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1 | INTRODUCTION

Ecological restoration of degraded habitats is an indispensable tool
for handling the current biodiversity crisis (www.decadeonrestora
tion.org; Diaz et al., 2019). Degraded terrestrial ecosystems fre-
quently lack diaspores for regenerating new communities, and suc-
cessful restoration often requires the introduction of seeds from
other sources (Elzenga et al., 2019; Holzel et al., 2012). With up-
scaling restoration, the demand for native seeds is increasing, and
seed shortage has become a major obstacles of restoration projects
(Merritt & Dixon, 2011; Nevill et al., 2018). Harvesting seeds from
the wild is not sustainable because seeds are the basic means of plant
reproduction, and their excessive removal may threaten population
persistence (Meissen et al., 2015). Consequently, wild-collected
seeds are often first propagated on farms, and farm-produced seeds
are then used for restoration projects (Bucharova et al., 2019; Kiehl
et al., 2014; Nevill et al., 2018).

Agricultural propagation of seeds sourced from wild popula-
tions aims to maintain the natural integrity of the collected seed
(Bucharova et al., 2019; Espeland et al., 2017). This differs from
plant cultivars commonly bred to obtain specific characteristics
like rapid growth, seedling vigour or high seed production (Leger &
Baughman, 2015). Yet, even seed propagation that does not inten-
tionally select certain genotypes could affect the genetic integrity
because the propagation process may cause genetic drift or unin-
tended selection (Espeland et al., 2017). In the seedbeds, plants are
often grown in monocultures, with additional watering, fertilization
and sometimes protection from herbivores, relaxing natural selec-
tion by these factors. Machine harvesting and seed cleaning can
further select seeds of specific characteristics like shape or weight
(Espeland et al., 2017). The seeds are often propagated for multi-
ple generations, with a subset of cultivated seeds used to establish
the next generation (Bucharova et al., 2019). This may result in re-
peated genetic bottlenecks and genetic drift, that is random changes
in allele frequency and loss of genetic variability. Populations may
also randomly accumulate alleles that reduce adaptation to natural
environments (Lau et al., 2019; Pertoldi et al., 2007). The loss of
genetic variability would be particularly problematic because stand-
ing genetic variation is a prerequisite for rapid adaptation (Crowe
& Parker, 2008). Restored populations with low genetic variability
would have a reduced ability to adapt to changing environmental
conditions (Barrett & Schluter, 2008).

The severity of propagation effects on a seed lot's genetic prop-
erties will depend on cultivation methods and life-history traits of
the plants. For example, manual seed harvest likely causes smaller

changes than mechanical harvest once per season because it

samples a greater variety of phenologies and thus a larger propor-
tion of genetic variability. The cultivation effects are expected to
decrease with increasing size of the cultivated population because
genetic drift is stronger in small populations (Frankham et al., 2014).
Regarding life-history traits, species with strong seed dormancy
likely change more during cultivation because dormant geno-
types will contribute less to the gene pool of the next generation
(Kettenring & Galatowitsch, 2007). Moreover, self-compatible spe-
cies will likely change more because selection can act faster on them
(Andersson & Ofori, 2013). Indeed, one of the few existing studies
on cultivation effects in plants propagated for restoration (Nagel
et al.,, 2019) found the strongest genetic changes in a self-pollinating
species.

Although genetic changes during cultivation are intensely de-
bated in the restoration literature (e.g. Basey et al., 2015; Espeland
et al., 2017; Pedrini et al., 2020), there is surprisingly little empirical
evidence for them. A substantial body of literature describes crop
domestication (reviewed in Pickersgill, 2009; Kantar et al., 2017),
but in contrast to crops, plants cultivated for restoration are not in-
tentionally bred. Other studies documented evolutionary changes in
ex situ cultivation in botanical gardens (Ensslin & Godefroid, 2019;
Rauschkolb et al., 2019), but ex situ populations are usually very
small, whereas the cultivation of plants for ecosystem restoration
usually involves much larger populations. The few studies that fo-
cused specifically on the evolution of plants for ecological resto-
ration worked with individual species and/or documented cultivation
only across a single generation (Dyer et al., 2016; Kucera et al., 2022;
Pizza et al., 2021; St. Clair et al., 2020). Only one previous study
focused on multiple cultivation generations across multiple species,
and it found rather minor cultivation effects which differed between
species (Nagel et al., 2019).

Here, we used molecular markers to study the effect of ag-
ricultural propagation on the genetic variation of 19 species of
wild plants. We used seeds propagated in the German (Bucharova
et al., 2019) and Austrian (Krautzer et al., 2020) seed production sys-
tems, where seeds collected from one or several wild populations
are mixed and propagated for up to five consecutive generations. For
each species, we obtained wild-collected seeds and seeds from one
to four consecutive cultivation generations (Figure 1). We employed
genotyping-by-sequencing of genome-wide anonymous markers to
assess the effects of cultivation on the genetic properties of popu-
lations. We hypothesized that (a) genetic divergence from the wild
population increases with the number of generations in cultivation,
(b) genetic diversity decreases with the number of cultivation gen-
erations and (c) species characteristics predict part of the extent of

genetic changes during cultivation.
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Seed collection

Propagation in monoculture until generation 5

FIGURE 1 Schematic of the propagation of wild plant seed material for restoration. Seeds are collected from multiple natural populations
and mixed (FO) by Producer 1. Producer 2 only uses one origin. The FO seeds are used to establish the first generation in cultivation (F1).
These cultivated seeds are available for restoration projects, and a small part is used to establish the next cultivated generation. After five

cultivated generations (F5), new seeds must be collected from the wild

2 | MATERIALS AND METHODS

2.1 | Seed material

We obtained seeds of grassland plants from two producers of seeds
for ecological restoration, one in Austria and one in Germany, which
we call Producer 1 and Producer 2 throughout this paper. The propa-
gation process starts with seed collection in the wild. Producer 1
bases its propagation on a mixture of seeds from multiple wild pop-
ulations, whereas Producer 2 bases its propagation on seeds from
only one population. The wild-collected seeds (FO) thus consist of
a mixture of five populations in Producer 1 or of a single population
in Producer 2. The FO seeds are often first germinated in a green-
house to produce plugs which are then planted into a field. When
a farm propagates multiple cultivation lines of the same species,
the fields must be separated by at least 500 m (more for grasses) to
minimize gene flow between them (Prasse et al., 2010). The seeds
of the first cultivated generation (F1) are used to establish the next
cultivation (F2, Figure 1). The F2 seeds are mostly sold, but some are
kept to establish the F3 generation. The procedure is repeated until
F5 (Figure 1). Then new seeds must be collected from the wild to
prevent suspected loss of genetic diversity and potential adaptation
to the propagation environment. The seeds are usually mechanically
harvested using agricultural machinery.

For our study, we obtained wild-collected and cultivated seeds
of 19 different plant species. Because the seed producers stored the
seeds from both the wild collection and almost every consecutive
generation in cultivation, we were able to test for genetic changes
during the cultivation process from generation to generation, up
to the fourth cultivated generation. Four species were provided by
both producers and one from one producer but two different regions
(Table 1). In total, we obtained 24 independent cultivation lines (19
species, five of them from two regions), resulting in 83 accessions.
To gain material for the genetic analysis, we raised seedlings on a
seeding substrate and sampled leaves from 18 random individuals
per species and generation.

2.2 | Molecular analysis

Because of the large sample size, we used a population pool ap-
proach (Futschik & Schl6tterer, 2010), with 18 individuals per
generation and cultivation line pooled into one sample. We used a
reduced-representation sequencing approach for SNP (single nu-
cleotide polymorphism) detection and genotyping and followed the
ddRAD protocol (Peterson et al., 2012) with slight deviations (see
Appendix).

After demultiplexing reads with process_radtags from the Stacks
2.0 pipeline (Catchen et al., 2013; Rochette et al., 2019), we used
the dDocent 2.6.0 pipeline (O'Leary et al., 2018; Puritz et al., 2014)
for contig assembly, SNP detection and assessment of allelic read
counts for each cultivation line. SNP filtering of the resulting VCF file
with vcftools removed indels, kept only biallelic loci with minimum
Phred-scores of 30 and only one SNP per contig. For comparability
of genetic diversity between generations (not biased by sequencing
depths), we further filtered the data using R. We used only markers
with a minor allele frequency 20.05 and genotypes with a minimum
read depth of 36. We corrected for unequal sequencing depth of
the same locus across pools of the same cultivation line by rarefac-
tion, that is drawing the minimum number of reads from each pool
to assess allelic read counts. Pools with <500 SNPs were removed
(Table 1) (see Table S2 and supplemental R code for details). The final
datasets consisted of 657-9,721 (average 5,137) biallelic SNP loci
per pool across the 19 species and 24 cultivation lines, with between
0% and 14.6% missing data (Table S2).

2.3 | Data analysis

All analyses were performed in R (R Development Core Team, 2020).
First, we tested whether the genetic differentiation between the
wild-collected and cultivated plants increased with the number of
generations in cultivation. We calculated the pairwise genetic dif-
ferentiation F¢; for each cultivation line between the plants from the
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TABLE 1 Species, seed sources included in the experiment and self-incompatibility. FO are wild-collected seeds, and F1-F4 are
consecutive generations in cultivation. The generations in parentheses were excluded from the data analyses because of insufficient SNP
data and/or sampling depth (see text). SC, self-compatible; S, self-incompatible (see Table S1 for references)

Species

Achillea millefolium
Anthoxanthum odoratum
Centaurea jacea
Centaurea scabiosa
Crepis biennis

Cynosurus cristatus
Dianthus carthusianorum
Galium verum

Leontodon hispidus
Leucanthemum ircutianum
Lotus corniculatus

Lychnis flos-cuculi
Ranunculus acris

Rumex acetosa region R6
Rumex acetosa region R16
Salvia pratensis

Silene dioica

Silene vulgaris

Trifolium pratense

Veronica teucrium

Family
Asteraceae
Poaceae
Asteraceae
Asteraceae
Asteraceae
Poaceae
Caryophyllaceae
Rubiaceae
Asteraceae
Asteraceae
Fabaceae
Caryophyllaceae
Ranunculaceae
Polygonaceae
Polygonaceae
Lamiaceae
Caryophyllaceae
Caryophyllaceae
Fabaceae

Plantaginaceae

Producer 1 Producer 2 Self-compatibility
FO-F2 FO; F3; F4 Sl
FO-F2 Sl
FO-F3 N
FO-F2 FO; F1; (F2); F3 S|
FO-F2; (F3) NA
FO-F2 Sl
FO-F4 SC
FO-F2 Sl
FO-F2 Sl
FO-F3 FO-F2; F4 Sl
FO-F3 FO; F1 SC
FO-F2 SC
FO-F3 N|
FO; (F1); F2 Sl
FO-F2 Sl
FO; F1; F3 SC
FO-F3 Sl
FO-F3 SC
FO-F3 Sl
FO-F2 S|

wild-collected seeds and each consecutive generation in cultivation
using the r package pooLrsTaT (Hivert et al., 2018). We then centred the
F<r within each cultivation line by subtracting the cultivation line mean
from each F; value to allow cross-species comparison. We related the
centred F¢; to the generation number (continuous variable), producer
identity and their interaction as explanatory variables, and cultivation
line as a random factor in a linear mixed-effects model using the pack-
age LMe4 (Bates et al., 2015). Only cultivation lines with 23 generations
were included because a minimum of three F¢; values was required
for meaningful centring (two cultivation lines excluded, see Table 1).

To provide context for the magnitude of genetic differentiation
caused by the cultivation process, we compared it to the natural
genetic differentiation between populations. Specifically, we com-
pared the absolute values of genetic differentiation (F¢;) between
the wild plants and the last cultivated generation within a cultivation
line with the F¢; between wild plants of the same species coming
from two different regions using a linear mixed-effects model (Bates
et al., 2015) with F¢; as a response variable, wild versus cultivated
population as an explanatory variable and species as a random fac-
tor. This was possible in five species for which the FO was available
from two different regions, either from two seed producers or, in
one species, from two regions from the same producer (Table 1).
The geographical distance between the regions ranged from 130 km
to 560 km, with a mean of 380 km. For this analysis, the above-
described SNP filtering steps were carried out per species and not
per cultivation line.

Second, we focused on the effect of cultivation on the genetic
diversity within cultivated generations, estimated as expected het-
erozygosity H,. We hypothesized that genetic diversity would
decrease with increasing generations in cultivation. To test this hy-
pothesis, we calculated H,, using the unbiased estimator of Nei and
Roychoudhury (1974), for each cultivation line and generation, taking
allelic read counts as allele frequencies. We centred the H, values per
cultivation line to ensure comparability across species. We related H,
to the number of generations in cultivation, producer identity and their
interaction as fixed explanatory variables, and cultivation line as a ran-
dom factor in a linear mixed-effects model (Bates et al., 2015). When
we visually inspected the data, H, did not appear to change continu-
ously across generations, but it showed an abrupt change between the
wild plants and the first cultivated generation. Therefore, we treated
the generations in cultivation as a categorical variable in this model.

Next, we assessed how the different seed sourcing strategies of
the two seed producers affected genetic diversity (H,). As Producer
1 mixes seeds from multiple wild populations, while Producer 2
uses seeds from only one population, we expected the seeds from
Producer 1 to harbour higher genetic diversity. We tested this only
for species where data from both seed producers were available
(Table 1) and related the absolute H, values in each cultivation line
and generation to species identity, generation and producer identity
in the statistical models. The species and generation were included
in the model to adjust for species identity and temporal trends across
generations. For this analysis, the above-described SNP filtering
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steps were carried out per species and not per cultivation line to
assure that the same SNP markers were used between producers.
Finally, we tested whether the magnitudes of genetic differen-
tiation and changes in genetic diversity caused by cultivation de-
pended on species traits. We focused on two specific traits for which
we expected an effect, and that varied among our study species:
seed dormancy and self-compatibility. We obtained the data on self-
compatibility from the BIOLFLOR database (Kiihn et al., 2004) and
additional literature (Table S1). Seed dormancy was estimated in a ger-
mination trial as the proportion of viable but non-germinating seeds
in a sample of the wild-collected (FO) seed (Table S1). Other poten-
tially relevant characteristics like harvest type (mechanic or hand) or
harvest frequency could not be used because we had this information
only for seeds from Producer 1, where all except one species were
mechanically harvested once per year. As response variables in these
analyses, we used the genetic change between the wild and the first
cultivated generation because these two generations were available
for most cultivation lines (Table 1). As a measure of genetic differen-
tiation, we used the absolute F¢; value between FO and F1. Changes
in genetic diversity were quantified as AH, = (H ¢, = H g)/H, o, thus
standardizing values across cultivation lines. A positive value indi-
cated a gain, whereas a negative value indicated a loss of genetic
diversity. We related these F¢; and AH, values to the plant traits in
bivariate linear models with the Fy; or AH, as response variable and

self-compatibility and seed dormancy as explanatory variables.

3 | RESULTS

The mean pairwise genetic differentiation between wild-collected
seeds and seeds from the last generations across all cultivation lines
of the 19 species was F¢; = 0.034 (range 0.002-0.071). When ana-
lysed across all cultivation lines, F¢; significantly increased with the
number of generations a population underwent cultivation (Table 2a,
Figure 2a). The response of Fg; differed between the seeds from
the two producers (Figure 2a): while there was an increase in the
material from Producer 1, we found no changes in Fq; in the seed
material from Producer 2. In the five species for which seeds from
different regions were available, the absolute values of F¢; between
wild-collected seeds and the last cultivated generation were much
smaller (mean F¢ = 0.015, range 0.001-0.028) than the F,; between
wild populations from different regions (mean F¢; = 0.056, range
0.016-0.143, Figure 2b; Table 2b.)

The mean expected heterozygosity in our data was H, = 0.303
(range 0.282-0.337), and it was significantly lower in wild-collected
seeds (FO) than in generations F1, F2 and F3 (Table 2a; Figure 3a). Only
the H, in the last cultivated generation F4 did not significantly differ
from wild seeds, probably because of the small sample size. While
the effect of cultivation on H, did not differ between the two seed
producers (Table 2a), the seeds from Producer 1 harboured a higher
average H, than the seeds from Producer 2 (Table 2c; Figure 3b).

The genetic differentiation (F;) between wild-collected seeds
(FO) and the first cultivated generation (F1) was significantly higher

in self-compatible species compared to self-incompatible species
(Figure 4a), with a similar, albeit not statistically significant, trend in
genetic diversity AH, (Figure 4c). Seed dormancy was unrelated to

genetic differentiation and genetic diversity (Figure 4b,d, Table 2d.)

4 | DISCUSSION

Seed propagation for restoration is indispensable to cover the rising
demand for native seeds. Still, the propagation process could change
the genetic properties of cultivated plants and impoverish their ge-
netic diversity (Espeland et al., 2017). We used molecular markers to
test for such effects in 19 species cultivated by two different seed
producers. We found that cultivated populations genetically differed
from the wild-collected seeds, and this differentiation increased with
the number of generations in cultivation. Yet, the absolute size of
the genetic differentiation due to cultivation was much smaller than
that between natural populations from different geographic regions.
The genetic diversity of cultivated seeds was even higher than that in
wild collections, suggesting that cultivation, as done in Germany and

Austria, does not compromise the genetic quality of seed material.

4.1 | Genetic differentiation

The genetic differentiation between wild and cultivated plants in-
creased with the time the populations had spent in cultivation. Yet,
this effect was rather small compared to the natural genetic dif-
ferentiation between regions. The few previous studies that used
molecular markers to analyse cultivation effects on plant material
propagated for ecosystem restoration also reported no or only minor
genetic differentiation through cultivation in the majority of species
(Nagel et al., 2019). In contrast, theoretical studies expected culti-
vated plants to substantially genetically differentiate from wild plants
due to genetic drift and unintended selection (Espeland et al., 2017
Pedrini et al., 2020). This discrepancy between theoretical expecta-
tions and real data has multiple potential reasons. First, some expecta-
tions were based on data from plant breeding and ex situ collections
in botanical gardens (Lauterbach et al., 2012). Yet, ex situ collections
have often very small population sizes, where genetic differences can
quickly arise by genetic drift (Ensslin & Godefroid, 2019; Rauschkolb
et al.,, 2019). The propagation of plant material for ecological restora-
tion typically involves large populations, where the effects of genetic
drift are likely minimal. Second, we have been working with a system
where the seed producers are aware of potential negative effects of
cultivation on genetic properties and try to prevent them (Bucharova
et al., 2019; Krautzer et al., 2020; Prasse et al., 2010). However, such
regulations may not be present in all production systems (Jones, 2013;
Pizza et al., 2021). Third, the material we studied involved at maximum
four, but mostly two or three cultivated generations. As the genetic
differentiation was increasing with the number of generations, culti-
vation for more generations may lead to a more substantial genetic
differentiation. Fourth, we worked with reduced-representation



1388 Journal of Applied Ecology

CONRADY ET AL.

TABLE 2 Results of different statistical models relating genetic changes in 20 cultivated wild plants to different aspects of the
cultivation process or species traits. (a) The effects of generations in cultivation and seed producer identity on genetic diversity in and
genetic differentiation between wild-collected and cultivated plants (Figures 2a and 3a). Note that generation is a continuous variable in
the model for genetic differentiation, but categorical in the model for genetic diversity (see Section 2 for details). (b) Comparison between
the genetic differentiation within cultivation lines and the natural genetic differentiation between regions (Figure 2b), for the five species
where cultivation lines were available from two different regions (see Table 1). (c) Testing for differences in genetic diversity between the
two seed producers (Figure 3b). In contrast to the model in Table 2a, this analysis was carried out only with species available from both seed
producers. (d) The results of models testing the effects of self-compatibility and seed dormancy on changes in genetic diversity (AH ) and
genetic differentiation (F;) between wild-collected seeds (FO) and the first cultivated generation (F1) (Figure 4a,b). In multivariate models,

the terms are fitted sequentially. Significant values are in bold

(a)

Genetic differentiation (Fg;)

Genetic diversity (H,)

Effect NumDF DenDF F p NumDF DenDF F P
Generation 1 50 4.53 0.038 4 71 7.40 <0.001
Producer 1 50 4.54 0.038 1 71 0.64 0.428
Generation x 1 50 5.98 0.018 3 71 1.11 0.351
Producer
(b) Genetic differentiation (F¢;)
Effect NumDF DenDF F P
Within cultivation line versus between regions 1 9 8.92 0.015
(c) Genetic diversity (H,)
Effect NumDF DenDF F P
Species 1 19 5.94 0.003
Generation 1 19 0.23 0.639
Producer 1 19 26.51 <0.001
(d) Genetic differentiation (F¢;) between FO and F1 Change in genetic diversity (AH,) between FO and F1
Effect NumDF DenDF F p NumDF DenDF F P
Self-compatibility 1 16 16.55 <0.001 1 16 1.98 0.180
Dormancy 1 16 0.02 0.892 1 16 0.26 0.618

molecular markers, an excellent tool to identify population history and
signs of genetic drift, but suboptimal for detecting adaptation (Lowry
etal.,2017). The low genetic differentiation detected in this study does
not preclude selection at particular gene loci because adaptive traits
may be coded by few genes not covered by our markers. Identifying
loci under selection was outside the scope of our multispecies study
as this would necessitate whole-genome sequence data and reference
genomes which are unavailable for our study species. A more realistic
option to detect selective changes would be growing and phenotyping
the plants in a common environment.

We did detect—although on a low absolute level—increased ge-
netic differentiation across generations in cultivations in the mate-
rial from Producer 1 but not from Producer 2. The producers differ
in how they source the wild seed: Producer 1 starts with seeds from
usually five natural populations, Producer 2 starts only with seed
from one population (Krautzer et al., 2020; RegioZert, 2019). Mixing
seeds from multiple populations within a source region, as per-
formed by Producer 1, increases genetic diversity (Boca et al., 2020).
Higher gene diversity may provide a higher chance of evolution
during cultivation. For example, the contribution of individual source
populations to the gene pool of the seed lot can shift during the

propagation process (Kucera et al., 2022; St. Clair et al., 2020). The
observed stronger differentiation across generations in the material
of Producer 1 is thus potentially caused by the more diverse start-
ing material. However, diverse starting material also means a diverse
seed lot, which is beneficial to restoration because it enhances adap-
tive potential and the chances of restoration success across envi-
ronments through the portfolio effect (Crowe & Parker, 2008). The
increase in genetic differentiation during cultivation in the seeds
from Producer 1 likely does not mean that the production practice
of this company is suboptimal, but rather that the benefits of en-
hanced genetic variability by population mixing is accompanied by
an increased probability of minor evolutionary changes in response
to the cultivation process. Still, the gradually increasing genetic dif-
ferentiation indicates that the rule of restricting seed production to
a maximum of five generations (Prasse et al., 2010) is justified.

4.2 | Genetic diversity

Genetic diversity was higher in the cultivated generations than in wild-
collected seeds, in the seed material from both producers. This contrasts
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with the common expectations that genetic diversity should decline
because of genetic drift and repeated bottlenecks (Breed et al., 2018;
Espeland et al., 2017; Kantar et al., 2017), as well as with data from ex
situ cultivations, where genetic diversity often rapidly declines (Ensslin
et al., 2018; Lauterbach et al., 2012). However, as pointed out above,
ex situ cultivations have small population sizes, making them extremely
vulnerable to genetic drift and loss of variability. The propagation of
seeds for restoration typically involves large populations, and the effect
of drift is therefore much more limited (Frankham et al., 2014). Increased
genetic diversity could in principle result from introgression from other
cultivation fields of the same or related species, but this seems unlikely
because seed producers keep a safety distance (depending on spe-
cies, but at least 500 m) between cultivation fields of crossable species

(Prasse et al., 2010). The most likely reason for the observed increase
of genetic diversity seems enhanced outcrossing under cultivation.
Under natural conditions, individuals that grow in close proximity have
a higher chance of being closely related (Turner et al., 1982; Vekemans
& Hardy, 2004; Zeng et al., 2012), which enhances mating between rel-
atives due to limited distances of pollen dispersal (Kunin, 1993; Turner
et al., 1982; Zeng et al., 2012). During all steps of seed propagation,
however, seeds from individual plants are mixed, and neighbours are
unlikely to be close relatives, even more so if multiple source popula-
tions are included. This, together with high population densities under
cultivation, promotes outcrossing (Tong et al., 2020). As a result, cul-
tivated seed lots likely contain more heterozygotes and thus harbour
more genetic variability than wild-collected seeds.
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4.3 | Species traits and genetic changes change during seed production, the latter results should be inter-

The magnitudes of genetic changes due to cultivation, estimated as
the differences between wild seeds and the first cultivated genera-
tion, were significantly higher in self-compatible species than in obli-
gate outcrossers for genetic differentiation and, as a trend, for genetic
diversity. Wild populations of self-compatible species typically contain
more homozygotes (Charlesworth, 2006) than populations of out-
crossing species. Consequently, enhanced outcrossing during culti-
vation means a stronger change for self-compatible species than for
outcrossers. These results support our interpretation above that in-
creased outcrossing in the large and homogenized cultivated popula-
tions may be a major driver of genetic changes during cultivation.

The percentage of dormant seeds in the source population was
unrelated to the magnitudes of genetic changes. This surprised us.
The loss of dormancy is among the best-documented evolutionary
processes during domestication of wild plants (Purugganan, 2019)
because genotypes with dormant seeds do not germinate read-
ily after seeding, and thus do not produce any seeds that could be
harvested. We expected that as dormant genotypes would get lost
under cultivation in some species, these would experience more
pronounced genetic changes. However, the loss of dormant geno-
types would be a result of selection. We possibly did not detect this
effect due to methodic constraints because reduced-representation
sequencing is suboptimal for identifying signatures of selection,
which often affects only a small part of the genome and easily es-
capes detection (Lowry et al., 2017; Mckinney et al., 2017).

While our study provides valuable insight into potential propa-
gation effects and suggests how species traits may affect genetic

preted with caution. For most species we had only one cultivation
line, and we are thus not able to dissect between cultivation line-
specific and species-specific patterns. Further, our study included
only 19 species representing a narrow trait spectrum. To understand
which species are more prone to genetic change during cultivation,
we need to study more cultivation lines of more species represent-

ing a wider range of traits and production methods.

4.4 | Implication for practice

Agricultural propagation of native plants for ecosystem restoration
is mandatory to ensure a sufficient number of seeds for achieving the
ambitious targets set by The UN Decade for Ecosystem Restoration
(Merritt & Dixon, 2011). Yet, there have been concerns that propa-
gation in production fields may compromise the genetic composition
of wild seed and reduce their genetic diversity (Espeland et al., 2017).
Our results suggest that these concerns may be, to a certain degree,
unwarranted, at least in the highly regulated seed production sys-
tems of Germany and Austria.

We detected genetic differentiation between wild and cul-
tivated plants across species, but it was much smaller than the
differentiation between wild populations of different regions. As
genetic differentiation gradually increased throughout the three
to five studied cultivation generations, it is possible that after ad-
ditional generations the seeds could become substantially differ-
ent from the original seed sources (Pizza et al., 2021). We also
cannot exclude selection on particular phenotypic traits due to
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cultivation and harvesting conditions. A cap on the maximum
number of generations, for example five in the seed production
we studied (Prasse et al., 2010) or in the Yellow Tag certification
system in the United States (Young et al., 2003), therefore seems
reasonable.

We found that genetic diversity during cultivation even in-
creased, probably as a result of enhanced outcrossing and some-
times mixing multiple source populations in the production fields.
This makes such farm-produced seeds especially suitable for resto-
ration because higher genetic diversity enhances adaptive potential
and restoration success across different environments through the
portfolio effect (Crowe & Parker, 2008).

In summary, we show that the propagation of native seeds for
ecosystem restoration only moderately changes the genetic com-
position of the cultivated seed lots and that genetic diversity is not
only maintained but even increased. Yet, our approach did not allow
to identify adaptive genetic variability and possible effects of unin-
tended selection (e.g. Nagel et al., 2019) as well as the potential fitness
consequences of maternal effects (e.g. Espeland & Hammond, 2013).
Future research should attempt to close this gap through common-
garden studies and transplant experiments that test for changes in

phenotypes and examine the adaptive significance of genetic changes.
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