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Abstract: Norway maple (Acer platanoides L.) is a widespread forest tree species in Central and
Northern Europe but with a scattered distribution. In the debate on climate change driven changes
in species selection in the forest, Norway maple has recently received raised interest because of
its comparatively high drought resistance (higher than in sycamore maple). Therefore, it is an
interesting species for sites high in carbonates and where other native tree species have become
devastated by pathogens (e.g., elm, ash). In Austria, the demand on saplings is currently rising,
while there is only very little domestic reproductive material available (on average more than
95% of saplings are imported from neighboring countries). This study was undertaken to identify
genetic diversity and population structure of Norway maple in Austria to lay the foundation for the
establishment of respective in situ and ex situ conservation measures. In addition, samples from
planted stands and imported reproductive material from other countries were included to study
the anthropogenic influence on the species in managed forests. We used 11 novel microsatellites to
genotype 756 samples from 27 putatively natural Austrian populations, and 186 samples derived
from two planted stands and five lots of forest reproductive material; in addition, 106 samples
from other European populations were also genotyped. Cross species amplification of the new
markers was tested in 19 Acer species from around the world. Population clustering by STRUCTURE
analysis revealed a distinct pattern of population structure in Austria and Europe, but overall
moderate differentiation. Sibship analysis identifies several populations with severe founding effects,
highlighting the need for proper selection of seed sources of sufficient genetic diversity in the species.

Keywords: Norway maple; genetic structure; genetic differentiation; gene pool; seed orchard

1. Introduction

European forests are currently changing at a fast rate—the effects of climate change
are becoming evident by large scale breakdown of forest stands which are not adapted
to the future climate, through drought and pest incidence. At the same time, forest cover
plays an important role in counteracting the effects of climate change through buffering
CO; emissions [1] and the additional planting of trees has been set as an important goal of
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the European Green Deal for fighting climate change (European Commission 2019). The
choice of the forest reproductive material (FRM) to be used in future afforestation is crucial
for the long-term stability and productivity of forests. To minimize the risk of failure of
afforestation efforts the establishment of mixed stands is commonly recommended [2];
therefore, the number of species planted in European forests is increasing. Besides non-
native tree species, native but scattered species have also received more interest for their use
in afforestation. The sourcing of sufficient FRM of these species is often seen as a problem,
as efforts for the establishment of seed stands and seed orchards have concentrated on the
economically most important tree species, and seed collection in natural stands is often
complicated by the scattered occurrence of these species [3,4].

Norway maple (Acer platanoides L.) is a widespread forest tree species in Central
and Northern Europe but with a scattered natural occurrence. On the other hand, it is
commonly planted as an ornamental tree due to its tolerance of urban conditions and
colorful fall foliage; indeed, it is naturalizing in ruderal places in urban areas. In the forest,
it is a fast-growing species in its youth and the wood can be used for furniture, marquetry,
and even musical instruments. It thrives best in deep, fertile soils but often also occurs in
groves and on dry rocky slopes, together with beech, lime, ash, elm and other valuable
hardwoods [5]. In Central Europe it can be found up to an elevation of around 800 m. The
species is monoecious and outcrossing with prevalent pollination by insects [6]. Seeds are
winged samaras and effectively dispersed by light winds.

In the debate on climate-driven selection of species in the forest, Norway maple
has recently received raised interest in Central Europe because of its higher drought
resistance compared to sycamore maple [7,8] (the latter has been used for afforestation
extensively). Therefore, it is an interesting species for highly productive sites where other
native tree species have become devastated by pathogens (e.g., elm, ash). In Austria,
despite the rising demand for Norway maple saplings, there is only very little domestic
FRM available (on average, more than 95% of saplings are imported from neighboring
countries; I. Strohschneider, Federal Forest Office, pers. comm.). Currently, there are
only two registered seeds stands of Norway maple in Austria (only one was operational
at the time of sampling for this study). The relatively high effort to collect seeds in the
forest, coupled with the comparatively low retail value of the seeds, as well as the modest
demand in the past has led to the predominant import of reproductive material from foreign
sources by nurseries. However, import of material without knowledge of the population
subdivision of the respective species may result in the use of maladapted sources and/or of
material with low genetic diversity. This could have severe and long-term negative effects
on the local populations of scattered tree species through gene flow (genetic pollution
and “swamping” [9]). All these warrant efforts to use FRM from regional sources and
conservation of the native genepool in situ (gene conservation units) and ex situ in seed
orchards. The latter can in turn be used to produce sufficient amounts of reproductive
material for afforestation. The conservation of the gene pool of scattered forest tree species
is an important goal demanded by the European Union [10,11] and is fostered by the
EUFORGEN network [4,11,12].

While there have been reports on a number of effects of artificial regeneration on the
genetic makeup of the resulting stands, e.g., that the genetic structure is changing between
years and the harvested area in seed stands [13-18], surprisingly few studies (but see,
e.g., [19,20]) have scrutinized the genetic diversity of forest reproductive material actually
used in afforestation, though this can have a large scale, direct and severe practical impact
on the performance, sustainability, and future adaptability of forests to the future climate. In
Austria, comparatively strict rules for the collection of seeds for the production of FRM are
in place for the main tree species in accordance with EU Directive 1999/105/EC and based
on the Austrian Act on Forest Reproductive Material (FoVG 2003; similar to the legislation
existing in Germany and many other European countries). For the category “selected” in
the main (economically most important species, e.g., Norway spruce, oaks, etc.) tree species
seeds from at least 20 mother trees need to be collected from selected stands that hold at
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least 50 mature trees and are of a specified minimum size. In the secondary tree species
(which includes maples, lime, ash, etc.) rules are relaxed and only 20 trees are needed in
the respective stand and seeds from only 10 mother trees need to be harvested. In these
stands, a governmental expert has to check the quality and vigor of the trees to issue a
seed stand certificate; although, in the category “source identified” (basically developed for
the secondary tree species), only 10 trees need to be harvested and an expert check of the
stand is not required. In Austria, “source identified” is deemed sufficient in the case that
no selected seeds stands are available for the respective species (i.e., as in A. platanoides in
most regions of Austria). In rare tree species, which are not included in the respective law
on FRM, no rules exist at all for seed collection (e.g., Sorbus, Taxus).

Mostly, this negligence of the importance for using seed sources of high quality and
diversity in the secondary tree species stems from their relative unimportance in economic
terms, but probably also from the fact that negative effects of inbreeding are less evident
but also understudied in hardwood species (but see [21]). In comparison, there is a large
body of evidence available which shows the negative effect of inbreeding in stand forming
conifers both during embryo development as well as in reduced growth of the resulting
offspring [22-29]. Indeed, the effects of using FRM of low genetic diversity are not as
conspicuous in hardwoods as they are in conifers, probably due to milder levels of inbreed-
ing depression in species adapted to scattered occurrence [30], although the long-term
consequences are expected to be detrimental [31-34]. Low levels of genetic diversity and
increased inbreeding within populations are recognized signatures of landscape fragmenta-
tion [35,36] and low genetic diversity via inbreeding and genetic drift ultimately will lead to
species extinction [37]. Although longevity and large gene dispersal distances can buffer the
effects of fragmentation in some tree species [38,39], empirical evidence shows that in many
situations negative effects are evident [40,41]. Since tree species differ in their sensitivity to
fragmentation, it is important to investigate the respective gene dispersal and reproductive
system to choose the optimal management technique for long-term conservation of forest
genetic resources. Currently, ex situ and in situ measures are proposed in the form of seed
orchards or gene conservation units, respectively (e.g., [12]).

Comparatively little is known on the genetic differentiation and population history of
A. platanoides in Europe despite its wide occurrence across Europe. Postglacial recoloniza-
tion patterns have been hypothesized to be similar to A. pseudoplatanus [42,43] and many
other species e.g., [44] with putative refugia in the Mediterranean and remigration routes
west and east of the Alps [5,45], but detailed palynological evidence is scarce due to low
durability of its pollen and because Acer pollen cannot be differentiated at the species level;
large scale genetic studies so far have not been conducted in the species. Rusanen, Vakkari
& Blom [46] showed that genetic diversity based on allozymes was comparatively low in
the Finnish populations (Hg = 0.128); when analyzing also populations from central Eu-
rope [47] Hg was almost identical with 0.132; a low value compared to the average of other
woody species (Hr = 0.149) or the mean value for angiosperms in general (He = 0.183) [38]
and other European forest tree species [47]. However, genetic diversity was similar to
A. saccharum populations studied in North America [48,49]. Population differentiation
within Finland (Fgr = 0.099) was almost three times higher than in the wind pollinated
Betula pendula (Fst = 0.032) [46,47]. Despite the high differentiation between populations,
no geographical pattern of diversity was discernible; therefore, the Finnish populations
seem to follow a metapopulation dynamic, with small, isolated populations that exchange
migrants but also local extinction and re-migration events. Similarly, no clear population
structuring was also discernible when a larger sample including populations from Central
Europe was analyzed [47]. To our knowledge, no provenance trials have been set up to
investigate functional trait differentiation in the species.

The primary aim of this study was to investigate the population structure of Norway
maple in Austria to lay the basis for the establishment of respective ex situ seed orchards
and clonal archives, but also for the identification of stands of the species suitable for
seed collection and for the selection of in situ gene reserve forests [50,51]. To achieve this,
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population samples were collected from all areas of the species” occurrence in Austria. In
addition to the Austrian samples, populations from other countries (Bosnia and Herze-
govina, Finland, Estonia) were included to shed further light on the population structure
within Europe. Further, it was also our aim to investigate the genetic impact of current
afforestation practices in the species, i.e., to scrutinize genetic diversity in established plant-
ings, in the only seed stand available at the time of the study, and to exemplarily investigate
the genetic diversity of the FRM traded within and imported to Austria, respectively. To
achieve this, not only the genetic diversity but particularly the family structure within the
studied populations and traded FRM were analyzed.

2. Materials and Methods
2.1. Populations Sampled

Cambium (approx. 2 cm circular disks taken at the stem base), or leaf samples were
obtained in 2019 from 756 individuals originating from 27 (putatively) natural populations
of A. platanoides covering a major part of its geographical range in Austria (Table 1). GPS
coordinates, diameter at breast height (dbh), height and stem form for each sampled
tree were recorded to facilitate selection of plus trees for the projected seed orchards.
A minimum distance of 20 m between the trees was kept and only trees of dbh higher
than 20 cm were collected. Most of the populations were sampled in sites registered
in the Austrian forest reserve scheme (http:/ /www.naturwaldreservate.at, accessed on
1 March 2022), thus had been naturally regenerated (planting of A. platanoides was very
uncommon until ca. 30 years ago). Samples were also taken from the only registered
seed stand at the time of sampling of the species in Austria (population 28), which was
indeed planted ca. 50 years ago with material from an unknown origin (H.J. Damm, pers.
comm.); another planted stand in Carinthia (pop. 25, 10 years old) was also sampled,
again the origin was not traceable. Population 30 (mature trees) was also special as it was
sampled in an isolated semi-urban location near an old castle. In addition, samples from
five batches of seedlings obtained from commercial forest nurseries were added to the
sample pool. These consisted of 25 saplings putatively derived from the only available
seed stand in Austria (pop. 28), as well as two batches each of German and Hungarian
plant lots (25 samples each), respectively. As an outgroup, and to obtain new insights into
the large-scale population structure at the European level, two populations from Bosnia
and Herzegovina and one population each from Estonia and Finland, respectively, were
also included in the study (Table 1). Samples were dried and stored in silica gel until
DNA extraction.

2.2. Marker Development and Genotyping

Since no specific markers were available for A. platanoides, novel nuclear microsatellite
markers were developed within the study by a commercial provider (Ecogenics, Balgach,
Switzerland). The pooled DNA from seven individuals collected near Vienna was used
for marker development. The Illumina TruSeq nano library was analyzed on an Illumina
MiSeq sequencing platform using a nano v2 500 cycles sequencing chip. The resulting
paired-end reads, which passed Illumina’s chastity filter, were subject to de-multiplexing
and trimming of Illumina adaptor residuals. Subsequently, the quality of the surviving
reads was checked with the software FastQC v0.117 [52]. In a next step, the paired-end
reads were merged with the software USEARCH v10.0.240 to in silico reform the sequenced
molecule. The resulting merged reads were screened with the software Tandem Repeats
Finder, v4.09. After this process, 7618 merged reads contained a microsatellite insert with
a tetra- or a trinucleotide of at least 6 repeat units or a dinucleotide of at least 10 repeat
units. Primer design was performed with primer 3. Suitable primer design was possible in
4590 microsatellite candidates. Eventually, 15 microsatellite markers were selected based
on the number of alleles and reliability for genotyping.
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Table 1. Information on sampled populations.

Population Name Country Province Latitude Longitude Number of Comments
Number Samples
1 Bromatsreute AT Vorarlberg 47.54 9.82 29 Nature reserve forest
2 Zwurms AT Vorarlberg 47.33 9.66 30 Natural
3 Schruns AT Vorarlberg 47.08 9.90 17 Natural
4 Bezau AT Vorarlberg 47.39 9.86 29 Natural
5 Zams AT Tyrol 47.16 10.60 20 Natural
6 Miihlgraben AT Lower Austria 48.03 15.55 26 Nature reserve forest
7 Kollmitzgraben AT Lower Austria 48.83 15.54 30 Nature reserve forest
8 Mitterberg AT Upper Austria 48.43 13.57 29 Nature reserve forest
9 Stauf AT Upper Austria 48.44 13.92 45 Nature reserve forest
10 Marsbach AT Upper Austria 48.46 13.82 20 Nature reserve forest
11 FreyensteinerDonauwald AT Lower Austria 48.23 14.93 30 Nature reserve forest
12 Dobra AT Lower Austria 48.59 15.40 30 Nature reserve forest
13 Kardinalgraben AT Lower Austria 48.11 15.23 40 Nature reserve forest
14 Luxensteinwald AT Lower Austria 48.64 14.74 32 Nature reserve forest
15 Sommerein AT Lower Austria 47.99 16.68 20 Nature reserve forest
16 Sankt Gertraud AT Carinthia 46.52 14.60 34 Natural
17 Leobersdorf AT Lower Austria 47.92 16.13 28 Natural
18 Landsberg AT Upper Austria 47.90 14.26 30 Natural
19 Salzkammergut AT Salzburg/Styria 47.74 13.42 30 Natural
20 Tennengau AT Salzburg 47.65 13.10 30 Natural
21 Vorderberg AT Carinthia 46.58 13.55 24 Natural
22 Schénbrunn AT Vienna 48.18 16.30 29 Natural
23 Seebenstein AT Lower Austria 47.63 16.13 38 Natural
24 Falkenstein AT Lower Austria 48.73 16.56 18 Natural
25 Klagenfurt AT Carinthia 46.67 14.31 20 Planted stand
26 Griinbach AT Lower Austria 47.80 15.99 33 natural
27 Pernitz AT Lower Austria 47.93 15.98 11 natural
28 Bernhardtsthal AT Lower Austria 4870 16.90 30 Registered Seed
Stand /planted
Obtained from nursery
. . i ffsprin.
29 Planting stock Austria AT 24 ?:oglt];l;‘r,’ligrl:tziha%
(pop. 28)
30 Sternberg AT Carinthia 46.63 13.98 24 Semi-urban, isolated
population
31 Germany1 DE Baden- 48.60 9.01 25 Obtained from nursery
Wiirtemberg
32 Germany?2 DE Baden- 48.53 8.99 36 Obtained from nursery
Wiirtemberg
33 Borjad HU Borjad 45.93 18.48 25 Obtained from nursery
34 Szombathely HU Szombathely 47.20 16.55 26 Obtained from nursery
35 Busovaca BH Busovaca 4410 17.90 31 Natural Forest
36 Radava BH Radava 43.89 18.42 30 Natural Forest
37 Estonia EE Viljandimaa 58.09 25.06 14 Natural Forest
38 Haarikonmaki FI East Finland 61.57 29.18 31 Gene conservation unit

For consecutive genotyping of all sampled individuals, DNA was extracted using the
Qiagen DNeasy 96 Plant kit following the manufacturer’s protocol. The 15 microsatellite
markers were split into three mixes (forward primers were labelled using ABI technology)
and PCR was performed using the Solis Biodyne 5x Hot FIREPol Multiplex Mix. For
PCR before the first cycle, a prolonged denaturation step (95 °C for 12 min) was included
followed by 35 cycles of 95 °C for 20 s, 60 °C for 50 s, and 72 °C for 120 s. The last cycle was
a 5 min extension at 72 °C. Fragment analysis was performed on an Applied Biosystems
3730XL DNA Analyzer, using a Size Standard GeneScan LIZ500 excluding 250 bp (Applied
Biosystems). Allele scoring was performed automatically with visual inspection of allele
calling. Cross species amplification of the 15 obtained microsatellite markers was tested in a
sample of 19 Acer species. Genotypic disequilibrium, deviation from HWE, and occurrence
of null alleles was estimated with GENEPOP 4.0 [53]. The power of the newly developed
markers for paternity analysis was checked in CERVUS [54].
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2.3. Data Analysis

Standard genetic diversity indices were calculated using GenAlEx 6.503 [55,56]. Allelic
richness was calculated by rarefaction for a standardized population size of 11 individuals
using ADZE v.1.0 [57] and F-statistics were computed in FSTAT [58]. Individual population
assignment was performed in STRUCTURE v2.3.4 [59] to detect population clusters. Anal-
ysis was performed with all 1048 successfully genotyped individuals using the admixture
model with 200,000 repetitions as burn-in followed by 800,000 for the full run. Runs were
performed from K =1 to 25 with 5 iterations per run. PHYLIP v3.6.8 (using the NEIGHBOR
program; [60]) was used to construct a UPGMA tree of populations based on Nei’s Standard
genetic distance calculated in GenAlEx.

The presence of recent changes in population size, based on estimates of multi-locus
genotypes, was tested using the software BOTTLENECK v1.2.02 [61], implementing a
Wilcoxon signed rank test and assuming the infinite alleles model. The mean relatedness
within the population samples was estimated using the Queller & Goodnight [62] and
Lynch & Ritland [63] estimators implemented in GenAlex 6.503 [56]. COLONY 2.0.6.6 [64]
was used to infer sibship relationships within all sampled entities (sampled populations
and sampled lots of reproductive material). The Full-Likelihood-Paired-Likelihood-Score
method was used for estimations, with male and female polygamy, and using the inbreed-
ing model. All individuals for each study entity were treated as a single offspring group
and runs were performed separately. We used default settings for sibship priors with a
medium run length and one thread. Runs were repeated three times using different seeds
for random number generation. The best maximum likelihood cluster configuration was
used to infer half- and full-sib dyads. COLONY was also used to estimate the current
effective breeding size (effective population size) of each sampled population based on the
sibship assignment method with the same settings described above. Confidence intervals
were obtained by bootstrapping. CERVUS and COLONY were further used for paternity
analysis of samples from population 28 and population 29, as the former population was
the putative parent stand of population 29.

Isolation by distance was investigated for all natural populations from Austria with
the Mantel test [65] and spatial genetic structure analysis (999 permutations each) using
GENALEX. Spatial genetic structure was analyzed by plotting correlation graphs of geo-
graphic (x axis in kilometers) and genetic distances (y axis log Nei genetic distance). This
analysis generates an autocorrelation coefficient r which lies between —1, 1 and is displayed
as a correlogram; with the coefficient  related to Moran’s I [55,66,67]. The maximum ge-
ographic distance among the samples was divided into ten distance classes of equal size
in kilometers. Significant geographic genetic substructures within a distance class were
detected when the r value exceeded the upper/lower boundaries of the 95% confidence
interval in the correlogram.

3. Results
3.1. Novel Microsatellite Markers

Details on the marker loci used are presented in Table 2. Cross species amplifica-
tion of the newly developed microsatellite markers in 19 other species of Acer showed
considerable amplification and indicated putative polymorphisms in these species also
(Supplementary Table S1). There was no evidence for genotypic disequilibrium in the natu-
ral populations sampled. However, 4 of the 15 markers (Ap_20237, Ap_361727, Ap_488207,
and Ap_658195) consistently showed elevated levels of null alleles in our sample set
(Table 2). Although the impact on results was negligible, the analyses reported here were
only performed with the remaining 11 microsatellite markers. The number of alleles detected
ranged from 5 (Ap_374910) to 24 (Ap_44827). The non-exclusion probability for the combined
marker set was very low (4.8 x 1077 for the first parent). The typing error rate of the eleven
markers used was estimated by running all samples in COLONY and averaged to 0.006.
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Table 2. Information on novel nuclear marker loci used including name, size range in base pairs,
mean number of alleles (Na), repeat motif, forward and reverse primers respectively, GenBank

accession numbers and average null allele frequency.

Locus Size bp I\I{f:n I;ng;t Primer-F Primer-R AC&?;E;?;O‘ Al;{lelllls
Ap.20237 179203 8895  (TATT) A e A AC AR ASEoCe MT895404 0.105
Ap_188503 245-258 5368  (TTTA)? ateaa e e P MT895405 0.051
Ap_541809 112136 4000  (TTA)10 Cap e e AN L MT895406 0.016
Ap_638034  175-196 10553 (ACAT)7 R A MT895407 0.019
Ap.33364 228239 7316  (TTTA)7 A ngfg%?ﬁh c E/EQTGAE;ATTT%TGTSC MT895408 0.022
Ap_44827 92-105  8.684 (TA)18 giﬁi%ﬁ%ég ‘zéﬁgg%ggg MT895409 0.017
Ap_64069  85-106 6868  (ATA)l4 G‘:ifgﬁéﬁﬁfgg'c Gﬁ%ﬁggg&?& MT895410 0.027
Ap_274758  67-183 10026  (AG)I5 i i A A AAA MT895411 0.017
Ap.361727  186-204 4579  (ATA) vl oG TS LoleA MT895412 0.093
Ap.374910 224252 7921  (ATT)I5 R CLSoasIe ACTICOACT I T OATTA MT895413 0.072
Ap 411647 227-245 9053  (AT)I9 T AT AT v MT895414 0.057
Ap_488207  89-182 3711  (AAAT)? chgiéééxggccm Gc‘é‘égrg%%‘m' MT895415 0.134
Ap_501482  233-241 5658  (TA)IlL AGGSZE;%CT?TGGGC' CTT'GGCg(T;?CCCCAGA' MT895416 0.007
Ap_658195  190-206 3974  (TACA)8 O aASSas GO A aTTGA MT895417 0.105
Ap_671221 123214 6895  (TATT)? TGGA’ZTTCT;Z%?égAGAC' GTGS%E%ETAC' MT895418 0.018

3.2. Genetic Diversity

Sampling locations of populations used are shown in Figure 1. A total of 1048 in-
dividuals were successfully genotyped (samples that had missing data for more than
3 microsatellite loci were omitted). Further details on populations are given in Table 1. The
results of the standard genetic diversity indices are shown in Table 3 and deviations from
the Hardy-Weinberg equilibrium are depicted as a significant excess or lack of homozy-
gotes (associated to the F-value). Significant deviation from HWE was detected in several
populations, all associated with an excess of homozygotes with the exception of population
28, which showed a highly significant excess of heterozygotes. Genetic diversity (He) was
0.72 on average with lower levels in the populations from the western part of Austria;
the lowest levels within Austria were the seed stand in population 28 and population 30
(Table 1)—both populations that were heavily affected by human intervention, i.e., they
were planted or isolated, respectively. Likewise, these populations also showed below
average values for allelic richness. In addition, the northern European populations showed
relatively low levels of genetic diversity. A high level of genetic diversity was found in the
majority of the Austrian populations, but also, populations from Bosnia and Herzegovina
harbored similar levels of variation. A planted stand (pop. 25) and the samples of FRM
retrieved from Germany (pops. 31 and 32) and Hungary (pops. 33 and 34) did not show
any indication of lower diversity. However, the FRM lot population 29 (putatively derived
from population 28) showed the lowest levels of diversity in the whole sample.
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Figure 1. Sampling locations of studied populations. Population numbers refer to Table 1.

Table 3. Diversity indices calculated for all populations including effective number of alleles, ob-
served, and expected heterozygosity, F value (the level of significance for heterozygote [HZ] deficit
or excess is indicated by * = 0.05, ** = 0.01; *** = 0.001), allelic richness, CI values and bottleneck
IAM respectively.

F (Sign. HZ Bottleneck

Pop. N Ho He uHe Deﬁci;o,/Excess) Ar Pop_eff (CI) TAM

1 3534 + 0312 0670 + 0035 0694 + 0027 0706 + 0028 0033 =+ 0036 * 4764 + 0337 38 22-66 0.0257 + 0.0065
2 3847 4+ 0305 0745 £ 0.036 0724 + 0021 0736 + 0021 —0.029 + 0.038 4851 + 0385 34 21-59 0.1004 + 0.0013
3 3648 + 0425 0661 + 0054 068 =+ 0038 0707 + 0.039 0043 =+ 0.046 4981 + 0460 26 14-53 01004 + 0.0383
4 3657 + 0308 0717 + 0029 0707 + 0024 0719 + 0025 —0.020+ 0041 * 4901 + 03% 45 27-80 00236 + 0.0062
5 3641 + 0418 0613 + 0031 0698 £ 0026 0717 + 0026 0115 =+ 0050 ** 4635 = 0442 30 17-65 0.0028 + 0.0036
6 4206 +£ 0355 0727 + 0061 0742 + 0025 0756 + 0025 0032 =+ 0.073 5256 + 0414 28 15-54 0.0029 + 0.0003
7 3939 £ 0390 0724 + 0051 0715 + 0033 0727 + 0034 —0.008 £ 0.043 5135 + 0426 48 29-84 0.0027 + 0.0024
8 4534 + 0611 0674 + 0054 0724 + 0046 0736 + 0046 0060 + 0058 ** 559 + 0576 85  51-165  0.0272 + 0.0079
9 4293 + 0453 0739 + 0042 0734 + 0032 0742 + 0.033 —0.002 + 0.021 5411 + 0475 51 33-81 0.0027 + 0.0009
10 4051 + 0423 0661 + 0048 0728 + 0026 0746 + 0026 0095 =+ 0050 ** 5461 + 0468 54 31-122  0.0283 + 0.0184
11 3672 + 0392 0603 + 0.060 0672 + 0061 0683 + 0062 0092 =+ 0035 ** 4825 + 0446 36 22-65 0.0240 + 0.0197
12 4460 + 0524 0730 + 0.046 0737 + 0035 0750 + 0035 0014 =+ 0029 * 5531 + 0487 44 26-82 0.0032 + 0.0016
13 4634 + 0633 0770 + 0036 0742 + 0033 0751 + 0033 —0.041 + 0.025 5533 + 0522 40 26-65 0.0031 + 0.0003
14 4136 + 0545 0670 = 0.065 0698 + 0054 0709 + 0055 0037 + 0052 * 4995 + 0510 39 23-68 0.0209 + 0.0009
15 4701 + 0593 0791 + 0048 0745 + 0036 0764 + 0037 —0.057 £ 0.029 5772 + 0569 33 18-68 0.0032 + 0.0005
16 4370 + 0538 0729 + 0041 0738 + 0029 0749 + 0029 0017 =+ 0.025 5299 + 0485 29 18-53 0.0027 + 0.0003
17 3886 + 0427 0711 + 0067 0.68 + 0057 0701 + 0058 —0.005+ 0.043 5150 + 0545 36 22-63 01009 + 0.0222
18 5092 + 0698 0793 + 0038 0760 + 0035 0773 + 0035 —0.047 + 0.027 5898 + 0628 58  36-100  0.0030 + 0.0002
19 4262 + 0464 0765 + 0041 0733 + 0033 0745 + 0034 —0.040 + 0.022 5330 + 0481 51 33-88 0.1007 + 0.0014
20 4330 + 0533 0724 + 0036 0736 + 0029 0749 + 0030 0017 + 0030 * 5528 + 0498 64  40-116  0.0270 + 0.0032
21 3647 + 0404 0632 + 0059 0.681 + 0.043 0.696 + 0044 0070 + 0067 ** 5053 + 0505 35 20-69 0.1018 + 0.0228
22 4605 £ 0558 0765 + 0045 0744 + 0036 0757 + 0.037 —0.026+ 0.028 5675 + 0515 46 28-82 0.0281 + 0.0031
23 4376 + 0471 0736 + 0045 0741 + 0029 0751 + 0030 0012 =+ 0043 * 5540 + 0492 48 32-80 00029 + 0.0012
24 3991 + 0543 0702 + 0049 0705 + 0035 0725 + 0.036 0013 =+ 0.041 5275 + 0615 38 19-91 02424 + 0.0129
25 4186 + 0500 0651 + 0050 0720 + 0038 0739 + 0039 0091 =+ 0055 ** 5183 + 0466 54 30-151  0.0293 + 0.0022
26 4769 + 0.669 0749 £ 0033 0750 + 0031 0762 + 0032 0000 =+ 0.021 5643 + 0560 53 33-92 0.0274 + 0.0017
27 4154 £ 0513 0777 + 0048 0719 + 0034 0754 + 0.036 —0.075+ 0.035 5705 + 0687 55 24-undef 02784 + 0.0298
28 3087 +£ 0327 0742 + 0060 0636 + 0040 0.647 + 0040 —0.159 + 0052 ** 4250 + 0390 7 421 00199 + 0.0366
29 2757 £ 0423 0598 + 0.092 0544 + 0065 0556 + 0.067 —0.091 + 0092 * 3598 + 0443 17 8-38 0.0576 + 0.0290
30 2963 + 0216 0686 + 0048 0.638 + 0036 0652 + 0037 —0.065+ 0.043 3933 + 0209 21 12-43 0.0226 + 0.0045
31 4636 + 0597 0663 + 0059 0739 + 0038 0755 + 0039 0124 4 0052 ** 5398 + 0534 16 9-34 0.0255 + 0.0005
32 4606 £ 0498 0730 + 0.028 0754 + 0028 0765 + 0.028 0029 =+ 0025 * 5502 + 0461 32 20-57 0.0029 + 0.0001
33 4434 £ 0547 0724 + 0052 0729 + 0038 0744 + 0039 0015 =+ 0.032 5367 + 0550 27 15-51 0.0031 + 0.0012
34 3863 + 0402 0675 + 0058 0706 + 0.035 0720 + 0036 0051 + 0056 * 509 + 0488 14 8-30 0.0026 + 0.0033
35 3483 + 0317 0680 £ 0041 0.688 + 0029 0699 + 0029 0012 + 0.043 4873 + 0367 46 27-82 0.0030 + 0.0441
36 4780 + 0741 0718 + 0055 0743 + 0034 0756 + 0034 0036 =+ 0056 * 5682 + 0622 42 25-77 0.0032 + 0.0016
37 3433 £ 0316 0652 + 0086 0672 + 0042 0697 + 0043 0073 + 0.102 4730 + 0437 52 22-1651  0.0850 + 0.0167
38 2753 £ 0277 0633 + 0057 0588 + 0050 0598 + 0051 —0.086 + 0.047 3760 + 0375 16 9-34 04203 + 0.0532
Total 4.037 4+ 0079 0703 + 0.008 0708 + 0006 0722 + 0.006 0009 =+ 0.008 5135 + 0481 392 0.0257 + 0.0065
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3.3. Population Structure

The overall population structure was relatively low (overall Fsr = 0.06, within Austria
Fst = 0.04). Relationships between populations based on Nei’s standard genetic distances
are shown in the unrooted UPGMA tree in Figure 2. Most Austrian samples, together
with samples from Germany and Hungary, formed an unresolved large branch, while
the Austrian sample populations from the west of the country clustered together in a
separate branch and populations showing low genetic diversity were clustering on a
third main branch (population 28, the associated lot of FRM [pop. 29], the planted stand
[pop. 25], population 30, as well as the two northern European populations). Most
sampled populations seemed to have experienced a recent reduction in population numbers
indicated by the results of the BOTTLENECK analysis (Table 3).

Eastern Austria / Germany

10

\&33
2 35
38 (FI) ) Bosnia & Herzegovina

36

25
37 (EE)

29 28

,Low Diversity”

Western Austria

Figure 2. Unrooted UPGMA tree showing population relationships based on Nei’s Standard genetic
distances for all analyzed populations of Acer platanoides. Population numbers refer to Table 1; country
codes are provided for non-Austrian populations. Main clusters detected are indicated by brackets.
“Low diversity” refers to populations with low genetic diversity and elevated levels of relatedness
within them.

In the STRUCTURE analysis, the true number of K was difficult to resolve as most
Austrian populations—probably due to the high number of alleles within the populations—
showed an inhomogeneous cluster assignment pattern. For the consecutive interpretation
of the data, we used the pattern obtained from K = 8, which gave the biologically most
meaningful results. In Figure 3, STRUCTURE results for the individual population assign-
ment are presented as pie charts at the respective sampling locations; individual cluster
assignment is shown in Supplementary Figure 1. The STRUCTURE analysis revealed sev-
eral population clusters within Austria corroborating the results of the UPGMA clustering:
a relatively compact cluster of populations from Tyrol and Vorarlberg (the extreme west of
Austria) and a less well-defined cluster for most other Austrian populations; the popula-
tions with low genetic diversity each formed a strong cluster on their own (pops. 28 and 30).
Populations from Finland, and Bosnia and Herzegovina formed strong respective clusters
as expected, while the population from Estonia showed a clustering pattern similar to
central European populations. The four batches of FRM from Germany and Hungary
were mostly not differentiated from the Austrian populations: while the German samples
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clustered with the Austrian samples, especially population 33 (a seed stand in the western
part of Hungary) was forming a rather well-defined cluster. An analysis of IBD and spatial
genetic structure was performed for all 756 Austrian samples from 27 natural populations.
By plotting Nei’s standard genetic distance vs. geographical distances in the Mantel test a
significant IBD pattern was observed (R2 =0.1961; p < 0.01; Figure 4). A significant result
for spatial genetic structure was also obtained in the analysis performed with GenAlex for
a distance of up to 45 km (Supplementary Figure S2).

Slovakia

Hungary

Slovenia <

Figure 3. STRUCTURE analysis results presented as pie charts on the map; the different colors
represent different clusters assigned to populations. Diameter of pie charts is proportional to the
number of samples analyzed per population. Population numbers refer to Table 1.

0.600

0.500 L 2

* y = 0.0003x + 0.0779
R?=0.1961

i *
0.400 * “ o

0.300

uNeiP

0.200 -

0.100

0 100 200 300 400 500 600
Geographic distance (km)

Figure 4. Mantel test results showing the relation of Nei’s standard genetic distance vs. geographical
distances for all Austrian samples from 27 natural populations.
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3.4. Sibship Analysis

Results of the sibship analysis are shown in Figures 5 and 6. Although most popu-
lations showed some sibship structure with pairwise relatedness coefficients outside of
the confidence interval (reflecting the cohort structure in the scattered stands), very high
levels of relatedness were evident in population 28 (seed stand). In that planted population,
the number of obtained full-sib pairs by far outnumbered the number of inferred half-sibs
(Figure 5), giving evidence that genetically very depauperate FRM had been used for the
plantation. The highest value of pairwise relatedness was found in the Austrian batch
of FRM (pop. 29). Comparatively high levels of pairwise relatedness were also found
in a putatively naturally regenerated stand from Carinthia (pop. 30) reflecting the frag-
mented occurrence of the species in that region. On the other hand, a planted stand in
Carinthia (pop. 25) did not show any sign of elevated levels of sibship structure, as did
the remaining batches of FRM (pops. 31, 32 and 33) with the exception of population 34.
The Finnish population also showed high levels of sibship structure, which was not unex-
pected, as demonstrably it is derived from only 9 mother trees [46]. Estimated numbers
of effective population size Ng were lowest in the populations most affected by human
intervention (Table 3). CERVUS as well as COLONY paternity analyses did not support the
assumption that the sampled offspring batch from Austria was derived from the seed stand
population 28 as indeed no parent from the sampled individuals was assigned, indicating
a possible labelling error in the nursery (although the density of the trees in that seed stand
is high and it is theoretically possible that none of the sampled trees were involved in the
respective mating events). This was also in agreement with the results of STRUCTURE and
the UPGMA clustering where, in both cases, the two populations/samples were strongly
differentiated and showed similarity only in having low levels of genetic diversity.

© FuliSibs (Upper Diagonai) A HalfSibs (Lower Diagonal) @ FullSibs (Upper Diagenal) A HalfSibs (Lower Diagonal)
n=2 n=37 n=113 n=22
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Figure 5. COLONY results showing the observed sibship assignment plots for individuals of popula-
tion 6 on the left and individuals of population 28 on the right side.
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Figure 6. Results of pairwise relatedness analysis within population samples using the Queller &
Goodnight [62] estimator. Upper and lower error bars bound the 95% confidence interval about
the mean values (blue) as determined by bootstrap resampling. Upper and lower confidence limits
(red) bound the 95% confidence interval about the null hypothesis of ‘no difference from expected
relatedness” across the populations as determined by permutation.

4. Discussion

Genetic diversity in forest tree species has been recognized as the cornerstone of
species adaptation to changing environments and the long-term survival of species [68].
The conservation and sustainable management of forest genetic resources, therefore, is an
important task in modern forestry [4]. Although the conservation of genetic diversity in
common stand forming species is relatively easily achieved in practical management (selec-
tion of a sufficient number of unrelated seed trees [69]), species with scattered distribution
or fragmented occurrence can be seriously affected by anthropogenic influence on pollen
and seed dispersal [34].

In this study, we used 15 newly developed microsatellites to genotype 756 samples
from 27 putatively natural populations in Austria and 292 samples from two planted stands
(one of them used also as a seed stand), other European populations and/or material traded
by commercial nurseries (Table 1). Eleven of the newly developed markers proved to be
highly reliable (average genotyping error 0.6%). These markers are available for further
investigations into the population genetics and mating system of Norway maple. Cross
species amplification of the new markers was tested in 19 Acer species from around the
world (Supplementary Table 1). Several of the markers were amplified in different species
and might also be helpful in studies of other Acer species.

Most natural populations studied here had a similar level of genetic diversity (average
Hr = 0.708), comparable to other tree species with scattered occurrence studied with similar
markers (e.g., Prunus avium, 0.045-0.831 [70], Sorbus-domestica, 0.574 [71], Sorbus torminalis
0.796 [51]). Population differentiation within Austria was comparatively low (FST = 0.04)
and the overall population differentiation between all populations studied (Fst = 0.06)
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was in the lower range commonly observed in scattered tree species [72], but in good
agreement with, e.g., values obtained for Sorbus torminalis in Southern Germany [51] at a
similar geographical scale.

Our data are somewhat conflicting with the results of Rusanen, et al. [47] who sam-
pled 12 populations of A. platanoides in Europe, including two populations from Western
Germany and one from Poland, with the remainder of the samples coming from North-
ern Europe. In their study based on isozyme analysis, they detected an Fsr of 0.099 for
the whole sample, but only an Fsr of 0.067 within Scandinavia and an Fsr of 0.124 for
the populations from Germany and Poland; indeed, our data corroborate this finding in
showing that proximal populations can also be highly differentiated, when the founding
population was small (which was not studied by Rusanen, et al. [47]). Overall, however, we
have found low population differentiation among most natural populations corroborating
earlier findings by Rusanen, et al. [47]. Since we have sampled here in a smaller region in
Central Europe, fragmentation seems, indeed, to be less important than in the northern
countries, where populations represent the leading edge of the distribution, probably with
a more developed metapopulation structure and lower population density. A very similar
pattern at the eastern distribution margin of A. platanoides has also been recently detected
by Akhmetov, et al. [73] analyzing Russian populations using ISSR markers. This pattern
is congruent with Norway maple being a potent colonizer in many forest disturbance
situations, capable of quickly establishing relatively large local populations.

In the STRUCTURE analysis (Figure 3, Supplementary Figure S1) populations from
Bosnia and Herzegovina, and Finland were strongly differentiated from the samples col-
lected in and around Austria, while the population from Estonia was closer to the Central
European populations. One Bosnian population showed the highest value of allelic richness,
but the second population also seemed to be affected from fragmentation and inbreeding to
some extent (Table 3). Both samples from Germany were derived from Baden-Wiirttemberg
(ca. 500 km distance to Lower Austria, where the FRM was to be planted) and showed vir-
tually no differentiation from the Austrian gene pool; likewise, both samples of FRM from
Hungary were clustering very close with the Austrian samples. This might be taken as an
indication that there is a single pre-Alpine region population for Norway maple in Central
Europe and that migration and genetic exchange within this gene pool has been common
in the not-too-distant past. Recolonization of maples into Central and Northern Europe
putatively has happened early, as the species was among the first postglacial-colonizing
species [74,75]. The pattern of population structure in Norway maple in the pre-Alpine
area appears to be similar to the one detected, for example, in Norway spruce in Scandi-
navia [76], indicating an initial widespread occurrence with consecutive fragmentation. Of
course, further sampling in Central Europe and other parts of the species’ range would
be important to gain detailed insights into the population history and the postglacial re-
immigration patterns of this species. The strong differentiation of the Bosnian sample from
Central European populations does not support the hypothesis that refugia in the Balkan
might have played a role in the recolonization in Central Europe, other than probably in A.
pseudoplatanus (as discussed in Neophytou, et al. [43]).

A consistent and clear pattern of west—east differentiation of genetic diversity was ob-
served within Austria. The observed differentiation between eastern and western Austrian
populations seems to be less the result of recent founder effects as only milder levels of
sibship structure were found in the latter population group. Here probably a long-lasting
differentiation has taken place and/or a different mode of postglacial recolonization is
underlying. A strong isolation by distance pattern (Figure 4, Supplementary Figure 52) was
evident in the Austrian population, showing an impact of colonization over a metapopula-
tion dynamic still. It remains to be tested in the future if the differentiation of the western
cluster has also resulted in local adaptation of populations to higher elevation and/or a
colder temperature regime. No information on local adaptation can be derived from neutral
markers, thus, the transfer of FRM between areas cannot be recommended based on our
results. It also needs to be taken into account that the samples from Germany and Hungary
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were all derived from commercial FRM and might not fully represent the gene pool of the
respective areas. In addition, as said before, further sampling in natural populations would
be needed to obtain a deeper insight into the populations’ relationship. Nevertheless, it is
warranted to take the west-east differentiation detected within Austria into account for
future gene conservation and afforestation efforts.

Most analyzed populations have indeed suffered from recent bottlenecks as evidenced
by results from the respective analysis and the relatedness analyses within populations.
Sibship analysis revealed that founder effects (small populations with high levels of sibship
structure) are probably causing the extent and strong differentiation detected in a subsection
of the populations. High levels of relatedness were also detected in populations from North-
Eastern Europe (pops. 37 and 38), partially reflecting the natural processes at the leading
edge of the species’ distribution. The population from Finland demonstrably is derived
from only 9 mother trees and has increased to approx. 50 individuals [46], thus, the
observed level of pairwise relatedness and small effective population size is not surprising.
Because the species is rare in that region, the stand still serves as a gene conservation unit.
For future management, it may be an option to plant additional trees from other regional
sources (enrichment planting) to increase the long-term adaptability and the value of the
stand as a gene reserve.

Our findings also provide evidence for the effect of human intervention on natural
populations through fragmentation and/or the establishment of local populations by
genetically depauperate plantations in Austria. This provides evidence for the endangered
genetic diversity in the species, highlighting the need for careful selection of future seed
sources of high genetic diversity. Although in most natural populations the level of
relatedness within populations was already elevated, extraordinary levels of pairwise
relatedness were detected in putatively natural but isolated populations (e.g., pop. 30), but
especially in a planted population (28), and in a plant lot obtained from a nursery (pop. 29).
On the other hand, samples from the remaining sources of reproductive material imported
to Austria (pops. 31, 32 and 33) and the planted stand in Carinthia (pop. 25) showed a
sibship structure similar to the natural populations.

Therefore, the use of (foreign) FRM cannot be regarded negatively per se since seed
sources with similar genetic background as the local one had been used. The estimation
of the effective population size was best at detecting anthropogenic effects on the genetic
make-up of managed forests, as the lowest values were always found in planted stands
and commercial plant lots. The impact of planting FRM from maladapted sources or of
low genetic diversity must also not be over-regarded when only low numbers of plants are
introduced, as not all planted trees will become mature enough for fructification; however,
long-term effects could occur if the introduced material outnumbers the local population
(“genetic swamping” [9]). Care should be taken in choosing stands for seed collection;
planted stands with an unknown genetic background should be avoided as exemplified
by the single seed harvest stand registered in Austria (at the time of sampling), which
showed egregious levels of sibship structure. At the same time, our data strongly suggest
that reproductive material (pop. 29) putatively derived from population 28 was, in fact, not
sourced from this stand, also indicating that the implementation of a genetic certification
scheme to track the identity of seed lots is needed to prevent mislabeling of FRM (already
in place in Germany [12,16]).

In Austria, the tradition of artificially propagating and growing secondary or rare tree
species in nurseries on a large scale is relatively recent and started only around 30 years
ago. Different legal regulations are in place for scattered tree species: there are only a few
registered seed stands and most harvesting (if domestic harvests are perfomed at all) is
under the label “origin secured”, which has much fewer preconditions to fulfill compared
to the harvest of “selected” seed sources (i.e., seed stands). In addition, the number of trees
needed to be harvested is only half of the number needed for the main tree species (i.e.,
10 vs. 20 mother trees, respectively). Blanc-Jolivet & Degen [69] have shown that 25 mother
trees are indeed necessary to transfer 90% of the genetic diversity within the seed stand to
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the next generation, indicating that the current legislation is not sufficient to sustainably
maintain the long-term genetic diversity of most tree species. Since the market with these
species has been small, for cost reasons and to minimize growing risks, many nurseries
have resumed buying their stock in neighboring countries. The results of this study on
Norway maple have also had an impact on the practical conservation of forest genetic
resources in other species, as the patterns of low genetic diversity in forest reproductive
material found in this study, may be repeated in other scattered tree species, e.g., elm, lime,
ash, alder, and cherry. Harvesting a sufficient number of mother trees (with proper spacing)
is, therefore, strongly advised; alternatively, the installation of seed orchards is an excellent
option to preserve diversity, and provide proper FRM with efficient effort in the scattered
tree species when a sufficient number of clones are used [4]. A future application of the
results of this study will be the establishment of seed orchards with a high number of clones,
to facilitate the harvesting of seed material of local provenance and high genetic diversity.

Genetic monitoring has been suggested [17] to detect changes in the genetic diversity of
forest tree species and to inform forest managers of negative changes to instigate adaptation
of respective management plans, subsidies programs, and legislation. A genetic monitoring
scheme should always include the analysis of sibship structures within the studied stands
and respective offspring, as exemplified in this study. This approach could further be
extended in a way to analyze a larger number of managed stands to detect population
genetic effects of ‘common’ management to inform the development of future best practice
guidelines. The analysis of genetic diversity, at least in seed stands of scattered tree species,
to avoid seed collection in genetically depauperate populations should be a standard
procedure, and is already done, e.g., in Bavaria [51].

Norway maple recently has become affected by the fungus Cryptostroma corticale, which
particularly seems to affect trees on sub-optimal sites, e.g., sites with compacted soils and
low humidity [77]. To select resistant genotypes, it will be necessary to take any precaution
to keep the level of genetic diversity high in the species. The establishment of provenance
trials to evaluate the performance of different regions in the field will provide evidence
about non-neutral genetic variation and resistance to Cryptostroma infection. Further, it
would be interesting to test the hypothesis that genetic diversity of stands is correlated to
disease susceptibility.

5. Conclusions

In this study, we investigated the natural population structure and genetic diversity
within populations, and specifically the relatedness of individuals within populations, of
Norway maple in Austria. Our data support the scenario of relatively recent fragmentation
of previously connected populations. Future investigations are needed to assess the impact
of this fragmentation on the fitness of the offspring. In the long term, negative effects are
probably unavoidable if no counteraction is performed [34].

The selection of genotypes based on the results of this paper will be used to set up a
clonal archive for future ex situ conservation measures, an important first step to conserve
the gene pool of Norway maple in Austria. The design and management of seed orchards
to achieve high outcrossing rates is an important step towards conservation of FGR in
Norway maple. In this study, we have provided important information on which trees to
select for seed orchard establishment and which populations are apt for collection of FRM.

The results obtained in this study show that, in the future, the current regulations
concerning the seed harvest need to be strictly implemented or extended, to maintain
the high level of genetic diversity currently found in the natural populations of Norway
maple. Most of the analyzed FRM had elevated levels of sibship structure compared to
natural populations; this may not be highly detrimental per se and cannot be totally avoided.
Legislation and implementation on the ground should ensure that the FRM provided to
forest owners has a sufficient amount of genetic diversity. It is advisable to check any
population to be used for seed collection via the use of genetic markers [51].
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