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“Quercus macrocarpa in fact, looks and acts very much like any good species; the only
criterion in which Q. macrocarpa fails as a modern concept is in the area of gene flow.”
Burger 1975, Taxon 24
“It may well be that Quercus macrocarpa in Quebec exchanges many more genes with
local Q. bicolor than it does with Q. macrocarpa in Texas.”
Van Valen 1976, Taxon 25
“All [eastern North American white oak] species have maintained their distinctiveness
in face of this local ‘contamination,’ and I see no justification for considering the entities
anything less than good taxonomic species.”
Hardin 1975, Journal of the Arnold Arboretum
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Hybridization in oaks has long been of interest to botanists and evolutionary
biologists. In the first edition of his Manual of the Botany of the Northern United States,
Asa Gray (Gray and Sullivant 1848) included two hybrids in the genus Quercus, both
reported to be “founded on” a single tree or individual. In the 1857 through 1862 editions
(Gray 1857, 1859, 1862) this number increased to three, which Gray described as “the
following remarkable forms, by some regarded as species.”1 The 1867 edition (Gray
1867) increased the number to five, and Wiegand (1935) notes that in this edition, “we
find hybrids scarcely mentioned except in one genus, Quercus” (Wiegand 1935). Oak
hybridization – or at least our perception of it – as a taxonomic phenomenon is familiar
to every good field botanist and reader of this journal (Fig. 1).
Beyond the taxonomic implications, the effects of interspecific hybridization on oak
species’ origins, coherence and evolutionary trajectories have been a research topic for
more than 140 years: Palmer notes that Engelmann was aware that species could be too
“distinct” to produce viable hybrid offspring (Engelmann 1876; Palmer 1948). Muller
(1952) similarly wrote that “Remotely related oaks… apparently do not hybridize.”
Between the 1940s and the early 1960s, plant biologists such as Edgar Anderson
(reviewed in Anderson 1948), G. Ledyard Stebbins (1950), and Verne Grant (1971,
2004) undertook serious quantitative research into hybridization and its role in plant
speciation. During this same period, rigorous specimen-based research into oak character
evolution got a foothold, and several studies were published on oak hybridization and
its consequences for populations and species (e.g, Allard 1932; Stebbins, Matzke,
and Epling 1947; Palmer 1948; Allard 1949; Muller 1952; Tucker 1963; Ledig et al.
1969). But I think of a trio of now-classic papers from the mid 1970s as setting the
stage for modern studies of oak evolution. In 1975, James Hardin published an article
in the Journal of the Arnold Arboretum showing patterns of potential gene flow among
16 White Oaks of Eastern North America (Hardin 1975). His first figure (reproduced in
the current article as Fig. 2) says it all: among the group, only two species were thought
at that time to be reproductively isolated from the others: Quercus oglethorpensis W.H.
Duncan and Q. chapmanii Sarg., both regional endemics. We now know that not even
those two are isolated: Q. oglethorpensis is believed to be capable of hybridizing with
Q. margarettae (Ashe) Small (Coombes and Coates 1997), and a hybrid between Q.
chapmanii and Q. minima (Sarg.) Small is distributed on the coastal plain along eastern
Florida (Muller 1961). Hardin’s work in characterizing patterns of hybridization among
all the potentially hybridizing White Oaks of Eastern North America, demonstrating that
none are reproductively isolated, is still one of the most taxonomically thorough studies
of oak hybridization in a system of interbreeding oak species.
At about the same time, a pair of articles in Taxon by Chicago scientists William
Burger (The Field Museum) and Leigh Van Valen (University of Chicago, best known for
his description of the Red Queen Hypothesis: Van Valen 1973) argued that gene flow in
oaks is dominated by local gene flow among individuals that are closely enough related
to exchange genes, rather than among populations within species (Burger 1975; Van
Valen 1976). These papers argue that our concept of species needs to be fundamentally
rearranged to account for oaks. Because of hybridization and gene flow between oak
species, Burger and Van Valen argue, the criterion of reproductive isolation cannot
1. Perhaps not coincidentally, Gray’s language changes between 1848 and 1862 – years flanking the publication of
Origin of Species – from suggesting that these hybrids are mere sports to suggesting that they might be species of hybrid
origin. Darwin had, in fact, sent a letter to Asa Gray in 1857 outlining his theory of natural selection. Does Gray’s change
in language reflect a change in his view of the evolutionary implications of hybridization?
10
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Figure 1/ Herbarium specimen of a putative hybrid between Q. macrocarpa Michx. and Q. alba L., collected
by Michael Nee, Wisconsin. Botanists commonly look for hybrids where the parents are both found, especially
in oaks. On this specimen label, Nee writes: “Growing in yard of farmhouse, but undoubtedly natural and
not deliberately planted. Both Q. macrocarpa and Q. alba are common in the vicinity and are the common
trees of the broad, often sandy, Pine River valley here, formerly in prairie – oak savanna until European
settlement in the 1840’s and cessation of prairie fires. Q. alba is more abundant on hillslopes; Q. macrocarpa
on alluvial soils and rocky hilltops. This tree [is] intermediate between the two parents in bark, leaf and
acorn characters. The acorns have been on the ground for a few weeks.” Scan courtesy of The Wisconsin
State Herbarium (WIS) and Michael Nee.
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work for these species. Rather, oak species represent ecologically discrete lineages with
distinct evolutionary trajectories. “Species,” Van Valen writes, “are maintained for the
most part ecologically, not reproductively.” They both argue that local gene flow among
species may well exceed gene flow between populations of a single species, and that
reproduction cannot therefore be the hallmark of oak species. Burger goes so far as to
suggest erecting subgenera or sections that are equivalent to reproductive species, but
allowing our named species in oaks to represent ecologically and morphologically defined
evolutionary lineages. The idea that gene flow might be insufficient to cause species to
cohere across their range had been discussed previously (Ehrlich and Raven 1969), but
these papers were novel in stating that oak species are not reproductively defined entities
but ecologically defined entities. What is troubling about this is that it is not clear what
mechanism might shape species coherence in the face of ongoing local gene flow. A
measured skepticism about oak species is not uncommon among botanists even today.
We now know, however, that while there is certainly hybridization and introgression
among oak species (Whittemore and Schaal 1991; Dumolin-Lapegue et al. 1997;
Dumolin-Lapegue, Kremer, and Petit 1999; Petit et al. 2003; Dodd and Afzal-Rafii 2004;
Tovar-Sánchez and Oyama 2004; Lexer, Kremer, and Petit 2006; Curtu, Gailing, and
Finkeldey 2007; Hipp and Weber 2008; Chybicki and Burczyk 2010; Moran, Willis,
and Clark 2012), gene flow among species appears to be swamped by gene flow within
species (Gerber et al. 2014). As Hardin (1975) wrote, “Rather extensive hybrid swarms
or introgressed populations… are generally localized…. Neither Baranski (1975) nor I
agree with Minckler (1965), who thinks that hybridization may mask evidence of races
within white oak.” Moreover, much of the variation in oaks that has been interpreted as
evidence of hybridization appears to be morphological variation within highly variable
species. As Muller wrote in 1952, “The species of Quercus are notoriously variable
in trivial characters. This variability has given rise to the belief that the oak species
hybridize freely. It is quite evident from a study of herbarium specimens, however, that
the bulk of claims of hybridity are based upon trivial variations of the sort one may
encounter in a relatively pure population of a single species.” (Muller 1952). The result
is that oak species are genetically coherent across wide geographic and even ecological
ranges (Muir, Fleming, and Schlötterer 2000; Hipp and Weber 2008; Cavender-Bares
and Pahlich 2009). This is what we expect of organisms with long-distance gene flow
(Petit and Excoffier 2009). Oaks, with their great stature and volumes of wind-borne
pollen, certainly fall in this category (Whittemore and Schaal 1991; Dow and Ashley
1998; Gerber et al. 2014). The concerns raised 40 years ago by Van Valen and Burger,
that oak species do not constitute genetically coherent systems of populations, appear not
to have been borne out. Oak species, we can say confidently against the backdrop of the
last 20 years of oak research, are real.
Yet the phenomenon of hybridization in oaks still troubles our ideas of what we mean
by “the phylogeny of oaks.” Phylogenetic studies in oaks using a few nuclear markers
(Manos, Doyle, and Nixon 1999; Oh and Manos 2008; Denk and Grimm 2010; Deng,
Zhou, and Li 2013; Hubert et al. 2014) have illuminated many relationships, but these
studies have not resolved many of the fine-scale relationships among oaks, nor even
recovered deep splits that are generally recognized (e.g., the split between the Eurasian
and American White Oaks). We do know broad-scale phylogenetic patterns based on these
studies. For example, we know that the American oaks form a distinct clade comprising
the sections Quercus (the White Oaks), Lobatae (the Red Oaks), and Protobalanus (the
12
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Figure 2/ “The white oak syngameon of eastern North America (shaded areas)”, reproduced from Hardin
(1975), Figure 1. Hardin focused his study on white oak (Quercus alba), but in this figure he summarizes
all crosses that are known between any species of White Oak believed at the time to be indigenous to North
America east of Oklahoma and Texas. Crosses were inferred from literature, Hardin’s own collections, and
herbarium specimens. Figure courtesy of Journal of the Arnold Arboretum, released by the Missouri Botanical
Garden, Peter H. Raven Library under Creative Commons Attribution-NonCommercial-ShareAlike 4.0 (CC
BY-NC-SA 4.0) license; non-commercial reuse is permitted under the same license, with source attribution.

Intermediate Oaks) (Manos, Doyle, and Nixon 1999). We know that the Eurasian White
Oaks (Quercus robur L. and relatives) are derived from a North American White Oak
ancestor (Denk and Grimm 2010; Hubert et al. 2014). More recent work using genomescale data (Pearse and Hipp 2009; Hipp et al. 2013; Hipp et al. 2014) has been successful
in resolving relationships at a variety of depths throughout the phylogenetic tree,
including relationships much closer to the tips of the tree. The Eurasian White Oaks are
now resolved as monophyletic (Pearse and Hipp 2009), though their placement relative
International Oaks, No. 26, 2015
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to the White Oaks of Eastern North America is ambiguous (Hipp et al. 2013; Hipp et al.
2014). An out-of-Mexico scenario for the American oaks appears to be rejected (Pearse
and Hipp 2009; Hipp et al. 2013; Hipp et al. 2014). Fine-scale relationships appear to be
within reach.
These successes notwithstanding, in the face of hybridization, even limited in scale,
one must ask, what are we finding in our phylogenetic inquiries? The methods we are
constrained to using at this point are extremely broadbrush, genome-scale methods that, at
least to date, have not resolved the histories encoded by genes individually, but have relied
on analysis of the data in combination. Even if we get single, well-resolved phylogenies,
what do they mean against the backdrop of oak hybridization and introgression? Should
we trust the phylogenies that we see? It seems to me that the reality may be one or more
of at least three scenarios:
•

•

•
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Perhaps we are being misled: our phylogeny may really represent local gene flow
masquerading as the history of species divergence. In the worst case, our estimate
of the oak phylogeny might just be a representation of local gene flow. We know, in
fact, that chloroplast phylogenies in oaks tend to track geography rather than species
boundaries (Whittemore and Schaal 1991; Dumolin-Lapegue et al. 1997), and in
the beginning, there was some concern that multi-locus nuclear markers might do
likewise. However, the fact that oak species cohere genetically at wide geographic
ranges in both fine-scale population-level studies (Hipp and Weber 2008; CavenderBares and Pahlich 2009) and our first phylogenetic studies (Pearse and Hipp 2009)
suggests that the patterns we are recovering are not patterns of local gene flow
between populations. Rather, we are tracking a population history that is separate
from, if not independent of, localized gene flow between species.
Gene flow may be sufficient to homogenize species and lineages. Based on what
we know from species-level studies, intraspecific gene flow (the gene flow among
members of a single species) dominates the pattern of genetic variation that we find
in and among oaks. This idea has been presented convincingly as a mechanism for
species coherence in introgressing lineages (Petit and Excoffier 2009), and if true,
such intraspecific gene flow might just as easily retain the history of population
divergence even in the face of interspecific hybridization. Despite the known patterns
of introgression and hybridization among oak species, high rates of gene flow within
species should homogenize species genetically and transfer among individuals of
those species the history of species divergence encoded in mutations and changing
allele frequencies. Given the high rate of species coherence in both microevolutionary
studies (at the species and population level) and macroevolutionary (phylogenetic)
studies, this scenario seems plausible.
Divergence history may be stored preferentially at selected regions of the genome.
Genomic “islands of divergence” are putative regions of the genome at which
species or populations diverge, even as hybridization may homogenize the genome
as a whole (Michel et al. 2010). Such islands of divergence require either very
strong selection (Beaumont and Balding 2004; Via and West 2008) or chromosomal
rearrangements (Rieseberg 2001; Noor and Bennett 2009). While the genome of
Quercus is believed to be rather stable (Duffield 1940; Aykut, Uslu, and Babaç
2011; Kremer et al. 2012), genomically heterogeneous selection is known in the
genus (Sork, Stowe, and Hochwender 1993; Bodénès et al. 1997; Dodd and AfzalInternational Oaks, No. 26, 2015
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Rafii 2004; Saintagne et al. 2004; Lexer, Kremer, and Petit 2006; Goicoechea, Petit,
and Kremer 2012; Guichoux et al. 2013; Lind-Riehl, Sullivan, and Gailing 2014)
and may well play a role in both speciation and species coherence (Morjan and
Rieseberg 2004). If so, phylogenetic estimates might be expected to track selected
genes better than neutral regions of the genome. In the most recent phylogenetic
study in the genus (Hipp et al. 2014), my colleagues and I investigated this question
by mapping genomic markers back to a functional gene database (more formally,
an expressed sequence tag or EST collection for plants), and found that EST-linked
markers (which we expect to be enriched for genome regions under selection,
because they code for genes) are no more phylogenetically conclusive than nonEST-linked markers. The only other genome-scale study of oak phylogeny was
based on amplified fragment length polymorphisms, AFLPs (Pearse and Hipp 2009),
which are presumed to sample mostly from neutral regions of the genome. But these
relatively coarse analyses only suggest that phylogenetically informative sites are
relatively widespread across the genome rather than localized. It may still turn out
that divergence is concentrated in selected regions of the genome. For example,
genes contributing to drought resistance may have a fundamentally different history
from those contributing to freezing tolerance. It might also turn out that lineage
diversification is encoded heterogeneously and in a predictable manner, such that
common regions of the genome tend to harbor the history of lineage diversification
while other regions tend to share readily among lineages. Fine-scale genomic data,
coupled with multilocus phylogenetic data at a range of phylogenetic scales, will be
needed to investigate the genomic architecture of differentiation, and ultimately to
understand what genes shape the oak tree of life.
Given recent successes in fine-scale oak phylogenetics and past success in resolving
species boundaries in oaks using molecular markers, a phylogenetic reconstruction for
oaks, representing a meaningful history of species divergence, appears an achievable goal.
It is not clear, however, how hybridization may still tamper with our understanding of oak
species divergence. Even if there is strong phylogenetic structure in oaks, hybridization
may drag branches of the tree around, and such effects may be difficult or impossible
to detect. Moderate levels of hybridization and introgression may be detectable, but
widespread interspecific gene flow is likely to be a history-effacing process (Sober
1991). Will we fully tease apart evolutionary history from ongoing introgression? Can we
distinguish between ancient introgression events and shared ancestry? Recent statistical
methods will certainly help (Eaton and Ree 2013; Eaton 2014), but as we attack the
evolutionary history of oaks on a large scale, identifying histories of hybridization
will be increasingly complex and essential to our understanding of the oak phylogeny.
The history of oak evolution – the phylogeny of oaks – is certainly real, and largely
understandable. How far we can go remains to be seen.
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