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Whole-tree silvic identifications and the
microsatellite genetic structure of a red oak
species complex in an Indiana old-growth forest

Preston R. Aldrich, George R. Parker, Charles H. Michler, and
Jeanne Romero-Severson

Abstract: The red oaks (Quercus section Lobatae) include important timber species, but we know little about their
gene pools. Red oak species can be difficult to identify, possibly because of extensive interspecific hybridization, al-
though most evidence of this is morphological. We used 15 microsatellite loci to examine the genetic composition of
a red oak community in 20.6 ha of an Indiana old-growth forest. The community included northern red oak (Quercus
rubra L.), Shumard oak (Quercus shumardii Buckl.), and pin oak (Quercus palustris Muenchh.). Species were identi-
fied using whole-tree silvic characters, the approach most often implemented by foresters. We found high genetic diver-
sity within species but limited genetic differences between species. Phenetic clustering showed that Q. rubra and

Q. shumardii were more genetically similar than either was to Q. palustris, but a neighbor-joining tree revealed that
individuals of the different species did not resolve into single-species clusters. We identified four mixed-species
subpopulations using Structure, a computer program based on Monte Carlo simulation. The three largest groups are
consistent with the following biological interpretations: (i) pure Q. rubra, (ii) Q. rubra, Q. shumardii, and their hy-
brids, and (iii) Q. rubra, Q. shumardii, Q. palustris, and their hybrids. We discuss the implications of these findings
for the whole-tree silvic approach to selection and for management of the red oak gene pool.

Résumé : Méme si les chénes rouges (Quercus section Lobatae) comprennent des espéces importantes pour la produc-
tion de bois, peu d’informations existent a propos de leur diversité génétique. Les especes de chéne rouge peuvent étre
difficiles a reconnaitre, possiblement en raison d’une hybridation interspécifique importante. Cependant, ce phénomene
n’est surtout étayé que par des données morphologiques. Les auteurs ont utilisé 15 marqueurs de loci microsatellites
afin d’étudier la composition génétique d’une association de chénes rouges couvrant une superficie 20,6 ha au sein
d’une forét ancienne en Indiana. L’association comprenait le chéne rouge d’Amérique (Quercus rubra L.), le chéne de
Shumard (Quercus shumardii Buckl.) et le chéne des marais (Quercus palustris Muenchh.). Les especes ont été recon-
nues a partir d’un ensemble de caracteres morphologiques et sylvicoles distinctifs. Cette approche est la plus fréquem-
ment utilisée par les forestiers. Une diversité génétique élevée a été remarquée a I'intérieur des especes, mais les
différences génétiques étaient limitées entre les especes. L’analyse de regroupement phénétique a démontré que Q. ru-
bra et Q. shumardii étaient plus similaires génétiquement que 1’un ou I'autre avec Q. palustris. Cependant, le dendro-
gramme découlant de la méthode de « neighbor-joining » a démontré que les individus des différentes espéces ne
formaient pas de groupes cohérents représentatifs de chacune des espeéces. En utilisant la procédure structure, un pro-
gramme d’ordinateur basé sur la simulation Monte Carlo, les auteurs ont identifié quatre sous-populations rassemblant
des individus des différentes especes. Les trois plus grands groupes correspondaient a la classification biologique sui-
vante : (i) Q. rubra pur, (ii) Q. rubra, Q. shumardii et leurs hybrides, et (iii) Q. rubra, Q. shumardii, Q. palustris et
leurs hybrides. Les auteurs discutent des implications de leurs observations sur I’approche d’identification des chénes a
I’aide des caracteres morphologiques et sylvicoles et ce, dans le contexte de la sélection ainsi que pour la gestion des
ressources génétiques chez ce complexe d’especes.
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Introduction

Management of oak gene pools is encumbered by unclear
species boundaries. Generally, there exists a weak correla-
tion between any one morphological trait and the ability to
discriminate species of oaks, as many species exhibit mor-
phological tendencies or affinities rather than fixed differ-
ences (Palmer 1942; Burger 1975; Jensen 1988). It is easy to
find extreme forms of an oak species that exhibit the full
suite of traits as described in field manuals, but a review of
numerous specimens frequently reveals many intermediate
forms.

Such taxonomic uncertainties present a challenge to for-
esters working with large numbers of trees that must be
identified rapidly in the field. Foresters usually rely on whole-
tree silvic characters to select trees for seed crop and nursery
stock (Tomlinson et al. 2000) and timber as well. Here, an
overall phenotype is evaluated based on dendrological char-
acters that tend to distinguish the species (some of economic
interest) such as bole and crown shape, bark, branchiness,
and leaf shape (e.g., Harlow et al. 1996). Although the logs
of some oak species are pooled at the mill with little conse-
quence, knowledge of gene pool structure would benefit
breeding and germplasm management programs. Knowing
whether the whole-tree silvic approach identifies genetically
discrete species of oaks would help guide these management
and improvement programs.

Molecular genetic studies have revealed several instances
in which the gene pools of oak species were poorly differen-
tiated (e.g., Manos and Fairbrothers 1987; Guttman and
Weigt 1989). This null hypothesis of no genetic difference
can arise from low sample sizes, low marker variation, re-
cent speciation, or introgressive hybridization. The former
two factors are readily addressed, especially with the advent
of hypervariable microsatellite markers (Schlotterer 2001).
The latter two factors are more difficult to disentangle and in
some instances are interdependent. The shared retention of
ancestral polymorphisms in recently formed species can pre-
vent the resolution of what are otherwise independent lin-
eages (Pamilo and Nei 1988; Edwards and Beerli 2000). But
recently diverged genomes also are likely to be more tolerant
of continued hybridization. In areas of sympatry, the popula-
tions of hybridizing species may come to share more alleles
at a site than they do with geographically distant conspecific
populations (Whittemore and Schaal 1991; Petit et al. 1997).

There is little evidence of hybrids forming between the
two major groups of oaks, the red oaks (Quercus section
Lobatae) and white oaks (section Quercus), but there is am-
ple evidence of hybridization within each group, especially
the red oaks. Guttman and Weigt (1989) surveyed 10 red and
eight white oak species using 18 isozyme loci and found that
eight loci clearly distinguished the red from the white oaks,
but there was less genetic distance among red oak species
than among white oaks. Extensive research on the morphol-
ogy of red oaks (Jensen 1977, 1988, 1994; Jensen and
Eshhbaugh 1976; Jensen et al. 1984, 1993) supports this
model and implies that many of the species may be fairly
young and that hybridization within the group is widespread.
Patterns of morphological gradation between red oak species
can vary greatly by site, however, and should depend heavily
on the local species composition if hybridization is occurring.
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One of the best-studied red oak hybrid systems involves
northern red oak (Quercus rubra L.), a highly prized timber
species, and northern pin oak (Quercus ellipsoidalis
E.J. Hill), whose branches persist and diminish the value of
its wood. Jensen et al. (1993) revealed a cline of morpho-
metric variation between the species in populations extend-
ing from the Wisconsin mainland into the Apostle Islands.
These same populations showed little isozymic differentia-
tion (Hokanson et al. 1993). The authors concluded that
introgressive hybridization, mainly from Q. ellipsoidalis into
Q. rubra, was the most plausible interpretation for their data.
In a separate study, Tomlinson et al. (2000) evaluated the
utility of selecting seed sources in this complex using silvic
characters of the maternal tree. They categorized 30 mother
trees as Q. rubra, Q. ellipsoidalis, or a putative hybrid using
whole-tree silvics. Subsequent isozyme analysis showed lit-
tle genetic differentiation, and morphometric analyses of
leaves and acorns revealed a continuum consistent with the
presence of hybrids. Multivariate analysis resolved two
groups (Q. ellipsoidalis and Q. rubra plus putative hybrids)
rather than three, and the authors concluded that Q. ellips-
oidalis could be culled from publically collected seed by
whole-tree silvics but that hybrid germplasm may persist.

Here, we examine the microsatellite genetic structure of
Q. rubra, pin oak (Quercus palustris Muenchh.), and Shu-
mard oak (Quercus shumardii Buckl.) in an old-growth for-
est in Indiana. Morsink and Pratt (1984) described a hybrid
swarm involving these three species in Ontario. At our site
in Indiana, individuals were identified to species using whole-
tree silvics (Prentice 1927; Parker et al. 1985), although
individual trees exhibit a variety of pure species and inter-
mediate forms that would suggest a history of hybridization
in the community. We applied 15 microsatellite markers to
address these specific questions: (i) does the whole-tree sil-
vic approach identify species that are genetically differenti-
ated, (if) which species is the most genetically distinct, and
(iii) what are the implications for management given the ge-
netic structure of this red oak community?

Materials and methods

Site and species

The Davis-Purdue Research Forest (DPRF) is located in
east-central Indiana (site descriptions in Parker and Leopold
1983; Parker et al. 1985). The largest stand (20.6 ha) is
among the oldest of the remnant deciduous forests in the
region. Exogenous disturbance has been suppressed since
acquisition of the property by Purdue University in 1917.
Censuses (Prentice 1927; Parker and Leopold 1983; Parker
et al. 1985) have registered seven oak species in the stand
with a combined importance value of 41.2% out of 25 tree
species. Three red oak species were present including
Q. rubra, Q. shumardii, and Q. palustris. Judging from gra-
dation and overlap of morphological traits in some individu-
als, hybrids among these species may also have been
present, namely Quercus xriparia Laughlin (Q. rubra x
Q. shumardii), Quercus xcolumnaris Laughlin (Q. rubra x
Q. palustris), and Quercus xmutabilis Palmer & Steyerm.
(Q. shumardii x Q. palustris). We show characteristic leaves
(Fig. 1) and acorns (Fig. 2) along with some of putative hy-
brid origin.

© 2003 NRC Canada



2230 Can. J. For. Res. Vol. 33, 2003

Fig. 1. Representative morphological diversity of leaf shapes in the red oaks at the Davis-Purdue Research Forest. Group memberships
of the individuals from which the leaves were taken reflect the whole-tree silvic and genetic (program Structure) designations as fol-
lows: A, Quercus rubra (R); B1-2, Quercus shumardii (R x S x P); B3-6, Q. shumardii (R x S); C, Quercus palustris (R x S x P);
D, various species: indeterminate genetic clustering at 90% confidence level toward the center of Fig. 5.
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Fig. 2. Representative morphological diversity of acorn shapes in the red oaks at the Davis-Purdue Research Forest. Group member-
ships are as follows: A, Quercus rubra (R); B1, Quercus shumardii (R x S x P); B2-3, Q. shumardii (R x S); C, Quercus palustris
(R x S x P); D, various species: indeterminate genetic clustering.
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Table 1. Whole-tree silvic characters and habitat used to delineate species in the red oak community at the Davis-Purdue Re-

search Forest.

Trait Quercus rubra Quercus shumardii Quercus palustris

Acorn cup Thick flat saucer Thick flat saucer Thin saucer

Acorn length (cm) 1.5-3 1.5-3 <l.5

Acorn shape Long, narrow or broad Tapers Long as wide

Bark Furrowed Furrowed Smooth

Branch habit Lower branches prune Lower branches prune Lower branches persist
Crown Rounded, bushy Open and spreading Pyramidal, lower drooping
Leaf buds Large (1/4 in.), red, silky tipped = Large (1/4 in.), grey to straw colored  Small (1/8 in.), red

Leaf length (cm) 15-20 15-20 5-15

Leaf lobes 7-11, narrow 7-9, broad 5 (7), narrow

Leaf lobe tips
Leaf sinuses
Soil

4 or fewer, bristle-tipped teeth
Shallow, wide, 1/2-1/3 to midrib
Mesic to xeric, well drained

5-7 bristle-tipped, teeth
Deep, narrow, 3/4 to midrib
Moist depressions and bottomlands

4 or fewer, bristle-tipped teeth
Deep, wide, nearly to midrib
Wet, poorly drained

Trees were identified using the whole-tree silvic method
(see Tomlinson et al. 2000), which is analogous to the stan-
dard selection method used by foresters in the field. Rather
than judging species status based on one or two diagnostic
traits, or on numerous quantitative traits that are later ana-
lyzed using multivariate analyses and computer programs
(e.g., Perron and Bousquet 1997), foresters most often judge
species status based on the overall fit of an individual to a
suite of key traits that typically are drawn from field manu-
als (e.g., Fowells 1965; Little 1980; Harlow et al. 1996) and
dendrology courses. In the case of the DPRF, all stems
210 cm diameter at breast height (DBH) were identified to
species in the field during prior censuses (Prentice 1927,
Parker and Leopold 1983; Parker et al. 1985) using whole-
tree silvic characters (see Table 1 for red oak character
states). Individuals that failed to exhibit all of the character
states of a single species were assigned to the species that
they most resembled. We did not explicitly consider putative
hybrid classes based strictly on morphology but instead
sought to evaluate whether these whole-tree silvic classes
comprised mixtures and hybrids of the three species.

Sampling

We sampled 118 adults 37.4-149.0 cm DBH. According
to the 1998 census, Q. rubra was numerically dominant in
the canopy (N = 603 adults 210 cm DBH, 74.3% of the red
oak community) followed by Q. shumardii (N = 108, 13.3%)
and Q. palustris (N = 101, 12.4%). Consequently, we sam-
pled more Q. rubra (N = 66, 55.9% of total sample) than
Q. shumardii (N = 36, 30.5%) or Q. palustris (N = 16,
13.6%). For genotyping, we used a chisel and hammer to
harvest bark cambium and sapwood (~2 cm x 6 cm, 1-2 cm
thick) from the base of the trunk. Samples remained on ice
until they were brought to the laboratory within 2 days.

Molecular methods

We ground sample tissue from bark cambium and sap-
wood in liquid nitrogen using a wood pulverizer (CertiPrep
6750 freezer/mill; Spex, Inc., Metuchen, N.J.) followed by
further breakup of tissue with a metal bead in an agitating
rotor (FastPrep Biol01; Savant Instruments, Inc., Holbrook,
N.Y.). DNA extraction and microsatellite primer develop-
ment are described in Aldrich et al. (2002). We selected 15
microsatellite loci for the study (Table 2): eight from Aldrich

et al. (2002), one developed from durmast oak (Quercus
petraea (Mattuscka) Liebl.) (ssrQpZAG9; Steinkellner et al.
1997), and five additional loci developed from Q. rubra
(Aldrich et al. 2003). Template concentrations were adjusted
to 5-10 ng/uL. Polymerase chain reaction (PCR) amplifica-
tions (25-uL volume) included 1x Ex Tag buffer (Invitrogen,
Carlsbad, Calif.; proprietary except 2.0 mmol/L MgCl,),
100 pmol/LL dNTP each, 72 nmol/L of each upper and lower
primer, 0.01 U of Takara Ex Taq polymerase/lL (Invitrogen),
and 0.2-0.4 ng DNA/UL. PCR profiles were 94 °C for 1 min;
40-50 cycles of 94 °C for 30 s, T, for 45 s, and 72 °C for
1.5 min; and 72 °C for 10 min. We analyzed fragment sizes
on an eight-capillary CEQ2000XL genotyper (Beckman
Coulter, Inc., Fullerton, Calif.) after initial screens on 1.5%
agarose gels (1x TAE). Nonoverlapping loci were pooled
and ethanol-precipitated. The forward primer was 5" end la-
beled with phosphoramadite dyes (D2-PA, D3-PA or D4-
PA; Invitrogen, Carlsbad, Calif.) allowing detection of +1 bp
size differences judged relative to a 22-band standard (60—
420 bp). We called +A or —A alleles consistently within a
locus, and in cases where loci exhibited stutter bands, we se-
lected the tallest peak as the allele.

Analyses

We analyzed genetic structure using the program Genetic
Data Analysis (Lewis and Zaykin 2001). We report single-
locus diversity indices for the Q. rubra — Q. shumardii —
Q. palustris complex and multilocus estimates for individual
species. We tested each locus for Hardy—Weinberg (HW)
disequilibrium using Fisher’s exact test (3200 permutations).
Inbreeding coefficients measure the extent to which the spe-
cies within the complex have differentiated over time. The F
(equivalent to Fyp; Wright 1951) measures inbreeding of in-
dividuals relative to the species complex, f (or Fig) is the in-
breeding in individuals relative to their species, and 6, (or
Fgr) represents inbreeding within species relative to the
complex (Weir and Cockerham 1984; Weir 1996, chap. 5).
We report locus-specific inbreeding coefficients, means, and
95% confidence intervals based on 1000 bootstrap replicates
across loci. We also produced an unweighted pair group
method arithmetic average (UPGMA) phenogram of the
three species using Nei’s (1972) genetic distance.

We employed two methods of assigning individuals to
groups based on their multilocus genotypes to further judge

© 2003 NRC Canada
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Table 2. Genetic diversity at 15 microsatellite loci for the entire red oak species complex
(Quercus rubra, Quercus shumardii, and Quercus palustris).

Locus N A H, H, f F ep
quru-GA-0A01 108 9 0.569 0.481 0.117* 0.177 0.068
quru-GA-0A03 109 16 0.895 0.908 -0.020 -0.011 0.009
quru-GA-0C19 109 18 0917 0.807 0.111% 0.127 0.018
quru-GA-0121 106 14 0.893 0.934 -0.049 -0.043 0.006
quru-GA-OM07 99 13 0.836 0.707 0.145%* 0.153 0.009
quru-GA-1C06 110 26 0.880 0.818 0.069 0.071 0.003
quru-GA-1C08 99 15 0.685 0.596 0.119* 0.129 0.011
quru-GA-1D09 104 15 0.851 0.798 0.06 0.063 0.003
quru-GA-1FO02 113 18 0.855 0.912 -0.068 -0.064 0.003
quru-GA-1F07 99 23 0.921 0.919 0.004 0 -0.004
quru-GA-1G13 107 14 0.753 0.729 0.033 0.032 -0.001
quru-GA-1H14 105 26 0.916 0.848 0.068 0.078 0.011
quru-GA-2G07 112 12 0.488 0.393 0.195 0.192 -0.003
quru-GA-2N03 95 17 0.820 0.832 -0.016 -0.011 0.005
ssrQpZAG9 106 20 0.847 0.877 -0.053 -0.024 0.027
Mean 105.4 17.1 0.808 0.771 0.04 0.05 0.01
Upper bound 0.078 0.088 0.019
Lower bound 0.002 0.011 0.005

Note: N, number of trees; A, number of alleles per locus; H,, expected heterozygosity; H,, observed

0?

heterozygosity; f, F, and 6,, inbreeding coefficients (Fis, Fyy, and Fgr, respectively). Upper and lower
bounds on inbreeding coefficients are 95% confidence intervals based on 1000 bootstrap replicates.
*Rejection of HW equilibrium based on Fisher’s exact test (P < 0.05).

the correspondence between morphologically based species
determinations and genetic composition in the red oak com-
munity. First, we produced a neighbor-joining tree of indi-
viduals using the Neighbor subroutine of the program
PHYLIP (Felsenstein 1989). This approach used a pairwise
allele-sharing distance matrix (Mountain and Cavalli-Sforza
1997) calculated as follows. For a pair of individuals geno-
typed at L loci, add 1/L for every locus in which they shared
no alleles, 1/(2L) for every locus in which they shared one
allele (i.e., AA:AB or AB:AC), and O for every locus for
which two alleles are shared (i.e., AA:AA or AB:AB). The
result is an unrooted tree of individuals, labeled by species,
and clustered according to genetic affinities.

We also used the program Structure (Pritchard et al.
2000), a Markov chain Monte Carlo (MCMC) clustering ap-
proach that assigns individuals to K subpopulations, or clus-
ters, based on their multilocus genotypes. Individuals are
assigned in a fashion that minimizes the amount of HW or
gametic disequilibrium present within populations. Popula-
tion allele frequencies are estimated simultaneously. Null al-
leles might have adverse effects on the clustering (Pritchard
2000), so we based our analysis on the 11 loci conforming
to HW expectations. All runs involved 10° MCMC repeti-
tions after an initial burn-in period (N = 10%).

Results

Genetic structure

These 15 loci revealed fairly high levels of diversity in the
red oak complex but limited genetic differentiation among
the three species (Table 2). The number of alleles per locus
varied from 9 to 26 (mean 17.1). There were numerous pri-
vate alleles (N = 76), i.e., those occurring only in one spe-

Table 3. Genetic diversity for individual species
based on 15 microsatellite loci.

Species N A H, H, f

Q. rubra 58.6 149 0.809 0.774 0.043
Q. shumardii  32.1 129 0.812 0.781 0.039
Q. palustris 14.7 84 0.762 0.737 0.034
Mean 35.1 121 0.794 0.764 0.039

Note: See Table 2 for definitions of variables.

cies, but these were all low frequency (Q. rubra: N = 45,
mean frequency = 0.0187; Q. shumardii: N = 27, mean fre-
quency = 0.021; Q. palustris: N = 3, mean frequency =
0.049). Six loci exhibited the same most common allele in
each species. The other nine loci differed among species as
follows: Q. rubra and Q. shumardii carried different most
common alleles at four loci, Q. rubra and Q. palustris at
five loci, and Q. shumardii and Q. palustris at six loci.
Observed heterozygosities were high (mean H, = 0.771)
and overall very similar to the expected values (mean H, =
0.808) (Table 2). The levels of genetic diversity detected in
each species were very similar (Table 3). The number of al-
leles per locus (A) is probably most sensitive to sample size,
and the estimates of A increased with N, as expected.
Observed and expected heterozygosities were very similar
between species, and there was only a minor deficit of het-
erozygotes present in each species considering all 15 loci.
Over all 15 loci, inbreeding within species (mean f =
0.040) and within the species complex (mean F = 0.050)
was small but significant (Table 2). Similarly, genetic differ-
entiation among species was limited (mean 6, = 0.010) but
significant. Most loci conformed to HW expectations except
for four (quru-GA-0AO0I, quru-GA-0CI19, quru-GA-OMO7,
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Fig. 3. Unweighted pair group method arithmetic average
phenogram based on Nei’s (1972) genetic distance showing rela-
tionships between the three red oak species according to evi-
dence from 15 microsatellite loci.

Quercus rubra

Q. shumardii

Q. palustris

0.057 0.043 0.029 0.014 0.000

Nei’s genetic distance

and quru-GA-1CO8) that registered a significant hetero-
zygote deficit by Fisher’s exact test (P < 0.05) (Table 2).
The deficit at quru-GA-2G07 was comparable in magnitude
but did not register as significant.

Clustering methods

Phenetic clustering of species (Fig. 3) showed that
Q. rubra was more similar genetically to Q. shumardii than
either was to Q. palustris. The level of resolution was very
limited, however, with the deepest branch involving a ge-
netic distance (Nei 1972) of only 0.057.

Individuals did not resolve into distinct monospecific
clusters when genetic data were analyzed using the
neighbor-joining method (Fig. 4). Some portions of the un-
rooted tree comprised predominantly Q. rubra individuals
and the Q. palustris samples clustered mainly on the right
side of the tree, but otherwise, it was difficult to discern
clear species-based clustering.

The program Structure resolved four subpopulations in the
species complex (Table 4). Using Bayes’ Rule (formulae in
Pritchard 2000), we found that P(K = 4 subpopulations) =
0.999, P(K = 5) = 0.001, and P(K = 1-3, 6) < 0.001 in the
DPREF red oaks. There was not a clear correspondence be-
tween the inferred clusters and the silvic species designation
of the individuals. Most individuals were assigned to either
one of two clusters (2 and 3), and all clusters were a mixture
of the three species. Only three individuals were assigned to
cluster 4 using 90% probability intervals, and these may rep-
resent migrants from another stand. We visualized popula-
tion substructuring in three-dimensional space (Fig. 5) by
collapsing the rare fourth dimension and representing indi-
vidual positions in triangular space as standardized g, g,
and g5 estimates, wherein g, is the probability of member-
ship in each of the inferred k subpopulations and is the verti-
cal distance from the opposite side of the triangle.

Discussion

Genetic structure and species relationships

We found significant genetic differentiation among spe-
cies within the DPRF red oak community, but the magnitude
of the differentiation (8, = 0.010) was small and commensu-
rate with values reported elsewhere for differences among
populations within Q. rubra. These isozyme studies of
Q. rubra range in scale from comparisons across adjacent
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Fig. 4. Unrooted neighbor-joining tree (Felsenstein 1989) show-
ing genetic similarities among individuals of three red oak spe-
cies. Genetic distances among individuals were calculated using
a pairwise allele-sharing matrix (Mountain and Cavalli-Sforza
1997) determined from microsatellite genotypes.
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Table 4. Proportion of membership of each species
in each of four subpopulation clusters inferred by
the program Structure (Pritchard et al. 2000).

Cluster
Species 1 2 3 4
Q. rubra 0.272 0.294 0.405 0.030
Q. shumardii 0.025 0.253 0.708 0.014
Q. palustris 0.053 0.343 0.525 0.080

subpopulations (Fgp = 0.011, Sork et al. 1993) to eight pop-
ulations from Pennsylvania (Ggp = 0.009; Schwarzmann and
Gerhold 1991) and 10 populations from several states in the
Midwest (Fgr = 0.092; Sork et al. 1993). Guttman and
Weigt (1989) compared the three species that we studied and
found that they were poorly differentiated at isozyme loci;
Q. shumardii and Q. rubra shared the same most common
allele at 17 of 18 loci and Q. palustris and Q. rubra at 16 of
18 loci. Quercus palustris was most genetically distinct in
our study, which agrees with conclusions drawn from
isozyme research (Manos and Fairbrothers 1987; Guttman
and Weigt 1989).

Whole-tree silvics

The whole-tree silvic approach failed to resolve distinct
red oak species at the DPRF according to the neighbor-
joining tree and the Monte Carlo clustering algorithm. This
indicates a fairly weak perceived association at this site be-
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Fig. 5. Resolution of substructuring in the gene pool of the red oak complex at the Davis-Purdue Research Forest (DPRF) based on
analysis using Structure, a Markov chain Monte Carlo program (Pritchard et al. 2000). Symbols represent individual trees identified to
species (circles, Quercus rubra; squares, Quercus shumardii; triangles, Quercus palustris) using whole-tree silvics. The position of each
symbol in triangular space denotes the respective probability of membership (g;) of that individual in each of the three most common
subpopulations inferred by this analysis at the DPRF. Symbols near the uppermost apex reside in a cluster (R) that is mostly Q. rubra
(g, is the distance from the bottom edge), symbols near the rightmost apex reside in a cluster (R x S) that contains mostly individuals
identified as either Q. rubra or Q. shumardii, and the leftmost apex (R x S x P) contains a mixture of all three species. Symbols that
failed to cluster near any of the apices may be advanced generation hybrids.

tween phenotypic traits commonly used to identify these
species and the underlying patterns of genetic variation as
measured by these 15 loci. Potential causative factors in-
clude (i) inadequacies of the whole-tree silvic approach and
(i) phenotypic and genetic overlap between species as a
result of recent speciation or repeated hybridization and
introgression.

A preponderance of errors in the whole-tree silvic assign-
ments because of phenotypic or developmental plasticity, for
instance, could mean that the three groups resolved in Fig. 5
represent the pure species Q. rubra (R, cluster 1), Q. shu-
mardii (R x S, cluster 2), and Q. palustris (R x S x P, clus-

ter 3). It is possible, then, that rigorous morphological mea-
surements followed by computer analyses would resolve the
assignments into pure species groups, although wide appli-
cation of such a time-intensive approach is unlikely in ap-
plied forestry. It also is conceivable that other morphological
characters that we did not consider may have provided better
resolution of these three species, although the traits that we
used are frequently cited as most useful (e.g., Fowells 1965;
Little 1980; Harlow et al. 1996). Ultimately, it may be that
there are few truly diagnostic morphological traits distin-
guishing the red oak species (Palmer 1942; Burger 1975;
Jensen 1988). Regardless of causation, however, it is clear
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that the whole-tree silvic approach yielded species groups
that were poorly differentiated genetically.

Our results corroborate other findings that morphological
markers can be poor indicators of underlying genetic struc-
ture in some groups of tree species. Perron and Bousquet
(1997) reported that species-specific markers for black
spruce (Picea mariana (Mill.) BSP) and red spruce (Picea
rubens Sarg.) were more effective at identifying naturally
occurring hybrids than were morphological traits, even after
analysis with a discriminant function. Tomlinson et al.
(2000) showed that whole-tree silvic identifications of Q. ru-
bra, Q. ellipsoidalis, and putative hybrids revealed only lim-
ited genetic differences based on isozyme markers. They
also used multivariate morphometric analysis but could not
distinguish Q. rubra from the putative hybrids, although they
could distinguish Q. ellipsoidalis. Similarly, we were most
able to distinguish Q. palustris as a distinct entity by use of
an MCMC genetic clustering algorithm, whereas Q. rubra
was the least distinct of the three species. If the phenotypic
overlap seen in this study and in Tomlinson et al. (2000)
arose from fairly recent speciation and (or) ongoing hybrid-
ization, the failure of the whole-tree silvic method to sepa-
rate these species simply reflects the underlying biology of
the group. Indeed, Kashani and Dodd (2002) used 311 poly-
morphic amplified fragment length polymorphism AFLP
band classes and still resolved few differences between two
California red oak species (Quercus parvula var. shreveii
and Qurcus wislizeni) suspected of hybridization and (or) re-
cent divergence.

Recent speciation and hybridization

We cannot determine if recent speciation or introgression
has played a larger role in limiting genetic differences be-
tween these species, and indeed the two mechanisms may
act synergistically to limit the effectiveness of whole-tree
silvic identifications. Most red oak species appear to have
sufficient phenotypic cohesion to be recognizable over large
expanses of territory (Harlow et al. 1996), like the European
white oaks that retain phenotypic and genetic distinctions
despite extensive hybridization (Muir et al. 2000). Failure of
the neighbor-joining and MCMC approaches to resolve dis-
tinct lineages in our study may owe to several factors relat-
ing to speciation and hybridization dynamics. (i) Resolution
of relationships in a three-species group from a single site,
such as ours, may pose a significantly more complex prob-
lem compared with a two-species group collected from nu-
merous sites, as with the European white oaks (Muir et al.
2000). In the latter case, subtle differences between the spe-
cies may become evident if they are retained across several
geographic locations. (i7) Stands can differ greatly in the de-
gree to which morphological boundaries blur between red
oak species (Jensen 1988). Populations of oak species in
old-growth forests would have a long history of sympatry
with ample opportunity for the accumulation of advanced
generation crosses. The result may be a complex patchwork
of genomic segments shared among the species, something
that might be less noticeable in stands with a higher rate of
turnover and shorter bouts of sympatry between population
pairs of different oak species. (iii) Many red oak species
may have evolved more recently than the white oak species
(e.g., Guttman and Weigt 1989), in which case, red oak lin-
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eages could be fundamentally more difficult to resolve, as
less time has elapsed for the fixation of distinct alleles in the
process of lineage sorting. (iv) It also is possible that differ-
entiation of oak species depends on changes at fairly few
places in the genome so that a sample of relatively few loci
might result in numerous loci showing little differentiation
across species and only a few, if any, of the sampled loci re-
vealing substantial differences. The latter might explain the
heterogeneous values of 0 reported here (Table 2).

If one accepts a history of hybridization among red oaks
at the DPREF, then the interpretation of the MCMC clustering
results is fairly straightforward. The red oak community
comprises three primary subpopulations or demes: relatively
pure Q. rubra (R, cluster 1), Q. rubra x Q. shumardii (R x
S, cluster 2), and Q. rubra x Q. shumardii x Q. palustris
(R x S x P, cluster 3). This is not to say that the R x S
subpopulation consists entirely of Q. xriparia, for example,
but the genetic and morphological evidence is consistent
with the presence of this hybrid along with the parental
forms. The extent to which advanced generation hybrids are
present is unclear and would require a more thorough exami-
nation of hypotheses regarding relationships among the
multilocus genotypes. It is reasonable to assert, however,
that individuals that fail to cluster near the vertices of the tri-
angle (see also Figs. 1D and 2D) may represent later stages
of introgression that have accumulated over a long history of
sympatry in the old-growth stand.

The case for hybridization and introgression between
Q. rubra, Q. shumardii, and Q. palustris is compelling based
on published nongenetic reports. Naturally occurring hybrids
have been described formally for all pairwise crosses
(Palmer and Steyermark 1935; Laughlin 1963, 1964). Jensen
(1994) characterized a number of trees as putative
Q. xriparia in a northern Indiana woodlot that also con-
tained the pure parental species Q. rubra and Q. shumardii.
Putative hybrids displayed a mixture of parental traits in
leaves and fruits, and morphometric analysis showed that
hybrids occupied an intermediate position between parent
species. The author concluded that there had been consider-
able local introgression at this site. Similarly, Q. xcolumn-
aris (Q. rubra x Q. palustris) was first described by
Laughlin (1964) who claimed to have identified both back-
cross and F; individuals in an Illinois woodlot. He noted that
the leaf characters looked more like Q. palustris but the
acorns were more like Q. rubra.

Morsink and Pratt (1984) described a hybrid swarm be-
tween Q. rubra, Q. shumardii, and Q. palustris in Ontario,
Canada, that resembles the DPRF red oak community. Both
sites involved soil with poor internal drainage and standing
surface water during the winter and spring, with Q. rubra in
the better-drained areas. They described the Ontario commu-
nity as a Shumard oak hybrid complex, Q. shumardii hybrid-
izing primarily with Q. palustris (i.e., Q. xmutabilis) and
secondarily with Q. rubra (i.e., Q. Xriparia), judging from
leaf and acorn morphology, bark, and branching habit. Simi-
larly, at the DPREF, each of the subpopulations that we identi-
fied by genetic means contained the most common species
(Q. rubra) either as a fairly pure entity (R) (Fig. 5) or as part
of a mixed-species group or putative hybrid complex (R x S,
R x S x P). It makes sense that the most abundant species
(Q. rubra, DPRF; Q. shumardii, Ontario) would have the
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greatest opportunity to occur as a pure entity and to cross
with all other species in the stand because of its frequency
advantage. By contrast, gene pools of the less common spe-
cies (Q. palustris, DPRF) should be more subject to dilution
by introgression (R x S x P), since the rare species would
cross most often to the common species. Fowells (1965)
noted that their flowering periods overlap. After several gen-
erations, most individuals of the rare species would carry at
least a few introgressed traits of the common species. Such
morphological mosaics were evident both in Ontario and at
the DPRF.

Practical implications for germplasm management

It is reasonable to expect that the whole-tree silvic ap-
proach will fail to identify genetically distinct red oak spe-
cies under many circumstances. This may arise from errors
in the methodology that generate misclassifications, or there
simply may be no clear boundaries between some species.
Consequently, the selection of seed crop and nursery stock
from red oak species complexes may draw from a broader
gene pool than is intended. This may be desirable in a
Q. rubra — Q. shumardii complex, since both species pro-
duce good-quality timber (Harlow et al. 1996), but it is more
problematic if lower-quality species are present. Tomlinson
et al. (2000) determined that pure Q. ellipsoidalis could be
removed from seed collections using silvic methods but that
hybrid germplasm would be unavoidably pooled with that of
pure Q. rubra. We have found a similar pattern at the DPRF.
We could use whole-tree silvic identifications to avoid col-
lecting from what appears to be the purest portion of the
Q. palustris gene pool (R x S x P) (Fig. 5). However, several
individuals in this cluster were identified morphologically as
Q. rubra and Q. shumardii despite their overall genetic affin-
ities with Q. palustris. These individuals may carry some of
the key genes that typify Q. rubra and Q. shumardii embed-
ded in a Q. palustris genomic background.
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