with the whole-tree

tests to assess what shifts in evolutionary processes are needed to

explain the observed differences in chromosome number between

the eastern and western North American taxa.

Results
CHROMOSOME NUMBERS

The mean of diploid chromosome counts for the eastern North

American taxa, with each taxon accorded equal weight, is 68.38

± 1.118 [SEM] (N = 39 taxa, 36 of which are included in the

phylogenetic analyses used for this study; populations counted

per taxon = 5.61 ± 1.20; Figs. 1 and 2; Appendix 1). The mean of

diploid chromosome counts for the western North American taxa

is 79.23 ± 1.261 (N = 17 taxa, all of which are included in this

study; populations counted per taxon = 5.18 ± 1.67).
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Figure 2. Histogram of unweighted diploid counts by geographic

area. Each chromosome count in Appendix A was included once

per species and histograms generated separately for the eastern

North American taxa (black) and the western North American taxa

(gray). Arrows indicate the weighted mean of diploid counts for

the eastern and western North American taxa (2n = 68.38 and

79.23, respectively).

WHOLE-TREE ORNSTEIN–UHLENBECK MODELS

Analysis of whole-tree Ornstein–Uhlenbeck models most strongly

supports a shift in karyotypic equilibrium at the root node of the

eastern North American clade (Node 2, cumulative BIC w i =
0.874–0.894; Table 1) and moderately supports a change along a

branch midway between the root and the eastern North American

Table 1. Bayes information criterion (BIC) weights summed over nodes at which karyotypic equilibria (� i) are permitted to change. The

sum of weights for a given node indicates the support across models for a change in � at that node. All nodes are present in half of the

models tested, as the candidate models include all possible combinations of change nodes (thus, the nodes are essentially binary, turned

“on” or “off”). The cumulative weight for each node is relatively little changed by the number of models tested.

Node at which � Number of taxa Cumulative Cumulative BIC Cumulative BIC Cumulative BIC
may change in clade BIC weight weight weight weight

(2 models)1 (5 models)2 (17 models)3 (257 models)4

1 41 na 0.33780 0.34592 0.33602
2 36 n/a 0.89382 0.88241 0.87351
3 26 na na 0.13140 0.14038
4 24 na na 0.13144 0.13270
5 5 na na na 0.12347
6 7 na na na 0.13494
7 6 na na na 0.14976
8 3 na na na 0.13379
None1 na 1.00000 3.2210 × 10−05 2.4342 × 10−05 1.3 × 10− 05

Brownian motion na 0.01647 5.3064 × 10 − 07 4.0102 × 10−07 2.2506 × 10−07

1 Brownian motion and Ornstein–Uhlenbeck model with a single �. 2 Brownian motion, Ornstein–Uhlenbeck model with a single �, and Ornstein–Uhlenbeck

model entailing changes in � at nodes one and two. 3 Brownian motion, Ornstein–Uhlenbeck model with a single �, and Ornstein–Uhlenbeck model

entailing changes in � at nodes one through four. 4 Brownian motion model and all Ornstein–Uhlenbeck models entailing changes in � at nodes one through

eight.

clade (Node 1, cumulative BIC w i = 0.336–0.346). There is little

evidence for a change in karyotypic equilibrium at all other nodes

investigated (BIC w i < 0.15). The Brownian motion model is

the most poorly supported model regardless of the number of

models evaluated (Table 1; Appendix 2). When only the single-

� Ornstein–Uhlenbeck model is tested along with the Brownian

motion model, BIC weight for the Brownian motion model is

0.016 (Table 1). When models are included that allow at least one

change in karyotypic equilibrium (Tables 1 and 2; Appendix 2),

the Brownian motion model and the single-� Ornstein–Uhlenbeck

model together are supported at cumulative BIC weight < 0.0001.

The parameter for rate of evolution (�) toward � i was opti-

mized over the interval 0.001–20 and was found to be at the max-

imum for all multiple-� Ornstein–Uhlenbeck models, although

parametric bootstrapping suggests considerable uncertainty in the

estimates of � (Appendix 2). Increasing the interval over which �

was optimized had very little effect on model likelihoods and no

effect on model support, because the model likelihood is relatively

flat at � > 20 (Fig. 3). When intraspecific variance / measurement

uncertainty is not modeled, model likelihoods become asymptotic

at high � (plot not shown), but incorporating intraspecific variance

depresses alpha estimates. Because the maximum-likelihood esti-

mate of � is constrained by the upper bound of the search interval,

confidence intervals based on parametric bootstrapping at � =
20 may be biased toward lower values of �. However, this po-

tential bias does not affect the conclusions of this study. In all

models incorporating a shift in karyotypic equilibrium, the lower

end of the 95% confidence interval corresponds to � > 3.86 (i.e.,
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Figure 3. Natural log of model likelihood plotted against � for

the four Ornstein–Uhlenbeck models defined by nodes 1 and 2.

Likelihood of each model over � = 0 to � = 100 was calculated

using the “badness” function in ouch. Model abbreviations denote

the nodes at which � is permitted to change.

“adaptive half-life” sensu Hansen 1997 (t1/2 = ln(2) / �) < 0.180;

Appendix 2). The depth of the eastern North American clade in the

Bayesian consensus tree scaled to a total length of 1.0 is 0.6664,

which implies that even under the lowest � estimates, the eastern

North American taxa have evolved 1–(0.5[0.6664/0.180]) = 92.3%

of the distance from the chromosome number of the population

ancestral to the eastern North American clade toward the east-

ern North American karyotypic equilibrium. These large values

of � explain why estimates of �0, the character state estimated

for the root of the tree, are biologically implausible (2n < 2)

under all Ornstein–Uhlenbeck models investigated: the effect of

phylogeny on the variance–covariance structure of a phenotype

decreases as the rate of evolution toward a lineage-specific equi-

librium increases, so that �0, as well as � i that are restricted to

internal branches, cannot be estimated accurately at large values

of � (Butler and King 2004; Verdu and Gleiser 2006).

WHOLE-TREE AND CENSORED MODELS

When the eastern North American subtree is evaluated alone, the

Brownian motion + � model (BIC w i = 0.854 ± 0.0034) and

single-� Ornstein–Uhlenbeck model (BIC w i = 0.139 ± 0.0024)

are strongly supported over the Brownian motion + � model (BIC

w i = 0.0017 ± 0.0005) and unmodified Brownian motion model

(BIC w i = 0.0056 ± 0.0017) on all trees in the Bayes subsample

(Table 3). Estimated phylogenetic dependence (� = 0 [0 ± 0 over

the Bayes subsample]) and rate of evolution toward a karyotypic

equilibrium (� = 20 [16.599 ± 0.0095 over the Bayes subsam-

ple]) demonstrate that phylogeny has essentially no effect on the

evolution of chromosome number within the clade. At the same

time, low support for the Brownian motion + � model suggests

that the low phylogenetic inertia is not a consequence of punc-

tuational evolution or, conversely, of a disproportionate amount

of evolution occurring on longer branches. Although the phylo-

genetic dependence parameter (�) substantially improves the fit

of the Brownian motion model to the data, estimating � within

the Ornstein–Uhlenbeck framework—that is, optimizing the like-

lihood of an Ornstein–Uhlenbeck model for both � and �—has

negligible effect on model likelihoods (Fig. 4). In the western

North American subtree, the high point estimate of phylogenetic

dependence (� = 1.100 [0.865 ± 0.0302 over the Bayes subsam-

ple]) is essentially that of an unmodified Brownian motion model,

and the Brownian motion model is the best-supported model (BIC

w i = 0.565 ± 0.0075).

Under all censored models evaluated, the stochastic rate of

chromosome evolution (�) in the eastern North American subtree

is higher than that of the western North American subtree (model-

averaging over censored models, ��2 = 0.0159; Table 2). Only

one whole-tree model compares favorably with the censored mod-

els in explaining the data: the dual-� Ornstein–Uhlenbeck model

(“OU-2”) has relatively high support (BIC w i = 0.298; Table 2)

and is comparable in support to the censored Brownian motion +
� model (BIC w i = 0.679; �BIC = 1.646; Table 2). Counting the

OU-2 model with the censored models, the cumulative BIC weight

for all models that specify a shift in at least one model parameter at

Node 2 is 0.989 (Table 2); this estimate of the posterior probability

of a shift in parameters at Node 2 is similar to the estimate when

only whole-tree Ornstein–Uhlenbeck models are considered (cu-

mulative BIC w i = 0.874–0.894; Table 1). Between models that

specify a shift in evolutionary dynamics at the base of the eastern

North American clade and similar models that do not, the former

explain the data significantly better.

Discussion
MODEL SUPPORT AND EVOLUTIONARY DYNAMICS

OF CHROMOSOME EVOLUTION

The major findings of this study are that (1) chromosome evolution

is rapid and relatively unconstrained by phylogeny, at least in

the eastern North American clade; (2) the origin of the eastern

North American clade is associated with a significant increase in

the rate of chromosome evolution; and (3) chromosome number

evolves toward divergent karyotypic equilibria in different clades.

These findings suggest that cladogenetic shifts in evolutionary

dynamics may play as important a role in chromosome evolution

as the gradual evolution of chromosome number predicted by the

processes of fission and fusion that drive chromosome evolution

in Carex.

The whole-tree Brownian motion model explains the data

more poorly than any other model evaluated in this study (BIC

weight = 2.33 × 10−7; Table 2). The censored Brownian motion
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Figure 4. Effects of incorporating Pagel’s lambda (�) into the

Brownian motion and Ornstein–Uhlenbeck models. In both plots,

the single-dashed (lower) line indicates the Brownian motion + �

model, and the double-dash (upper) line indicates the Ornstein–

Uhlenbeck + � model. (A) Eastern North American Bayesian con-

sensus subtree; double-dash line represents the single-� Ornstein–

Uhlenbeck (“OU-0”) + � model. (B) Whole tree, Bayesian consen-

sus; double-dash line represents the dual-� Ornstein–Uhlenbeck

(“OU-2”) + � model. On both trees, � has a strong effect on the

Brownian motion model, but negligible effect on the Ornstein–

Uhlenbeck model.

model, in which the model is applied to the two subtrees inde-

pendently, fits the data considerably better but is still a poor fit

relative to the other models evaluated (BIC weight = 1.1 × 10−3;

Table 2). In the censored Brownian motion model, evolutionary

rate (�) and root ancestral state (�0) are inferred independently

in the two subtrees. Consequently, the censored Brownian mo-

tion model should explain the data well if chromosome evolution

proceeded according to a Brownian motion process in the two

subtrees, with a discontinuity in chromosome number simultane-

ous with a shift in rate at the base of the eastern North American

clade. Such a case could result, for example, from a polyploid

event giving rise to the ancestor of the eastern North American

clade. Although there is a demonstrable increase in evolutionary

rate at the base of the eastern North American clade, the poor fit of

the censored Brownian motion model relative to the other models

evaluated indicates that other factors play a role in the observed

pattern.

The two models with strongest support (censored Brownian

motion + � and whole-tree “OU-2,” cumulative BIC weight =
0.977; Table 2) incorporate a change in evolutionary dynamics

at the base of the eastern North American clade along with pa-

rameters that allow for evolutionary trends not predicted by the

phylogeny under a Brownian motion model. The single param-

eter that most improves the model fit over the Brownian motion

model is the phylogenetic dependence parameter (�). Addition of

� to the whole-tree Brownian motion model increases the BIC

weight from 2.33 × 10−7 to 1.13 × 10−2, and the censored Brow-

nian motion + � model is the best fit of the models tested (BIC

weight = 0.679). This reflects the fact that phylogenetic depen-

dence differs greatly between the subtrees: the point estimate of

�, which scales from zero if patterns of covariance are not at all

predicted by tree to one if patterns of covariance are perfectly

predicted by the tree assuming a Brownian motion model, is zero

for the eastern clade and 1.100 for the western subtree (Table 2).

Interpreting � in terms of Lynch’s H2, the phylogenetically her-

itable component (�2
a) of chromosome number variance in the

eastern North American clade is negligible relative to the total vari-

ance (�2). In the western North American subtree, incorporating

� adds little to the explanatory power of the Brownian motion

model (Tables 2 and 3). However, the power to reject Brownian

motion model assumptions is typically low for small sample sizes

(Housworth et al. 2002), and the minimal difference in likelihood

for alternative models evaluated on the western North American

subtree (Table 3) suggests that sample size in this subtree may

be too low for accurate parameter estimation in more complex

models. More complete sampling in the western North Ameri-

can subtree will likely be needed to accurately estimate model

parameter differences between the subtrees.

The dual-� Ornstein–Uhlenbeck (OU-2) model explains the

data relatively well (BIC weight = 0.298; Table 2) and suggests

that chromosome number evolution is driven toward clade-specific

karyotypic equilibria. With � = 20, the OU-2 model is essentially

free from phylogenetic effects; consequently, adding � changes the

model likelihood by less than 0.25 log-units (Fig. 4). Similarly,

the single-� Ornstein–Uhlenbeck model and the Brownian mo-

tion + � model are within 0.15 log-likelihood units of each other

on both the western and the eastern North American subtrees,

(Table 3, Fig. 4). Although the likelihood of these two models is

comparable, the dual-� model is more plausible in that it does not

entail partitioning the tree into independent subtrees. Moreover,

there is a straightforward interpretation of � and �, which is lack-

ing for �. The point estimate of variance (�2 = 0.331) reflects the
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high interspecific variability in chromosome number within the

section, whereas the high alpha estimate (� = 20) models the ob-

served pattern as rapid evolution toward a karyotypic equilibrium.

Taken together, the censored Brownian motion + � and whole-

tree OU-2 models provide compatible perspectives on the process

of chromosome evolution in sedges.

EVOLUTIONARY AND ECOLOGICAL IMPLICATIONS

Rearrangements in holocentric chromosomes, like Robertsonian

rearrangements, often do not have an effect on the fitness of hy-

brids (Whitkus 1988; Searle 1993; Andersson et al. 2004; Basset

et al. 2006; although see Hauffe and Searle 1998 for a counterex-

ample). If differences between populations entail single fission

or fusion events, chromosome pairing in F1 interpopulation hy-

brids should result in heteromorphic trivalent chromosome asso-

ciations at first meiotic interphase, with little or no barrier to re-

combination. Trivalents are frequently observed in wild-collected

sedges (Wahl 1940; Faulkner 1972; Hoshino 1981), suggesting

that single-rearrangement chromosome mutations are common

in natural populations and that these likely account for much of

the chromosomal variation within Carex populations. Chromo-

somal variants in sedges and other organisms with holocentric

chromosomes might thus be expected to accumulate gradually, as

approximately neutral mutations.

Contrary to this expectation, analyses presented in this ar-

ticle demonstrate that the population divergence that gave rise

to the eastern North American clade in Carex section Ovales

entailed a dramatic shift in the dynamics of chromosome evo-

lution. There are at least three possible explanations for this find-

ing: (1) chromosome number evolution among the species stud-

ied is directional, and the shift in chromosome number at the

base of the eastern North American clade is not a shift in kary-

otypic equilibrium, but a snapshot of a continuous, directional

shift in mean; (2) cladogenesis entails shifts in the adaptive value

of different chromosome number ranges; or (3) cladogenesis en-

tails nonadaptive changes in karyotypic equilibrium, such that

chromosome number evolves toward divergent stationary distri-

butions in different lineages without effects on the fitness of the

offspring.

Directional evolution has been shown to be important in kary-

otype evolution in both empirical and theoretical studies (Imai

et al. 1986; Rockman and Rowell 2002). Hansen (1997) described

Ornstein–Uhlenbeck models in which the rate of adaptation (�)

approaches zero and the evolutionary optimum (�1) is outside the

range of observed data as reducing to a Brownian motion model

with a trend. Although not all parameters in a directional model

can be estimated if all taxa are extant (Hansen and Martins 1996;

Hansen 1997; cf. Pagel 1999), a very high point estimate for alpha

suggests that the karyotypic equilibrium (�1) is reached quickly,

which is precisely the opposite of the expectation under a model of

directional evolution. In the current study, the single-� Ornstein–

Uhlenbeck model fits the data poorly (BIC w i = 1.43 × 10−5;

Table 2), and the point estimate of evolutionary rate toward �1 (�

= 3.2181) corresponds to an adaptive half-life of t1/2 = 0.215.

At this rate of evolution, the chromosome number of a species

in the western North American clade is expected to have evolved

96% of the distance from the root value to the karyotypic equi-

librium, making a gradual directional trend unlikely. Moreover,

the low support for change at any nodes within the western North

American and eastern North American subtrees gives stronger

support to a shift in mean chromosome number at the base of the

eastern North American clade than a gradual directional trend in

chromosome number that would affect numerous nodes.

As mentioned in the Introduction, there is not an obvious rea-

son to expect chromosome morphology per se to affect organismal

fitness (Pardo-Manuel de Villena and Sapienza 2001). Across the

genus Carex, no life history correlates of different chromosome

races are evident, such as have been found in the marine snail

Nucella lapillus (Haskell 1952; Bantock and Cockayne 1975;

Pasco and Dixon 1994). Adaptive explanations for the findings

presented in this study are not supported by evidence currently

available.

Karyotypic orthoselection—recurrent establishment of the

same type of chromosomal rearrangement in a given lineage

(White 1973)—has the potential to select for divergent chromo-

some arrangements in different lineages without affecting organ-

ismal fitness (Terzi 1972; Peters 1982; Greenbaum et al. 1986;

Bowers et al. 1998). Nonrandom chromosome segregation (mei-

otic drive), for example, can drive chromosomal mutations to rapid

fixation due to asymmetrical segregation of chromosome comple-

ments and the inherent polarity of female meiosis (Pardo-Manuel

de Villena and Sapienza 2001). Within sedges, male meiosis (mi-

crosporogenesis) is inherently polar, as it entails the degeneration

of three of the four microspores that result from each meiosis

(Brown and Lemmon 2000). Selection for different chromosome

numbers in different clades could easily result from clade-specific

rearrangements in the distribution of heterochromatin (and, con-

sequently, spindle-fiber attachment sites; Nagaki et al. 2005).

Alternatively, chromosome numbers may evolve toward stable

equilibria if chromosome number increases are accompanied by

increased rates of fusion and/or decreased rates of fission. Imai’s

(1986) minimum-interaction hypothesis suggests that this sce-

nario may be plausible. Because of the “suspension-arch” organi-

zation of chromosomes that is widespread in eukaryotes, the rate of

interchromosome contact (and, consequently, breakage) decreases

as chromosome number increases. The analyses presented in this

study demonstrate an increase in the rate of chromosome evolution

at the base of the eastern North American clade concomitant with

a decrease in karyotypic equilibrium. If the minimum-interaction

theory accounts for chromosome-number equilibria, then the mere
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change in rate of chromosome evolution demonstrated in this study

might account for the observed change in karyotypic equilibrium.

IMPLICATIONS FOR SPECIATION IN TAXA WITH

HOLOCENTRIC CHROMOSOMES

Chromosome evolution is a driving force in speciation in diverse

groups of organisms (Stebbins 1950; White 1978; Grant 1981;

Coyne and Orr 2004; Ayala and Coluzzi 2005) and appears to

have played an important role in the speciation of Agrodiaetus

butterflies, another group with holocentric chromosomes (Kan-

dul et al. 2007). In Carex, differences in chromosome number

involving more than a small number of rearrangements appear to

reduce the ability of different populations to cross, whereas dif-

ferences involving one or few rearrangements have minimal ef-

fects (Tanaka 1949; Faulkner 1973; Cayouette and Morisset 1985;

Whitkus 1988; Hoshino et al. 1993). This suggests a Dobzhansky-

type speciation scenario (Gavrilets 1997), in which chromosomal

rearrangements do not preclude backcrossing to the parental pop-

ulations but may reduce the fertility of hybrids between popula-

tions derived from the parent. Such a speciation scenario has been

postulated for mammals that undergo extensive chromosome rear-

rangements by monobrachial centric fusions (Baker and Bickham

1986). Increased complexity of chromosome rearrangements in

shrew hybrids has been shown to correlate with decreased inter-

populational gene flow (Basset et al. 2006), further supporting this

scenario.

Cladogenetic shifts in equilibrium chromosome number and

the dynamics of chromosome evolution have the potential to play

an important role in species diversification. Within sedge species,

populations isolated from one another are thought to accumulate

chromosomal rearrangements gradually (Luceño and Castroviejo

1991). Because structural heterozygotes in which numerous rear-

rangements overlap suffer nondisjunction or incomplete chromo-

some pairing (Hauffe and Searle 1998), chromosome evolution to-

ward divergent karyotypic equilibria would reduce the frequency

of back mutations that might otherwise allow recently diverged

populations to cross. Thus, the phenomenon of species richness in

sedges may be in part a consequence of two processes in chromo-

some evolution working jointly. Weak underdominance of chro-

mosomal variants, combined with shifts in karyotypic equilibria

that make reversals of chromosome rearrangements less probable,

could account for the great diversity of sedges that we find today.
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Appendix 1. Diploid chromosome counts reported for Carex section Ovales. Chromosome counts are summarized from the literature as

described in the methods. Nomenclature follows Mastrogiusseppe et al. (2002). Counts that are underlined are the mean diploid count for

each species, weighted by the number of populations from which each count was found. Counts reported in the literature but excluded

from analysis are indicated with an asterisk. Unpublished counts by P.E. Rothrock (Taylor University) for C. molestiformis, C. normalis, C.

projecta, C. tenera, C. tincta, and C. scoparia are included and indicated as unpublished in the citations column.

Taxon 2n Number of Citations
Populations

WNA
adusta Boott 78.0

∗64 – Löve 1981, cited in Rothrock and Reznicek 1998 as
unvouchered and problematic

78 1 Rothrock and Reznicek 1998
argyrantha Tuckerman 80.0

∗64 – Löve 1981, cited in Rothrock and Reznicek 1998 as
unvouchered and problematic

80 4 Rothrock and Reznicek 1998; Wahl 1940
athrostachya Olney 68.0

68 1 Whitkus 1991
bohemica Schreb. 80.0

80 1 Löve 1981, cited in Whitkus 1991
ebenea Rydberg 84.0

84 1 Wahl 1940
foenea Willdenow 82.7

∗64 – Löve 1981, cited in Rothrock and Reznicek 1998 as
unvouchered and problematic

82 2 Rothrock and Reznicek 1998
84 1 Rothrock and Reznicek 1998

haydeniana Olney 82.0
82 2 Whitkus and Packer 1984

integra MacKenzie 82.0
82 2 Whitkus 1991

macloviana D’Urville 86.0
86 15 Whitkus 1991 and citations therein

microptera Mackenzie 80.2
80 10 Whitkus and Packer 1984; Whitkus 1991
82 1 Wahl 1940
∗ 90 1 Clausen, Keck and Hiesey 1940 as C. festivella; excluded from

analysis
pachystachya 78.6
Chamisso ex Steudel 74 3 Whitkus and Packer 1984; Whitkus 1991

76 4 Whitkus and Packer 1984; Whitkus 1991 and citations therein
78 9 Whitkus and Packer 1984; Whitkus 1991
80 1 Whitkus 1991
82 8 Whitkus and Packer 1984; Whitkus 1991

peucophila Holm. 74
74 1 Beaman et al. 1962

phaeocephala Piper 84
84 2 Moore and Calder 1964

praticola Rydberg 76.5
∗64 – Löve 1981, cited in Rothrock and Reznicek 1998 as

unvouchered and problematic
76 10 Whitkus and Packer 1984; Whitkus 1991

Countinued
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Appendix 1. Continued.

Taxon 2n Number of Citations
Populations

78 3 Packer and Whitkus 1982; Rothrock and Reznicek 1998;
Whitkus 1991

preslii Steudel 79.0
78 1 Moore and Calder 1964; approximate (“2n = ca. 78”)
80 1 Whitkus 1991; one count of 2n = 81 (40II + 1I) excluded as it

appears to be an aberrant cell from an otherwise euploid
individual

subfusca W. Boott 84.0
84 1 Whitkus 1991

xerantica L. H. Bailey 68.0
68 2 Löve 1981; Rothrock and Reznicek 1998

ENA
alata Torrey 74.0

74 3 Rothrock and Reznicek 1996
albolutescens Schweinitz 66.0

66 2 Rothrock and Reznicek 1996
bebbii (L. H. Bailey) Olney 68.7

68 4 Löve 1981; Moore and Calder 1964; Wahl 1940
70 2 Packer and Whitkus 1982; Whitkus 1991

bicknellii Britton 76.0
74 1 Tanaka 1942, cited in Rothrock and Reznicek 1996
76 3 Löve 1981; Rothrock and Reznicek 2001
78 1 Rothrock and Reznicek 2001

brevior (Dewey) Mackenzie 59.5
48 1 Rothrock and Reznicek 1998
52 1 Rothrock and Reznicek 1998
56 1 Rothrock and Reznicek 1998
60 1 Rothrock and Reznicek 1998
64 3 Rothrock and Reznicek 1998
68 1 Löve 1981

“Buffalo River” (cf. molesta) 70
70 1 P. E. Rothrock, unpubl. data

crawfordii Fernald 68.2
∗52 – Mastrogiusseppe et al. 2002, but not in line with other

published counts; excluded from analysis
∗ca. 66 – Mastrogiusseppe et al. 2002, but not in line with other

published counts; excluded from analysis
68 10 Löve 1981; Moore and Calder 1964; Packer and Whitkus 1982;

Whitkus 1991
70 1 Moore and Calder 1964; approximate (“2n = ca. 70”)

cristatella Britton 70.0
70 2 Löve 1981; Wahl 1940

cumulata 57.3
(L. H. Bailey) Mackenzie ∗36 – Mastrogiusseppe et al. 2002, but apparently in error (for 56);

excluded from analysis
∗38 – Mastrogiusseppe et al. 2002, but apparently in error (for 58);

excluded from analysis
56 1 Löve 1981
58 2 Rothrock and Reznicek 1996

Countinued
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Appendix 1. Continued.

Taxon 2n Number of Citations
Populations

festucacea Schkuhr ex Willdenow 69.7
68 1 Rothrock and Reznicek 1996
70 1 Rothrock and Reznicek 1996
71 1 Wahl 1940

feta L. H. Bailey 66.0
66 1 Rothrock and Reznicek 1998

hormathodes Fernald 74.0
74 3 Rothrock and Reznicek 1996; Wahl 1940

hyalina Boott 74.0
74 2 Rothrock and Reznicek 1998

longii Mackenzie 60.8
58 1 Rothrock and Reznicek 1998
60 1 Rothrock and Reznicek 1996
62 3 Rothrock and Reznicek 1996

merritt-fernaldii Mackenzie 72.0
∗68 – Löve 1981, cited in Rothrock and Reznicek 1998 as

unvouchered and problematic
70 1 Tanaka 1942, cited in Rothrock and Reznicek 1998
74 1 Rothrock and Reznicek 1998

missouriensis P. E. 51.8
Rothrock & Reznicek 49 1 Rothrock and Reznicek 2001

50 1 Rothrock and Reznicek 2001
51 2 Rothrock and Reznicek 2001
52 2 Rothrock and Reznicek 2001
53 1 Rothrock and Reznicek 2001
54 2 Rothrock and Reznicek 2001

molesta Mackenzie ex Bright 68.6
68 5 Löve 1981; Rothrock and Reznicek 1998; Wahl 1940
70 2 Rothrock and Reznicek 1998

molestiformis Reznicek & 71.7
P. E. Rothrock 70 4 P. E. Rothrock, unpubl. data

74 3 Reznicek and Rothrock 1997
muskingumensis Schweinitz 80.0

80 1 Rothrock and Reznicek 1998
normalis Mackenzie 69.1

68 1 Löve 1981
68 3 Wahl 1940
70 2 P. E. Rothrock, unpubl. data
72 1 P. E. Rothrock, unpubl. data

opaca (F. J. Hermann) P. E. 66.8
Rothrock & Reznicek 66 2 Rothrock and Reznicek 1996; Rothrock and Reznicek 2001

67 2 Rothrock and Reznicek 2001
68 1 Rothrock and Reznicek 2001

oronensis Fernald 74.0
74 2 Rothrock and Reznicek 1998

ovalis Goodenough 65.1
62 2 Whitkus 1991 and citations therein
64 3 Whitkus 1991 and citations therein
66 4 Whitkus 1991 and citations therein; Strid in Löve 1981

Countinued
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Appendix 1. Continued.

Taxon 2n Number of Citations
Populations

68 2 Whitkus 1991 and citations therein
ozarkana P. E. Rothrock &
Reznicek

59.0

56 1 Rothrock and Reznicek 1996
59 1 Rothrock and Reznicek 1996
62 1 Rothrock and Reznicek 1996

projecta Mackenzie 64.0
62 1 P. E. Rothrock, unpubl. data
64 3 Löve 1981; P. E. Rothrock, unpubl. data; Wahl 1940
66 1 P. E. Rothrock, unpubl. data

reniformis (L. H. Bailey) Small 80.0
80 3 Rothrock and Reznicek 1996

scoparia Schkuhr var. scoparia 65.5
56 1 Tanaka 1942, cited in Whitkus 1991
58 2 Tanaka 1942, cited in Whitkus 1991; P. E. Rothrock, unpubl.

data
59 1 P. E. Rothrock, unpubl. data
60 6 Löve 1981; Moore and Calder 1964; P. E. Rothrock, unpubl.

data
61 1 P. E. Rothrock, unpubl. data
62 5 P. E. Rothrock, unpubl. data
64 11 P. E. Rothrock, unpubl. data; Wahl 1940
66 8 P. E. Rothrock, unpubl. data
67 1 P. E. Rothrock, unpubl. data
68 7 Moore and Calder 1964; P. E. Rothrock, unpubl. data; Whitkus

1981
70 3 P. E. Rothrock, unpubl. data

scoparia Schkuhr var tessellata 68.0 P. E. Rothrock, unpubl. data
Fernald & Wiegand 68 4 P. E. Rothrock, unpubl. data

shinnersii P. E. Rothrock &
Reznicek

60.3

60 2 Rothrock and Reznicek 2001
61 1 Rothrock and Reznicek 2001

silicea Olney 75.0
∗ placement uncertain; excluded 74 1 Rothrock and Reznicek 1996
from this study 76 1 Moore and Calder 1964

straminea Willdenow 74.0
74 4 Rothrock and Reznicek 1996; Wahl 1940

suberecta (Olney) Britton 72.0
72 2 Rothrock and Reznicek 1996

tenera Dewey var. 76.4
echinodes Fernald 74 1 P. E. Rothrock, unpubl. data

76 2 P. E. Rothrock, unpubl. data
78 2 P. E. Rothrock, unpubl. data

tenera Dewey var. tenera 54.5
52 2 P. E. Rothrock, unpubl. data; Wahl 1940
54 4 P. E. Rothrock, unpubl. data; Wahl 1940
56 5 Löve 1981; P. E. Rothrock, unpubl. data; Wahl 1940

tetrastachya Scheele 64.8

Countinued
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Appendix 1. Continued.

Taxon 2n Number of Citations
Populations

∗sequences available only for ITS; 63 1 Rothrock and Reznicek 1998
excluded from this study 64 2 Rothrock and Reznicek 1998

66 3 Rothrock and Reznicek 1998
tincta (Fernald) Fernald 75

74 1 P. E. Rothrock, unpubl. data
76 1 Rothrock and Reznicek 1996

tribuloides Wahlenberg var.
sangamonensis Clokey

70.0

∗sequences available only for ITS;
excluded from this study

70 1 Rothrock and Reznicek 1996

tribuloides Wahlenberg var.
tribuloides

70.5

70 3 Moore and Calder 1964; P. E. Rothrock, unpubl. data; Wahl
1940

72 1 P. E. Rothrock, unpubl. data
vexans F. J. Hermann 69.3

68 1 Rothrock and Reznicek 1996
69 1 Rothrock and Reznicek 1996
70 2 Rothrock and Reznicek 1996
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