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On the young age of intraspecific herbaceous taxa
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 Dated phylogenies rarely include the divergence times of sister intraspecific taxa, and when
they do little is said about this subject.
 We show that over 90% of the intraspecific plant taxa found in a literature search are estimated to be 5 million yr old or younger, with only 4% of taxa estimated to be over 10 million
yr old or older.
 A Bayesian analysis of intraspecific taxon ages indicates that indeed these taxa are expected
to be < 10 million yr old. This result for the young age of intraspecific taxa is consistent with
the earlier observation that post-pollination reproductive barriers develop between 5 and
10 million yr after lineage splitting, thus leading to species formation.
 If lineages have not graduated to the species level of divergence by 10 million yr or so, they
are likely to have gone extinct by that time as a result of narrow geographical distributions,
narrow niche breadths, and relatively small numbers across populations.

Introduction
The tempo of post-pollination barrier evolution in plants can be
judged using dated phylogenies in conjunction with crossing and
fertility data from interspecific crosses. Fortunately, these data are
now available for a large number of species pairs across a broad
array of genera, spanning numerous and highly divergent
angiosperm families. The ages of these intraspecific taxa suggest
that in herbs substantial hybrid sterility, hybrid inviability, and
cross-incompatibility usually develop no later than between 5
and 10 million yr after lineage splitting, through the accumulation of Dobzhansky–Muller (DM) incompatibilities (Levin,
2012, 2013). Sister taxa > 10 million yr old (Myo) probably
would have strong reproductive barriers, and thus would be considered biological species rather than intraspecific entities, following the ‘biological species concept’ (Mayr, 1963).
The age of intraspecific taxa, as determined from molecular
phylogenies, also provides a window into the rate at which subspecies or varieties accumulate genetic differences. For species
identified by the genealogical species concept, that is, reciprocal
monophyly, theory predicts that a sufficient number of neutral
mutations should accumulate in subspecies that they should graduate to species after 4–12 Ne generations (Hudson & Coyne,
2002), where Ne is the historical effective population size; and
the range comes from both stochasticity in mutation accumulation and different thresholds for identifying a species. This theoretical predication of a fairly narrow time until genealogical
speciation – as measured in units of effective population size – is
consistent with the observation that nearly all subspecies are
< 10 Myo. Therefore, much of the deviation c. 10 Myo will be
attributable to differences in Ne and/or selection pressures on speciation between taxa, for example, reinforcement.
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The focal question here, then, is: are intraspecific taxa in
herbaceous species usually less than 10 Myo as we might expect,
and, if so, how much less? To date, there has been no comprehensive survey of intraspecific taxon age in plants. Indeed, although
such ages occasionally appear in dated molecular phylogenies,
very little attention is paid to them. In this paper, we collate
information on the ages of 102 sister intraspecific taxa collected
from dated molecular phylogenies in 47 herbaceous species from
30 genera and 20 families, as described in Supporting Information Table S1. Most of our taxa are dicots. Five sister pairs are in
the Leguminosae/Fabaceae. Two taxon pairs are present in each
of the following families: Gramineae, Caprifoliaceae, Balsaminaceae, Onagraceae, and Asteraceae. The remaining pairs are the
only representatives of their families.
Our collection of taxa encompasses a large part of the world.
Some sister pairs reside in North America, while others grow in
Europe, eastern or southeastern Asia, South America, New
Zealand, or East Africa. Some taxa are from Macaronesia, the
Hawaiian Islands, or the Marquesa Islands. Whereas most taxa
occur in mesic habitats, some occur in xeric habitats, and others
reside in wet habitats. Some taxa grow above the tree line.
The information used in this study was garnered from a review
of the journals Molecular Phylogenetics and Evolution, Molecular
Ecology, and the American Journal of Botany since 2003. Keyword
searches in Google Scholar also revealed several relevant publications in other journals. The subspecies is the intraspecific evolutionary unit that most often appears in chronograms, which
explains why the following discourse is dominated by this taxon
rather than by varieties, ecotypes or ecological races.
It is important to recognize that the ages of sister taxa presented
in the literature and referred to later are very approximate estimates, because error terms in phylogenetic estimates of divergence
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times may be substantial, and estimates may vary from one type of
marker or method to another (Ho & Phillips, 2009; Schwartz &
Mueller, 2010; Clarke et al., 2011). Also, gene flow between
diverging lineages may suggest more recent common ancestry than
is actually the case. Yet these age estimates provide a temporal context for the persistence of intraspecific taxa heretofore lacking.
These estimates are of the same quality as (and are no less valid
than) those for the divergence times of species and genera that
appear in the same chronograms from which intraspecific ages
were extracted. Phylogenetic trees were anchored at or above the
genus level in the genera referred to later.
Intraspecific taxa are described/diagnosed by specialists who
have studied given species and the genera in which they reside,
and who have evaluated the pattern and organization of phenotypic variation within them. Intraspecific taxa have distinctive
morphologies (and sometimes phenologies) and distinctive ecogeographical ranges, which ostensibly are the products of selection by divergent physical and biological forces associated with
range expansion or with local environmental change. We do not
claim that all intraspecific taxon pairs within a species or among
species are genetically or ecogeographically equivalent or divergent. Certainly, different pairs of congeneric sister species are not
equivalent, nor are sister genera.

Materials and Methods
Using time-calibrated molecular phylogenies, we obtained the
taxon (lineage) age for 102 subspecies. In total, we used 28
unique phylogenies, all of which were constructed at the family
level or lower – family (n = 4), subfamily (n = 6), genus (n = 13),
subgenus (n = 2), and species (n = 3) – using multiple molecular
markers, and were time calibrated using multiple fossils (n = 20),
the age of islands (Hawaiian n = 2, and Malaysian n = 1) or established mutation rates (n = 4). As discussed in greater detail later,
we also performed a number of bootstrap analyses to determine
whether our results were robust to differences in how the phylogenies were constructed and to the phylogenetic nonindependence of the data.
These 102 taxon ages allowed us to estimate the percentage of
intraspecific taxa expected to be < 10 Myo. The standard
approach for modelling lineage age is to assume that the
observed distribution of ages is a balance between the rates of
speciation and extinction. For such a model, the resulting distribution will be exponential with the rate parameter equal to 1
over the mean longevity of the taxa. To estimate the rate parameter of this distribution, we take a Bayesian approach. Because
we use an exponential likelihood function, and desire an exponential posterior distribution, the most convenient prior is a
gamma distribution. This distribution is conjugate to the exponential likelihood and, as a result, there is a simple analytic solution for the posterior distribution. Additionally, because the
gamma distribution has two parameters, we can explore a
broader range of prior distributions to better evaluate the sensitivity of our findings to prior specification.
Now that we have settled on the form of our prior distribution
and likelihood, in principle, our task is straightforward. First, we
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select parameters for our gamma prior distribution and then solve
for the posterior distribution using the observed subspecies ages
and the following equation:
!
n
X
C a þ n; b þ
xi
i¼1

(a, the shape parameter for the prior distribution, which is also
a gamma distribution; n, the number of observations, that is,
taxa; b, the rate parameter for the prior distribution; x, the age of
each taxon in millions of years.)
We consider two prior distributions: the first is uniform,
Γ(a = 0, b = 1), and the second is strongly peaked at c. 20 million
yr, Γ(a = 10, b = 200). We refer to this second prior distribution
as skeptical. Given that our hypothesis is that most sister
intraspecific taxa are younger than 10 Myo, these two priors represent a compromise between letting the data speak freely and
placing a strong prior against our hypothesis. We then consider
three sampling strategies for our data. First, we include all 102
taxa (all data). Second, we construct 1000 data sets by selecting
one taxon from each of the 27 publications in our data set (publication sampling). Finally, we construct 1000 data sets by selecting
one taxon from each of the genera in our data set (genus
sampling). These sampling strategies were selected to control for
nonindependence resulting from phylogenetic relationship and
researcher bias. We could not use traditional methods for controlling for phylogenetic nonindependence because a phylogeny
uniting our 102 taxa is unavailable.

Results
All of the intraspecific herbaceous taxa uncovered in this survey
are estimated to be c. 10 Myo or less, typically much less. Consider first the older taxa. Two subspecies of Circaea canadensis are
c. 8 Myo (Xie et al., 2009), Platymiscium pubsecens ssp. pubescens
and ssp. fragrans are c. 6 Myo (Saslis-Lagoudakis et al., 2008),
and four subspecies of Circaea alpina (ssp. alpina, ssp. imiacola,
ssp. micrantha and ssp. pacifica) are somewhat less than 5 Myo
(Xie et al., 2009). Stachys rigida ssp. rigida and ssp. quercetorum
diverged c. 5 million yr ago (Ma) (Roy et al., 2013).
Other subspecies are between 1 and 4 Myo (e.g. Cyrtandra
ootensis ssp. mollisima and ssp. ootensis, 4 Myo, and Cyrtandra
kealiae ssp. kealiae and ssp. urceolata, 2 Myo (Clark et al., 2009);
Sarracenia rubra ssp. ruba and ssp. gulfensis, 2 Myo, and
S. alabamensis ssp. alabamensis and ssp. wherryi, 2 Myo (Ellison
et al., 2012); and Lotus sessifolia ssp. sessifolia and ssp.
villosissimus, 1 Myo (Ojeda et al., 2012)). Three subspecies of
Leptecophylla juniperina are c. 2.5 Myo (Puente-Lelievre et al.,
2013). Bellis annua ssp. annua and ssp. minuta diverged c. 2 Ma
(Fiz-Palacio & Valcarcel, 2011). Four subspecies of Portulaca
oleracea are c. 1 Myo (Ocampo & Columbus, 2012), as are
Impatiens meruensis ssp. meruensis and ssp. truciata (Janssens
et al., 2009). Pediomelum hypogaeum var. subulatum and var. scapusum are c. 1 Myo, as are Orbexilum pedicularum var. gracile and
var. pedicularum (Egan & Crandall, 2008). In Chaetanthera,
Chaetanthera linearis ssp. linearis, ssp. taltalensis and ssp. alba are
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c. 2 Myo, and Chaetanthera chilensis ssp. chilensis and ssp.
tenuifolia are c. 1 Myo (Hershkovitz et al., 2006).
Subspecies in different congeneric species may be of somewhat
similar vintage, for example 2.5 Myo in Mertensia oblongata (four
ssp.), Mertensia viridus (two ssp.), Mertensia paniculata (two ssp.)
and Mertensia arizonica (two ssp.; Nazaire et al., 2014). Conversely, subspecies within a genus may have very different ages, as
in Ipomopsis, where Ipomopsis aggregata ssp. aggregata and ssp.
candida are c. 3 Myo, and Ipomopsis congesta ssp. frutescens and
ssp. nevadensis are c. 10 Myo (Porter et al., 2010). In Lilium, two
varieties within Lilium bakerianum and two within
Lilium japonicum began diverging c. 3 Ma, two varieties of
Lilium leucanthum and two varieties of Lilium speciosum c. 2 Ma,
and two varieties of Lilium xanthellum and two of
Lilium primulinum c. 1 Ma (Gao et al., 2013). Sister subspecies
of Saintpaulia ionantha have disparate ages, with one pair diverging 4 Ma, two pairs 3 Ma, one pair 2 Ma, three pairs 1 Ma, and
three pairs 0.5 Ma (Dimitrov et al., 2012). However, we ultimately excluded the study by Dimitrov et al. (2012) because they
used only a single marker and geological events to construct their
chronogram.
Some intraspecific taxa may be of relatively recent origin. For
example, Vigna angularis var. angularis and var. nipponensis are c.
500 000 yr old, as are Vigna reflexo-pilosa var. reflexo-pilosa and
var. glabra and Vigna mungo var. mundo and var. silvestris (Javadi
et al., 2011).Two subspecies of Cyanthus flavus are of the aforementioned vintage (Zhou et al., 2013), as are three subspecies of
Cheirolophus intybus (Vitales et al., 2014). The two subspecies of
Oryza sativa are c. 440 000 yr old (Garris et al., 2005). Zea mays
ssp. mays, ssp. luxurians, and ssp. parviglumis diverged from a
common ancestor c. 150 000 yr ago (Ross-Ibarra et al., 2009).
North American and European subspecies of Arabidopsis lyrata
split c. 300 000 yr ago (Pyhǟjǟrvi et al., 2012). In Impatiens,
Impatiens pallide-rosea ssp. pallide-rosea and ssp. lupangaensis are
c. 100 000 yr old (Janssens et al., 2009). Clarkia xantiana ssp.
xantiana and ssp. parviflora are c. 65 000 yr old (Pettengill &
Moeller, 2012), and Collinsia sparciflora var. sparciflora and var.
collina are c. 50 000 yr old (Baldwin et al., 2011).
As we acknowledged earlier, the estimated dates of divergence
may have considerable error associated with them. Most of the
dated phylogenies used in these studies did not have error terms
for their estimates, but a few did; and they do not change our
interpretation that most intraspecific taxa are < 5 Myo. The estimates for intraspecific divergence in the two Sarracenia species
(2 million yr in both cases; Ellison et al., 2012) have 50% error
bars, so divergence may be as recent as 1 Ma or as distant as
3 Ma. Taxon divergence estimates within Impatiens meruensis
(Janssens et al., 2009) and within Orbexilum pedicularum (Egan
& Crandall, 2008) also have 50% error bars. Divergence times
are estimated at 1 Ma. Larger errors (70%) are found in
Saintpaulia (20 taxa), where most divergence times are estimated
at < 4 Ma (Dimitrov et al., 2012). Errors somewhat exceeding
100% are reported for the estimates in Collinsia sparciflora
(Baldwin et al., 2011), Cyanthus flavus (Zhou et al., 2013), and
Cheirolophus intybus (Vitales et al., 2014), where intraspecific
divergence is estimated at 0.5 Ma. The level of error (%) in
Ó 2016 The Authors
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intraspecific estimates is about the same as that for specific and
generic estimates in the same studies. Accordingly, our interpretations of divergence times are no less reliable than those at higher
levels of divergence.
It is noteworthy that some intraspecific taxa are not significantly younger than their parent species. This is evident in, for
example, subspecies of two Sarracenia species (Ellison et al.,
2012), those of Impatiens meruensis (Janssens et al., 2009) and
those of Orbexilum pedicularum (Egan & Crandall, 2008).
Ostensibly, the subspecies began diverging shortly after species
formation. Conversely, subspecies of Collinsia sparciflora (Baldwin et al., 2011), Cyanthus flavus (Zhou et al., 2013), and
Cheirolophus intybus (Vitales et al., 2014) are significantly
younger than the species in which they reside. Accordingly, subspecific divergence must have begun well after species formation.
Bayesian analysis of intraspecific ages
Table 1 presents the results for each prior distribution (table
rows) and each sampling strategy (table columns). The values
reported are the mean age for taxa and 95% credible intervals
around those means. Table 2 reports the median age for taxa and
the 95% confidence intervals around the median ages. Our
results strongly support the view that the mean age of taxa is
< 10 Myo. For the estimated mean ages and assuming the distribution of ages will be exponential – which is both an expected
outcome for age distributions and a conservative assumption with
respect to our hypothesis – 95% of all intraspecific taxa should be
< 7.5 Myo if we use a uniform prior and genus sampling, and
< 21 Myo if we use a skeptical prior and genus sampling. These
values do not include uncertainty in the age estimates for the taxa
and clearly do not come from an exhaustive or random sample of
plants. We return to these issues in the Discussion.

Discussion
By compiling the ages of intraspecific taxa from published, dated
phylogenies, we found that 94 intraspecific taxa of the 102 considered – representing 43 herbaceous species and 26 genera – are
5 Myo or less. Only four taxa are estimated to be older than
10 Myo (or < 4% of the data set). We did not observe any
intraspecific taxa with estimated ages > 11 Myo. Notably, the
majority of taxa (72%) are under 2.5 Myo. Our statistical analysis
suggests that the median age of intraspecific taxa is < 10 Myo,
which was robust to various specifications of the prior distribution, and phylogentic nonindependence. As a result, our analysis
demonstrates that the paucity of older subspecies is very unlikely
Table 1 Posterior mean ages (million yr old) and their associated 95%
credible intervals

Uniform
prior
Skeptical
prior

All data

Publication sampling

Genus sampling

2.19 (1.82–2.69)

2.30 (1.63–3.48)

2.40 (1.72–3.60)

3.78 (3.16–4.58)

7.04 (5.22–9.99)

6.89 (5.15–9.69)
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Table 2 Median ages (million yr old) and 95% confidence intervals

Uniform
prior
Skeptical
prior

All data

Publication sampling

Genus sampling

1.52 (0.06–8.09)

1.59 (0.06–8.47)

1.67 (0.06–8.88)

2.62 (0.10–13.92)

4.88 (0.18–25.96)

4.77 (0.17–25.42)

The posterior means were used to calculate the median ages and
associated uncertainties.

to be a statistical fluke or an artifact of sampling, which we will
consider in detail later.
Graduation to the species level is probably governed – at least
in part – by the accumulation of neutral mutations. Therefore, it
is important to consider our findings in the context of the coalescent process. Using a coalescent model of the waiting time until
genealogical speciation, Hudson & Coyne (2002) found a fairly
narrow range of expected longevities for subspecies (measured in
units of effective population size and generation time). Our finding that most intraspecific taxa are young is consistent with these
theoretical predictions. However, because these predications were
based on the accumulation of neutral mutations, or the appropriate correction to Ne, nonneutral evolutionary forces will affect
the longevity of subspecies. As a result, we must also examine our
results in a broader framework, which includes nonneutral processes governing taxon age.
There are two primary reasons why intraspecific taxa should
have, compared with interspecific taxa, younger ages. The first is
that their evolutionary duration is severely limited by their ascension to biological species status via the development of strong
post- or prepollination barriers (Mayr, 1942, 1963). Graduation
to the species level of divergence terminates the existence of sister
intraspecific taxa, but not their lineages, which may persist for
many millions of years. The second reason is taxon extinction,
which will we consider in detail later.
Graduation to the species level of divergence may be an
inevitable outcome of genomic divergence, which is expressed as
post-pollination isolation. Hybrid sterility typically evolves c. 4–
5 million yr after lineage splitting in herbaceous lineages (Levin,
2012). Cross-incompatibility is reached c. 7–10 million yr after
lineage divergence, and hybrid inviability somewhat earlier than
that (Levin, 2013). Hybrid sterility and lethality may build slowly
through the gradual stochastic accumulation of many DM incompatibilities with small effects (Coyne & Orr, 2004). Conversely,
genomic disharmony can arise through an association between
genes conferring selective advantages and those responsible for
incompatibilities (Agrawal et al., 2011; Cutter, 2012; Crespi &
Nosil, 2012; Corbett-Detig et al., 2013; Seehausen et al., 2014).
One notable example of the latter involves a copper-tolerant population of Mimulus guttatus, where lethality in hybrids between
copper-tolerant and intolerant populations is the result of close
linkage between the gene conferring copper tolerance and that dictating lethality (Wright et al., 2013).
Not only do crossing and fertility barriers arise among conspecific taxa, as very well demonstrated in Gilia (Grant, 1981) and in
Mimulus (Vickery, 1978), but genomic incompatibility may
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develop among different populations of the same two taxa (Levin,
1978; Martin & Willis, 2010; Scopece et al., 2010; Pinheiro et al.,
2013). Genomic disharmony may even be expressed to various
degrees within populations, as in Mimulus guttatus and
Mimulus nasutus (Martin & Willis, 2010) and in other plants and
animals (Cutter, 2012, Corbett-Detig et al., 2013). Candidate
genes contributing to variable disharmony have been described
within populations (Rieseberg & Blackman, 2010; Aagaard et al.,
2013). In Mimulus species, DM incompatibilities evolve and
spread at local (Martin & Willis, 2010; Grossenbacher et al., 2014)
or regional scales (Sweigart et al., 2007; Sweigart & Willis, 2012).
Both sterility and incompatibility may arise much earlier than
the aforementioned time intervals if lineages have experienced
bottlenecks during their histories, as in Arabidopsis (Pyhǟjǟrvi
et al., 2012) and Draba (Grundt et al., 2006; Skrede et al., 2008).
A shift from outcrossing to selfing and the bottlenecks attendant
to that have contributed to the evolution of Capsella rubella from
Capsella grandiflora within the past 100 000 yr (Foxe et al., 2009;
Guo et al., 2009). If species are prone to bottlenecks (weedy
species), intraspecific taxa therein are apt to be relatively young,
because they will ascend to species status sooner than intraspecific
taxa with a more stable demographic. Consider that two pairs of
Arabidopsis lyrata subspecies are c. 150 000 yr and 300 000 yr old,
respectively (Pyhǟjǟrvi et al., 2012). The establishment of underdominant mutations by genetic drift, as promoted by small effective population size, and by cycles of localized extinction and
recolonization (Lande, 1985; Gavrilets, 2004), ostensibly fostered
the formation of cryptic species in Draba (Grundt et al., 2006;
Skrede et al., 2008). Partial cross-incompatibility may evolve in a
relatively short time when populations are subjected to multiple
genetic bottlenecks, substantial inbreeding, and repeated episodes
of intense directional selection, as occurs during domestication
(Gross & Olsen, 2010).
Post-pollination isolation in herbs may take much longer to
develop than prepollination isolation, as seen in many Hawaiian
genera, wherein substantial adaptive radiation during the past 3–
4 million yr has not been accompanied by strong post-pollination
isolation (Baldwin & Sanderson, 1998; Price & Wagner, 2004;
Keeley & Funk, 2011). This being the case, intraspecific taxa
would graduate to species before strong post-pollination barriers
were in place, and thus be younger on average than taxa waiting
for such barriers. Relatively rapid prepollination isolation may
accrue when flowering time, habitat preference, and floral attractants and architecture are acted upon directly and forcefully by
natural selection (Levin, 2003; Givnish, 2010). Whereas environmental change may reverse some prepollination/ecological barriers, post-pollination barriers are irrevocable.
We do not contend that all sister intraspecific taxa will graduate to the species level as they age. Indeed, most probably will
not. These taxa may fail to reach older ages because they go
extinct. Intraspecific taxa are vulnerable to extinction because
they often have narrow geographical distributions (Gaston &
Fuller, 2009; Birand et al., 2012), narrow niche breadths (Morin
& Lechowicz, 2013; Slayter et al., 2013), and relatively small
numbers across populations (Dynesius & Jansson, 2014). Similar
findings have also been demonstrated across a range of taxa, both
Ó 2016 The Authors
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plant and nonplant, including island bird assemblages (Lasky
et al., 2016). The tendency of these entities to evolve in parts of
species’ range where environmental conditions are more extreme
also contributes to their lower success rates (Botero et al., 2014).
Narrowly distributed peripheral isolates are especially prone to
extinction, because their small sizes are associated with increased
sensitivity to environmental and demographic stochasticity,
heightened inbreeding, and reduced genetic diversity (Mayr,
1963; Anacker & Strauss, 2014). Not surprisingly, selfcompatible plant lineages, which often evolve in geographically
marginal populations and are inbred to various degrees, have
higher extinction rates than related self-incompatible lineages
(Schoen & Busch, 2008; Goldberg et al., 2010).
Hybridization with a related and abundant taxon may further
threaten the tenure of rare taxa. The production of hybrid seeds
reduces the number of ‘nonhybrid’ seeds that individuals produce, which in turn negatively impacts population size and survival (Levin et al., 1996). Hybridization also may lead to the
absorption of a minor taxon by an abundant conspecific (Grant,
1963; Levin, 2005; Mallet, 2008; Seehausen et al., 2008; Gilman
& Behm, 2011).
Herbaceous taxa have been the focal point of this paper; and
thus the expectation that intraspecific taxa rarely will reach
10 million yr. However, in trees, intraspecific taxa may reach
much older ages than in herbs, because so much more time is
required for post-pollination isolation. The latter is evident in the
partially fertile hybrids obtained from crossing Platanus
occidentalis and Platanus orientalis (Panetsos et al., 1994), which
have been separated for c. 50 million yr (Feng et al., 2005). The
extended waiting time for sterility and cross-incompatibility in
trees is a consequence of their much longer generation time, and
perhaps of their larger effective sizes as a result of less variable
population sizes than herbs. This may explain why the speciation
rates in the Saxifragales are about twice as high in herbaceous lineages as in woody lineages (Soltis et al., 2013). The rate of molecular evolution in herbaceous plants is c. 2.5 times faster than that
in woody plants based on a global phylogenetic analysis of
angiosperms (Smith & Donoghue, 2008).
We have suggested that sister intraspecific taxa will inexorably
march towards species status unless they go extinct. But may
taxon divergence be arrested by hybridization? For this to happen, taxa would have to be within pollination or seed dispersal
range in significant parts of their ranges. Most pairs of sister taxa
are unlikely to meet these requirements, as they are usually ecologically and/or geographically isolated (Clausen, 1951; Grant,
1963, 1981). Even if widespread hybridization were possible, the
requisite levels and character of gene flow and selection required
for the stasis of DM incompatibilities are untenable (Pinho &
Hey, 2010; Butlin & Ritchie, 2013; Feder et al., 2013; Servedio
et al., 2013). Hybridization either will cause subspecies to fuse or
will promote their divergence.
Conclusions
An extensive literature survey and Bayesian analysis indicate that
sister intraspecific, herbaceous taxa typically are much less than
Ó 2016 The Authors
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10 Myo. This finding is consistent with the view that strong postpollination barriers arise roughly between 5 and 10 million yr
after lineage splitting. Whereas intraspecific entities may terminate their existence below the species level by ascending to species
status, one or both members of a taxon pair may go extinct before
their reproductive isolation by virtue of their small geographical
ranges, small collective population sizes, and narrow niches.
Based on the distribution of taxon ages and on the factors that
would terminate them as intraspecific entities, it seems unlikely
that intraspecific herbaceous taxa would persist for tens of millions of years.
The proposition that intraspecific lineages are likely to be
short-lived is compatible with the view that many more incipient
species evolve than persist, and that their rates of extinction
are high (Mayr, 1963; Stanley, 1978, 1985; Allmon, 1992;
Rosenblum et al., 2012). In birds, the rate of subspeciation is
between 30 and 40 times higher than the rate of speciation
(Martin & Tewksbury, 2008; Phillimore, 2010). The rate of subspeciation relative to speciation in plants has not been quantified.
The fate of intraspecific taxa is similar to that of species whose
lives may end when one species branches into two new species or
when species go extinct (Gillespie & Ricklefs, 1979).
Even if intraspecific taxa fail to become species, they may still
contribute to diversification in their genera. They may participate
with other species in the formation of allopolyploids. The
genomes of these transient novelties also might be preserved in
autopolyploids. Finally, short-lived intraspecific entities might
contribute genes to conspecifics, thus elevating their potential for
divergent evolution at a later date.
Dynesius & Jansson (2014) consider the duration of divergent
intraspecific lineages to be an important and underappreciated
regulator of speciation rates. The longer the persistence time of
intraspecific taxa the higher will be the speciation rate. Given that
these taxa are especially vulnerable to extinction and that global
climate change may be substantial and relatively rapid (Stanton
et al., 2014), it follows that the duration of extant intraspecific
entities may be substantially shorter than they have been in the
past several million years. Furthermore, these studies, coupled
with our findings, support the emerging hypothesis that agedependent speciation rates may be fairly constant (Hagen et al.,
2015). Accordingly, the proportion of sister taxa that survive long
enough to develop post-pollination isolation, or prepollination
isolation for that matter, may be much less than it has been over
the past several million years.

Acknowledgements
The authors thank two anonymous reviewers for their thoughtful
critique of the paper.

Author contributions
The project was conceived by D.A.L., who garnered the ages of
taxa, and their taxonomic and ecogeographical affinities from the
literature. S.V.S. analysed the data and applied such to the models in the paper. D.A.L. wrote the evolutionary component of the
New Phytologist (2016)
www.newphytologist.com

6 Research

paper, and S.V.S. wrote the methods and an exposition of his
analysis.

References
Aagaard JE, George RD, Fishman K, MacCoss MJ, Swanson WJ. 2013.
Selection on male function genes identifies candidates for reproductive isolation
of yellow monkeyflowers. PLoS Genetics 9: e1003965.
Agrawal AE, Feder JL, Nosil P. 2011. Ecological divergence and the origins of
intrinsic postmating isolation with gene flow. International Journal of Ecology
2011: 435357.
Allmon WD. 1992. A causal analysis of stages in allopatric speciation. In:
Futuyma D, Antonovics J, eds. Oxford surveys in evolutionary biology, vol 8.
Oxford, UK: Oxford University Press, 219–257.
Anacker BL, Strauss SY. 2014. The geography and ecology of plant speciation:
range overlap and niche divergence in sister species. Proceedings of the Royal
Society B-Biological Sciences. 281: 20132980.
Baldwin BG, Kalisz S, Armbruster WS. 2011. Phylogenetic perspectives on
diversification, biogeography, and floral evolution of Collinsia and Tonella
(Plantagineaceae). American Journal of Botany 98: 731–753.
Baldwin BG, Sanderson MJ. 1998. Age and rate of diversification of the
Hawaiian silversword alliance (Compositae). Proceedings of the National
Academy of Sciences, USA 95: 9402–9406.
Bellino A, Bellino L, Baldantoni D, Saracino A. 2015. Evolution, ecology and
systematics of Soldanella (Primulaceae) in the southern Apennines (Italy). BMC
Evolutionary Biology 15: 1–16.
Birand A, Vose A, Gavrilet S. 2012. Patterns of species ranges, speciation and
extinction. American Naturalist 179: 1–21.
Botero CA, Dor R, McCain CM, Safran RJ. 2014. Environmental harshness is
positively correlated with intraspecific divergence in mammals and birds.
Molecular Ecology 23: 259–268.
Butlin RK, Ritchie MG. 2013. Pulling together or pulling apart: hybridization in
theory and practice. Journal of Evolutionary Biology 26: 294–298.
Clark JR, Wagner WL, Roalson EH. 2009. Patterns of diversification and
ancestral range reconstruction in the southeast Asian-Pacific angiosperm lineage
Cyrtandra (Gesneriaceae). Molecular Phylogenetics and Evolution 53: 982–994.
Clarke JT, Warnock RCM, Donoghue PCJ. 2011. Establishing a time-scale for
plant evolution. New Phytologist 192: 266–301.
Clausen J. 1951. Stages in the evolution of plant species. Ithaca, New York: Cornell
University Press.
Corbett-Detig RB, Zhou J, Clark AG, Hartl DL, Ayroles JF. 2013. Genetic
incompatibilities are widespread within species. Nature 504: 135–137.
Coyne JA, Orr HA. 2004. Speciation. Sunderland, MA, USA: Sinauer Associates.
Crespi B, Nosil P. 2012. Conflictual speciation: species formation via genomic
conflict. Trends in Ecology & Evolution 28: 48–57.
Cutter AD. 2012. The polymorphic prelude to Bateson–Dobzhansky–Muller
incompatibilities. Trends in Ecology and Evolution 27: 209–218.
Dimitrov D, Nogues-Bravo D, Scharff N. 2012. Why do tropical mountains
support exceptionally high biodiversity? The Eastern Arc Mountains and the
drivers of Saintpaulia diversity. PLoS ONE 7: e48908.
Dynesius M, Jansson R. 2014. Persistence of within-species lineages: a neglected
control of speciation rate. Evolution 68: 923–934.
Egan AN, Crandall KA. 2008. Divergence and diversification in North American
Psoraleae (Fabaceae) due to climate change. BMC Biology 6: 55.
Ellison AM, Butler ED, Hick EJ, Naczi RFC, Calie PJ, Bell CD, Davis CC.
2012. Phylogeny and biogeography of the carnivorous plant family
Sarraceniaceae. PLoS ONE 7: e39291.
Feder JL, Flaxman SM, Egan SP, Nosil P. 2013. Hybridization and the build-up
of genomic divergence during speciation. Journal of Evolutionary Biology 26:
261–266.
Feng Y, Oh S-H, Manos PS. 2005. Phylogeny and historical biogeography of the
genus Platanus as inferred from nuclear and chloroplast data. Systematic Botany
30: 786–799.
Fiz-Palacio O, Valcarcel V. 2011. Imbalanced diversification of two
Mediterranean sister genera (Bellis and Bellium, Asteraceae) within the same
time frame. Plant Systematics and Evolution 295: 109–118.
New Phytologist (2016)
www.newphytologist.com

New
Phytologist
Foxe JP, Slotte T, Stahl EA, Neuffer B, Hurka H, Wright SI. 2009. Recent
speciation associated with the evolution of selfing in Capsella. Proceedings of the
National Academy of Sciences, USA 106: 5241–5245.
Gao Y-D, Harris AJ, Zhou S-D, He X-J. 2013. Evolutionary events in Lilium
(including Nomocharis, Liliaceae) are temporally correlated with orogenies of
the Q-T plateau and the Hengduan Mountains. Molecular Phylogenetics and
Evolution 68: 443–460.
Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch S. 2005. Genetic structure
and diversity in Oryza sativa L. Genetics 169: 1631–1638.
Gaston KJ, Fuller RA. 2009. The sizes of species’ geographic ranges. Journal of
Applied Ecology 46: 1–9.
Gavrilets S. 2004. Fitness landscapes and the origin of species. Princeton, NJ, USA:
Princeton University Press.
Gillespie JH, Ricklefs RE. 1979. A note on the estimation of species duration
distributions. Paleobiology 5: 60–62.
Gilman RT, Behm JE. 2011. Hybridization, species collapse, and species
reemergence after disturbance to premating mechanisms of reproductive
isolation. Evolution 65: 2592–2605.
Givnish TJ. 2010. Ecology of plant speciation. Taxon 59: 1326–1366.
Goldberg EE, Kohn JR, Lande R, Robertson KA, Smith SA, Igic B. 2010.
Species selection maintains self-incompatibility. Science 330: 493–495.
Grant V. 1963. The origin of adaptations. New York, NY, USA: Columbia
University Press.
Grant V. 1981. Plant Speciation, 2nd edn. New York, NY, USA: Columbia
University Press.
Gross B, Olsen KM. 2010. Genetic perspectives on crop domestication. Trends in
Plant Science 15: 529–537.
Grossenbacher DL, Veloz SD, Sexton JP. 2014. Niche and range size patterns
suggest that speciation begins in small, ecologically diverged populations in
North American monkeyflowers (Mimulus spp.). Evolution 68: 1270–1280.
Grundt HH, Kjølner S, Borgen L, Rieseberg LH. 2006. High biological species
diversity in the Arctic flora. Proceedings of the National Academy of Sciences, USA
103: 972–975.
Guo YL, Bechsgaard JS, Slotte T, Neuffer B, Lascoux M, Weigel D,
Schierup MH. 2009. Recent speciation of Capsella rubella from Capsella
grandiflora, associated with loss of self-incompatibility and an extreme
bottleneck. Proceedings of the National Academy of Sciences, USA 106:
5246–5251.
Hagen O, Hartmann K, Steel M, Stadler T. 2015. Age-dependent speciation can
explain the shape of empirical phylogenies. Systematic Biology 64: 432–440.
Hershkovitz MA, Arroyo MTK, Bell C, Hinojosa LF. 2006. Phylogeny of
Chaetanthera (Asteraceae: Mutisieae) reveals both ancient and recent
origins of the high elevation lineages. Molecular Phylogenetics and Evolution
41: 594–605.
Higashi H, Ikeda H, Setoguhi H. 2015. Molecular phylogeny of Shortia sensu
lato (Diapensiaceae) based on multiple nuclear sequences. Plant Systematics and
Evolution 301: 523–529.
Ho SYW, Phillips MJ. 2009. Accounting for calibration uncertainty in
phylogenetic estimation of evolutionary divergence times. Systematic Biology 58:
367–380.
Hudson RR, Coyne JA. 2002. Mathematical consequences of the genealogical
species concept. Evolution 56: 1557–1565.
Janssens SB, Eric B, Knox EB, Huysmans S, Erik F, Smets EF, Merckx VSFT.
2009. Rapid radiation of Impatiens (Balsaminaceae) during Pliocene and
Pleistocene: result of a global climate change. Molecular Phylogenetics and
Evolution 52: 806–824.
Javadi F, Tun YT, Kawase M, Guan M, Guan K, Yamaguchi H. 2011.
Molecular phylogeny of the subgenus Ceratotropsis (genus Vigna, Leguminosae)
reveals three eco-geographic groups from Late Pliocene-Pleistocene
diversification: evidence from four plastid DNA region sequences. Annals of
Botany 108: 367–380.
Keeley SC, Funk VA. 2011. Origin and evolution of Hawaiian endemics: new
patterns revealed by molecular phylogenetic studies. In: Bramwell B, CaujapeCastells I, eds. The biology of island floras. Cambridge, UK: Cambridge
University Press, 57–88.
Lande R. 1985. The fixation of chromosomal rearrangements in a subdivided
population with local extinction and colonization. Heredity 54: 323–332.
Ó 2016 The Authors
New Phytologist Ó 2016 New Phytologist Trust

New
Phytologist
Lasky JR, Keitt TH, Weeks BC, Economo EP. 2016. A hierarchical model of
whole assemblage island biogeography. Ecography 39: 1–9.
Levin DA. 1978. The origin of isolating mechanisms in flowering plants.
Evolutionary Biology 11: 185–317.
Levin DA. 2003. The cytoplasmic factor in plant speciation. American Naturalist
28: 5–11.
Levin DA. 2005. Isolate selection and ecological speciation. Systematic Botany 30:
233–241.
Levin DA. 2012. The long wait for hybrid sterility. New Phytologist 196: 666–
670.
Levin DA. 2013. The timetable for allopolyploidy in flowering plants. Annals of
Botany 112: 201–208.
Levin DA, Francisco-Ortega J, Jansen R. 1996. Hybridization and the extinction
of rare species. Conservation. Biology 10: 10–16.
Mallet J. 2008. Hybridization, ecological races and the nature of species:
empirical evidence for the ease of speciation. Philosophical Transactions of the
Royal Society of London B: Biological Science 363: 2971–2986.
Martin PR, Tewksbury JJ. 2008. Latitudinal variation in subspecific
diversification of birds. Evolution 62: 2775–2788.
Martin NH, Willis JH. 2010. Geographical variation in postzygotic
isolation and its genetic basis within and between two Mimulus species.
Philosophical Transactions of the Royal Society of London B: Biological
Sciences 65: 2469–2478.
Mayr E. 1942. Systematics and the origin of species. New York, NY, USA:
Columbia University Press.
Mayr E. 1963. Animal species and evolution. Cambridge, MA, USA: Belknap
Press, Harvard University.
Morin X, Lechowicz MJ. 2013. Niche breadth and range area in North American
trees. Ecogeography 36: 300–312.
Nazaire M, Wang X-Q, Huford L. 2014. Geographic origins and patterns of
radiation of Mertensia (Boraginaceae). American Journal of Botany 101: 104–
118.
Ocampo G, Columbus JT. 2012. Molecular phylogenetics, historical
biogeography, and chromosome number evolution of Portulaca (Portulaceae).
Molecular Phylogenetics and Evolution 63: 97–112.
Ojeda I, Santos-Guerra A, Jaen-Molina R, Oliva-Tejera F, Caujape-Castells J,
Cronk Q. 2012. The origin of bird pollination in Macaronesian Lotus (Lotae,
Leguminosae). Molecular Phylogenetics and Evolution 62: 306–318.
Panetsos KP, Scaltsoytiannes AV, Alitzoti PG. 1994. Vegetative propagation of
Plantanus orientalis 9 P. occidentalis F1 hybrids by stem cuttings. International
Journal of Forest Genetics 1: 102–130.
Pettengill JB, Moeller DA. 2012. Tempo and mode of mating system evolution
between incipient Clarkia species. Evolution 66: 1210–1225.
Phillimore AB. 2010. Subspecies origination and extinction in birds.
Ornithological Monographs 67: 42–53.
Pinheiro F, Cozzolino S, De Barros F, Gouveia TM, Suzuki RM, Fay MF,
Palma-Silva C. 2013. Phylogeographic structure and outbreeding depression
reveal early stages of reproductive isolation in the Neotropical orchid
Epidendrum denticulatum. Evolution 67: 2024–2039.
Pinho C, Hey J. 2010. Divergence with gene flow: models and data. Annual
Review Ecology, Evolution and Systematics 41: 215–230.
Porter JM, Johnson LA, Wilken D. 2010. Phylogenetic systematics of Ipomopsis
(Polemoniaceae): relationships and divergence times estimated from chloroplast
and nuclear DNA sequences. Systematic Botany 35: 181–2000.
Price JP, Wagner WL. 2004. Speciation in Hawaiian angiosperm lineages: cause,
consequence and mode. Evolution 58: 2185–2200.
Puente-Lelievre C, Harrington MG, Brown EA, Kuzmina M, Darren M, Crayn
DM. 2013. Cenozoic extinction and recolonization in the New Zealand flora:
the case of the fleshy-fruited epacrids (Styphelieae, Styphelioideae, Ericaceae).
Molecular Phylogenetics and Evolution 66: 203–214.
Pyhǟjǟrvi T, Aalto E, Savolainen O. 2012. Time scale of divergence and
speciation among natural populations and subspecies of Arabidopsis lyrata
(Brassicaceae). American Journal of Botany 99: 1314–1322.
Rieseberg LH, Blackman BK. 2010. Speciation genes in plants. Annals of Botany
106: 439–455.
Rosenblum E, Sarver B, Brown J, Des Roches S, Hardwick K, Hether T,
Eastman J, Pennell M, Harmon L. 2012. Goldilocks meets Santa Rosalia: an
Ó 2016 The Authors
New Phytologist Ó 2016 New Phytologist Trust

Research 7
ephemeral speciation model explains patterns of diversification across time
scales. Evolutionary Biology 39: 255–261.
Ross-Ibarra J, Tenaillon M, Gaut BS. 2009. Historical divergence and gene flow
in the genus Zea. Genetics 181: 199–1413.
Roy T, Chang T-H, Lan T, Lindqvist C. 2013. Phylogeny and biogeography of
New World Stachydeae (Lamiaceae) with emphasis on the origin and
diversification of Hawaiian and South American taxa. Molecular Phylogenetics
and Evolution 69: 218–238.
Saslis-Lagoudakis C, Chase MW, Robinson DN, Russel SJ, Klitgaard BB. 2008.
Phylogenetics of neotropical Platymiscium (Leguminosae: Dalbergieae):
systematics, divergence times, and biogeography inferred from nuclear
ribosomal and plastid DNA sequence data. American Journal of Botany 95:
1270–1286.
Schoen DJ, Busch JW. 2008. On the evolution of self-fertilization in a
metapopulation. International Journal of Plant Sciences 169: 119–127.
Schwartz RS, Mueller RI. 2010. Branch length estimation and divergence dating:
estimates of error in Bayesian and maximum likelihood frameworks. BMC
Evolutionary Biology 10: 5.
Scopece G, Lexar C, Widmer A, Cozzolino S. 2010. Polymorphism of postmating reproductive isolation within plants. Taxon 59: 1367–1374.
Seehausen O, Butlin RK, Keller I, Wagner CE, Boughman JW, Hohenlohe PA,
Peichel CL, Glenn-Peter Saetre G-P. 2014. Genomics and the origin of
species. Nature Review 15: 178–192.
Seehausen O, Takimoto G, Roy D, Jokela J. 2008. Speciation reversal and
diversity biodynamics with hybridization in changing environments. Molecular
Ecology 17: 30–44.
Servedio M, Hermisson J, van Doorn GS. 2013. Hybridization may rarely
promote speciation. Journal of Evolutionary Biology 26: 282–285.
Skrede I, Brochmann C, Borgen L, Rieseberg LH. 2008. Genetics of intrinsic
postzygotic isolation in a circumpolar plant species, Draba nivalis
(Brassicaceae). Evolution 62: 1840–1851.
Slayter RA, Hirst M, Sexton JP. 2013. Niche breadth predicts geographical range
size: a general ecological pattern. Ecology Letters 16: 1104–1114.
Smith SA, Donoghue MJ. 2008. Rates of molecular evolution are linked to life
history in flowering plants. Science 322: 86–89.
Soltis DE, Mort ME, Latvis A, Mavrodiev EV, O’Meara BC, Soltis PS, Burleigh
JG, Rubio De Casas R. 2013. Phylogenetic relationships and character
evolution analysis of Saxifragales using a supermatrix approach. American
Journal of Botany 100: 916–929.
Stanley SM. 1978. Chronospecies’ longevities, the origin of genera, and the
punctuational model of evolution. Paleobiology 4: 26–40.
Stanley SM. 1985. Rates of evolution. Paleobiology 11: 13–26.
Stanton JC, Shoemaker KT, Pearson RG, Akcakaya HR. 2014. Warning times
for species extinctions due to climate change. Global Change Biology 21: 1066–
1077.
Sweigart AL, Mason AR, Willis JH. 2007. Natural variation for a hybrid
incompatibility between two species of Mimulus. Evolution 61: 141–151.
Sweigart AL, Willis JH. 2012. Molecular evolution and the genetics of
postzygotic reproductive isolation in plants. F1000 Biology Reports 4: 23.
Vickery RK Jr. 1978. Case studies in the evolution of species complexes in
Mimulus. Evolutionary. Biology 11: 405–507.
Vitales D, Garnatje T, Jaume Pellicer J, Valles J, Santos-Guerra A, Sanmartın I.
2014. The explosive radiation of Cheirolophus (Asteraceae, Cardueae) in
Macaronesia. BMC Evolutionary Biology 14: 118.
Wang HF, Landrein S, Dong W-P, Nie Z-L, Katsuhiko Kondo K, Funamoto T,
Wen J, Zhou S-L. 2015. Molecular phylogeny and biogeographic
diversification of Linnaeoideae (Caprifoliaceae s. l.) disjunctly distributed in
Eurasia, North America and Mexico. PLoS ONE 10: e0116485.
van Welzen PC, van Strijk JS, Konijnenburg-van Cittert JHA, Nucete M,
Merckx VSFT. 2014. Dated phylogenies of the sister genera Macaranga and
Mallotus (Euphorbiaceae): congruence in historical biogeographic patterns?
PLoS ONE 9: e85713.
Wright KM, Lloyd D, Lowry DB, MacNair MR, Willis JH. 2013. Indirect
evolution of hybrid lethality due to linkage with selected locus in Mimulus
guttatus. PLoS Biology 11: e1001497.
Xie L, Wagner WL, Ree R, Berry PA, Wen J. 2009. Molecular phylogeny,
divergence time estimates, and historical biogeography of Circaea (Onagraceae)
New Phytologist (2016)
www.newphytologist.com

New
Phytologist

8 Research
in the Northern Hemisphere. Molecular Phylogenetics and Evolution 53: 995–
1009.
Zhou Z, Hong DY, Niu Y, Li GD, Nie ZL, Wen J, Sun H. 2013. Phylogenetic
and biogeographic analyses of the Sino-Himalayan endemic genus Cyananthus
(Campanulaceae) and implications for the evolution of its sexual system.
Molecular Phylogenetics and Evolution 68: 482–497.

Table S1 The taxa, their ages and families used in this study
Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

Supporting Information
Additional Supporting Information may be found online in the
Supporting Information tab for this article:

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews.
Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <28 days. There are no page or colour charges and a PDF version will be provided for each article.
The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.
If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)
For submission instructions, subscription and all the latest information visit www.newphytologist.com

New Phytologist (2016)
www.newphytologist.com

Ó 2016 The Authors
New Phytologist Ó 2016 New Phytologist Trust

