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Abstract
Northern red oak (Quercus rubra) was introduced to Europe in the late seventeenth century and has since become the most 
important deciduous non-native tree species in Germany. Despite its importance, little is known about the origin and patterns 
of genetic variation in German red oak stands. To be able to make recommendations regarding the adaptive potential of red 
oak stands, which might be related to their origin and the selection of provenances, with respect to climate change, a better 
understanding of the genetic diversity and structure of German red oak stands is needed. Individuals from 62 populations 
in Germany and North America were genotyped at five chloroplast microsatellite loci to characterize chloroplast haplotype 
diversity and geographic structure. Compared to reference populations from the natural distribution range, German red 
oak stands demonstrated a relatively low genetic differentiation among populations and represented only a fraction of the 
haplotype diversity found in North America. For several stands located in southern Germany, considerably higher haplo-
type diversity than in other German stands was found. While most German stands showed signatures of founder effects, the 
diversity of stands in southern Germany might have been increased due to admixture and multiple introductions of different 
North American provenances. Overall, we conclude that German stands originated from a limited geographic area, possibly 
located in the northern part of the native distribution range.
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Introduction

Since the rediscovery of the Americas in the end of the fif-
teenth century, thriving trade routes connecting the ports of 
the old and new worlds also transported alien plants and ani-
mals. While numbers of established alien species were rela-
tively low until 1800, introductions increased significantly 
at the turn of the century (Hulme 2009). Introduced popula-
tions of non-native species often contained only a fraction 
of the genetic information compared to the natural range 
they originated from (Nei et al. 1975; Barrett and Husband 
1990). This founder effect, thus, could result in the estab-
lishment of new populations with their own specific gene 
pool. Founder populations are usually small and hence more 
affected by random drift (Graw 2005). As a consequence, the 
adaptive potential of founder populations could be limited. 
However, multiple introductions seem to increase diversity 
over a longer period (Dlugosch and Parker 2008). Suarez and 
Tsutsui (2008) even suggested that multiple introductions 
can enhance the adaptive potential by providing a source of 
variation important for adaptation, which can be critical for 
successful establishment and spreading. A different situa-
tion arises when seeding material originates from a limited 
geographic area within a species’ natural range. Limited 
sampling induces a genetic bottleneck, whereby the newly 
founded population does not represent the full range of the 
species’ variation.

Northern red oak was first introduced to Europe at the 
end of the seventeenth century, planted for ornamental rea-
sons in parks and botanical gardens until the middle of the 
eighteenth century (Bauer 1951; Nagel 2015). Today, it is 
the most important foreign deciduous tree species for wood 
production in Germany (Bundesministerium für Ernährung 
und Landwirtschaft (BMEL), 2014). Mainly, this is due to 
a shorter rotation period of only 80–120 years compared to 
more than 140 years in the native oak species, combined 
with lower water and nutrient availability (Nagel 2015). 
In some European countries, Q. rubra is considered inva-
sive (Möllerová 2005; Riepšas and Straigytė 2008; Chmura 
2013). However, this is not the case in Germany, because it 
is less shade tolerant than the main tree species Fagus syl-
vatica and only little more shade tolerant than the native Q. 
robur (Vor and Lüpke 2004; Niinemets and Valladares 2006; 
Nagel 2015). Furthermore, it is subject to heavy browsing 
and can be easily controlled by tending measures (Vor 2005; 
Nagel 2015). Natural regeneration is not the most important 
way of establishing red oak in Germany. Most stands are 
founded by planting or seeding, formerly in pure stands, now 
as groups in mixed stands (Nagel 2015). Q. rubra belongs to 
section Lobatae, which is restricted to North America, and 
it does not hybridize with native white oak species of the 
section Quercus (Magni Diaz 2004; Nagel 2015).

Nagel (2015) characterized Q. rubra as a species growing 
in a wide range of climatic (annual precipitation between 
600 and 2000 mm, average temperature between 4 and 
15 °C) and soil conditions. Even outside its natural range, 
Q. rubra shows good to satisfactory growth despite a level 
of annual precipitation that, in some cases in Germany, does 
not reach the minimum requirement for red oak (Dreßel and 
Jäger 2002; Magni Diaz 2004). Thus, under climate change 
conditions it can be expected that Q. rubra will be able to 
increase forest adaptability and productivity in particular 
sites in Germany, especially in mixed forest communities, 
if suitable provenances are chosen. In order to evaluate the 
adaptive potential of German red oak stands, a detailed 
understanding of the geographic origin of the provenances 
used for the establishment of German red oak stands is 
required. This is especially important for stands that will 
be part of tree improvement strategies and serve as seed 
orchards.

In this study, chloroplast microsatellite (simple sequence 
repeat or cpSSR) markers were used to analyse haplotype 
diversity. Due to maternal inheritance of the chloroplast 
organelle in oaks and lack of recombination, cpDNA hap-
lotypes usually have relatively low variation within oak 
populations (Zhang et al. 2015) and are more affected than 
nuclear DNA by stochastic processes, such as genetic drift 
and founder events (Alexander and Woeste 2014). Haplo-
type differentiation within one species can be high across 
both populations and regions, and significant geographic 
variation can be found even within mixed populations of 
hybridizing species (Petit et al. 1993; Grivet et al. 2006; 
López de Heredia et al. 2007; Zhang et al. 2015). Chlo-
roplast DNA markers have been successfully used to trace 
post-glacial recolonization routes of white oak and other 
species in Europe (Petit et al. 2002; Palmé et al. 2003; Heu-
ertz et al. 2004) and to reveal the haplotype composition of 
autochthonous populations (Gailing et al. 2009). Identified 
haplotypes and haplotype variation can be compared with 
reference populations within the natural range to infer their 
origin.

While the analysis of genetic variation patterns in north-
ern red oak populations within their natural range was sub-
ject of several past studies (e.g. Daubree and Kremer 1993; 
Romero-Severson et al. 2003; Magni et al. 2005; Zhang et al. 
2015; Borkowski et al. 2017), it has rarely been studied in 
Europe (Magni Diaz 2004; Merceron et al. 2017). It was 
found that within the natural range of red oak, genetic dif-
ferentiation increased northwards (Borkowski et al. 2017). In 
contrast, no geographic pattern was found in Europe (Magni 
Diaz 2004), where most of the populations were established 
in France and Germany and a few others also in the Nether-
lands, Belgium, Spain, Italy and Romania. This observation 
was explained by multiple introductions and admixture of 
material within Europe (Magni Diaz 2004), a suggestion 
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also partly shared by Daubree and Kremer (1993). While 
identifying the region of origin of the introduced populations 
was one of the objectives in the Magni Diaz’s (2004) study, 
it was not succeeded due to the absence of a clear phylogeo-
graphic structure within the natural range at a smaller scale. 
Merceron et al. (2017) studied SNP markers in both North 
American and European red oak populations with focus on 
France. Samples from Germany, the Netherlands, Belgium, 
Spain, Italy and Romania were also included in this study, 
but in smaller quantities. Merceron et al. (2017) found three 
main genetic clusters in the red oaks’ natural range, with 
only two of these clusters observed in Europe. This likely 
suggests that European populations originated from the 
northern parts of the natural range. These findings are in line 
with other studies on this topic (Bauer 1954; Magni Diaz 
2004; Nagel 2015). Furthermore, Merceron et al. (2017) 
reported a continuous, predominantly latitudinal gradient 
and only a weak phylogeographic structure in the natural 
range. One explanation could be that, unlike the situation 
of European white oaks during post-glacial recolonization, 
northern red oak did not survive the glacial period in sepa-
rated refugia, but instead in a wide longitudinal range in 
the south of its natural range (Petit et al. 2002; Magni Diaz 
2004).

This study aims to assess how the genetic variation in 
German red oak stands differs from variation found within 
the species’ natural range. CpSSR markers have been used 
in our study for the first time to analyse and compare chlo-
roplast haplotype diversity and structure in Q. rubra planta-
tions across both German stands and North American refer-
ence populations. Our objectives were to assess (i) to what 
extent the haplotype diversity found in the natural range 
is represented in Germany and (ii) to what extent haplo-
type diversity varies between the different regions within 
Germany.

We hypothesized that (1) the introduction of Q. rubra to 
Germany resulted in reduced overall haplotype diversity due 
to bottleneck effects and (2) the introduction of seed material 
from unknown sources led to an artificial differentiation of 
haplotypes across Germany.

Materials and methods

Plant material

Buds or green leaves were collected from 432 trees in total: 
385 trees representing 39 stands in Germany of unknown 
origin (8–10 samples per stand, Supplementary Table 1S 
and Fig. 1S) plus material from 47 trees of 8 populations of 
known North American origin (5–7 samples per population, 
Supplementary Fig. 2S) from a provenance trial in Northern 
Germany (Supplementary Table 2S) (Liesebach and Schneck 

2011). In addition, published data from 8 natural populations 
(8 samples per population) as well as unpublished data from 
3 natural populations from the northern distribution range 
of the species were included (Supplementary Table 3S and 
Fig. 2S) (Lind and Gailing 2013; Lind-Riehl et al. 2014). 
Samples were taken randomly within each population. All 
North American populations served as reference having 
known origin, unlike German stands.

To cover a wide geographic range, sample stands were 
selected in 5 different federal states of Germany: 10 stands in 
Lower Saxony, 10 in North-Rhine Westphalia, 6 in Branden-
burg, 7 in Thuringia and 6 in Baden-Wuerttemberg. Sample 
stands were chosen to match the following criteria: (1) they 
should be pure Q. rubra stands; (2) 50–80 year old; (3) fea-
ture a rectangular shape for easier data acquisition; and (4) 
should be in locations, where they will be cultivated in the 
future as well (according to the forest administration), as not 
only the present, but the expected future climatic conditions 
would match their autecological properties.

DNA isolation

DNA was extracted from about 1-cm2 leaf tissue per tree 
with the DNeasy™ 96 Plant Kit from Qiagen (Hilden, Ger-
many). Depending on the availability, we used either a small 
piece of the fresh leaf or 1–2 whole buds from a fresh twig.

Chloroplast microsatellites

Eight different universal cpSSR markers for angiosperms 
(ccmp1, ccmp2, ccmp3, ccmp4, ccmp5, ccmp6, ccmp7 and 
ccmp10) (Weising and Gardner 1999) and three cpSSRs 
developed for oaks (ucd4, udt1 and udt4) (Deguilloux et al. 
2003) were tested for amplification and variation in 43 red 
oak samples from 11 different populations. Five of these 
cpSSR markers showed variation and were thus used in 
the study: two universal (ccmp2 and ccmp4) and three oak-
specific markers (udt1, udt4 and ucd4, see Supplementary 
Table 4S for further information).

We used a touchdown PCR program for all markers in 
a Biometra TProfessional thermocycler (Jena, Germany). 
The PCR protocol started with 15 min for initial denatura-
tion at 95 °C, followed by 10 cycles of 1 min denaturation 
at 94 °C, 1 min annealing at 60 °C (− 1 °C per cycle) and 1 
min extension at 72 °C. This first set of cycles was then fol-
lowed by another 25 cycles of 1 min denaturation at 94 °C, 
1 min annealing at 50 °C and 1 min extension at 72 °C. The 
PCR ended with a final 20-min extension step.

For each single primer pair, PCRs were conducted in a 
14 µl volume containing 1 µl of genomic DNA (about 0.6 ng/
µl), 6.8 µl  ddH2O, 1.5 µl PCR buffer (containing 0.8 M 
Tris–HCl and 0.2 M  (NH4)2SO4), 1.5 µl  MgCl2 (25 mM), 
1 µl of each dNTP (2.5 mM), 1 µl primer (forward, 5 pM/
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µl), 1 µl primer (reverse, 5 pM/µl) and 1 U HOT  FIREPol® 
Taq Polymerase from Solis BioDyne (Tartu, Estonia). For 
multiplexing of markers ccmp2 and ccmp4, we used the fol-
lowing PCR mix: 1 µl of genomic DNA (about 0.6 ng/µl), 
4.8 µl  ddH2O, 1.5 µl PCR buffer (containing 0.8 M Tris–HCl 
and 0.2 M  (NH4)2SO4), 1.5 µl  MgCl2 (25 mM), 1 µl of each 
dNTP (2.5 mM), 2 × 1 µl primer (forward, 5 pM/µl), 2 × 1 µl 
primer (reverse, 5 pM/µl) and 1 U HOT  FIREPol® Taq Poly-
merase (Solis BioDyne; Tartu, Estonia).

The PCR products were tested in an agarose gel electro-
phoresis to determine the ideal dilution ratio for the capillary 
electrophoresis. The gel electrophoresis was carried out at 
90 v for 20 min in a 1.5% agarose gel with TAE as a running 
buffer (1X working solution). The DNA was stained with 
Roti-Safe GelStain from Roth (Karlsruhe, Germany). Sam-
ples were diluted according to the intensity of amplification 
products on the gel.

For the separation of the cpDNA fragments, we per-
formed a capillary electrophoresis on an ABI Prism Genetic 
Analyzer 3130xl (Applied Biosystems, Foster City, USA). 
The fragment sizes were scored using the GeneMapper soft-
ware version 3.7 (Applied Biosystems, Foster City, USA).

Data analyses

Chloroplast DNA haplotypes were based on all genotyped 
cpSSR markers. The software PermutCpSSR (https ://www6.
borde aux-aquit aine.inra.fr/bioge co/Produ ction -scien tifiq ue/
Logic iels/Contr ib-Permu t/Permu t; Pons and Petit 1996; Bur-
ban et al. 1999) was used to determine the total haplotypic 
diversity HT, the average expected within-population hap-
lotypic diversity HS and the genetic differentiation among 
populations GST. Assuming a stepwise mutational model, 
the software was also used to compute RST that takes into 
account allele size and is computed as the ratio of the vari-
ance between populations and the total variance of allele 
size in terms of number of repetitive motifs (Slatkin 1995). 
In contrast to GST, RST accounts better for the relatively low 
mutation rates occurring at chloroplast SSR markers. The 
haplotype network was generated using Arlequin version 
3.5 (Excoffier and Lischer 2010). The software computes a 
matrix of pairwise distances between all haplotypes, using 
the sum of squared size differences.

The software package GENECLASS2 (Piry et al. 2004) 
was used to tentatively assign German red oak stands to 
North American reference populations. It uses a Bayesian 
method introduced by Rannala and Mountain (1997) to 
assign German stands to their three most probable refer-
ence populations.

To analyse a possible correlation between genetic and 
geographic distances, Mantel tests were performed sepa-
rately for German stands and North American reference 
populations. The correlation value RXY ranges from − 1 to 

1. A positive correlation would imply that two populations 
become increasingly genetically distant the further away 
they are located from each other. A negative correlation 
would imply the contrary. First, pairwise genetic distances 
were calculated between all populations (Bruvo et al. 2004). 
To weigh them by the number of individuals in each popu-
lation, the pairwise genetic distances between individual 
trees in each population pair were summed, and the sum 
was divided by the number of pairwise distances between 
the two populations. Secondly, a matrix of the geographic 
distance (in km) was computed. Lastly, the software package 
GenAlEx 6.5 (Peakall and Smouse 2006, 2012) was used to 
perform both a Mantel test (9999 permutations) and a Prin-
ciple Coordinates Analysis (PCoA). The PCoA is a cluster 
analysis, which can visualize individual and/or population 
differences based on the genetic distance between them by 
assigning for each individual or population a location in a 
multidimensional space. In this study, the Bruvo distance 
between populations was used. The PCoA tries to find the 
main axes through a distance matrix that explain most of the 
genetic differentiations between individuals and/or popula-
tions. Usually, these are the first two or three main axes in a 
multidimensional space (Peakall and Smouse 2012). In our 
case, the first axis explained 68.10% and the second axis 
8.77% (together 76.87%) of the differentiation.

Results

Chloroplast haplotype distribution

In total, 13 different chloroplast haplotypes were found 
among all studied populations. Five of them (D, E, F, M 
and O) were found only in Germany, while 5 others (G, H, 
I, K and L) were found solely in North America (Table 1). 
Most of these haplotypes were rare. Haplotype K (8.9%) was 
found in the upper Midwest and southern Canada, and hap-
lotype L (5.2%) was found only in the Great Lakes region of 
North America. Haplotypes G and H were identified only in 
samples representing southern regions of the natural range. 
Unlike private haplotypes in North America, private haplo-
types in German stands were found rarely. While haplotypes 
D and E are more similar to haplotype A, haplotypes F, M 
and O appear to be closely related to haplotype B.

Among the common types, haplotype A was dominant in 
both North America and Germany, although a much higher 
relative frequency was found in Germany (80.3%) compared 
to North America (54.8%). Haplotype B was the next most 
frequent haplotype in Germany (12.0%) with a similar fre-
quency in North American samples (13.3%). Interestingly, 
this haplotype is different from haplotype A in each of the 
five loci (Table 1). While haplotype B was found in Ger-
many in each of the five federal states, it was predominantly 

https://www6.bordeaux-aquitaine.inra.fr/biogeco/Production-scientifique/Logiciels/Contrib-Permut/Permut
https://www6.bordeaux-aquitaine.inra.fr/biogeco/Production-scientifique/Logiciels/Contrib-Permut/Permut
https://www6.bordeaux-aquitaine.inra.fr/biogeco/Production-scientifique/Logiciels/Contrib-Permut/Permut
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located in the centre and northern regions of the natural dis-
tribution range in North American samples (Fig. 1). Haplo-
type C, which is closely related to haplotype A, was found 
only in the northern regions of the natural range (on the 
tip of the Keweenaw Peninsula and in Ontario). In German 
stands, haplotype C was usually found at low frequency, only 
in single samples, except Baden-Wuerttemberg, where it was 

found at relatively high frequencies (57%), although only 6 
stands were sampled there (Fig. 2).  

Haplotype diversity and structure

The minimum spanning tree in Fig. 3 shows the presence of 
three main lineages or clusters and their related haplotypes 

Table 1  Description of Quercus 
rubra chloroplast haplotypes 
(A–O) and their frequencies (f)

Haplotype Five cpSSR markers and their allele frag-
ment sizes, bp

Germany Reference Overall

ccmp2 ccmp4 ucd4 udt1 udt4 ƒ ƒ,  % ƒ ƒ,  % ƒ ƒ,  %

A 228 116 99 86 145 309 80.3 74 54.8 383 73.7
B 227 115 98 85 146 46 12.0 18 13.3 64 12.3
C 228 116 99 87 145 23 6.0 17 12.6 40 7.7
D 228 117 99 86 145 1 0.3 1 0.2
E 228 116 97 86 146 3 0.8 3 0.6
F 227 116 98 85 146 1 0.3 1 0.2
G 226 117 97 85 146 4 3.0 4 0.7
H 226 117 97 84 146 2 1.5 2 0.4
I 227 115 98 84 146 1 0.7 1 0.2
K 228 116 99 85 145 12 8.9 12 2.3
L 226 118 98 85 146 7 5.2 7 1.3
M 227 115 98 85 145 1 0.3 1 0.2
O 228 115 98 85 146 1 0.3 1 0.2

Fig. 1  a Chloroplast haplotype distribution south of the Great Lakes. 
Populations were sampled and genotyped in earlier studies at gSSRs 
(Lind and Gailing 2013; Lind-Riehl et  al. 2014; Google Maps 
2017b). Data from populations Keweenaw, Mine and Porcupine have 

not been published before. b Distribution of Quercus rubra chloro-
plast haplotypes in North America. Samples were partly obtained 
from a provenance trial in Lübeck, Germany (Liesebach and Schneck 
2011; Google Maps 2017c)
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(A, B and H). In our samples representing North America, 
lineage A was found in all regions, but predominantly in the 
north and north-east; B was found in one population in the 
south, but also in the north-central and the north-west of 
the species’ natural distribution; H was mainly found in the 
south. Haplotype A is different from B and H in all the five 
loci, whereas B and H have one locus in common.

Due to the fixation of the same one haplotype per site, 
haplotype diversity within North American populations was 
low (HS = 0.177), despite total haplotype diversity being 
high (HT = 0.652) accounting for a relatively high number 
of different haplotypes (Table 2). High genetic differen-
tiation was found among all North American populations 
(GST = 0.729, RST = 0.772). In Germany, the average haplo-
type diversity within populations was higher (HS = 0.291), 
especially in stands from Southwest Germany (HS = 0.537) 

(Fig. 2). Oppositely, total haplotype diversity was moder-
ate with average values considerably lower than in North 
America (HT = 0.337) with the exception of the Baden-
Wuerttemberg region (HT = 0.655). Apart from the high hap-
lotype diversity, Baden-Wuerttemberg featured two of the 
five private haplotypes in Germany and the greatest share of 
haplotype C among all regions analysed. As a consequence 
of the frequent occurrence of haplotype A in most German 
stands, genetic differentiation among all stands was rela-
tively low (GST = 0.137, RST = 0.047). This higher difference 
between the two values of GST and RST can be explained by 
the different mutation models behind these parameters. RST 
assumes a stepwise mutation model that takes into account 
to what extent alleles differ in their size in terms of number 
of repetitive motifs. Thus, two alleles of one marker differen-
tiate stronger, when more mutational steps lie between them. 

Fig. 2  Distribution of Quercus 
rubra chloroplast haplotypes 
in Germany (stand #36 of 
Brandenburg was removed from 
the study due to insufficient 
number of samples)
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In contrast to North American populations, markers differ 
mostly by only a single nucleotide motif among German 
stands. As a result, the RST value is smaller (i.e. demonstrat-
ing less differentiation) than the calculated GST.

Relationship between German and North American 
populations

The PCoA showed that all German stands densely cluster 
with reference populations from most areas of North Amer-
ica (Fig. 4). Within this large group, there is further grouping 
for stands from North-Rhine Westphalia, Lower Saxony and 
Brandenburg. Stands from Thuringia and Baden-Wuerttem-
berg were linearly distributed along Coord. 1 (see detailed 
representation in Supplementary Fig. 3S). Overall, the North 
American reference populations were more differentiated 
than the German ones (Fig. 4). NQ-E, NQ-R and Nanta-
hala (USA-4) of the upper Midwest and the south, which all 
contained rare haplotypes of lineage H, clustered together. 
MTU and Mine consisted mainly of haplotype B, while BR1 
and Keweenaw on the upper end of the distribution mainly 

contained haplotype C. These four populations are located 
on the Keweenaw Peninsula at Lake Superior. The PCoA 
analyses showed that some German stands were similar 
in haplotype composition to North American populations 
and were consequently assigned to these reference popu-
lations with the GENECLASS2 analyses (Supplementary 
Table 5S). This is particularly the case for the German 
stands 23, 24, 30, 31 and 38, which all were assigned to the 
North American population Anderson in the north-central 
part of the natural range. In general, most German stands 
could be assigned to populations from the northern part of 
the natural range. However, most assignments were appar-
ently inaccurate, because only a low score for each assigned 
population was calculated.

Relationship between genetic and geographic 
distances

While the Mantel test showed no significant correlation 
(RXY = 0.148, p = 0.180) between genetic and geographic 
distances for North American reference populations 

Fig. 3  Minimum spanning tree 
representing the chloroplast 
haplotype network (Excoffier 
and Lischer 2010) of Quercus 
rubra populations. Numbers 
next to the lines indicate the 
number of markers which differ 
between two haplotypes

Table 2  Quercus rubra 
chloroplast haplotype diversity 
within populations (HS), 
total haplotype diversity 
(HT), differentiation among 
populations (GST), the genetic 
differentiation based on the 
stepwise mutation model (RST), 
the number of haplotype (Na) 
and the number of private 
haplotypes (Np)

Data HS HT GST RST Na Np

Germany 0.291 0.337 0.137 0.047 8 5
Lower Saxony 0.180 0.187 0.036 − 0.020 3 0
North-Rhine Westphalia 0.260 0.246 − 0.056 − 0.071 3 0
Baden-Wuerttemberg 0.537 0.655 0.181 0.097 6 2
Thuringia 0.240 0.313 0.234 0.190 4 1
Brandenburg 0.340 0.354 0.040 0.039 5 1
North America 0.177 0.654 0.729 0.772 8 5
North America (Great Lakes) 

(Zhang et al. 2015)
0.346 0.436 0.206 0.253
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(Supplementary Fig. 4S), it revealed a slightly positive sig-
nificant correlation (RXY = 0.284, p = 0.001) for the stands 
in Germany (Supplementary Fig. 5S). In addition, while still 
very low, the R2 value in Germany was four times higher 
(R2 = 0.08) than for North American reference populations 
(R2 = 0.02).

Discussion

German plantations originated from a limited 
geographic range in North America

Northern red oak stands in Germany seem to originate from 
a geographically restricted region in the northern part of 
North America, covering two lineages, one of which is 
found all over North America, but mainly in the north and 
north-east (lineage A) and one that was found mainly in the 
north-central and north-western parts (lineage B, see Figs. 1, 
3). Both lower haplotype diversity and lower differentiation 
among German stands point to founder effects, suggesting 
that German stands represent only a fraction of the diversity 
found in North America. This is supported by the multivari-
ate PCoA analysis where populations from North America 
are widely scattered while German stands form a compact 
group.

Likewise, the lower differentiation among populations 
(GST = 0.137) also suggests that German stands originate 
from a restricted geographic range. In addition, the absence 
of haplotypes G, K and L (27.0% in North America) sup-
ports the conclusion that German Q. rubra stands originated 

from a limited geographic range in North America. In 
accordance with our data, genetic differentiation at cpDNA 
markers among Q. rubra populations from a restricted 
region in the Great Lakes region was considerably lower 
(GST = 0.206, Zhang et al. 2015) as compared to differen-
tiation described in studies that covered a range exceeding 
the Great Lakes region (GST = 0.73; this study; GST = 0.58, 
populations in the north-western part of the natural range, 
Birchenko et al. 2009; GST = 0.46, populations covering 
the whole natural range, Magni et al. 2005). In agreement 
with previous findings by Magni et al. (2005), no clear geo-
graphic genetic structure of haplotypes was found within 
the natural distribution area of Q. rubra in this study. The 
absence of geographic genetic structures within the natu-
ral range, as indicated also by the Mantel test, impedes the 
detailed identification of the geographic origin of German 
plantations (e.g. with GENECLASS2). Although their exact 
origin cannot be determined, the presence of haplotype B 
with restricted distribution in North America (two popula-
tions on the Upper Peninsula of Michigan, one population 
in Indiana) would also point to the origin of German stands 
from the northern part of the natural distribution range. A 
range-wide high-density characterization of haplotypes in 
North American Q. rubra populations, as it was done for 
European white oak species (Petit et al. 2002), might allow 
to narrow down the origin of German red oak stands. The 
fully sequenced chloroplast genome of Q. rubra (Alexan-
der and Woeste 2014), including locations for intraspecific 
polymorphisms, can serve as a reference for the assembly 
of chloroplast genomes of red oak samples from all over the 
natural range.
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Our findings conform with a recent study analysing SNP 
markers in North American red oak populations as well as 
in European populations that are located mainly in France: 
Merceron et al. (2017) found that from three identified 
genetic clusters (G1, G2, G3) within the natural range, only 
two were observed in Europe. From these three clusters, one 
occurs mainly in the south (G2), one mainly in the north-
east (G1), and the third cluster (G3), which supposedly 
diverged from the first two clusters, is mainly located in 
the north-central and north-west of the natural distribution 
(Merceron et al. 2017). Furthermore, G3 is reported to occur 
more evenly distributed over all regions. In their study, the 
genetic cluster mainly found in the south of the natural dis-
tribution could have been largely extirpated in or have never 
been introduced to Europe in the first place. Merceron et al. 
(2017) stated that this could be due to the source populations 
for the European gene pool being located in the Northern 
part of the range. Likewise, an early study addressing the 
taxonomy of Q. rubra variants by means of phenotypic traits 
came to the conclusion that German red oak stands comprise 
mainly Q. rubra var. rubra, a variety that is characterized 
by a shallower cupule and bigger acorns and is predominant 
in the North of the natural distribution area (Bauer 1954).

Although our sampling in North America was limited and 
not designed to analyse haplotype diversity across the whole 
natural distribution area, the geographic distribution of the 
three cpDNA lineages found in this study seems to match the 
distribution of the three genetic clusters derived from SNP 
markers found by Merceron et al. (2017). According to both 
studies, only the two northern lineages or clusters were intro-
duced to Europe, one that occurs mainly in north-central and 
north-west regions (G3 or lineage B) and one that occurs 
mainly in the north and north-east regions (G1 or lineage 
A) of the natural distribution area. In addition, haplotype 
B from lineage B was found in all regions in Germany, but 
was present only in the north and central part of the natural 
distribution range in North America.

When a species migrates to an unoccupied geographic 
area (e.g. an island or another continent), its gene pool 
hardly represents its full range of varieties. Merely a frac-
tion of the species’ variation provides the foundation for the 
future population, being challenged not only by new, but 
also constantly changing environmental conditions (Mayr 
1954; Meimberg et al. 2006). Northern red oak seems to find 
itself in exactly this position in Germany: sampling from a 
limited geographic range has limited the genetic diversity 
at chloroplast markers in most German stands, reflecting 
founder events far away from the original distribution area. 
Although Q. rubra is currently well adapted to conditions 
in Germany (Roloff and Grundmann 2008), putative lim-
ited diversity at nuclear genes might lower the capacity to 
react to changing environmental conditions in the future. To 
describe the adaptive potential of red oak stands in Germany, 

future studies should focus on the assessment of genetic 
diversity at nuclear SSRs and genic EST-SSRs and at can-
didate genes in representative samples of selected German 
and North American reference populations.

Admixed material at least for plantations 
from Southwest Germany

While stands in Germany generally show low overall haplo-
type diversity and low genetic differentiation among popu-
lations, a different pattern is found for the stands probed in 
Baden-Wuerttemberg. Here, higher haplotype diversity and 
numbers of private haplotypes were found compared to all 
other examined regions of Germany (e.g. the more frequent 
occurrence of haplotype C in Baden-Wuerttemberg, while 
this haplotype is rare in other federal states). This suggests 
that imported seeding material for the establishment of the 
stands in Baden-Wuerttemberg was admixed to consist of 
material from different regions within the natural distribu-
tion range (e.g. due to multiple introductions). In fact, north-
ern red oak went through several periods of cultivation since 
its first introduction at the end of the seventeenth century. 
After first unsuccessful trials in the middle of the eighteenth 
century, there were intensified efforts to establish Q. rubra in 
the second half of the nineteenth century and in the middle 
of the twentieth century (Nagel 2015). The material for the 
establishment of the new stands could partly have been col-
lected from red oak stands of the first two generations, but 
as France and the Netherlands were also making efforts to 
establish northern red oak (Nagel 2015), the material could 
also have been obtained from there. Furthermore, additional 
material could have been brought directly from populations 
within the natural distribution area. In either case, the posi-
tive correlation between the genetic and geographic dis-
tances for German red oak stands found in this study (Sup-
plementary Fig. 5S) is in accordance with the introduction 
of different gene pools at different regions in Germany.

Future perspective

Our study revealed that although chloroplast haplotype 
variation in red oak in Germany is relatively low, some 
evidence for admixture and multiple introductions of this 
species are reflected in higher haplotypic diversity and 
genetic differentiation in stands in Baden-Wuerttemberg. 
Unlike North America where it has a limited geographic 
distribution (mainly in the northern part of the natural dis-
tribution range), the presence of haplotype B in all regions 
in Germany suggests an origin of German stands from the 
northern part of the natural range. These results support the 
similar conclusion drawn by Merceron et al. (2017) that red 
oak populations in Europe originated from the north of the 
natural distribution area. Further analyses at microsatellite 
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and SNP markers in adaptive genes should be performed 
to confirm the genetic divergence in two lineages within 
Europe. If the number of sampled populations in both North 
America and Germany and the number of cpDNA and other 
markers are increased, the origin of German red oak stands 
in the north of the natural distribution area could potentially 
be narrowed down further based on the occurrence of rare 
and geographically restricted variants. The level of genetic 
variation and adaptive potential of the species should also be 
characterized at nuclear markers including candidate genes 
with potential role in local adaptation.
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