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Abstract. The wide distribution of polyploidy among plants has led to a variety of theories for the evolutionary
advantages of polyploidy. Here we claim that the abundance of polyploidy may be the result of a simple ratcheting
process that does not require evolutionary advantages due to the biological properties of organisms. The evolution of
polyploidy is a one-way process in which chromosome number can increase but not decrease. Using a simple math-
ematical model, we show that average ploidal level within a plant lineage can continually increase to the levels
observed today, even if there are ecological or physiological disadvantages to higher ploidy. The model allowed us
to estimate the average net speciation and polyploidy rates for ten angiosperm genera. Based on these estimates, the
model predicts distributions of ploidal levels statistically similar to those observed in nine of the 10 genera.
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Polyploidy is a common feature of flowering plants. Over
70% of all angiosperm species have a ploidal level increase
somewhere in their evolutionary histories (Levin 2002).
Some polyploids are of recent origin, while others are tens
of millions of years old (Stebbins 1971; Levin 2002). The
proportion of polyploid species has increased over time, as
indicated by increasing guard cell size (a correlate of ploidal
level) in the Lauraceae, Magnoliaceae, and Platanaceae over
the past hundred million years (Masterson 1994). Otto and
Whitton (2000) estimate that the rate of polyploidization is
between two and four percent of the rate of speciation. Thus,
polyploidy is an active, continuous process contributing to
an ever-increasing percentage of polyploids. Ramsey and
Schemske (1998) estimate that autopolyploids are formed at
a higher rate than allopolyploids. Given that the majority of
angiosperm polyploids have hybridity in their ancestry (Levin
2002), it appears that allopolyploids have an advantage over
their autoploid relatives in forming long-lived species.
Stebbins (1971) proposed that young polyploid complexes

would contain many diploids and a few tetraploids. As the
complex aged, a greater proportion of species would be poly-
ploid, and higher ploidal levels would develop. As time pro-
gresses, the ancestors of the polyploids would gradually die
out, leaving taxa whose ancestry would be difficult to doc-
ument. Although Stebbins’ proposition is widely accepted,
the mechanistic basis for the prevalence of polyploids in
contemporary floras and for their ascendance over time re-
mains unclear.
There has been considerable speculation on the properties

of polyploids that afford them an advantage over their diploid
counterparts. Given that the majority of polyploids are the
products of hybridization as well as of ploidal change, there
is one school of thought that holds that fixed heterozygosity
is the key to polyploid success (Thompson and Lumaret 1992;
Soltis and Soltis 1993; Jiang et al. 1998). This view is sup-
ported by evidence that vigor is a positive function of het-
erozygosity in autopolyploids (e.g., rye, Lunquist 1966; al-
falfa, Bingham 1980; Dactylis glomerata, Tomekpe and Lu-
maret 1991).

Another possibility is that the emergence and prevalence
of polyploids arises from their novel phenotypes, and ex-
panded and divergent ecological tolerances. These attributes
may be due to ploidal level change per se, the union of dis-
parate genomes, recombination and trangressive segregation,
and nucleocytoplasmic interactions (Stebbins 1980, 1985;
Levin 2000; Otto and Whitton 2000; Ramsey and Schemske
2002). Recent studies have demonstrated that divergent mor-
phology, physiology, and life-history traits also may emerge
in newly constituted polyploids as a result of mutations and
epigenetic effects (Levy and Feldman 2004; Pires et al. 2004;
Schranz and Osborn 2004; Adams and Wendel 2005).
It is difficult to determine the extent to which heterozy-

gosity and/or novelty explain the ascendance of polyploids
within lineages or in angiosperms as a whole. Perhaps these
factors have only been of minor importance. Indeed without
knowing the evolutionary histories of diploid and related
polyploidy lineages, we do not actually know that (in general)
polyploids are superior to their diploid relatives. If they were,
then polyploid lineages would survive longer than diploid
lineages, and polyploid lineages would thus give rise to more
new species.
Here, we consider the hypothesis that the key to polyploid

ascendance lies not in their vigor, nor in their novel ecolog-
ical attributes, nor in other properties of their biologies. Rath-
er, polyploids have been increasing over time primarily be-
cause polyploidy is largely irreversible (Stebbins 1971; Grant
1981). For example, diploid species beget diploid and tet-
raploid species, whereas the latter beget tetraploids and high-
er ploidal types. Although chromosome loss can occur, re-
versions to original ploidal level are probably quite rare. As
discussed by Raven and Thompson (1964) and De Wet
(1968), polyploidy reversals will result in polyhaploids that
are apt to be sterile, and thus evolutionary dead ends (Steb-
bins 1980; Grant 1981). In a recent review of the subject,
Ramsey and Schemske (2002) showed that polyhaploids have
reduced growth, survivorship, and/or reproduction, further
supporting the irreversibility of polyploidy.
Using a simple mathematical model, we show that the av-
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FIG. 1. A simple model for evolution of polyploidy. Within a small time interval, a species can remain unchanged, go extinct, diverge
into two species with the same chromosome numbers, speciate via autopolyploidy, or speciate via allopolyploidy. The product of
allopolyploidy events depends on the relative frequencies of ploidal levels within the genus.

erage ploidal level within lineages can increase continually
when the net speciation rate of polyploids is greater than or
equal to that of diploids. Moreover, polyploids may increase
to substantial frequencies even if they have an evolutionary
disadvantage (lower speciation rates) to their diploid coun-
terparts.

THE MODEL AND METHODS

Polyploid Ratchet Model

Here we introduce a simple ratchet model for the evolution
of ploidal levels within a genus. During a small unit of time,
a species can go extinct, speciate (split into two species),
undergo autopolyploidy or hybridize to produce a higher ploi-
dal species, or not change at all (Fig. 1). We assume that the
outcome of a hybridization event depends on the relative
frequencies of all ploidal levels in the genus at the time of
the event. For example, if there are equal numbers of diploid
and tetraploid species, then a hybrid event on a diploid lin-
eage is equally likely to produce a tetraploid or hexaploid.
We begin by introducing a general model for the evolution
of polyploidy in angiosperms, and then simplify it into a
more tractable two-type birth-only (Yule) branching process.
Birth-only processes have been used previously for the es-
timation of macroevolutionary rates in angiosperms (San-
derson and Donohue 1994; Baldwin and Sanderson 1998;
Nee 2001).
We assume that a genus is founded by a single diploid

species and track the changing numbers of species at each
ploidal level through time. Let xk denote the number of spe-
cies of ploidal level k, for all even values of k. We assume

that species are sexual and ignore odd values of k (e.g., trip-
loids), even when they exist. In a given time unit, a species
of ploidal level k will go extinct with probability !k and
speciate by means other than polyploidization with proba-
bility "k. We model this as a birth-only process in which
speciation (not including polyploidization) occurs at a net
rate of sk # "k $ !k, and refer to sk as the net speciation
rate. Furthermore, a species will undergo autopolyploidy with
probability t per time unit, and hybridize to produce an al-
lopolyploid with probability p per time unit, regardless of
ploidal level (Fig. 1). The expected numbers of species at
each ploidal level will change as given by the following
recursive equations:

(k$2)/2 x⎛ ⎞k$2i% ⎜ ⎟x # x ·p · & x t & x (1 & s ) (1)!k 2i k /2 k k'⎜ ⎟i#1 ⎜ ⎟x! 2 j⎝ ⎠j#1

for all ploidal levels (even values of k). For example, the ex-
pected number of octoploid species will change according to

p
%x # (2x x & x x ) & x t & x (1 & s ). (2)8 2 6 4 4 4 8 8'

x! 2 j
j#1

For the purposes of analysis, we simplify the model by
assuming that all higher ploidy species share the same net
speciation rate (sp # s4 # s6 # s8 # · · ·) that may or may
not differ from the net speciation rate of diploids (sd), and
then consider only changes in the number of diploids and the
total number of polyploids. This yields a 2 ( 2 matrix in
which the ijth element mij is the expected number of species
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of type i that will arise from a species of type j in a single
time unit:

1 & s p & tdM # . (3)" #0 1 & s & p & tp

In this matrix, the first row and column correspond to diploid
species while the second row and column correspond to high-
er ploidal species. For example m11 is the expected number
of diploid species arising from a single diploid species during
a time unit and m12 is the expected number of higher ploidal
species arising from a single diploid species during a time
unit. Although the number of diploids increases exclusively
through speciation, the number of polyploids grows through
a combination of speciation and polyploidy events.
We can find the equilibrium expected proportions of dip-

loid and polyploid species within a genus by calculating the
leading eigenvalue of the matrixM. These proportions depend
on the net speciation and polyploidy rates. If extinction out-
paces speciation and polyploidization across all ploidal levels
(sd ) 0 and sp & p & t ) 0), then the entire genus will
ultimately go extinct. When the net evolutionary increase of
polyploids exceeds that of diploids (sp & p & t ! sd ! 0),
then the ratio of polyploids to diploids diverges to infinity,
that is, the proportion of species that are polyploids asymp-
totes to one. If instead polyploids have an evolutionary dis-
advantage (sd * sp & p & t ! 0), then the equilibrium ex-
pected proportions of diploids and polyploids will be

s $ (s & p & t) p & td p and , (4)
s $ s s $ sd p d p

respectively. Thus, polyploids are predicted to eventually be-
come more common than diploids if sp * sd $ 2(p & t).
We now simplify the model even further by assuming that

all ploidal levels share the same net speciation rate, that is,
sp # sd # s. This reduces the number of parameters to three
(s, p, and t). Suppose a genus is born at time n # 0 with a
single diploid species. Then the expected numbers of diploids
and polyploids at time n are given by

nx # (1 & s) and (5)dn

n nx # [ p & t & (1 & s)] $ (1 & s) . (6)pn

Equation (6) can be proven inductively. Assume that #xpo
0 and that # [p & t & (1 & s)]n$1 $ (1 & s)n$1. At thexpn$1
next time step, the expected number of higher ploidal species
will be # (p & t) & (1 & s & p & t).That is,x x xp d po n$1 n$1
all ploidy events occurring on diploid lineages will neces-
sarily yield higher ploidal species, as will all speciation and
ploidy events occurring on higher ploidal lineages. This ex-
pression then simplifies to equation (6).

Statistical Methods

Parameter estimation

For the purposes of exploration, we consider only allo-
polyploidy and not autopolyploidy (that is, we set t # 0),
which reduces the simple model to two parameters (s and p).
We use the model to estimate the net speciation rate and rate
of polyploidy based on an observed ploidal distribution with-
in a genus and the approximate age of the genus, n. In par-

ticular, we set the observed number of diploid and higher
ploidal species to the expected number of such species at time
n and then solve for s and p. Equations (5) and (6) imply

n
s # $x $ 1 and (7)dn

n np # $x & (1 & s) $ (1 & s). (8)pn

For each of ten different genera, we have both an estimate
of the total number of species in the genus (Gg) (Mabberley
1997) and the number of species of each ploidal level (og,k,
for k # 2, 4, 6, . . . ) within a representative sample from
each genus containing Ng species–(Osmond et al. 1980; Gra-
ham and Cavalcanti 2001; Goldblatt and Johnson 2003; Mis-
souri Botanical Garden 2005; Hijmans et al. 2006). We es-
timate the total numbers of species at each ploidal level with-
in a genus g by yk,g # ok,g/Ng · Gg, which yields the following
approximate numbers of diploids and higher ploidal species
in the genus

x̂ # y and (9)d 2,gn

x̂ # y . (10)!p 2 j,gn j*1

Given these values and an approximate age of the genus, n,
equations (7) and (8) yield estimates for the genus-specific
net speciation and polyploidy rates.

Generating hypothetical species distributions

We stochastically simulate the evolution of polyploids un-
der the model described above to calculate both confidence
intervals for the evolutionary rate estimates and goodness-
of-fit scores for the model itself. In particular, speciation is
modeled as a birth-only stochastic process occurring at a
specified net speciation rate (speciation rate minus extinction
rate). Thus, extinction of the genus cannot occur. Allopoly-
ploidy occurs along each lineage at a specified polyploidi-
zation rate for which the resulting ploidal level is the sum
of the parent ploidal level and the ploidal level of a randomly
chosen second parent from among all extant species.
As just described, equations (7) and (8) allow us to estimate

net speciation (sg,a) and polyploidy (pg,a) rates, respectively,
from the observed distribution of ploidal levels within a ge-
nus g of presumed age a. For each pair of parameter estimates,
we perform 1000 stochastic simulations of the evolutionary
model described in equation (1) for a period of a years and
record the resulting species distributions. (The model as-
sumes discrete time steps of one per 105 years.) We generate
a hypothetical sample by randomly choosing a fraction Ng/
Gg from the final simulated species distribution, which cor-
responds to the size of our original sample of ploidal levels
within genus g. Let denote the nth simulated sample fornOg,a
genus g of estimated age a. We use each sample tonOg,a
re-estimate the net speciation rate ( ) and polyploidy raten+g,a
( ) following the method described in the previous section.n,g,a
This procedure yields two distributions of parameter esti-
mates, -g,n and .g,n, for each combination of g and a.

Confidence intervals

The simulated distributions ( ) reflect the variabilitynOg,a
produced simply by chance, assuming the ratchet model to
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TABLE 1. Estimates for evolutionary rate parameters (and standard
errors) for flowering plants (Levin and Wilson 1976).

s
Net speciation rate in
lineage per my

p
Mean increase in

ploidal diversity per my

Herbs 1.05 / 1.19 0.05 / 0.09
Shrubs 0.24 / 0.45 0.01 / 0.03
Trees 0.09 / 0.03 0.001 / 0.001

be true. Thus we can use these distributions to gauge the
precision of our rate estimates. In particular, the 2.5th and
97.5th percentiles of -g,n and .g,n serve as 95% confidence
bounds for the original, empirically based estimates for net
speciation (sg,a) and polyploidy (pg,a) rates.

Confidence intervals for genera with no observed polyploids

If no higher ploidal species have been observed for a genus,
then these methods would lead us to conclude incorrectly
that the rate of polyploidization is zero with confidence in-
terval containing only the value zero. Bayesian statistics ad-
dresses the problem of unseen elements by assigning a small
prior probability of each type. This is achieved by adding a
small number 0, typically ranging between zero and one, to
the observed numbers of each of the possible types (Lidstone
1920; Krichevsky and Trofimov 1981; Orlitsky et al. 2003).
In our model, one can take a similar approach to estimating
speciation and polyploidization rates of genera that lack high-
er ploidal species. In particular, one would modify the ap-
proximate numbers of diploids and higher polyploids given
in equations (9) and (10) as follows:

o & 02,gx̂ # ·G andd gn Ng

o & 0! 2 j,g" #j*1
x̂ # ·G (11)p gn Ng

setting 0 # 1 (Laplace method) or 0 # 0.5 (Jeffreys-Perks
Law, Krichevsky-Trofimov Estimator, or Schurmann-Grass-
berger Law) and then proceed exactly as described above.
All of the genera considered in our study have at least one
higher ploidal species, thus it was not necessary for us to use
these modified estimators. We did, however, use these for-
mulae (with 0 # 1) to estimate speciation and polyploidi-
zation rates for each simulated genus with no polyploids (that
is, for each containing only diploids).nOg,a

Goodness-of-fit

Given evolutionary rate estimates for a specific genus and
genus age (sg,a and pg,a), we can use the deterministic model
defined by equation (1) to predict the number of species at
each ploidal level after a years of evolution. We multiply the
predicted numbers of each ploidal class by Ng/Gg to arrive
at an expected number of species at each ploidal level in a
sample of size Ng. The similarity between the observed em-
pirical distribution (Og,n) and this expected distribution (Eg,n)
indicates the compatibility of our model with the original
data, and can be quantified using the chi-square statistic,

2(O $ E )g,a g,a21 # .!g,a Eg,a
Because the expected frequencies can be quite small (less
than five), we cannot simply perform a chi-square goodness-
of-fit test. Instead, we generate a null distribution for this
statistic using the simulated ploidal distributions described
above. For each , we use the simulation-specific evolu-nOg,a
tionary rate estimates and in conjunction with equa-n n+ ,g,a g,a

tion (1) to attain an expected distribution , and then cal-nEg,a
culate a chi-square value for the hypothetical data,

n n 2(O $ E )g,a g,a21 # .!n,g,a nE g,a

For each combination of g and a, these 1000 values provide
a null distribution for assessing the fit between the empirical
data and the model. The P-value is then the proportion of
this distribution that is greater than or equal to the test statistic
.21g,a

RESULTS

Although our model includes both allopolyploidy and au-
topolyploidy, we have studied the scenario in which poly-
ploidization occurs exclusively by allopolyploidy. That is,
we have set the rate of autopolyploidization (t) equal to zero.
Speciation, ploidization, and extinction rates appear to vary

considerably across the plant kingdom. Levin and Wilson
(1976) estimated these evolutionary parameters for angio-
sperms (Table 1). Assuming that species with different levels
of ploidy do not differ in their average speciation and ex-
tinction rates, the model predicts that the proportion of poly-
ploids in the genus should asymptote to one, with the numbers
of polyploids increasing at a higher rate than the numbers of
diploids (Fig. 2). If polyploids have a net evolutionary ad-
vantage expressed as higher speciation rates (sp & p * sd !
0), then the proportion of polyploids increases even more
quickly. If, instead, polyploids have a net evolutionary dis-
advantage (sd * sp & p ! 0), then this proportion approaches
a value less than one.
Let us consider some examples based on the speciation rates

presented in Table 1. If the net speciation rate for polyploids
is 10% lower than that of diploids (assuming that the net
speciation rates for diploids are the values given in Table 1),
then equation (4) predicts that herb and shrub polyploids even-
tually will be almost as numerous as their diploid counterparts,
reaching 47.6% and 41.5% of all species, respectively. In con-
trast, hardwood polyploids with a 10% speciation disadvantage
will only climb to 11.5% of species in the genus. For an herb
lineage, polyploids are predicted to become as common as
diploids if they have a speciation disadvantage of 9.52%. The
same is true for shrub and woody lineages when the polyploid
speciation disadvantage is 8.33% and 2.22%, respectively. The
incidence of polyploidy may be substantial even if they have
a 25% disadvantage to their diploid relatives. For example,
herb polyploids with such a disadvantage will eventually make
up 19.4% of species in the genus (Fig. 2). Thus, the presence
of polyploids in a genus says nothing about their evolutionary
success relative to diploids.
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FIG. 2. The ascendance of polyploids in flowering plants. Assuming the parameter values given in Table 1, the model given by equation
(1) predicts that the proportion of polyploids should increase to one when polyploids have an evolutionary growth rate greater than that
of diploids, sp & p * sd. This assumes that all higher ploidal levels share the same net speciation rate, sp. A 10% polyploid advantage
or disadvantage assumes that polyploid net speciation rates are 110% or 90% that of diploids (sp # 1.1·sd or sp # 0.9·sd), respectively.
Similarly, a 25% disadvantage means sp # 0.75·sd.

To assess the validity of the model, we consider observed
ploidal distributions from 10 genera—Artemisia (Missouri
Botanical Garden 2005), Atriplex (Osmond et al. 1980; Gold-
blatt and Johnson 2003), Cuphea (Graham and Cavalcanti
2001), Draba (Goldblatt and Johnson 2003; Missouri Botan-
ical Garden 2005), Festuca (Goldblatt and Johnson 2003;
Missouri Botanical Garden 2005), Galium (Goldblatt and
Johnson 2003; Missouri Botanical Garden 2005), Poa (Mis-
souri Botanical Garden 2005), Salix (Goldblatt and Johnson
2003; Missouri Botanical Garden 2005), Silene (Goldblatt
and Johnson 2003; Missouri Botanical Garden 2005), and
Solanum (Hijmans et al. 2006) (Table 2). (Salix is a tree genus
and the remaining nine are herb genera.) Given the large error
bars on the values in Table 1, it is unlikely that the rates of
speciation and ploidization for any particular genus will be
equal to the average rates for herbs, shrubs, or woody plants.
Therefore we use the observed distributions to estimate ge-
nus-specific evolutionary rates. Assuming that all ploidal lev-
els within a genus have the same net speciation rate, Equa-
tions (7) and (8) predict this rate and the frequency of poly-
ploid events, respectively, for each genus.
Angiosperm genera are thought to range in age from 2.5

to 110 million years (my; Levin and Wilson 1976). Assuming
a genus age of 25 my, the net speciation rate estimates range
from 0.181 to 0.348 new species per lineage per my, and the
polyploidy rate estimates range from 0.004 to 0.066 ploidal
events per lineage per my. If we increase the presumed genus
age to 50 my, these rate estimates drop by approximately
55%. These values lie well within the error bars for the pre-
vious estimates given in Table 1.
Assuming these genus-specific estimates for net speciation

and polyploidy rates, we apply the deterministic ratchet mod-
el given by equation (1) to calculate the expected current
distribution of ploidal levels within each genus and then ask
whether the predictions resemble the observed data (Table
2). To estimate the speciation and polyploidization rates, re-
call that we set the expected number of diploids and expected
total number of polyploids equal to the observed numbers of
diploids and polyploids, respectively, and then use equations
(7) and (8) to solve for s and p. Thus, when we input these
values into the model and calculate the expected numbers of
diploids and polyploids, we predict exactly the observed val-
ues. However, the specific distribution of species among the
higher ploidal levels is not completely constrained by our
parameter estimation method. Note that the expected distri-
butions are quite insensitive to the age of the genus.
Although the predicted and observed numbers of higher

ploidy species are by no means identical, the model produces
qualitatively similar distributions to those observed. Figure
3 illustrates the models predictions for a genus evolving for
200 million years, starting from a single diploid species. This
assumes the evolutionary rates estimated from the observed
distribution of New Zealand members of the genus Atriplex
(Osmond et al. 1980) and a presumed genus age of 25 my
(Table 2). The four bold lines correspond to the expected
proportions of diploids, tetraploids, hexaploids, and octo-
ploids in the genus. The ratchet works its way up ploidal
levels. That is, all polyploids progressively gain on diploids,
with lower polyploids initially growing more quickly than
higher polyploids. After 150 million years of evolution (far
into the future for Atriplex), the ploidal hierarchy is predicted
to reverse, with octoploids becoming more numerous than
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FIG. 3. The evolution of polyploidy in Atriplex. Using the net speciation and polyploidy rates estimated for Atriplex (Table 2), the
model predicts that proportion of species that are diploid should decline as the proportions of tetraploids, hexaploids, and octoploids
increase (assuming that all ploidal levels have the same net speciation rates). The vertical dotted line at 25 million years indicates the
age of the genus that we assumed in estimating the net speciation and polyploidy rates. The dashed horizontal lines indicate observed
proportions within a sample from the Atriplex genus (Osmond et al. 1980). From top to bottom, these lines show the observed proportions
of diploids, tetraploids, hexaploids, and octoploids. The horizontal lines are close to the theoretical predictions at approximately 25
million years.

hexaploids, hexaploids becoming more numerous than tet-
raploids, and tetraploids becoming more numerous than dip-
loids. The horizontal dashed lines in Figure 3 indicate the
observed proportions of Atriplex diploids, tetraploids, hexa-
ploids, and octoploids (from top to bottom), from which the
evolutionary parameters were estimated. The model predicts
that the genus will exhibit roughly the observed distribution
after 25 million years (vertical dotted line), assuming all
species evolved from a single diploid colonizer of New Zea-
land.
We quantitatively assess the fit of the model by calculating

the similarity between the predicted and observed values, and
then comparing this value to comparable values measured on
simulated data. With the exception of Silene, the predicted
and observed distributions based on the empirical data
matched better than the corresponding distributions for at
least 15% of simulated data. This suggests that for almost
all of the genera, the discrepancies between the model pre-
dictions and the data can be attributed to chance rather than
a fundamental incompatibility with the model. We therefore
have reasonable support for the ratchet model across nine of
the ten genera, and suggest that it may offer a parsimonious
explanation for the abundance of higher ploidal levels within
flowering plants.

DISCUSSION

We have introduced a model that shows that the proportion
of polyploids in a genus increases over time. This proportion
may reach a substantial level even if polyploids are at a

disadvantage, even if the disadvantage is sizeable. Although
the latter may seem counterintuitive, it is a direct conse-
quence of the irreversibility of ploidal level increases. Ac-
cordingly, efforts to explain the overall success of polyploids
only on the basis of some set of contemporary attributes may
be somewhat misplaced.
Although our analysis demonstrates that one need not in-

voke an advantage to polyploids for their relative numbers
to increase in time, it does not mean that such an advantage
does not exist overall, or in some genera, or in some phylads
within genera. This model can be used to compare the simple
ratchet hypothesis to hypotheses that assume differences in
net speciation and polyploidy rates among different ploidal
levels. One can also address the hypothesis that polyploids
have a speciation advantage by looking for correlations be-
tween species richness and the incidence of polyploids within
genera. Otto and Whitton (2000) reported that the average
species richness of 200 dicot genera increased modestly as
the degree of polyploidy within genera increased. A survey
of 50 genera from the flora of the Pyrenees showed a some-
what similar relationship (Petit and Thompson 1999). As our
model suggests, however, the total number of species should
grow in tandem with both the proportion and level of poly-
ploids within a genus, even if polyploids have a net speciation
disadvantage. By the simple ratchet, older genera will have
both greater species richness and larger proportions of higher
polyploids than younger genera. Therefore, as Otto and Wit-
ton (2000) also noted, correlations between species richness
and ploidal levels do not necessarily imply that polyploids
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enjoy greater rates of speciation. Ideally one would compare
species richness in pairs of sister clades in which a polyploidy
event occurred early in the history of only one of the two
clades. If the clades with higher ancestral ploidal level tend
to have greater species richness, then one may infer a higher
rate of lineage splitting among polyploids. A recent phylo-
genetic study of Rosaceae found that clades with more poly-
ploids tended to be more speciose, but found no evidence
that polyploids diversified faster than their diploid counter-
parts (in our model, sp # sd) (Vamosi and Dickinson 2006).
The authors concluded that the rate of polyploidization itself
(in our model, p), could account for the higher diversity.
Until now, we have discussed the advantages and disad-

vantages of polyploidy in terms of the net speciation rate of
polyploids after they have been established. We now turn to
the issue of the initial increase in ploidal level. There is
clearly variation in the ability to produce polyploids in the
first place. The rate of chromosome number increase in herbs
is about twenty times greater than that in hardwood trees
(Levin and Wilson 1976). Stebbins (1938) speculated that
cell enlargement produced by ploidal increase might prevent
the proper formation of wood fibers by the vascular cambium,
and thus retard the evolution of woody polyploids. This may
explain why gymnosperms have lower levels of polyploidy
than angiosperms, although they are older (Khoshoo 1959;
Delevoryas 1980; Murray 1998). In this study, we estimated
the rates of polyploid events for 10 genera and found some
variation, with the single woody plant genus (Salix) on the
lower end of the range estimated for the nine herb genera
(Table 2). Importantly, even if a genus only very rarely pro-
duces higher ploidal levels, once a polyploid lineage is es-
tablished, there is no turning back. If polyploids have a net
speciation rate roughly similar to that of diploids, then the
proportions of polyploids are expected to increase indefi-
nitely, although perhaps slowly (Fig. 1).
Given that ploidal increases occur by a ratchet process, we

surmise that the early angiosperms had lower ploidal levels
than contemporary species. This idea is supported by the
work of Masterson (1994) on the Lauraceae, Magnoliaceae,
and Platanaceae, which showed that ploidal levels were lower
millions of years ago than they are now.
As species with lower ploidal levels die out, the base num-

ber of genera will increase. The high base numbers of whole
families of woody dicots (e.g., Magnoliacae, x # 19; Sali-
caceae, x # 19; Platanaceae, x # 21) apparently represent
ancient polyploid conditions (Stebbins 1971, 1980). This
condition certainly seems to be the case in ferns and other
pteridophytes, which predate the angiosperms by hundreds
of millions of years (Manton 1950; Wagner and Wagner
1980). Consider the base of numbers of Polypodium (x #
37), Psilotum (x # 50), Tmesipterus (x # 104), and Ophiog-
lossum (x # 120). These and other such lineages must rep-
resent the survivors of ancient polyploid complexes. Many
pteridophytes contain polyploids built on very high base
numbers. For example Ophioglossum reticulatum has a hap-
loid number of 630 (Stebbins 1971). A very high proportion
of ferns and fern allies appear to be ancient polyploids (Grant
1981).
If the premise that young phylads should have low levels

of polyploidy is correct, it follows that the genera comprising

oceanic island floras of recent vintage also would have low
levels of chromosomal evolution. This indeed is the case. In
situ polyploidy in Hawaiii is very limited, with clear ex-
amples in Peperomia, Portulaca, and Wikstromia, and less
certain examples in a few other genera (Carr 1998). The same
trends hold for other islands as well (Stuessy and Crawford
1998).
Ploidal level is not the only type of chromosomal change

that is mostly irreversible. Translocations and inversions also
follow a ratchet process. Thus, the longer the time since
lineages have diverged from a common ancestor, the larger
the number of chromosomal rearrangements by which they
will differ. Also, the longer the time to common ancestry the
more rearrangements will have become established within a
genus. Some of the rearrangements will be small, and evident
only from dense genetic maps (Levin 2002). Others will be
large, and establish partial sterility barriers between popu-
lations, in some cases being associated with species forma-
tion.
Polyploidy is but just one type of irreversible (or rarely

reversible) evolution. Bull and Charnov (1985) discuss other
types of irreversible evolution including all-female parthe-
nogenesis, heteromorphic sex chromosomes, and haplo-dip-
loidy (arrhenotoky) in arthropods. These characteristics also
appear independently in many lineages. The inability of a
population to revert to a recent ancestral state is sometimes
referred to as Dollo’s law (Dobzhansky 1970; Gould 1970).
As noted by Bull and Charnov (1985), awareness of state
irreversibility is paramount when using comparative methods
to test evolutionary hypotheses including the construction of
phylogenetic trees.
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