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Abstract
The use of commercially produced seed material is a common practice in restoration. However, the impact of sowing on 
genetic variation of natural populations is still unclear. Aim of this study was, therefore, to test if genetic variation within 
and among populations restored with local seed material corresponds to the genetic variation of neighboring natural popula-
tions. We investigated each ten natural and restored populations of three common grassland species (Knautia arvensis, Silene 
vulgaris and Plantago lanceolata), situated in five study regions in southeastern Germany. Our study revealed significant 
genetic differentiation between natural and restored populations of the insect-pollinated K. arvensis and S. vulgaris although 
differentiation was much stronger for K. arvensis since most restored populations contained another ploidy level than natural 
populations. For the wind-pollinated P. lanceolata, genetic differentiation between natural and restored populations was 
comparable to the genetic differentiation between its natural populations. Genetic diversity within restored populations 
of each species was equivalent or even higher than within natural populations. Our study provides evidence that the local 
genetic structure especially of common insect-pollinated grassland species may be affected by the application of regional seed 
mixtures in restoration. Regional admixed provenancing in seed production is an important approach to preserve regional 
patterns and to provide seeds for the reestablishment of genetically variable populations. The method would however be an 
even more powerful tool in restoration when ploidy levels would be checked before seed production and seed transfer zones 
would be smaller.

Keywords  Conservation · Genetic diversity · Genetic differentiation · Genetic variation · Inbreeding · Outbreeding · Seed 
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Introduction

Ecological restoration of species-rich grasslands often 
depends on the availability of viable seeds in the soil seed 
bank of restoration sites or on native target species in the 
surrounding environment (Bakker et al. 1996). Landscape 
fragmentation can hamper seed dispersal between restoration 
sites and potential source populations (Münzbergova and 

Herben 2005; Hölzel et al. 2012). Therefore, the introduction 
of target species is a state-of-the-art method in conservation 
practice and especially sowing of local seed material has 
become a common tool in restoration ecology (Jongepierova 
et al. 2007; Török et al. 2010; Walker et al. 2015).

In forestry, guidelines for the use of local seed material 
have been established for several decades (FoVHgV 2003). 
Also across the world, the usage of local seeds and the 
implementation of seed transfer zones gain in importance 
for restoration purposes, for example in Australia (Krauss 
et al. 2013), Canada (Ukrainetz et al. 2011), the USA (Miller 
et al. 2011) and Europe (Malaval et al. 2010; Jørgensen et al. 
2016). In Germany, a seed transfer zone concept including a 
seed transfer zone map and seed zone-specific species lists 
has been implemented since 2010 (Prasse et al. 2010). Seed 
transfer zones were determined on basis of the German sys-
tem of 89 natural regions (Meynen et al. 1953-62), which 
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were grouped together to 22 seed transfer zones within 
eight producing areas according to similar environmental 
conditions (Bucharova et al. 2018). Within a seed transfer 
zone, source seeds from several large populations have to be 
collected, mixed thoroughly, reproduced and can be trans-
ferred only within this zone. This seed sourcing strategy 
is called regional admixture provenancing and offers great 
advantages for restoration: The system provides almost 
unlimited amount of regionally adapted seed material for a 
huge number of species in every part of Germany. Gener-
ally, in restoration the use of local seeds or plant material 
is recommended (Mijnsbrugge et al. 2010) because plants 
are adapted to their surrounding environmental conditions. 
Ecological (isolation-by-environment) or geographical (iso-
lation-by-distance) differences among habitats may cause 
the development of ecotypes and local adaptations (Joshi 
et al. 2001; Bischoff et al. 2006; Leimu and Fischer 2008). 
That is why blending genotypes originating from genetically 
differing seed sources may result in outbreeding depression 
(Hufford and Mazer 2003). Coadapted gene complexes can 
be destroyed and local adaptations get lost which leads to 
decreased fitness and performance of plant populations (Kel-
ler et al. 2000; Montalvo and Ellstrand 2001; Frankham et al. 
2002). This may be avoided, when seeds reflect the gene 
pool of the naturally occurring individuals and populations 
near the restored areas (McKay et al. 2005).

However, genetic differentiation between populations 
does not only depend on ecological or geographic distances 
among populations, but also on life-history characteristics, 
such as mating system, pollination vector or dispersal unit 
(Hamrick and Godt 1996; Reisch and Bernhardt-Römer-
mann 2014). For example, an outcrossing wind-pollinated 
plant species is likely to show lower genetic differentia-
tion over large geographic distances as it is the case for an 
endemic outcrossing and insect-pollinated plant species. 
Considering the natural differentiation of plant populations 
due to abiotic and biotic factors the questions arise, how 
strong populations restored with local seed mixtures may 
vary from natural ones and if it is possible to ensure, that the 
genetic differentiation between natural and restored popula-
tions corresponds to the spatial genetic differentiation pat-
tern of naturally occurring populations.

Furthermore, the production of seed material including 
sampling method of source seeds and propagation within 
a seed-farm may have major impacts on genetic diver-
sity. This matters for example, when seeds were collected 
from small populations because these are less attractive 
to pollinators (Agren 1996; Kunin 1997). Reduced cross 
pollination increases mating with related individuals or 
even self-fertilization (Van Treuren et al. 1994), which 
may increase inbreeding and lead to reduced fitness and 
decreased genetic variation (Friar et al. 2000; Frankham 
et al. 2002). Furthermore, collecting seed material from a 

small number of source individuals in a large source popu-
lation may cause genetic drift. A frequency shift of gene 
variants can reduce genetic diversity or local adaptations 
(Espeland et al. 2017) and lead to increased homozygo-
sity and random loss or fixation of deleterious alleles (Ell-
strand and Elam 1993; Young et al. 2005). Seed sampling 
is followed by cultivation of source seed and their repro-
duction. Stock individuals can be used several years for 
the production of local seeds. The multiple reproduction 
cycles may decrease genetic variation and increase the risk 
of inbreeding (Schoen and Brown 2001). Additionally, the 
plants are exposed to different environmental conditions 
than in their naturally habitat and unintended selection 
during the cultivation stage might be inavitable (Espeland 
et al. 2017; Nagel et al. 2018).

To avoid these negative effects caused by cultivation 
processes, there are procedural rules to follow for seed pro-
duction. Therefore, commercially produced seed material 
is expected to exhibit a high genetic variability which is 
maintained by mixing source seeds of several large source 
populations. This procedure shall ensure the preservation 
of genetic variation. Finally, multiplying plant material 
only for a short period (for example 5 generations) should 
decrease the risk of unintended selection during the propa-
gation and also the possibility of inbreeding depression 
and genetic erosion due to multiple reproduction cycles 
(Prasse et al. 2010; ErMiV 2011).

Although there are some genetic studies discussing 
seed origin and genetic differentiation among seed trans-
fer zones (Michalski and Durka 2012; Bucharova et al. 
2017; Durka et al. 2017; Listl et al. 2017a, b), the impact 
of sowing local seeds on the genetic variation of grassland 
species has much less frequently been studied. Only few 
studies directly compared genetic variation of plant popu-
lations from natural and restored grasslands (Aavik et al. 
2012; Reiker et al. 2015).

Aim of this study was, therefore, to test if genetic varia-
tion within and among populations restored with local seed 
material corresponds to the variation of neighboring natural 
populations. We selected three widely distributed, outcross-
ing grassland species (Knautia arvensis, Silene vulgaris and 
Plantago lanceolata) and analyzed the genetic diversity and 
differentiation of natural and restored populations in a com-
parative approach using amplified fragment length polymor-
phisms (AFLPs). We asked the following questions

	 (i)	 How strong is genetic differentiation among natural 
and restored populations?

	 (ii)	 How large is the genetic diversity of natural and 
restored populations?

	 (iii)	 Are local seed mixtures a promising tool to restore 
both species and genetic diversity of species-rich 
grasslands?
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Methods

Study species and design

For our study, we selected three common outcrossing grass-
land species, occurring in natural and restored grasslands: 
the insect-pollinated Knautia arvensis (Coult.) and Silene 
vulgaris (Garcke) and the wind-pollinated Plantago lanceo-
lata (L.).

We sampled plant material for molecular analyses in 
populations of the study species from ten natural (N) and 
ten restored (R) species-rich grasslands. The populations 
were located in five study regions across Bavaria in Ger-
many (Fig. 1; Table 1a–c). Study sites were not identical 
since not all species occurred at all sites simultaneously. 
However, we always compared ten natural populations and 
ten restored populations.

Natural grasslands were historically old, which means 
that they have been continuously used as grassland since 
19 th century and were identified using historical cadastral 
maps and recent maps from 2005 to 2015. Restored popu-
lations were located on former arable land. After topsoil 
removal ten to fifteen years ago, commercially produced 

local seed mixtures from a big, german seed farming com-
pany have been applied at these sites to restore species-rich 
grassland.

For molecular analysis, fresh leaf material was collected 
in situ from sixteen individuals per population. In total, 
material of 320 individuals was sampled and dried in tea-
bags over silica gel.

Ploidy levels of the study species

As a first step, we applied Flow Cytometry (FCM) to iden-
tify potentially occurring different cytotypes, investigating 
the same plant material that was used for AFLP analysis. 
For each species, we tested one individual per population. 
Methodological details are attached in Appendix A.

Molecular analyses

DNA was isolated from 15 mg dried plant material applying 
the cetyltrimethylammonium bromide protocol by Rogers 
and Bendich (1994) with adaptions by Reisch (2007). All 
samples were standardized at a concentration of 7.8 ng/µL. 
The AFLP method was performed in accordance with the 
Beckman Coulter protocol as described before (Bylebyl et al. 
2008).

Restriction-Ligation was performed in a reaction volume 
of 10 µL, containing genomic DNA, EcoRI (MBI Fermen-
tas) and MseI (MWG Biotech) restriction enzymes and T4 
DNA Ligase (MBI Fermentas). The samples were incubated 
for two hours at 37 °C.

PCRs were performed in a reaction volume of 5 µL. Pre-
selective primers had one selective nucleotide (EcoRI-A; 
MseI-C). For selective amplification, a primer screening was 
conducted. For each species, 30 combinations were tested 
and then three combinations per species were selected for 
further analysis. The fluorescence labeled selective primers 
had three selective nucleotides (Appendix B).

The fluorescence labeled products were diluted with 5 µL 
(D2) and with 20 µL (D4) 1:10 TE buffer for DNA and then 
according to their size, separated by capillary gel electropho-
resis on an automated sequencer (GeXP, Beckmann Coul-
ter). Results were examined using the software Bionumerics 
4.6 (Applied Maths, Kortrijk, Belgium). For quality control 
of the AFLP procedure a genotyping error rate was calcu-
lated (Bonin et al. 2004), which was 3.1% for K. arvensis, 
2.9% for S. vulgaris and 4.7% for P. lanceolata.

Statistical analysis

For band detection, each strong and clearly defined frag-
ment was taken either into account as present (1) or absent 
(0). The generated binary (0/1) matrix was used for further 
statistical analyses.

Fig. 1   Geographic position of the study regions in south eastern 
Germany. Ten natural and ten restored populations of the study spe-
cies Knautia arvensis, Silene vulgaris and Plantago lanceolata were 
investigated in five study regions. Populations of  K. arvensis were 
situated in HE, NE, PF, RH and SC. Populations of S. vulgaris were 
situated within HA, NE, PF, RH and SC and the investigated popula-
tions of P. lanceolata were situated within HS, NE, PF, RE and RH. 
HE = Hetzmannsdorf, NE = Netzstall, PF = Pfatter; RH = Rannert-
shofen; SC = Schwaig; HA = Haag; HS = Herrnsaal; RE = Reichenau
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Table 1   Number, study 
region, names, categories and 
geographic location of analyzed 
populations of (a) Knautia 
arvensis, (b) Silene vulgaris and 
(c) Plantago lanceolata 

Nr. Study region Population Category Latitude Longitude N H

(a)
 1 HE HE_N1 Natural 49.34628 12.50623 16 0.21
 2 HE HE_N2 Natural 49.33422 12.50729 13 0.20
 3 NE NE_N1 Natural 49.02381 11.86284 16 0.20
 4 NE NE_N2 Natural 49.04336 11.86960 16 0.20
 5 PF PF_N1 Natural 48.97689 12.36611 14 0.19
 6 PF PF_N2 Natural 48.96185 12.46250 15 0.19
 7 RH RH_N1 Natural 48.64168 11.81630 15 0.19
 8 RH RH_N2 Natural 48.66278 11.81008 15 0.17
 9 SC SC_N1 Natural 48.77587 11.71611 16 0.19
 10 SC SC_N2 Natural 48.78536 11.72866 15 0.14

Mean natural populations 15.1 0.19a

Standard error 0.01
 11 HE HE_R1 Restored 49.35013 12.51966 14 0.19
 12 HE HE_R2 Restored 49.36063 12.53116 16 0.22
 13 NE NE_R1 Restored 49.01584 11.81664 15 0.23
 14 NE NE_R2 Restored 49.01077 11.82420 16 0.22
 15 PF PF_R1 Restored 48.96704 12.37576 15 0.22
 16 PF PF_R2 Restored 48.97702 12.39393 15 0.26
 17 RH RH_R1 Restored 48.65359 11.83969 16 0.21
 18 RH RH_R2 Restored 48.65378 11.83551 16 0.17
 19 SC SC_R1 Restored 48.77228 11.69663 16 0.20
 20 SC SC_R2 Restored 48.78370 11.70407 16 0.21

Mean restored populations 15.5 0.21b

Standard error 0.01
(b)
 1 HA HA_N1 Natural 49.07680 11.82332 15 0.38
 2 HA HA_N2 Natural 49.08555 11.81543 15 0.35
 3 NE NE_N1 Natural 49.04336 11.86960 15 0.36
 4 NE NE_N2 Natural 49.04375 11.89968 16 0.36
 5 PF PF_N1 Natural 48.97689 12.36611 15 0.37
 6 PF PF_N2 Natural 48.98161 12.41632 15 0.36
 7 RH RH_N1 Natural 48.70202 11.79640 15 0.31
 8 RH RH_N2 Natural 48.66394 11.81020 14 0.32
 9 SC SC_N1 Natural 48.77587 11.71611 14 0.29
 10 SC SC_N2 Natural 48.78536 11.72866 15 0.36

Mean natural populations 14.9 0.35a

Standard error 0.01
 11 HA HA_R1 Restored 49.06022 11.82210 16 0.36
 12 HA HA_R2 Restored 49.06692 11.82260 16 0.36
 13 NE NE_R1 Restored 49.01584 11.81664 15 0.34
 14 NE NE_R2 Restored 49.01077 11.82420 15 0.35
 15 PF PF_R1 Restored 48.96704 12.37576 16 0.37
 16 PF PF_R2 Restored 48.97702 12.39393 16 0.35
 17 RH RH_R1 Restored 48.65359 11.83969 15 0.37
 18 RH RH_R2 Restored 48.65378 11.83551 15 0.38
 19 SC SC_R1 Restored 48.77228 11.69663 13 0.35
 20 SC SC_R2 Restored 48.78370 11.70407 15 0.37

Mean restored populations 15.2 0.36a

Standard error 0.00
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Bayesian cluster analyses were calculated with Struc-
ture, version 2.3.4 (Pritchard et al. 2000) to infer population 
structure in the data set and assign individuals into groups. 
The potential number of groups was calculated using 10000 
Markov Chain Monte Carlo (MCMC) simulations with a 
burn-in-period of 100000 iterations. Analyses for the pre-
defined value of K were run 20 times per K = 1–22 (Falush 
et al. 2003). Results were summarized by employing the pro-
gram Structure Harvester (Earl and Vonholdt 2012). Group 
assignment was an ad hoc quantity procedure calculating 
ΔK (Evanno et al. 2005). According to the model, which 
gave the consistent results for multiple runs and the highest 
probability of the data, the best estimate of K for the data 
set was determined.

Patterns of genetic similarities between individuals were 
analyzed in the software GenAlEx 6 (Peakall and Smouse 
2006) using principal coordinate analyses (PCoA) based on 
a squared Euclidean distance matrix.

Hierarchical analyses of molecular variance, AMOVA 
(Excoffier et al. 1992), were also conducted with the soft-
ware GenAlEx 6. Thus genetic differentiation within and 

among populations was investigated in two- and three-level 
AMOVAs.

Correlation between genetic distances (ΦPT values cal-
culated in the AMOVA) and geographic distances among 
populations was tested in a Mantel test with 999 permuta-
tions (Mantel 1967).

Gene diversity H was calculated using AFLPsurv (Veke-
mans 2002). A Wilcoxon-test was used to test for significant 
differences in genetic diversity between natural and restored 
populations applying the software IBM Statistics 24 for 
Windows (IBM Corp).

Results

Ploidy levels of the study species

FCM revealed different ploidy levels for Knautia arvensis. 
All natural populations and the restored populations from 
Schwaig (SC) were tetraploid. The restored populations 
of Hetzmannsdorf (HE), Netzstall (NE), Pfatter (PF) and 

Table 1   (continued) Nr. Study region Population Category Latitude Longitude N H

(c)
 1 HS HS_N1 Natural 48.92020 11.94383 15 0.32
 2 HS HS_N2 Natural 48.91838 11.92749 16 0.30
 3 NE NE_N1 Natural 49.01309 11.81329 16 0.30
 4 NE NE_N2 Natural 49.04336 11.86960 16 0.29
 5 PF PF_N1 Natural 48.97689 12.36611 14 0.34
 6 PF PF_N2 Natural 48.98944 12.41210 14 0.35
 7 RE RE_N1 Natural 48.65605 11.85441 16 0.33
 8 RE RE_N2 Natural 48.64168 11.81630 15 0.32
 9 RH RH_N1 Natural 49.68725 12.51595 15 0.33
 10 RH RH_N2 Natural 49.67111 12.51398 15 0.30

Mean natural populations 15 0.32a

Standard error 0.01
 11 HS HS_R1 Restored 48.91721 11.96153 15 0.32
 12 HS HS_R2 Restored 48.91367 11.93815 16 0.31
 13 NE NE_R1 Restored 49.01584 11.81664 15 0.29
 14 NE NE_R2 Restored 49.01077 11.82420 15 0.31
 15 PF PF_R1 Restored 48.96704 12.37576 16 0.34
 16 PF PF_R2 Restored 48.97702 12.39393 16 0.32
 17 RE RE_R1 Restored 48.65359 11.83969 14 0.31
 18 RE RE_R2 Restored 48.65400 11.84102 15 0.28
 19 RH RH_R1 Restored 49.68182 12.51814 15 0.34
 20 RH RH_R2 Restored 49.67763 12.51950 14 0.31

Mean restored populations 15 0.31a

Standard error 0.01

Also specified are the number of analyzed individuals (N) and Nei’s Gene diversity (H), including all 
means with standard errors for natural and restored populations. HE = Hetzmannsdorf, NE = Netzstall, 
PF = Pfatter; RH = Rannertshofen; SC = Schwaig; HA = Haag; HS = Herrnsaal; RE = Reichenau
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Rannertshofen (RH) were diploid. We detected no different 
ploidy levels for Silene vulgaris and Plantago lanceolata.

Genetic differentiation among natural and restored 
populations

The Bayesian cluster analysis resulted in two groups for all 
study species. For K .arvensis (ΔK = 282.2), the first group 
included all natural and the restored populations SC_R1 and 
SC_R2 (tetraploid populations). The remaining restored 
populations (diploid populations) formed the second group 
(Fig. 2a). For S. vulgaris (ΔK = 153) all natural populations 
and most individuals of the restored populations from the 
regions RH and SC formed the first group. The restored pop-
ulations belonging to the regions HA, NE and PF built the 
second group (Fig. 2b). Although the individuals of P. lan-
ceolata (ΔK = 3.4) were assigned in two groups we detected 
no population grouping according to the grassland type or 

study region (Fig. 2c). For every species, K = 2 outputs of 
the 20 iterations were identical.

The PCoA resulted in a strong separation of natural and 
restored populations for K. arvensis. According to the find-
ings of FCM analysis, diploid restored populations from 
the study regions HE, NE, PF and RH built the first group. 
The tetraploid restored populations SC_R1 an SC_R2 were 
grouped with the tetraploid natural populations (Fig. 3a). 
Natural and restored populations of S. vulgaris showed 
stronger admixture and we identified two clusters accord-
ing to the findings of the Bayesian cluster analysis (Fig. 3b). 
The natural and restored populations of P. lanceolata were 
admixed and no groups were distinguishable (Fig. 3c).

The AMOVA (Table 2) revealed low genetic differen-
tiation between the study regions for all study species. 
However, we observed very strong genetic differentia-
tion for K. arvensis (Table 2a) among all populations 
(ΦPT = 0.49). With respect to the results of FCM, the 

Fig. 2   Bayesian Cluster 
Analysis for a Knautia arvensis 
based on 137 AFLP fragments, 
b Silene vulgaris based on 
121 AFLP fragments and c 
Plantago lanceolata based on 
127 AFLP fragments. Popula-
tions of K. arvensis (ΔKKa = 
282.2; 2c) were assigned to 
two groups according to their 
ploidy level (light grey: diploid 
individuals; dark grey: tetra-
ploid individuals). Individu-
als of S. vulgaris (ΔK = 153; 
3c) were also assigned to 
two groups. Individuals of P. 
lanceolata (2 groups, ΔK = 3.4) 
were admixed. HE = Hetz-
mannsdorf, NE = Netzstall, 
PF = Pfatter; RH = Ran-
nertshofen; SC = Schwaig; 
HA = Haag; HS = Herrnsaal; 
RE = Reichenau; N = natu-
ral populations; R = restored 
populations
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ploidy levels were taken into count for further analysis: 
the genetic differentiation between tetraploid restored and 
natural populations was with a ΦPT value of 0.19 com-
parable low. However, we found lower levels of genetic 
differentiation among all natural populations (tetraploid 
populations; ΦPT = 0.13). Additionally, we conducted 
separate AMOVAs among all diploid and among all 
tetraploid populations and and found a genetic differ-
entiation comparable to the differentiation between the 
natural populations (for both ΦPT = 0.14). For S. vulgaris 
(Table 2b), the AMOVA resulted in low genetic differen-
tiation among all populations (ΦPT = 0.13) and slightly 
stronger differentiation between natural and restored pop-
ulations (ΦPT = 0.16). Moreover, a low genetic differentia-
tion among natural (ΦPT = 0.09) and restored (ΦPT = 0.09) 
populations was observed. The conducted AMOVAs for P. 
lanceolata (Table 2c) between all populations, natural and 
restored populations as well as among natural and among 
restored populations revealed low genetic differentiation 
(for all ΦPT = 0.03).

According to the FCM results, three Mantel-tests for 
K. arvensis were conducted, for all populations, for the 
diploid populations and for all tetraploid populations. We 
found no correlation between pairwise genetic and geo-
graphic distances for the species (rKa = 0.01, pKa = 0.62; 
rKa_diploid = 0.04, pKa_diploid = 0.34; rKa_tetraploid = 0.03, 
pKa_tetraploid = 0.39). The Mantel-tests for S. vulgaris 
and P. lanceolata also revealed no correlation between 
pairwise genetic distances and geographic distances 
(rSv = 0.05, 0.18; rPl = − 0.05, pPl = 0.30).

Genetic diversity of natural and restored 
populations

For K. arvensis, 82.48% of the fragments were polymorphic. 
In natural populations, Nei’s Gene Diversity (H) ranged from 
0.14 to 0.21 (mean 0.19; Table 1a). In restored populations, 
H values were significantly higher than in natural popula-
tions and ranged from 0.17 to 0.23 (mean 0.21;, p = 0.04).

For S. vulgaris, 89.26% of the fragments were polymor-
phic. H ranged from 0.29 to 0.37 (mean 0.35) for natural 
populations and from 0.34 to 0.38 (mean 0.36) for restored 
populations. No significant difference could be detected 
between natural and restored populations (p = 0.39; 
Table 1b).

For P. lanceolata the percentage of polymorphic frag-
ments was 83.46%. Nei’s gene diversity ranged from 0.29 
to 0.35 (mean 0.32) for natural populations and from 0.28 
to 0.34 (mean 0.31) for restored populations (Table 1c). 
Between natural and restored populations, no significant 
difference could be detected b (p = 0.80).

Discussion

Genetic differentiation between natural 
and restored populations

Gene flow and genetic drift strongly affect genetic differ-
entiation (Slatkin 1987). The exchange of pollen, seeds or 
plant material among populations should reduce genetic 
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Fig. 3   Results of the principal coordinates analysis (PCoA) based on 
AFLP data of the study species. Black circles: individuals of natu-
ral populations. Hollow circles: individuals of restored populations. 
a Knautia arvensis: Axis 1 explained 78.79% of variance; axis 2 
explained 5.74% of variance in the data set. Individuals were sepa-
rated clearly into two groups, according to their level of ploidy: dip-
loid, restored individuals (first group, hollow circles) or tetraploid 

natural and restored individuals (second group, hollow and black cir-
cles). b Silene vulgaris: Axis 1 explained 78.79% of variance and axis 
2 explained 5.74% of variance in the data set. PCoA resulted in two 
slightly mixed groups. Group 1: restored individuals. Group 2: natural 
and restored individuals. c Plantago lanceolata: Individuals of natu-
ral and restored populations were admixed. 21.48% of variance in the 
data set were explained by axis 1 and 15.28% by axis 2
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Table 2   Results of the 
analyses of molecular variance 
(AMOVA) for (a) Knautia 
arvensis, (b) Silene vulgaris and 
(c) Plantago lanceolata 

df SS MS % ΦPT

(a)
 Molecular variation among all populations
  Among populations 19 2377.25 125.12 48.66 0.49***
  Within populations 285 2307.59 8.10 51.34

 Molecular variation between study regions
  Between study regions 4 430.55 107.64 0.00 0.49***
  Among populations 15 1946.70 129.78 49.65
  Within populations 285 2307.59 8.10 50.35

 Molecular variation between natural and restored populations (tetraploid)
  Between natural and restored populations 1 68.897 68.897 8.83 0.19***
  Among populations 10 231.557 23.156 10.46
  Within populations 171 1334.355 7.803 80.71

 Molecular variation among natural populations (tetraploid)
  Among populations 9 220.49 24.50 12.74 0.13***
  Within populations 141 1078.60 7.65 87.26

 Molecular variation among all diploid populations
  Among populations 7 210.965 30.138 14.23 0.14***
  Within populations 114 973.240 8.537 85.77

 Molecular variation among all tetraploid populations
  Among populations 11 300.454 27.314 14.09 0.14***
  Within populations 171 1334.355 7.803 85.91

(b)
 Molecular variation among all populations
  Among populations 19 842.17 44.32 12.94 0.13***
  Within populations 281 3848.93 13.70 87.06

 Molecular variation between study regions
  Between study regions 4 202.52 50.63 0.84 0.13***
  Among populations 15 639.65 42.64 12.21
  Within populations 281 3848.93 13.70 86.95

 Molecular variation between natural and restored populations
  Between natural and restored populations 1 228.16 228.16 7.89 0.16***
  Among populations 18 614.01 34.11 8.30
  Within populations 281 3848.93 13.70 83.81

 Molecular variation among natural populations
  Among populations 9 300.40 33.38 9.26 0.09***
  Within populations 139 1840.54 13.24 90.74

 Molecular variation among restored populations
  Among populations 9 313.61 34.85 8.79 0.09***
  Within populations 142 2008.39 14.14 91.21

(c)
 Molecular variation among all populations
  Among populations 19 286.66 15.09 3.07 0.03***
  Within populations 283 2885.81 10.20 96.93

 Molecular variation between regions
  Between study regions 4 63.98 16.00 0.18 0.03***
  Among populations 15 222.68 14.85 2.92
  Within populations 283 2885.81 10.20 96.90

 Molecular variation between natural and restored populations
  Between natural and restored populations 1 16.17 16.17 0.07 0.03***
  Among populations 18 270.49 15.03 3.03
  Within populations 283 2885.81 10.20 96.90
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differences between populations (Slatkin 1987) and result in 
comparatively low levels of differentiation especially among 
populations of widespread and outcrossing grassland spe-
cies. It is, therefore, assumed that local seed mixtures origi-
nating from delineated seed transfer zones reflect the spatial 
genetic structure of common grassland species (Hufford and 
Mazer 2003).

However, our study revealed varying degrees of differen-
tiation between natural and restored populations for the three 
investigated plant species. The differentiation was stronger 
between natural and restored populations of the two insect-
pollinated species than between natural and restored popula-
tions of the wind-pollinated species, which can be attributed 
to the large-scale dispersal of pollen via wind, reducing the 
degree of differentiation.

For Knautia arvensis the genetic differentiation between 
natural and restored populations (ΦPT = 0.59) was very 
strong. This is mainly because different ploidy levels 
occurred in natural and restored populations. It has already 
been shown before that K. arvensis exhibits various cyto-
types which do not interbreed (Kolar et al. 2009; Durka et al. 
2017) and therefore, function as effective breeding barriers 
(Kohler et al. 2010). Consequently, the two ploidy levels can 
be regarded as separate taxonomic units.

Considering only tetraploid populations, genetic dif-
ferentiation between natural and restored populations was 
with a ΦPT value of 0.19 slightly higher than the genetic 
variation between natural populations (ΦPT = 0.13). Genetic 
differentiation among diploid or tetraploid populations was 
comparable. This provides evidence that the natural genetic 
structure of the species seems not to be strongly affected by 
applying local seed material, when the correct ploidy level 
is used. In our study, all natural populations of K. arvensis 
were tetraploid, may be because of the limited population 
number. However, according to previous investigations, in 
our study region located in the Danube region both diploid 
and tetraploid populations of K. arvensis may occur (Kolar 
et al. 2009; Durka et al. 2017). The restoration of grassland 
with diploid populations closely located to tetraploid natural 
populations may therefore be acceptable, although not being 
optimal since the local genetic pattern is clearly affected.

Our study revealed also a significant differentiation 
between natural and restored populations of Silene vulgaris 
(ΦPT = 0.16), although populations were more strongly 
admixed than observed for K. arvensis. However, genetic 
differentiation between natural and restored populations was 
twice as high as among natural populations. Thus, the local 
seed material did not match the natural spatial genetic pat-
tern of the species exactly. This observation goes in line with 
findings of a former study by Aavik et al. (2012) who also 
detected significant genetic differentiation between natural 
and restored populations of the widespread, outcrossing 
plant species Lychnis flos-cuculi L. in grasslands.

For P. lanceolata it has been reported in former studies 
that genetic differentiation between populations may depend 
on geographic distances between populations and on envi-
ronmental distances between habitats (Bischoff et al. 2006; 
Crémieux et al. 2010). In our study genetic differentiation 
between natural and restored populations was, however, 
comparable to the genetic differentiation between natural 
populations and even lower than previously reported for 
other wind-pollinated species Reisch and Bernhardt-Römer-
mann (2014). Therefore, the application of local seed mate-
rial did not distort the natural spatial genetic structure of the 
species in our study area.

Summing up, our investigation revealed a slight but sig-
nificant genetic differentiation between natural and restored 
populations of insect pollinated study species, which means 
that commercially produced seed mixtures did not fully 
reflect the local genetic structure of the species. This means 
not necessarily that the concept for the production of local 
seed mixtures failed. Mixing the seed material from several 
source populations within the seed transfer zone is supposed 
to guarantee high levels of genetic variation within popula-
tions but it is clear that this approach must cause genetic 
differentiation at the same time.

Thus, commercially produced seed material reflects the 
genetic potential of the entire seed transfer zone, but matches 
not exactly the local genetic pattern. Nevertheless, seed 
material from a commercially produced seed mixture will 
still be genetically closer to natural populations than seed 
material from anywhere.

Table 2   (continued) df SS MS % ΦPT

 Molecular variation among natural populations
  Among populations 9 131.11 14.57 2.59 0.03***
  Within populations 142 1473.77 10.38 97.41

 Molecular variation among restored populations
  Among populations 9 139.38 15.49 3.49 0.04***
  Within populations 141 1412.03 10.01 96.51

Levels of significance are based on 999 iteration steps and indicated by asterisks (p < 0.001). df indicates 
degree of freedom, SS the sum of squares, MS the mean squares, % the proportion of genetic variability
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Genetic diversity of natural and restored 
populations

In the context of using local seeds for restoration, it is often 
questioned whether commercially produced seed material is 
variable enough to establish vital populations (Espeland et al. 
2017; Nagel et al. 2018). For example, the source populations 
of collected stock seeds maybe had been inbred due to small 
population size, isolation or fragmentation (Aavik et al. 2012). 
Genetic diversity can also be reduced, when only a few source 
individuals are sampled, which may cause bottleneck effects 
and enhance genetic drift (Friar et al. 2000). Furthermore, the 
seed stock for several reproduction cycles, which may lead to 
inbreeding and reduced genetic diversity (Schoen and Brown 
2001). Studies showed, that genetic diversity of populations 
can be negatively affected by bottlenecks, isolation or small 
population size (Ellstrand and Elam 1993) and that fragmenta-
tion can have a negative impact on genetic diversity of com-
mon plant species as well as on rare ones (Honnay and Jac-
quemyn 2007).

However, we detected no reduced genetic diversity in the 
restored populations of our three study species. In contrast 
to the apprehensions, the observed genetic diversity of the 
restored populations was equal or even higher compared to 
the genetic diversity of the investigated natural populations. 
Our results support the few existing previous studies, where 
the authors also reported no decreased levels of genetic diver-
sity in restored grassland plant populations (Aavik et al. 
2012; Reiker et al. 2015). Furthermore, the genetic diversity 
observed in natural and restored populations of K. arvensis 
(mean H = 0.20), S. vulgaris (mean H = 0.36) and P. lanceolata 
(mean H = 0.32) was even higher than reported in literature 
(Reisch and Bernhardt-Römermann 2014).

The level of genetic diversity we observed in restored pop-
ulations of the three study species support the system used 
for seed production in Germany. With the applied regional 
admixture provenancing (Bucharova et al. 2018) it seems to 
be possible to maintain high genetic diversity of common 
grassland species in local seed mixtures. The system is based 
on 89 natural regions across Germany, defined by Meynen 
et al. (1953-62). These 89 natural regions were summarized 
to 22 seed transfer zones. For the production of local seed 
mixtures stock seed from at least five large source populations 
distributed across a seed transfer zone are collected, mixed 
thoroughly and then be propagated for up to five generations 
(Prasse et al. 2010), which seems to be an suitable time span 
to avoid decreased genetic diversity.

Conclusions

The use of local seed mixtures is a frequently applied and 
effective practice in ecological restoration of species-rich 
grasslands (Zahlheimer 2009; Prasse et al. 2010; Kiehl 
et al. 2014). Nevertheless, such a general procedure may 
raise concerns about the quality of commercially produced 
seed material. It seems to be questionable whether the nat-
ural spatial genetic pattern of common plant species can 
be maintained while producing local seed material with a 
sufficient level of genetic diversity.

In our study, the seed material used for restoration 
reflected the natural genetic structure of the species to a 
very different degree. In the case of K. arvensis restored 
populations in four of five study regions differed in ploidy 
level from the corresponding natural populations. In our 
study area both ploidy levels of K. arvensis may occur 
(Kolar et al. 2009). Differing ploidy levels between natu-
ral and restored populations may therefore be acceptable. 
Nevertheless, it would be better to use the same ploidy 
level for restoration to preserve the local genetic pattern 
of the species. The distribution pattern of the cytotypes 
needs, therefore, to be investigated more precisely and 
should be carefully considered when sampling source 
populations in future. The difference between natural and 
restored populations was smaller in S. vulgaris than in K. 
arvensis. However, genetic differentiation between natural 
and restored populations was also nearly twice as large as 
between natural populations of the species, indicating that 
the natural genetic structure of S. vulgaris is affected at the 
local scale by the application of commercially produced 
seed material for restoration. For the wind-pollinated P. 
lanceolata genetic differentiation between natural and 
restored populations was within the range of the natural 
populations. The use of local seed material for restoration 
has therefore no impact on the local genetic structure of 
this species.

The application of local seed material is a big step for-
ward in restoration practice and with the system of seed 
production and seed transfer zones an almost unlimited 
amount of regionally specific seeds for restoration is pro-
vided for a wide range of plant species. Our study clearly 
shows that the local genetic structure especially of insect-
pollinated study species may be affected by the use of 
commercially produced seed material. It is clear that the 
system of regional admixed provenancing is not designed 
to match exactly the genetic structure of plant populations 
at a very small local scale, but rather to protect the broader 
patterns of genetic variation. Furthermore, commercially 
produced seed material may match the ecological condi-
tions within a seed transfer zone. Finally, using regional 
seed mixtures for restoration is still better than using seeds 
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from far away. However, there are possibilities to improve 
the system, for example by including different habitat 
types in the seed collection process or by minimizing the 
size of seed transfer zones, although we are aware that the 
size of zones has to be large enough to allow profit for the 
seed producers. Further genetic analyses are needed to bet-
ter understand the patterns of genetic variation in common 
grassland species, which may then contribute to optimize 
the system of regional admixed provenancing.

Whereas natural and restored populations often differed 
genetically in our study, genetic diversity was comparable 
within both grassland types. The results presented here 
clearly support the assumption that highly diverse popula-
tions of grassland species can be created using commercially 
produced local seed material. The implemented regional 
admixture provenancing strategy (Bucharova et al. 2018) 
seems, therefore, to be an appropriate method to produce 
genetically diverse local seed material and with further 
genetic research and some adjustments in sampling and mul-
tiplying strategy of source seeds, the procedure will become 
an even more powerful tool in conservation management.
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