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separated by the Appalachian Mountains. Genetic diversity 
and genetic distance among the provenances were evaluated 
using microsatellite markers. The allelic frequencies showed 
high polymorphism in 10 microsatellite loci, and 292 alleles 
were found. Of 10 loci, two were commonly found in the 23 
provenances. The mean allelic diversity and heterozygosity 
observed among the provenances were similar to those from 
the native populations of Q. rubra in North America. Nei′s 
genetic distance among the 23 was estimated and showed 
that a clear trend between geographic and genetic distances, 
indicating that some provenances have high genetic diversity 
with superior growth performance.

Keywords  Introduction breeding · Provenance test · 
Adaptation · Microsatellite marker · Genetic distance

Introduction

Northern red oak (Quercus rubra L.) is a deciduous, broad-
leaved tree that is distributed at 1700 m above sea level in 
the mideastern United States and southeastern Ontario of 
Canada (Godfrey 1988). Its cold resistance is strong, so it 
can grow below − 40 °C. Its excellent durability and elastic-
ity in North America (Sander 1990) makes it especially good 
as flooring and construction lumber. In South Korea, the 
price of oak imported from North America is very expen-
sive, while most of the domestic oak trees, such as sawtooth 
oak (Q. acutissima) are used to produce oak mushroom and 
charcoal.

As a part of breeding programs to develop hardwood 
varieties and improve timber quality, seeds of northern red 
oak were introduced to South Korea from various countries 
in 1972 and growth and adaptation compared among prov-
enances. The results showed that provenances from North 

Abstract  Growth traits and genetic diversity of 23 prov-
enances of Quercus rubra introduced from North America 
were analyzed in a provenance trial established with a rand-
omized block design in Hwaseong, Gyeonggi, South Korea 
in 1993. Growth variables and survival at age 25 were com-
pared with results from early stages. Height, DBH, volume 
and stem straightness of Q. rubra was better than those of 
the domestic oak (Quercus accutissima). Growth of the 
Dunham Island provenance from New York was the best 
among the 23 provenances that of the Eagle River prov-
enance from Wisconsin was poorest. Survival rate at age 
25 was on average 52%. The longitude of seed origin and 
growth of provenance were consistently significantly nega-
tively correlated at all ages. Growth of coastal provenances 
was superior to that of the inland provenances, which were 
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America origins had better growth and adaptability than 
those from other countries (Ryu et al. 2004; Cho et al. 2013). 
Therefore, 23 additional provenances from North America 
(the United States and Canada) were introduced in 1991 and 
have been tested for adaptability and growth.

Very little research has focused on growth differences 
among the provenances of northern red oak at early ages in 
South Korea. For trees at age 14, Ryu et al. (2004) reported 
that growth performances differed significantly different 
among eight provenances; a United States provenance (Mis-
souri) was the best, a Canadian provenance (Simcore) the 
worst. They also stated that northern red oaks that came 
from higher latitudes or altitudes than those of Korean 
plantation should not be introduced. Genetic differences in 
growth characteristics among provenances might be revealed 
at the early age, whereas geographical origin of seed might 
be correlated with growth performance and genetic diversity 
of northern red oak at a mature age. However, until now, 
genetic diversity and DNA markers have not been studied 
for northern red oaks in South Korea.

The main purposes of the present study were to meas-
ure height, DBH, volume and stem straightness of 23 prov-
enances at age 25 years and compare them with data from 
the early stages, to test for significant differences in growth 
characteristics and adaptability among provenances, and to 
select superior provenances to produce seeds for plantations 

in South Korea. In addition, the genetic variation among 
23 provenances was analyzed using DNA markers and dis-
cussed in terms of selecting genetic resources.

Materials and methods

Study materials

For testing adaptability of northern red oak to conditions in 
South Korea, seeds of 23 provenances native to the United 
States and Canada were introduced in 1991 and sown in the 
nursery of the Department of Forest Bioresources of the 
National Institute of Forest Science, South Korea in April 
1992. Seedling were then transplanted in three replications 
(randomized block design) in Hwaseong, Gyeonggi Prov-
ince (37°16′56"N, 126°55′17"E, 88 m a.s.l.) in April 1993. 
Domestic sawtooth oak (Q. accutissima) was planted as a 
control species. Origins of the provenances are presented 
in Table 1.

Analysis of growth characteristics

A total of 23 provenances were examined for height, diam-
eter at breast height (DBH), volume, stem straightness 
and survival rate. The growth data from early stages were 

Table 1   Geographic 
information (seed origin, 
latitude [Lat.], longitude 
[Long.] and altitude [Alt.]) on 
the 23 provenances of Quercus 
rubra used in this study

Prov. code Country (state) Provenance (seedlot) Lat. (N) Long. (W) Alt. (m a.s.l.)

1 Minnesota, USA St. Paul (1) 44°57’ 92°32’ 110.0
2 Minnesota, USA St. Paul (2) 44°58’ 92°32’ 137.3
3 Minnesota, USA Houston County 43°40’ 91°15’ 163.5
4 Wisconsin, USA Sauk County 43°02’ 89°43’ 128.9
5 Wisconsin, USA Chippewa County 45°28’ 91°17’ 171.6
6 Illinois, USA Urbana 40°00’ 93°32’ 237.4
7 New York, USA Dunham Island 43°13’ 76°02’ 335.8
8 New York, USA Selkirk Shore (1) 43°34’ 76°13’ 119.5
9 New York, USA Selkirk Shore (2) 43°34’ 76°43’ 364.9
10 Ontario, Canada Simcoe District (1) 42°50’ 80°08’ 182.0
11 Ontario, Canada Simcoe District (2) 42°49’ 79°53’ 182.0
12 Quebec, Canada Silery 46°13’ 71°16’ 132.9
13 Quebec, Canada Arthabaska 46°02’ 71°55’ 474.6
14 Quebec, Canada Beloeil 45°34’ 73°12’ 422.4
15 Pennsylvania, USA Centralia (1) 41°00’ 77°08’ 235.6
16 Pennsylvania, USA Centralia (2) 41°00’ 77°38’ 320.7
17 Wisconsin, USA Eagle River 42°52’ 89°07’ 260.6
18 Vermont, USA Middlebury 43°48’ 73°04’ 482.8
19 Vermont, USA Cole Brook 43°04’ 73°06’ 421.9
20 West Virginia, USA Fernow 39°04’ 79°41’ 450.9
21 Virginia, USA Deerfield 38°13’ 79°25’ 499.4
22 Arkansas, USA Womble 34°33’ 93°25’ 141.4
23 Tennessee, USA Watauga 34°09’ 82°09’ 475.6
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collected from Ryu et al. (2004) and Cho et al. (2013) and 
compared to our results northern red oaks at 25 years of age. 
Tree height and DBH were surveyed for all individuals in the 
test sites. The individual volume (V) was calculated based 
on the investigated height and DBH as V = (Π/4)hd2f, where 
h is the height, d is the diameter at breast height and f is the 
factor of breast height form. Pearson’s product correlation 
coefficients were estimated among geographic origin vari-
ables and growth characteristics.

The stem straightness was cited from Kleinschmit et al. 
(1975) and the straightness scores were assigned to a grade 
from 1 to 6 as shown in Fig. 1. Slenderness ratio analysis 
was also performed to determine growth stability.

All statistical analyses were conducted using R version 
3.1.3 (R Core Team 2012) to determine the significance of 
any growth differences among the 23 provenances. Duncan′s 
post hoc test was performed to select provenances superior 
for growth performance and survival. In addition, t-tests 
were performed to compare differences in growth charac-
teristics between inland and coastal groups, which were 
separated by the Appalachian Mountains.

DNA marker variation and genetic diversity

The genetic diversity and relationships among 23 prov-
enances were analyzed using microsatellite markers devel-
oped by Aldrich et al. (2002). The DNA makers were applied 
to check for any differences in growth and survival between 
inland and coastal provenances based on the molecular lev-
els and to compare representative introduced provenances to 
the natural populations in North America.

Genomic DNA from winter buds was extracted from 15 
individuals per provenance and amplified by PCR. The PCR 
reaction was undertaken in 10 µL reactions having 30 ng of 
template DNA, 1X Taq buffer A, 1 mM dNTP Mix, 1.2 mM 
MgCl2, 2 µM RAPD primer and 1U Taq DNA polymerase. 
The PCR mixture was amplified with initial denaturation at 
95 °C for 1 min followed by 50 cycles of 30-s denaturation 
at 94 °C, 45-min annealing at 45 °C−53 °C and 1.5-min 
extension at 72 °C. At last, extended polymerization at 72 °C 
was done for 10 min.

10 primers were selected after pre-screening (Table 2). 
The amplified products were visualized by fluorescence 
using Applied Biosystem 3830 DNA Analyzer, and the size 
of loci was visualized using the GeneMapper program.

GeneAlEx ver 6.503 software (Peakall and Smouse 
2012) was used to estimate the number of alleles observed 
per locus (A/L), number of effective alleles per locus (Ae/L), 
expected heterozygosity (He), and Shannon′s diversity index 
(I).

The degree of microsatellite variation and genetic diver-
sity among 23 provenances was determined. Nei′s genetic 
distance was calculated to estimate the genetic distances 
among 23 provenances of northern red oak, and a neigh-
bor-joining tree was constructed to identify the genetic 
relationship.

Results and discussion

Growth performance of the 23 provenances

For the 23 provenances of Q. rubra at age 25, the average for 
tree height was 19.06 m and 12.87 cm for DBH (Table 3), 
greater than those for the control species, Q. accutissima 
(mean height: 15.04 m, mean DBH: 11.20 cm). Thus, the 
introduced oak was about 27% and 16% superior in height 
and DBH growth compared to the domestic oak.

The Dunham Island and Middlebury provenances from 
the United States and the Arthabaska provenance from Can-
ada were at the top for height growth for all ages, and the 
Eagle River provenance and Houston Country provenance 
from the United States were poorest. This result was similar 
to the research of Ryu et al. (2004), showing that the prov-
enance with excellent height growth at age 4 was consist-
ently superior at the age of 25. It is also coincident with the 
research that the good provenance at nursery also showed 
better growth at plantations (McGee et al. 1986).

According to James et al. (1996), the average annual 
growth in height of northern red oak in six southern United 
States regions at 6 years old was ca 3.3 m. In South Korea, 
the annual growth in height of the introduced northern red 
oaks averaged 3.9 m when 8 years old, similar to the oaks 

Fig. 1   Standard grades (1 to 6) 
to score stem straightness for 
Quercus rubra 
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growing in the natural distribution areas. The best prove-
nance, Dunham Island, was 20.9 m tall at age 25, which was 
about 9.7% better than the average height for the introduced 
oaks. The poorest provenance, Eagle River, was 13.7 m tall, 
about 39.1% less than the average height of the introduced 
oaks.

The DBH growth at age 25 showed different patterns 
from 12 and 18 years of age. The best growth was Dunham 
Island provenance, the United States and the poorest was 
Eagle River provenance, the United States. In particular, the 
DBH growth of Eagle River provenance was lower than that 
of domestic oak for all ages. The Dunham Island provenance 
was superior with 15.3 cm of DBH, about 20% better than 
the average. The poorest provenance Houston Country was 
10.1 cm that was 27% poor than the average.

The slenderness ratio, calculated as the ratio of height to 
DBH. Generally, the larger the ratio, the more likely the tree 
is to suffer damage from weather events such as snow and 
wind (Stephan 1996). The slenderness ratio of the Watauga 
provenance, which had with good growth in DBH was rela-
tively smaller (1.32) than that (1.64) of the Womble prov-
enance, which had good growth in height (Fig. 2). These 
results imply that provenances with better DBH growth than 
height growth will be somewhat stable to meteorological 
stresses such as storm, cold and heat. 

The higher the density of the stand, the larger the 
slenderness ratio. In the 1.3-ha study site of the northern 
red oaks, about 1700 trees survived; the high tree den-
sity should result in a relatively high slenderness ratio. 

The slenderness ratio is lower at young ages than mature 
stages, and commonly, slenderness ratios are smaller than 
one (Kwon et al. 2007; Choi et al. 2009). Therefore, the 
slenderness ratio of the northern red oak appears to be 
somewhat unstable in weather disasters compared to other 
introduced species in South Korea (Kwon et al. 2007; Ryu 
et al. 2013).

Pearson’s correlation showed that the latitude of seed 
origin was highly positive and significantly correlated with 
growth in volume, and longitude was negatively correlated 
with growth in height, DBH and volume (Table 4). Also, 
the negative correlation between longitude and growth char-
acteristics held as the age increased, indicating that north-
ern red oak trees introduced from lower longitudinal areas 
(coastal) could be better than the high longitudinal (inland) 
origins. The correlation coefficient ranged from − 0.4 
to − 0.6 at age 12 (Ryu et al., 2004) and from − 0.15 to − 0.23 
at age 25, implying that the correlation between geographic 
variables of origin and growth characteristics tends to be 
consistent.

Due to the negative correlation between longitude and 
growth traits, we divided the 23 provenances into two groups 
that were separated by the Appalachian Mountains (15 
coastal and 8 inland provenances). The t-test showed that 
growth in height, DBH and volume differed significantly 
between two groups. Also, the northern red oak from the 
coastal areas had better growth and survival (adaptability) 

Table 2   Locus, motif and 
sequences of 10 microsatellite 
loci used to analyze genetic 
diversity among 23 provenances 
of Q. rubra 

Locus Repeat motif Sequence (5′-3′) Ta (°C)

quru-GA-0A01 (GA)11 *CTC​TCG​CTC​TGC​ACG​TGA​CTCA​ 50
TTT​GAT​TGA​TAT​AAT​TGA​TCGCT​

quru-GA-0C11 (GA)15 *ATA​CCC​AGC​TCC​CAT​GAC​CA 53
TCC​CCA​AAT​TCA​GGT​AGT​GT

quru-GA-0C19 (GA)18 *TTA​GCT​TTT​ACG​CAG​TGT​CG 50
CGG​CTT​CGG​TTT​CGTC​

quru-GA-0E09 (GA)16 *TGC​CAT​CCC​TAT​ACA​CAA​CCA​ 53
CCT​CCA​TCA​CAA​AGT​TGC​C

quru-GA-0M05 (GA)20 *CTA​CAA​GTT​ACA​TGC​CCA​ATCA​ 53
CTT​TGC​GCA​GGT​CCA​TTA​C

quru-GA-0M07 (GA)19 *TTT​AGC​ATC​ACA​TTT​CCG​TT 45
TTT​TGT​GTC​ATC​CGG​TAT​TA

quru-GA-1C06 (GA)29 *CAA​ATA​AAT​ATT​GTG​GGG​TTCA​ 50
GGA​GGG​GAT​CCG​GAAAA​

quru-GA-1C08 (GA)29 *TCC​CAA​TCG​ATG​TTT​GAT​AAGG​ 50
GGG​CTC​TTG​AGA​GGA​TGT​AGG​

quru-GA-1F02 (GA)15 *CCA​ATC​CAC​CCT​TCC​AAG​TTCC​ 50
TGG​TTG​TTT​TGC​TTT​ATT​CAGCC​

quru-GA-1G13 (GA)14 *AAA​ACT​CAC​ACA​GCC​GAT​TACTA​ 50
GAT​TCC​ATT​GTC​AAC​TGC​GAAGA​
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than the inland provenances. This result might be due to 
the better adaptation of coastal provenances that grow in 
warmer, more constant climate conditions than the inland 
provenances.

Analysis of DNA marker variation

The distribution of allelic frequencies among the 23 prov-
enances of northern red oak showed high polymorphisms in 
10 microsatellite loci. Two (GA-0A01, GA-1C08) of the 10 

Table 3   Growth performance and survival of 23 provenances of Quercus rubra in South Korea at ages from 4 to 25 years

Notes Growth data from early stages were modified from Ryu et al. (2004) and Cho et al. (2013). Control species is Q. acutissima (native to 
Korea)

Provenancecode Height (m) DBH (cm) Individual volume (m3) Survival (%)

4 8 10 12 18 25 12 18 25 12 18 25 25

1 1.7 3.6 4.6 6.4 12.0 16.8 6.7 10.3 12.0 0.014 0.064 0.070 65.3
2 1.7 3.6 4.2 5.3 11.1 17.8 5.7 9.6 11.5 0.008 0.051 0.068 62.7
3 1.4 3.1 3.8 5.1 10.6 16.5 5.1 8.8 10.0 0.007 0.041 0.051 37.3
4 1.5 3.3 4.1 5.5 11.7 18.1 5.4 10.3 12.9 0.008 0.062 0.085 37.3
5 1.8 4.3 5.1 6.6 12.4 19.0 6.2 10.6 11.8 0.013 0.071 0.074 52.0
6 1.7 4.2 5.0 6.1 13.0 19.7 6.1 11.3 12.3 0.011 0.083 0.081 40.0
7 2.0 4.4 5.6 6.9 12.4 20.9 6.8 10.2 15.3 0.016 0.065 0.139 52.0
8 2.0 4.0 5.5 7.0 12.0 17.9 7.1 10.5 13.7 0.018 0.066 0.120 68.0
9 1.8 4.1 4.9 7.1 12.8 19.7 6.7 12.4 13.2 0.016 0.01 0.117 68.0
10 2.0 4.4 5.4 7.8 11.9 18.8 7.9 11.1 13.6 0.024 0.073 0.107 56.0
11 1.9 3.5 4.7 6.8 11.1 19.9 6.4 9.5 12.9 0.014 0.051 0.097 52.0
12 1.8 4.2 4.6 6.0 12.3 19.3 5.5 9.8 12.7 0.009 0.059 0.100 61.3
13 2.0 4.5 5.1 6.7 12.5 20.6 6.2 11.2 13.8 0.013 0.078 0.115 68.0
14 1.9 4.7 5.7 7.4 12.3 20.0 7.0 10.3 12.5 0.018 0.065 0.097 68.0
15 1.6 4.0 4.7 6.2 12.1 19.5 5.6 10.3 13.0 0.010 0.065 0.106 44.0
16 1.6 4.0 4.5 6.0 12.0 19.7 5.8 9.4 13.1 0.010 0.053 0.112 41.0
17 1.4 3.1 3.9 5.0 11.4 13.7 4.4 8.5 10.4 0.005 0.041 0.041 40.0
18 2.2 3.9 4.9 6.5 13.1 20.5 5.8 10.5 13.6 0.011 0.073 0.123 74.7
19 2.0 4.1 5.1 7.0 12.4 20.1 6.5 10.7 13.6 0.015 0.071 0.112 69.3
20 2.0 3.9 5.1 6.6 13.0 20.2 6.6 9.9 12.7 0.015 0.063 0.096 54.7
21 1.4 2.3 3.4 4.2 9.8 20.3 4.6 7.9 12.7 0.004 0.030 0.097 26.7
22 1.8 5.0 5.3 7.9 12.6 19.0 7.2 12.8 13.3 0.021 0.103 0.058 22.7
23 1.5 3.6 3.9 4.2 11.3 20.1 4.1 8.9 15.1 0.004 0.045 0.135 52.9
Mean 1.78 3.92 4.74 6.27 11.98 19.06 6.1 10.2 12.87 0.0123 0.0642 0.0956 52.8
Control 1.38 2.82 4.81 5.27 8.59 15.04 5.7 8.8 11.20 0.0085 0.0293 0.0691 24.0

Fig. 2   Mean (± SE) slender-
ness ratio (height/DBH) of the 
23 provenances of Quercus 
rubra at age 25. The control 
is Korean native oak, Quercus 
acutissima 
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loci were found in common for all 23 provenances, and 292 
alleles were found. The number of alleles per genetic marker 
ranged from 14 (GA-0A01) to 38 (GA-0E09, GA-1C06). 
The average number of alleles (A/L) was 5.2, 8.2, and 7.6 in 
the St. Paul (1), Houston Country and Watauga provenances; 
the A/L was higher (10.6) for the Dunham Island, Simcoe 
Dist. (1) and Fernow provenances (Table 5).

The provenances with allelic diversity lower than the 
average (A/L = 9.0) were St. Paul (1) (5.2), St. Paul (2) (5.3), 
Houston County (8.2), Sauk Country (8.5), Centralia (2) 
(8.9), Eagle River (8.4), Middlebury (8.5), Cole Brook (8.8), 
Deerfield (8.9) and Watauga (7.6) (Table 5). The average 

number of effective alleles (Ae/L) ranged from 3.2 to 6.8 in 
the 23 provenances, and the Ae/L was lower than the A/L. 
The Chippewa County provenance had a smaller A/L than 
the St. Paul (1) provenance, but the Ae/L of the Chippewa 
County was slightly larger than St. Paul (1). The average 
of observed heterozygosity (Ho) was 0.764 and the Ho var-
ied from the lowest of 0.647 for the Sauk County origin to 
the highest of 0.909 for the Watauga origin (Table 5). The 
average expected heterozygosity (He) was 0.767, and the St. 
Paul (1) provenance had the lowest (0.638), and the Chip-
pewa County provenance had the highest (0.818). Shannon′s 
diversity index (I) was 1.813 on average, with the highest 

Table 4   Pearson′s product 
correlation coefficient among 
geographical variables of origin 
and growth performance at the 
test site of the 23 provenances 
of Quercus rubra 

Significance: **P < 0.01, *P < 0.05

Variable Latitude Longitude Altitude DBH Height Volume Survival

Latitude –
Longitude  − 0.38 –
Altitude  − 0.15 0.11 –
DBH 0.15*  − 0.12*  − 0.07 –
Height  − 0.01  − 0.23**  − 0.03 0.62** –
Volume 0.73**  − 0.15*  − 0.06 0.99** 0.73**  − 
Survival 0.10  − 0.60**  − 0.24** 0.08 0.10 0.09 –

Table 5   Number of alleles per 
locus (A/L), effective number 
of alleles per locus (Ae/L), 
observed heterozygosity (Ho), 
expected heterozygosity (He) 
and Shannon’s diversity index 
(I) revealed by microsatellite 
makers in 23 provenances of Q. 
rubra 

Provenance code No. of samples A/L Ae/L Ho He I

1 15 5.20 3.233 0.687 0.638 1.271
2 15 8.30 4.525 0.753 0.734 1.671
3 15 8.20 4.937 0.760 0.783 1.772
4 15 8.50 5.169 0.647 0.749 1.738
5 15 10.20 6.616 0.784 0.818 2.003
6 15 9.30 5.316 0.764 0.774 1.847
7 15 10.60 6.508 0.842 0.808 2.010
8 15 9.80 5.761 0.744 0.764 1.872
9 14 8.70 4.601 0.795 0.758 1.744
10 15 10.20 6.336 0.760 0.806 1.966
11 15 9.40 5.673 0.772 0.791 1.889
12 15 9.20 5.884 0.737 0.797 1.900
13 15 9.30 5.380 0.824 0.773 1.830
14 15 9.60 6.014 0.767 0.808 1.937
15 15 9.10 5.111 0.800 0.784 1.846
16 13 8.90 4.512 0.788 0.745 1.740
17 14 8.40 4.592 0.673 0.670 1.602
18 13 8.50 5.120 0.671 0.685 1.651
19 15 8.80 5.134 0.784 0.763 1.763
20 15 10.60 6.456 0.750 0.802 1.984
21 14 8.80 5.686 0.782 0.799 1.872
22 13 10.60 6.794 0.779 0.792 1.984
23 7 7.60 5.936 0.909 0.796 1.811
Mean 14.3 9.035 5.448 0.764 0.767 1.813
SE 0.157 0.200 0.158 0.013 0.009 0.031
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of 2.01 for the Dunham Island provenance and the lowest of 
1.271 for the St. Paul (1) provenance (Table 5).

When the genetic diversity among the 23 provenances 
introduced to South Korea was compared with the genetic 
diversity of northern red oak populations in North America, 
the number of alleles in the North American populations 
was a little higher than in the South Korean populations, and 
the observed heterozygosity (He) was similar between South 
Korean and North America populations (see also Stephanie 
2010). Thus, these provenances are worth conserving as 
northern red oak gene resources in South Korea.

Comparing the genetic diversity of the northern red oaks 
with other oak species, the allelic diversity and heterozy-
gosity of Q. rubra were higher than those of Q. variabilis 
native to China (Xiaomeng et al. 2017). Compared with 
northern red oak, Petra oak (Q. perta) had higher allelic 
diversity and heterozygosity (Valerie et al. 1998) and Geor-
gia oak (Q. georgiana) had lower (Priyanka 2017). Kim et al. 
(2009) reported that the genetic diversity of northern red oak 
introduced in Korea had significantly higher diversity than 
that of domestic sawtooth oak, Q. accutissima. The allelic 
diversity and the heterozygosity of northern red oak were 
higher than those of Q. varibiabilis in South Korea (Jeong 
et al. 2014).

Chippewa Country, Fernow and Womble provenances 
showed had higher genetic diversity than in the St. Paul (1) 
and Eagle River provenances based on effective number of 
alleles number (Ae), expected heterozygosity (He) and Shan-
non’s diversity index (I). The t-test showed that the coastal 
and the inland provenances differed significantly in genetic 
diversity (e.g., A/L, Ho, I). In conclusion, the costal prov-
enances had better growth performance and higher diversity 
compared to the inland provenances.

Estimation of genetic diversity

Nei’s genetic distance was used to estimate the genetic dis-
tance among the 23 provenances of northern red oak and 
construct a neighbor-joining tree (Fig. 3). The genetic dis-
tance between the St. Paul (2) provenance and Watauga 
provenance was the longest of 0.852, and the genetic dis-
tance between Deerfield provenance and Womble prov-
enance was the shortest of 0.230 (data not shown).

The neighbor-jointing tree showed that the genetic dis-
tance seemed to be positively proportional to the geographi-
cal distance of provenances such as Selkirk Shore (1), Sim-
coe Dist (1), Beloeil, Centralia (1), Sauk County, Chippewa 
County and Urban. The Watauga provenance, for which 
the genetic distance was far from the other 22 provenances, 
grouped separately. For some provenances, however, the 
genetic and the geographic distances did not tend to be pro-
portional. For example, Houston Country, Middlebury, St. 
Paul (2), Centralia (2), Deerfield and Womble provenances 

were in the same group although they are geographically far 
apart. This result was in contrast to the proportional increase 
found between geographical and genetic distances by Ryu 
(2004). This result might be due to the fact that the micros-
atellite marker could not strongly reveal the relation between 
geographic and genetic characteristics of provenance or spe-
cies (Choi 2010). Finally, the analysis of genetic relation-
ships showed that geographical and genetic distances were 
not clearly correlated for the provenances. Therefore, we 
suggest that family selection of northern red oak should be 
based on growth characteristics rather than genetic molecu-
lar makers.

Fig. 3   Neighbor-joining tree of the 23 provenances of Quercus rubra 
based on Nei′s genetic distance
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