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Genetic diversity of butternut (Juglans cinerea)
and implications for conservation

Amy Ross-Davis, Michael Ostry, and Keith E. Woeste

Abstract: The management of threatened and endangered species can be improved by understanding their patterns of ge-
netic diversity and structure. This paper presents the results of the first analysis of the population genetics of butternut (Ju-
glans cinerea L.) using nuclear microsatellites. Butternut once was an economically and ecologically valuable hardwood,
but now its numbers are rapidly decreasing throughout its native range in eastern North America. By genotyping butternut
trees (n = 157) from five populations at seven highly polymorphic loci, we determined that the remaining genetic diversity
for the species is considerably higher than previously estimated (mean He = 0.75). Populations were nearly genetically ho-
mogenous (Fsr = 0.025), with no evidence of isolation by distance. These results indicate that butternut retains a large
amount of genetic diversity, and that it is not too late to implement strategies to conserve local butternut populations.

Résumeé : La gestion des especes menacées et en voie de disparition peut étre effectuée de fagon plus judicieuse par la
compréhension des patrons de diversité genétique et de sa structure. Les auteurs ont analysé pour la premiere fois la génét-
ique des populations du noyer cendré (Juglans cinerea L.) au moyen de loci nucléaires de microsatellites. Le noyer cendré
était jadis une espece feuillue précieuse du point de vue économique et écologique avant de voir ses effectifs diminuer rap-
idement partout dans son aire de distribution naturelle dans I’est de I’ Amérique du Nord. Les auteurs ont déterminé les
génotypes des noyers cendrés (n = 157) de cing populations pour sept loci hautement polymorphes. La diversité genétique
résiduelle de I’ espece est apparue considérablement plus élevée que les estimations antérieures (He moyenne = 0,75). Les
populations étaient quasi homogenes génétiquement (Fsr = 0,025), ne présentant aucun indice d’ isolement par la distance.

Ces résultats indiquent que le noyer cendré a conservé une diversité genétique elevée et qu'il n’est pas trop tard pour
mettre en application des stratégies visant a conserver des populations locales de cette espece.

[Traduit par la Rédaction]

Introduction

Butternut (Juglans cinerea L.) is a short-lived tree species
being extirpated throughout most of its native range (Fig. 1)
by an epiphytotic of butternut canker disease (Nielsen et al.
2003; Schultz 2003). Dramatic declines in butternut popula-
tions over the past few decades have resulted in the listing
of butternut as endangered in Canada (Nielsen et al. 2003)
and as a regional forester sensitive species in the USA. The
disease was reported first in Wisconsin in 1967 (Renlund
1971), but it is believed to have spread from the southeast-
ern USA (Nesom 2005). The causal agent of butternut can-
ker, the fungus Srococcus clavigignenti-juglandacearum
Nair, Kostichka & Kuntz, was not described as a new spe-
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cies until 1979 (Nair et a. 1979). The origin of the fungus
is unknown; the genetic uniformity of the pathogen, how-
ever, probably indicates that it is a recently-introduced
exotic species (Renlund 1971; Ostry 1997; Furnier et al.
1999). The fungus causes branch and stem cankers that ulti-
mately girdle and kill host trees. Although butternut is sus-
ceptible to damage from other diseases and pests (Rink
1990), butternut canker is the greatest threat to the species
existence. By the 1990s, 91% of the butternut trees in Wis-
consin were diseased (Schultz 2003), with similar infection
trends reported across the species range (Nielsen et al.
2003; Ostry and Woeste 2004; Schultz 2003) and the great-
est losses occurring in the southern USA (Thompson et al.
2006). In Canada, butternut canker was first detected and
confirmed in Ontario and Quebec in 1991 (Davis et a. 1992)
and in New Brunswick in 1997, where it was thought to have
been present for at least 7 years (Harrison et al. 1998).

Butternut grows best on well-drained rich (often riparian)
soils. It is typically found in highly dispersed populations of
a few widely scattered individuals in mixed-hardwood for-
ests. Butternut was also historically planted on farmsteads
throughout its range to provide a convenient source of nuts
(Nesom 2005). Butternut’s soft, tan heartwood is used for
cabinet work, furniture, instrument cases, paneling, and turn-
ery, and its sweet oily nuts are valued by humans for their
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Fig. 1. Map showing native range of butternut and approximate locations of sampled populations. For details concerning sample sites, see

Table 1. Image from Little (1971).
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flavor as well as by wildlife as a source of mast (Ostry and
Pijut 2000). Butternut bark, roots, and husks have been tra-
ditionally used for medical purposes (e.g., as a laxative;
Krochmal and Krochmal 1982), and the husks were used by
Native Americans, early settlers, and the Confederate Army
to make orange- or yellow-brown dye (Peattie 1950). Native
Americans and early settlers also extracted oil from crushed
butternuts and collected butternut sap to make syrup
(Goodell 1984).

Efforts to conserve butternut are ongoing and have in-
cluded analyses of genetic diversity based on alozyme loci
(Morin et a. 2000) and breeding programs for the develop-
ment of disease-resistant individuals (Michler et al. 2005).
Research based on allozyme loci reported low levels of ge-
netic diversity partitioned within and among butternut popu-
lations in the northern portion of the species range (Morin et
al. 2000). In this paper, we present the results of the first
PCR-based analysis of genetic parameters for butternut pop-

300 400 500 600 km
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ulations. Microsatellite markers often have greater resolution
(i.e., higher levels of polymorphism) than allozyme markers,
and thus provide more statistical power to analyze popula-
tion differentiation and disequilibrium (Estoup et al. 1998).
To gain insight into whether recent demographic changes in
butternut populations are reflected in measures of population
genetic parameters such as alelic diversity (AR) and inbreed-
ing, we will compare values obtained for butternut using mi-
crosatellites with those observed by Morin et a. (2000) in
butternut populations unaffected by canker and with recently
published estimates for black walnut (Juglans nigra L.; Vic-
tory et al. 2006), a sympatric congener with reproductive
and life history traits similar to butternut (Rink 1990).

Materials and methods

Plant material
Leaf samples were collected from 157 mature butternut

© 2008 NRC Canada



Ross-Davis et al. 901
Table 1. Collection site locations and characteristics of sampled Juglans cinerea populations.
No. of  Estimated stand
Population Location Coordinates trees age (years) DBH (cm)? Height (m)®
1 (DBNF) Daniel Boone National Forest, Kentucky, USA 37°N, -83°W 36 40-50 33.45+12.27 16.04+7.62
2 (MACA)  Mammoth Cave National Park, Kentucky, USA  37°N, -86°W 32 40-50 35.23+10.26 19.61+4.70
3 (HNF) Hoosier Nationa Forest, Indiana, USA 38°N, 86°'W 44 3040 25.81+6.81 17.83+4.23
4 (WI) Whitewater, Wisconsin, USA 43°N, 89°W 36 45 28.52+9.40 Datanot available
5 (Ontario)  Havelock, Ontario, Canada A4°N, =7T7°W 9 Unevenaged 1040 Datanot available  Datanot available
“‘Mean = SD.
"Mean + SD.

trees found in five discrete and geographically distant loca-
tions throughout the species native range (Table 1; Fig. 1).
Samples were acquired using a line tied to a 12 oz (1 oz =
28.4 g) weight fired into tree canopies using a sling shot
(BigShot, Sherrill Inc., Greensboro, North Carolina). A
small number of leaves were shaken from the canopy of
each tree and placed into labeled sealed bags and stored on
ice until they were brought to Purdue University where they
were freeze-dried. Each tree was photographed and its loca-
tion fixed with a geographic positioning system (Garmin
GPS Il Plus, Garmin International Inc., Olathe, Kansas).
Stand age was estimated for all populations based on age—
diameter relationships described in Clark et a. (2008). Stand
age for the Wisconsin (WI) population was known to be
about 45 years, and the trees in the Havelock, Ontario, pop-
ulation were uneven aged, ranging in size from saplings to
trees 55 cm diameter at breast height (dbh).

DNA extraction, quantification, amplification, and
genotyping

Genomic DNA was extracted from freeze-dried leaves as
described by Victory et a. (2006). All samples were quanti-
fied using a ND-1000 spectrophotometer (NanoDrop Tech-
nologies, Inc., Wilmington, Delaware). Seven previously
characterized microsatellite loci were chosen for genotyping
because we had aready verified that these loci produced
consistent and clear results (Ross-Davis and Woeste 2007).
To assure that there were no obvious problems with allele
dropouts, null alleles, and scoring, the conformation of each
locus to Hardy—Weinberg genotypic proportions was tested
and verified using FSTAT software, by permuting aleles
among individuals within populations 700 times and using
the globa F,5 estimate across populations as a test statistic
(one-tailed test). HW-QuickCheck software, which uses an
exact test (one-tailed) and 17000 random permutations (Ka
linowski, In Press), was also used. PCR conditions and gen-
otyping were performed as described in Victory et al.
(2006), except products were separated using an ABI 3730
sequencer (Applied Biosystems, Foster City, California).
Fragment length data were collected using Gene Scan Anal-
ysis version 3.1 (Perkin Elmer, Waltham, Massachusetts)
software, and genotypes were assigned with the aid of Gen-
otyper version 2.5 (Perkin Elmer) software. Previously pub-
lished black walnut genotypes (Victory et a. 2006) were
initially used as size standards to calibrate alele sizes, then
two butternut samples with previously assigned allele sizes
were amplified with the rest of the samples in each PCR
plate as alele scoring standards. In each amplification plate,
one well without DNA but containing all other PCR re-
agents was amplified with the rest of the samples and used

as a negative control. For other details concerning the scor-
ing of loci, see Ross-Davis and Woeste (2007). Genotypes
were scored for each individua from at least two independ-
ent amplifications, and any samples that could not be defin-
itively scored were reamplified and genotyped until the
alele sizes could be definitively determined.

Genetic analysis

FSTAT version 2.9.3.2 (Goudet 1995) software was used
to estimate global F statistics (Fs (individuals relative to
their subpopulations), Fit (individuals relative to the total
sampled population), and Fsr (the divergence of subpopula
tions in the total sample)) within and among populations,
heterozygosity estimates (Hg (expected), Ho (observed), Hs
(mean), H; (expected under Hardy—Weinberg equilibrium
for the total population)), and the number of total and pri-
vate alleles per locus. FSTAT was used to calculate allelic
richness, which was adjusted by rarefaction to a common
population size of nine, the smallest population sampled.
F,s estimates for each population were tested for significant
departure from expectation (o = 0.05, two-tailed test) based
on 700 randomizations within populations using FSTAT.
SPAGeDi (Hardy and Vekemans 2002) software was used
to estimate the coefficient of gene differentiation (Gst), He
corrected for sample size, and the standard distance, Ds,
which is an unbiased estimator useful for small sample sizes
(Nei 1978). Population migration rate, N,,, was estimated us-
ing Genepop (Raymond and Rousset 1995), based on the
method of Barton and Slatkin (1986). Tests for bottlenecks
were performed using Bottleneck version 1.2.02 (S. Piry, G.
Luikart, and J.-M. Cornuet. www.montpellier.inra.fr/fURLB/
bottleneck/bottleneck.html) with the two phase model (TPM)
under a range of conditions, including the default settings
(variance = 30, probability = 70%) and variance set to
12% with probability at 70%, 80%, and 90% (Cornuet and
Luikart 1996). A Mantel test of association between ge-
netic and geographic distance was performed using Gene-
pop (Raymond and Rousset 1995).

Results

The overall multilocus heterozygosity (H; = 0.762; Nei
1977) and the mean number of alleles per locus, termed AR,
(AR = 12.4; Table 2), indicated that the sampled butternut
populations, which spanned the center of the species range,
were genetically diverse. The number of alleles per locus
ranged from 6 (WGA 090) to 20 (WGA 004), with the
number of private aleles within populations ranging from
1 (WGA 090 and WGA 221) to 6 (WGA 004). The Hoosier
National Forest (HNF) population had 10 private aleles,
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Table 2. Total number of genotypes, alele size range, number of aleles, alelic richness (adjusted to a common popu-
lation size of n = 9), and private alleles observed for each locus surveyed in sampled Juglans cinerea populations.

Locus No. of genotypes Allele sizerange (bp) No. of alleles  Allelic richness  No. of private aleles
WGA 004 155 225273 20 7.9 62

WGA 090 156 126-144 6 3.9 1P

WGA 142 155 161-199 10 4.8 4°

WGA 148 157 232-264 13 6.6 4d

WGA 204 156 168-200 15 7.1 4¢

WGA 221 157 227-247 8 55 1f

WGA 256 157 205241 15 8.1 39

Mean 156.1 — 124 33

“Size 239 bp in DBNF population; size 263 in MACA population; sizes 227, 259, 267, and 271 in HNF population.

"Size 144 bp in MACA population.

‘Sizes 161 and 183 bp in DBNF population; size 199 in MACA population; size 185 in HNF population.
“Size 232 bp in DBNF population; sizes 250 and 262 in MACA population; size 264 in HNF population.
“Sizes 192 bp in DBNF population; size 168 in MACA population; size 196 in HNF population; size 200 in WI population.

/Size 247 in HNF population.

$Size 205 in MACA population; sizes 239 and 241 bp in HNF population.

more than any other population. Mean within-population al-
lelic richness (adjusted to a common sample size) ranged
from 4.7 (for the Havelock, Ontario population) to 6.5 (for
the HNF population). The Daniel Boone National Forest
(DBNF), Mammoth Cave National Park (MACA), and WI
populations had mean allelic richnesses of 6.2, 6.2, and 5.1
alleles per locus, respectively. Sixty-six of the 87 aleles
(76%) were uncommon, occurring with an overall fre-
quency of <0.10. Private aleles, al of which occurred at
within-population frequencies of <0.02, accounted for 35%
of the uncommon alleles; ergo, 65% of the uncommon al-
leles were found in more than one population. Slatkin
(1985) proposed that the frequency of rare aleles could be
used to estimate N;. The estimate of N, for the popula-
tions in our study was relatively high (8.19, corrected for
population sizes), where N, > 1 is considered sufficient to
counteract the effects of drift and local directional selec-
tion, even in small populations (Ellstrand 1992).

Ho within populations ranged from 0.68 (for the WI pop-
ulation) to 0.83 (for the Havelock, Ontario population), with
an overall Hg of 0.76 (Table 3). Hg values significantly dif-
fered from Hg values across populations at a small number
of loci (Table 3), but in general, Hg values were nearly the
same as those expected under Hardy—Weinberg equilibrium
(HWE). Thus, the butternut popul ations we sampled approxi-
mated random mating. Accordingly, overal F,s estimates
were low and not significantly different from zero (-0.002 +
0.0126; SE based on jackknife). Values of F5 (fixation
within populations) ranged from —0.148 (for the Havelock,
Ontario population) to 0.022 (for the MACA population),
but the value of F;s was not significantly different than
zero for any population (Table 3). The overall negative
value of Fs, although statistically not significantly differ-
ent from zero, appears to reflect a strong influence of the
Havelock, Ontario population. Overall F statistics (+SE
based on jackknife; F;+ = 0.023 £ 0.013 and Fsr, @ measure
of population differentiation, = 0.025 + 0.008) indicated
low levels of genetic structure among sampled populations
(Table 4). The 95% confidence interval (based on 700
bootstraps) for Ft included zero, indicating no discernable
trend toward inbreeding locally relative to the entire

studied population; the 99% confidence interval for Fsr
did not include zero (0.007-0.045), indicating a small but
statistically significant amount of differentiation among
populations. Ggr is the ratio of the diversity among popu-
lations to the total diversity. Gsr is used as a measure of
population differentiation that, unlike Fsy, is based on a
fixed effects model and is not sensitive to differences in
sample size among populations (Pons and Petit 1995). The
mean pairwise Ggr for the populations in our study was
0.023 + 0.010.

The average genetic distance between a population and all
other populations was estimated as the mean of the pairwise
Ds (Nei 1978) between a population and the other (four)
populations (Table 5). The WI population was most distant
genetically from the others (0.136 + 0.03 SE), and the HNF
population was the least distant (0.044 + 0.02 SE); the Ha
velock, Ontario population, which was geographically the
most remote from the other populations, was intermediate
among the populations for genetic distance (0.107 = 0.03
SE). Populations that were more separated geographically
tended to have larger Dg values as well, perhaps reflecting
a trend toward isolation by distance, but the Mantel test for
correlation between physical and genetic distance (r =
0.605; p = 0.064) was not significant.

Discussion

It is instructive to compare these results with those ob-
tained by Morin et a. (2000) and Victory et al. (2006).
Morin et al. (2000) investigated the genetic diversity of 9
butternut populations using 12 alozymes, while Victory et
al. (2006) investigated the genetic diversity and structure of
43 black walnut populations using 12 nuclear microsatel-
lites. Data from black walnut is relevant because black wal-
nut is a sympatric congener with a mating system similar to
that of butternut, although modern reports indicate that but-
ternut historically has never been as common as black wal-
nut (Rink 1990). Morin et a. (2000) concluded that the
genetic diversity of butternut was low, probably throughout
the species entire range, and that butternut had a relatively
homogeneous gene pool; only their sample from Vermont
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Table 3. Observed (Ho) and expected (He) levels of heterozygosity and Fis estimates for each sampled Juglans cinerea

population for each microsatellite locus.

Locus

WGA 004 WGA 90 WGA 142 WGA 148 WGA 204 WGA 221  WGA 256 Mean
DBNF population
He 0.83 0.59 0.78 0.83 0.81 0.67 0.892 0.77
Ho 0.81 0.67 0.75 0.84 0.94 0.64 0.782 0.78
Fis 0.025 -0.136 0.040 —0.009 -0.161 0.047 0.124 -0.004
MACA population
He 0.85 0.56% 0.72 0.822 0.79 0.75 0.88 0.77
Ho 0.84 0.452 0.7 0.852 0.77 0.73 0.86 0.75
Fis 0.005 0.194 -0.010 —-0.060 0.027 -0.012 —-0.009 0.022
HNF population
He 0.89 054 0.76 0.74 0.83 0.77 0.87 0.77
Ho 0.93 0.58 0.77 0.63 0.84 0.78 0.88 0.77
Fis —0.050 -0.071 -0.011 0.159 -0.015 0.028 0.022 0.000
W1 population
He 0.79 0.52 0.77 0.48 0.71 0.82 0.82 0.70
Ho 0.83 0.42 0.71 0.56 0.64 0.78 0.83 0.68
Fis —-0.053 0.205 —-0.092 -0.163 0.098 0.044 0.000 0.003
Havelock, Ontario population
He 0.81 0.53 0.75 0.74 0.79 0.63 0.80 0.72
Ho 1.00 0.44 0.78 1.00 1.00 0.78 0.78 0.83
Fis -0.231 0.158 -0.037 —-0.358 -0.274 -0.244 0.026 -0.148
Mean
HeP 0.84 0.55 0.74 0.76 0.80 0.77 0.86 0.75
Ho 0.88 0.51 0.76 0.77 0.84 0.74 0.83 0.76
Fis —-0.061 0.070 -0.022 —0.086 —-0.065 -0.027 0.033 —-0.002

“Significant at « = 0.05.

*Heterozygosity estimates corrected for differences in sample size among populations (Nei 1978).

Table 4. Overdl Fi1 and Fsr statistics, where means and
SEs were obtained by jackknifing over loci and 95% confi-
dence intervals were obtained by bootstrapping over loci.

95% confidence limits

Mean SE Lower bound  Upper bound
Fir 0.023 0.013 0.00 0.047
Fst 0.025 0.008 0.010 0.040

was genetically distinct from the Canadian butternut popula-
tions they sampled. They also reported an overal excess of
heterozygotes within populations. Fjellstrom and Parfitt
(1994) found that, leaving aside an unusua sample from
North Carolina butternut had an Fsr value of 0.071 and that
butternut was less genetically variable than the other 12 Ju-
glans spp. they examined using RFLPs. Victory et a. (2006)
described the population genetics of black walnut as marked
by high levels of pollen flow, low levels of genetic struc-
ture, and high levels of genetic diversity, with a small heter-
ozygote deficit; these results are typical of other temperate
forest tree species (Heuertz et al. 2004; Muir et a. 2004).
We found that parameters of (neutral) genetic diversity for
butternut had high values for all populations. The microsa-
tellite loci we examined had large numbers of aleles and
high levels of gene diversity (Hg = 0.79), similar to those
of black walnut sampled in the same region (black walnut

Heg = 0.79). Levels of Hg in our samples of butternut ranged
from 0.68 to 0.83 (mean = 0.76), and were comparable to
those for black walnut (0.590-0.916, mean = 0.781; Victory
et a. 2006).

Our results showed that the butternut populations we
sampled exhibited low but significant levels of genetic struc-
ture, levels comparable to and even dlightly higher than val-
ues observed in black walnut (Fsr = 0.025 vs. 0.017 in black
walnut), athough our estimates of gene differentiation
among butternut populations (Gsr = 0.023) were still some-
what lower than those for other wind-pollinated species
(e.g., Ggr in conifers is about 0.073; Hamrick et a. 1992).
Perhaps genetic drift due to isolation has enhanced levels of
genetic differentiation among populations of butternut rela-
tive to those of black walnut, a much more abundant spe-
cies. It might be argued that we observed higher levels of
genetic diversity than Morin et a. (2000) because most of
our samples were from populations in the USA and not
from populations at the northern edge of the range of butter-
nut. Morin et a. (2000) recognized the possibility that
southern butternut populations might be more genetically di-
verse than those in Canada, and Fjellstrom and Parfitt
(1994) also found that their most southern source (North
Carolingd) had an unusually high heterozygosity. Although
the value of Fgr for butternut reported here (0.025) was con-
siderably lower than previous estimates (Morin et a. 2000,
Fst = 0.078; Fellstrom and Parfitt 1994, Fsr = 0.071),
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Table 5. Nei's (1978) standard distance (Ds) on upper right diagona and geographic distance (km) on lower |eft diagonal.

Ds
DBNF MACA HNF WI Havelock, Ontario
Geographic distance (km) population population population population population
DBNF population — 0.033 0.021 0.158 0.075
MACA population 241 — 0.004 0.105 0.064
HNF population 338 258 — 0.072 0.080
WI population 853 789 580 — 0.207
Havelock, Ontario population 1175 1256 1175 1159 —

Morin et a. (2000) pointed out that if a single population
(Vermont) was omitted from their analysis, their resulting
estimate (Fst = 0.029) became similar to the value we esti-
mated. It is not clear why this Vermont population appeared
so different from the others sampled by Morin et a. (2000).
It has been suggested (D. Stone, personal communication)
that the unusually genetically diverse butternut samples
from North Carolina analyzed by Fjellstrom and Parfitt
(1994) may have included hybrids with Japanese walnut (Ju-
glans ailantifolia Carr.). If hybrids were included in Fjell-
strom and Parfitt’s samples from North Carolina, it might
explain why this population was so different from the others
they sampled, and a similar explanation might account for
the divergence of the Vermont population sampled by Morin
et a. (2000) from the rest of their samples. We believe,
however, that the high level of genetic diversity we ob-
served for butternut (relative to the Canadian samples of
Morin et a. (2000) and those of Fjellstrom and Parfitt
(1994) which were from lllinois, Vermont, and North Caro-
ling), was most likely due to the increased power of micro-
satellites to detect heterozygosity, rather than a cline in
genetic diversity from south to north. Diversity measures
for the population we sampled from Canada were compara
ble to those from the rest of the species range (Table 3),
and athough a gradua loss of allele number was noted for
black walnut in more northern populations (Victory et al.
2006), the effect was quite small. The relationship between
gene flow, migration, and Fgr is complex (Ellstrand 1992;
Whitlock and McCauley 1999); without more extensive
data for the particular butternut populations sampled in our
study it would be hard to support any conclusions about dif-
ferences in evolutionary processes in the Canadian versus
the USA butternuts.

Like Morin et a. (2000), we found that our Canadian but-
ternut population showed considerable heterozygote excess
(Fis = —0.148), setting it apart from the USA populations in
our study. Victory et al. (2006) reported a small heterozy-
gote deficit in their study of black walnut, although in gen-
eral, mature trees often show an excess of heterozygosity as
a consequence of selection. In our study, however, the trees
from the Canadian population were similar in age to those
sampled in the USA (Table 1), so while tree age does not
fully explain the observed excess of heterozygotes in Cana
dian butternut populations, it is not clear what does. Morin
et al. (2000) suggested the possibility of negative assortative
mating; other contributing factors may have included selec-
tion, sampling across populations, and the relatively small
number of populations sampled in both studies. In light of
the dlightly positive Fig values we observed in the MACA
and WI populations, we performed tests for bottlenecks. We

found that only the Havelock, Ontario population showed a
significant departure (p = 0.039) from mutation—drift equili-
brium as determined by the Wilcoxon test, a result attribut-
able to the previously described heterozygote “excess.”” In
general, the values for Hg that we observed did not deviate
greatly from Hg values, which is typical of large naturally
outbreeding populations. However, in several instances (i.e.,
population x locus combinations) we observed levels of Hg
dlightly but significantly lower than expected under HWE.
These deviations might have been caused by sampling
across populations (Wahlund effect), inbreeding, positive as-
sortative mating, or the presence of null aleles. Given the
overall picture of random mating in the sampled populations,
the data do not indicate an overriding role for any of these
factors in our analysis; however, because neighborhood size
has not been determined for butternut (or black walnut),
Wahlund effects cannot definitively be ruled out, especialy
in the Kentucky populations where the steep, hilly terrain
separated clusters of sampled trees. Only 3 of the 14 locus
and population combinations from the DBNF and MACA
populations deviated significantly from Hardy—Weinberg
expectations. Because the deviations were relatively small,
few in number, different in direction, and inconsistent
(across loci), we believe that the observed deviations from
HWE were probably due to sample size effects rather than
any systematic cause such as a Wahlund effect. Morbidity
and mortality from butternut canker was high at most of
the sample sites, but our results do not support a strong
pattern of assortative mating based on disease resistance.
Evidence of selection for canker resistance at the neutral
genetic markers we used would be an unlikely outcome in
any case, since most of the trees we sampled were mature,
and it probably resulted from matings that predated the
current epiphytotic.

In general, despite the rapid population declines caused
by butternut canker disease, the measures of genetic diver-
sity and inbreeding we observed compared favorably with
black walnut, an abundant species. This conundrum was par-
ticularly evident for the WI population, which is believed to
be nearly even aged and to have originated from a small
number of founders (probably 5-10) that were present in a
pasture that was excluded from grazing (with a fence) in
the early 1960s. Although natural regeneration based on a
small number of parents might be expected to result in a
population bottleneck, the F,s estimate for this population
was not extreme and there was no statistical evidence that
the WI population was bottlenecked based on the methods
of Cornuet and Luikart (1996). The results from the WI pop-
ulation are important because the number of individuas ca-
pable of reproduction in most butternut subpopulations may
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become quite small in the future as mortality from butternut
canker and age take their toll. The heterodichogamous mat-
ing system of butternut may reinforce the Allee effect
caused by the loss of local populations to disease (Wagenius
et al. 2007). The best explanation for why we did not see the
negative genetic consequences of a founder event based on a
small population in the WI population is gene flow. The
area around the WI population contains highly fragmented
forests separated by agricultural fields. Although we
searched the vicinity of this population for other butternuts
and did not find any, if the reproductive biology of butternut
is similar to that of black walnut, a species for which polli-
nation distances greater than 1 km are not unusual (Robi-
chaud 2007), then pollen gene flow may have increased the
genetic diversity of the WI population well beyond what
was present in the small number of founders. Our estimate
of N, for butternut (N, = 8.19) indicated considerable gene
flow among contemporary butternut populations, although
there are no previous estimates of N, for butternut or black
walnut for comparison.

The frequency and distribution of rare aleles can provide
insights into the population dynamics and conservation ge-
netics of a species (Barton and Slatkin 1986). Many butter-
nut alleles were uncommon (those with a frequency <0.10),
atrend previously observed in black walnut (77% of al but-
ternut alleles were uncommon, 90% of all alleles in black
walnut), and over 1/3 of the uncommon alleles in butternut
were found in only one population, a much higher propor-
tion than was reported for black walnut (11%) (Victory et
al. 2006). This may indicate that butternut has lower levels
of pollen gene flow than the exceptionally high levels found
in black walnut (Victory et a. 2006). Nearly all the private
aleles in black walnut were from the extreme ends of the
allele size distribution, but not in butternut, where only 72%
of the private alleles were at the end of the alele size distri-
bution. This finding may indicate that local populations have
lost aleles that were more common at an earlier time when
gene flow and, presumably, population sizes, were higher.
There were no private aleles in the Havelock, Ontario pop-
ulation, but this was probably because of our small sample
size from this population. The MACA and HNF populations
had nine private aleles each, despite their relative proximity
to one another. Variance among populations in the loss of
alleles can reflect numerous population genetic processes,
such asdrift and selection, but whatever the cause, theimplica-
tions for conservation are critical. Allele loss may be a more
sensitive assay of the loss of genetic variation in a popula-
tion than is loss of heterozygosity, and the retention of alleles
is important for the long-term adaptation and survival of a
species (Allendorf 1985; Fuerst and Maruyama 1985). The
butternut populations we sampled appeared to have a lower
alelic richness than was observed for black walnut (Victory
et al. 2006), which may be important because alelic richness
can be more sensitive than gene diversity to recent reductions
in population size (Jump and Pefuelas 2006). But a multi-
tude of factors— including microsatellite source bias, dif-
ferences in mutation rates, and potential differences in the
ecology and reproductive biology of butternut and black
walnut— make the importance of differences in dlelic
richness between the two species difficult to evaluate.

Unfortunately there are no common garden experiments
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for butternut from which to draw conclusions concerning lo-
cal or regiona adaptation and genetic diversity. It is likely
that adaptive genetic variation is present in butternut, given
its large native range. Decisions concerning butternut con-
servation and captive breeding will probably have to be
based on molecular data, disease response phenotypes, and
practical experience. There is no good evidence that butter-
nut has low adaptive potential, a concern raised by Morin
et a. (2000), but a more thorough sampling of populations,
including the regenerating cohort, is needed to determine if
inbreeding or Allee effects are beginning to affect butter-
nut.

If verified by further study, the difference in F g estimates
between the Canadian and the USA butternut populations
observed by Morin et a. (2000) and reaffirmed to a certain
extent by our findings could point to the need for particular
conservation strategies for butternut populations at the
northern edge of the species range. For example, if histori-
cally high rates of gene flow from the center of butternut’s
range to the northern edge (Fig. 1) resulted in negative as-
sortative mating, then the rapid demographic collapse of
butternut in the central USA (Schultz 2003) could permit
more rapid adaptive evolution of populations on the margin
(Hendry et a. 2002). Alternatively, the heterozygote excess
observed in the Canadian populations may be due to gene
flow from the exotic Japanese walnut, which is planted as a
nut tree in both the USA and Canada. Hybrids between but-
ternut and Japanese walnut are well documented (Bixby
1919), and the hybrids produce large numbers of seeds and
copious amounts of pollen (Bixby 1919). Large reductions
in gene flow, caused by demographic collapse of the USA
butternut populations because of the butternut canker epi-
phytotic, and increases in the relative proportion of hybrid
seeds and pollen could produce a scenario in which Cana
dian populations of butternut undergo relatively rapid ge-
netic shifts.

In black walnut, nuts from a single tree are typically sired
by a large number of males (males = No. of nuts
harvested/3), most of which are not nearby (Robichaud
2007). If butternut is similar to black walnut in this respect,
it would mean that a strategy of taking large samples of
nuts from a single tree might be an effective means of
capturing local genetic diversity. This strategy might not
be effective, however, in areas where populations are small
and isolated, owing to the effects of canker disease and
poor regeneration. Because large butternut populations are
now becoming rare in the USA, there is need for studies
that will reveal the level of reproductive connectivity of
scattered butternut individuals. There is a great need to
shed light on the ability of gene flow to overcome some
of the genetic effects of the butternut canker epiphytotic.
The relatively low Fsr values observed in this study indi-
cate that small populations (<50 individuals) can maintain
a large percentage of the overal genetic diversity of the
species, but the loss of local populations to butternut can-
ker disease and poor regeneration could rapidly lead to re-
duction in gene flow, increased isolation, loss of rare
aleles, and increased genetic drift. The window of oppor-
tunity to sample a large number of butternut populations
for conservation and reintroduction is closing rapidly. A
broadscale sampling, rather than a narrow focus on a few
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populations that appear to contain members that have canker
resistance, would better serve butternut’s long-term survival.
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