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Introduction

Abstract

For restoration purposes, nature conservation generally enforces the use of local
seed material based on the “local-is-best” (LIB) approach. However, in some
cases recommendations to refrain from this approach have been made. Here we
test if a common widespread species with no obvious signs of local adaptation
may be a candidate species for abandoning LIB during restoration. Using 10
microsatellite markers we compared population genetic patterns of the general-
ist species Daucus carota in indigenous and formerly restored sites (nonlocal
seed provenances). Gene diversity overall ranged between H, = 0.67 and 0.86
and showed no significant differences between the two groups. Hierarchical
AMOVA and principal component analysis revealed very high genetic popula-
tion admixture and negligible differentiation between indigenous and restored
sites (Fcr = 0.002). Moreover, differentiation between groups was caused by
only one outlier population, where inbreeding effects are presumed. We there-
fore conclude that the introduction of nonlocal seed provenances in the course
of landscape restoration did not jeopardize regional species persistence by con-
tributing to inbreeding or outbreeding depressions, or any measurable adverse
population genetic effect. On the basis of these results, we see no obvious
objections to the current practice to use the 10-fold cheaper, nonlocal seed
material of D. carota for restoration projects.

(Hughes et al. 2008). As the effects of nonlocal genotypes
on the indigenous flora are still not well understood, nat-

In landscape and roadside verge restoration projects the
use of nonlocal seeds has been — and often still is — com-
mon practice, as prices for nonlocal seed mixtures can be
up to 10-fold lower than for local provenances, and often
large quantities of indigenous genotypes are unavailable
(Burton and Burton 2002; Kettenring et al. 2014). How-
ever, introgression and hybridization between nonlocal
and indigenous provenances can alter population genetic
compositions as nonlocal genotypes might function as
effective drivers for invasions below the species level
(Jones 2013). This can lead to the homogenization, coex-
istence, or extinction of the regional and/or nonlocal gene
pools with effects on the genotypic or allelic richness
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ure conservation strategies proclaim the preservation and
maintenance of local genotypic identities (Jones 2013). In
some regions the use of indigenous genotypes for restora-
tion purposes even becomes mandatory, for example,
throughout Germany from 2020 onward as part of the
nature protection and landscape conservation act
(BNatSchG §40-1 2010).

The use of local genotypes is justified by the biodiver-
sity conservations’ main strategy to preserve a region’s
genetic legacy resulting from a history of natural selection
in local environments (Reed and Frankham 2001; Sack-
ville Hamilton 2001; Jones 2013), hence to preserve
indigenous provenances, based on the “local-is-best”
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(LIB) assumptions. By adhering to the LIB approach it is
assumed that indigenous provenances are superior to
nonlocal material with regard to fitness estimations or
trait analyses (e.g., in relation to size and biomass, Leimu
and Fischer 2008; Hereford 2009) as a result of local
adaptation processes (Linhart and Grant 1996; Kawecki
and Ebert 2004; Hereford 2009; Johnson et al. 2010).
Theory predicts local adaptation to be positively corre-
lated to increased genetic variation within populations
and divergence between populations (Hereford 2009).
Generally, larger populations have higher chances to be
well adapted to their native environment as allelic diver-
gence might support the presence of advantageous alleles
(Whitlock 2003) and prevent the fixation of deleterious
alleles (Lande 1994; Lynch and Milligan 1994; Whitlock
2000). Gene flow can hamper local adaptation by homog-
enizing allele frequencies and limiting the response to
selection within environments (Stanton et al. 1997; Hen-
dry and Taylor 2004; Kettenring et al. 2014), whereas
environmental heterogeneity fosters local adaptation
(Becker et al. 2006; Hereford and Winn 2008).

Even if local adaptation is ubiquitous (McKay et al.
2001; Angert and Schemske 2005; Kettenring et al. 2014)
the relative strength and scale of adaptation varies across
species and sites, and several authors predict local adapta-
tion to be even less common than presumed (Leimu and
Fischer 2008; Hereford 2009; Kettenring et al. 2014).
Thus, strict adherence to the LIB approach for restoration
may not evidently be the best choice for biodiversity con-
servation (Kettenring et al. 2014). And indeed, recom-
mendations to refrain from the LIB approach were made,
if (1) highly altered restoration environments radically
differ from surrounding ecosystems (Kettenring et al.
2014), (2) locally adapted source populations as a result
of strong directional selections are genetically depleted
(Rice and Emery 2003; Broadhurst et al. 2008), and (3)
an increase in local diversity by genetic reticulation
between indigenous and nonlocal genotypes via hybridiza-
tion could be beneficial for populations to adapt to future
environmental changes (Rice and Emery 2003; Verhoeven
et al. 2010; Sgro et al. 2011; Breed et al. 2013).

Here, we test an additional argument to refrain from
the LIB approach that is in contrast to current nature
conservation practice, namely the case of widely dis-
tributed, common, generalist species that do not feature
obvious indications of local adaptation. Therefore, popu-
lations of the widespread and outcrossing plant species
Daucus carota were analyzed to compare genetic patterns
of indigenous populations to those from sites formerly
restored with nonlocal seed provenances.

Road construction and maintenance departments pro-
vided information about dates of restoration and applied
seed mixtures of formerly restored sites in Central

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Germany. However, except that seed mixtures comprised
nonlocal and non-German genotypes, nothing is known
about their exact origin.

Daucus carota (Apiaceae) was chosen for this study due
to (1) its wide use in seed mixtures for herbal reintroduc-
tions, (2) its native abundance in a broad range of habi-
tats, and (3) its common presence in the investigation
area. Typical habitats of D. carota are meadows, thickets,
and areas along railroads and roadsides with some kind
of disturbance, while the species is also common in exten-
sively managed grasslands. The species’ native distribution
covers large parts of Europe, Eastern and Central Asia,
and the Mediterranean region with up to 10 poorly
defined subspecies (Hegi 1964). Daucus carota is a bien-
nial species, which is obligate cross-pollinated with lim-
ited adaptations to species-specific pollinators (Hegi
1964). The seeds are adapted to epizoochoric dispersal by
featuring bristly hairs that protrude from the ribbed seed
surface (Hegi 1964; Rong et al. 2010).

Molecular population analyses in D. carota have been
applied previously, for example, by using random ampli-
fied polymorphic markers, inter simple sequence repeats
(ISSR), microsatellite markers, and amplified fragment
length polymorphisms (AFLP) — mainly focusing on culti-
vars or germplasm variability (Vivek and Simon 1999;
Yan et al. 2009; Maksylewicz and Baranski 2013). How-
ever, some investigations also incorporated or screened
wild taxa (Shim and Jergensen 2000; Bradeen et al. 2002;
Rong et al. 2010; Cavagnaro et al. 2011). Cavagnaro et al.
(2011) designed polymorphic and robust PCR-based
microsatellite markers for D. carota, mainly to facilitate
their inclusion in different maps as anchoring points for
SSR tagging of phenotypic traits. We here use some of
their developed microsatellite markers to investigate
genetic diversity, population structure, and gene flow
within and among populations.

Materials and Methods

Study sites

Road side authorities provided information about sites
formerly restored with nonlocal seed material that com-
prised roadside verge restoration projects and compen-
satory sites. As roadside verges are chronically disturbed
environments we decided to investigate compensatory
sites only. Overall, we chose 10 restored sites (R) situ-
ated in Central Germany (Central and South Hesse, W-
Thuringia, NW Bavaria) within an investigation area of
approximately 200 x 200 km® in a comparatively spar-
sely populated hilly region. R-sites an area
between 0.5 and 2 ha and were restored between 1996
and 2004 (Table 1, Fig. 1). All sites were converted

cover
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Table 1. Overview of surveyed Daucus carota populations.

J. Reiker et al.

Population code Location Latitude Longitude Sample number Date of restoration
101 Daubringen 50.640255 8.739055 19 -

102 Reiskirchen 50.581666 8.829360 18 -

103 Eichsfeld 51.220721 10.358348 18 -
104 Hainich 51.036522 10.415168 13 -
105 Niederkleen 50.480773 8.616436 18 -
106 Hungen 50.467687 8.877661 17 -

107 Geroda 50.292924 9.920461 17 -
108 Kirchvers 50.690361 8.579271 17 -
109 Lauterbach 50.696151 9.359601 15 -
RO1 Steinau 50.323347 9.446011 16 1994
R0O2 Griedel 50.447305 8.745246 17 1996
RO3 Bad Nauheim 50.392279 8.726213 19 1996
RO4 Bad Nauheim 50.402702 8.720849 18 1996
RO5 Egelsbach 49.962194 8.655639 20 1998
RO6 Fernwald 50.560872 8.755674 20 2003
RO7 Herleshausen 51.002248 10.130403 17 2003
RO8 Eschbach 50.218377 8.682396 16 2004
RO9 Eschbach 50.226271 8.701537 18 2004
R10 Herleshausen 50.995496 10.153041 20 2004

R, Restored populations; /, indigenous populations.

CFrankfurt, 7%

~Wiesbaden

from arable land to compensatory sites and are adjacent
either to woodlands, meadows, or agricultural fields,
with corn, rapeseeds, and cereals being the most com-
mon crops in the region. Arable land in this region is
commonly being plowed at least once a year. Biennial
species which start flowering and fruit set in the second
year normally do not survive plowing and thus have
limited chances to substantially contribute to the soil
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Figure 1. Map of sampled Daucus carota
populations in the investigation area in Central
Germany (Hesse, Thuringia, and Bavaria).
Indigenous sites (/) are depicted in blue and
restored sites (R) in red (see also Table 1).
Source: Google Earth.

seed bank. However, we cannot totally exclude indige-
nous D. carota seed dispersal from adjacent fields that
may have contributed to the seed bank and recolonized
once restored.

As the main motivation for site selection was good
documentation of site history, populations are not regu-
larly spaced throughout the investigation area. For each
site, information about the year of restoration as well as

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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the presence and percentage of D. carota in the seed mix-
ture are available (0.1% since 1988 FLL Bonn).

During data analysis the restored site R04 turned out
to markedly differ from all others site. Hence, some cal-
culations were additionally executed for a subset of R-
populations excluding the outlier R04.

For comparison, we investigated nine indigenous sites
(I), as representatives of the local genotypic diversity: four
meadows which are mostly maintained under the Habi-
tats Directive of Natura 2000, and five protected nature
reserve areas (Table 1). All I sites have not been modified
or re-sown during the last 60 years (Kunzmann et al.
2010). They were chosen due to their regional vicinity to
the restored sites. Notwithstanding, a distance of at least
9 km between indigenous and restored sites was kept. In
addition, a minimum distance of 200 m to any other
adjacent population of cultivated relatives was taken into
account to minimize potential effects of hybridization
(Posselt 2000; Kunzmann et al. 2010). We are aware that
potential hybridization between wild and cultivated car-
rots in the study region cannot be excluded. However, in
a highly anthropogenic influenced, patch-work structured
landscape with mainly small isolated nature conservation
areas, our approach seemed to be the best trade-off to
define “regional species diversity.”

On each site, leaf material of 20 individuals was sam-
pled along transects and immediately dried in silica gel.
Distances between sampled individuals within populations
were at least 2 m to optimize coverage of site specific
populations’ genetic diversity.

Molecular methods

Approximately 10 mg silica dried leaf material per indi-
vidual was used for DNA extraction. The DNeasy plant
Mini Kit (Qiagen, Hilden, Germany) was applied accord-
ing to the manufacturer’s instructions. DNA was diluted
to 3-10 ng/uL. Ten microsatellite primer combinations,
developed by Cavagnaro et al. (2011) for its use on
D. carota, were optimized to suite for this investigation
(Table 2). The PCR mixture with a total volume of 20 uL
contained: 7.7 uL dd H,O, 1 uL. HEX or FAM fluores-
cence-labeled forward primer (5 pmol/uL), 1 uL reverse
primer (5 pmol/uL), 0.4 uL BSA (10 ng/uL), 4ul Betain
Monohydrat (5 mol/L), 2.4 uL dNTPs (2 mmol/L),
0.5 uL (5 U/uL) DreamTaq polymerase (Fermentas,
Cologne, Germany), 2 uL 10 x DreamTaq PCR buffer
(Fermentas), and 1 uL of the diluted genomic DNA. PCR
was conducted with an Eppendorf-Gradient-Mastercycler.
The PCR program was 2 min at 95°C for initial denatura-
tion, followed by 35 cycles of 30 sec at 95°C, 30 sec at
the annealing temperature of each primer pair (54-57°C,
Table 2), and 45 sec at 72°C; followed by a final exten-

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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sion at 72°C for 15 min. PCR products were sent to LGC
Forensics (Cologne, Germany) for fragment visualization.

Data analysis

Microsatellite data were processed with GeneMarker®
V1.90 (software SoftGenetica, LLC, State College, PA).
The lengths of the DNA fragments were standardized
using ROX 500. For evaluation, fragments were recorded
in a codominant data matrix. Genetic diversity within
populations was estimated as number of different alleles
(N,), number of effective alleles (N.), Shannon’s informa-
tion index (H’), and observed (H,) and unbiased expected
heterozygosity (uH.) using GenAlEx 6.5 (Peakall and
Smouse 2012). Significance of differences between diver-
sity estimates with small sample sizes was tested with two-
tailed t-tests. Single sample t-tests were applied and the
nonparametric Mann—Whitney U-test was used to analyze
differences among groups (all http://www.socscistatistics.
com/tests/mannwhitney/Default.aspx). Genetic variation
among groups of indigenous and restored populations
(Fcr), among populations within groups (Fsc) and within
populations (Fsy) was partitioned with hierarchical analy-
sis of molecular variance (AMOVA) using ARLEQUIN
3.5.1.2 (Excoffier and Lischer 2010). Significance levels
were determined after 9999 permutations. Furthermore,
clustering of samples was visualized with principal com-
ponent analysis (PCA) using the R package ADEGENET
v1.4-2 (Jombart 2008).

Results

Data of 333 individuals from 19 different sites with 10
microsatellite markers each were analyzed. In total, 20
individuals per site were sampled; however, for some sites
data retrieval could only be achieved for fewer specimens
(Table 1, Fig. 1).

Microsatellite statistics

Microsatellite statistics (Table 2) for allele size ranges of
markers, number of alleles, and H,. values partly differed
from earlier publications (Cavagnaro et al. 2011). How-
ever, most likely this is due to different surveyed wild
genotypes as well as differences in the genotyping facility
(i.e., equipment and software). A total of 257 alleles were
generated from the 10 microsatellite markers (mean
24.0 £ 6.78 alleles per locus). Allele ranges had a mean of
67.0 £ 21.9 bp (SD). Total number of samples producing
null alleles was 59 (22.96%) of the 257 alleles. Seven
markers were null at more than one sample. The mean
number of null alleles per locus was 5.9 + 5.8 SD. Rare
alleles made up 30 of the 257 total alleles (mean
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Table 2. Microsatellite marker comparison of this investigation (JR) and by Cavagnaro et al. (2011) (C), with locus name, microsatellite motifs (SSR motifs), annealing temperature, size range in
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base pairs (bp), number of alleles, Neis unbiased gene diversity (H,), and the number of null alleles and rare alleles found in this investigation in one sample (in 1), or only in two samples (in 2).

Loci that significantly deviated from the Hardy-Weinberg (HDW) expectations are shown in bold.

Number of
alleles

HDW

Rare alleles

Size range (bp)

Annealing

df

In 1 In 2

Null alleles

JR

JR

JR

temperature (°C)

SSR motifs

Locus

0.891™
0.435™

10
55
36
91

5.004
56.050
68.056

137.333
51.477
60.878
20.969
40.500
16.650
98.500

16

0.66
0.91
0.80
0.91
0.85
0.88
0.74
0.90
0.53
0.92

0.86
0.91
0.89
0.77
0.82
0.87
0.79
0.84

25

20
29

266-322

285-335

54
55
50
54

(AG)6tgga(GGAG)3

(TCTA)21

gssr3
gssrd
gssré
gssr9

1
0
3
3
3
0
0
1

0

22

230-322

253-320
283-331

0.007***

13

19 21

22

262-312

(TC)9a(CM)11 (CAGTAG)S

0.007***
0.905™
0.057™
0.461™

31

259-327
207-285

281-337
229-346

144-219

(TG)13ata(TATG)10gatgg(ATGT)3
(TG)9tacgc(ATGT)3

(GA)13
(TG)8

66
45

34
27

16
21

57
55
57
54
54
55

gssr16

13

148-230
372-419

gssr35
gssre5
gssr85

21

12
25

10

14

no data

21

404-433

0.663™
0.082"
0.277™

45

196-316

219-294
no data

(TCTA)4tttatca(ATCT)4gtctgtcta(TCTG)3

(ATAC)8(ACAT)4

10
91

no data
0.79

15
28

219-299
316-380

gssr107
gssr111

284-390

(ATAC)3atccatc(CATA)9tat(CA)20

HDW correlation coefficient; *** very significant P<0.001; ns = no significant.

J. Reiker et al.

3.0 & 3.1 SD). Locus GSSR 6 and GSSR 9 deviated
significantly from Hardy—Weinberg expectations. None of
the applied microsatellite markers revealed fixation for
different alleles in any of the screened populations.

Population statistics

Overall, H. values ranged from 0.67 to 0.86 (Table 3)
with an average expected heterozygosity of H. = 0.81.
Thus, all sampled individuals revealed a high chance of
being heterozygous. When only indigenous populations
were considered, average expected heterozygosity
increased slightly to H, = 0.82, while for restored sites it
was H, = 0.80. Overall, t-tests revealed no significant dif-
ferences in diversity estimates between indigenous and
restored populations (P < 0.05). Highest number of effec-
tive alleles (N,.) and highest H. values were found in an
indigenous population (103: H, = 0.89; N, = 8.3). In con-
trast, highest number of different alleles (N,) was found
in a restored population (R05; N, = 12.4). Lowest N,, I,
H,, and H. were found in population R04. Single sample
t-tests revealed R04 to diverge significantly from all other
populations (N, N. H', H,, and uH.; P < 0.01). How-
ever, the equality of variances between all indigenous and
restored populations with or without R04 was not
affected (P < 0.05).

Hierarchical AMOVA revealed that most genetic varia-
tion resided within populations (95.6%), whereas only
4.1% explained differences among populations within
groups and only 0.2% among indigenous and restored pop-
ulations (Table 4). Interestingly, when R04 was excluded
from the dataset differences between indigenous and
restored sites diminished (data not shown). Thus, indige-
nous and restored sites can more or less be considered as
part of one single, random mating population with arbi-
trary groupings of subpopulations. At the individual group
level, differentiation among indigenous populations
(Fst = 0.030, P < 0.01) was lower than among restored
populations (Fsp = 0.055, P < 0.001). However, again
excluding R04 from the dataset led to comparable values
for restored sites (Fst = 0.034, P < 0.01), substantiating
the different population genetic pattern of R04 (Table 4).

AMOVA results were strongly corroborated by PCA
analysis (Fig. 2). There was no distinct clustering of pop-
ulations, and only centroids of indigenous and restored
populations tended to be separated along the second
component. One exception was again population R04.
The first three components accounted for 4.8%, 3.7%,
and 3.4% of genetic variation.

Genotypic population affiliation in general could
not be explained by the year of restoration (see
Table 1) or genetic diversity, with the exception of
population R04.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 3. Measures of Daucus carota within-population diversity.

Population code N, Ne H H, UH,
101 10.2 5.7 1.9 0.77 0.83
102 1.1 7.0 2.1 0.75 0.86
103 11.9 8.3 2.2 0.75 0.89
104 10.5 6.5 2.0 0.81 0.86
105 1.2 7.7 2.2 0.77 0.88
106 10.5 5.8 1.9 0.74 0.81
107 8.1 54 1.8 0.79 0.81
108 11.7 7.7 2.2 0.78 0.87
109 9.7 5.9 1.9 0.79 0.81
RO1 10.5 5.6 2.0 0.77 0.82
RO2 9.2 5.1 1.8 0.74 0.80
RO3 9.7 5.2 1.9 0.72 0.80
RO4 6.6 3.5 1.4 0.61 0.69
RO5 12.4 8.1 2.2 0.83 0.87
RO6 11.0 6.8 2.0 0.74 0.85
RO7 11.6 6.5 2.1 0.76 0.85
RO8 1.1 6.5 2.0 0.76 0.84
R0O9 1.4 6.9 2.1 0.79 0.87
R10 1.4 5.6 2.0 0.74 0.81
Average all 10.5 6.3 1.99 0.76 0.83
Average / 10.5 6.7 2.02 0.77 0.85
Average R 10.5 6.0 1.95 0.75 0.82

Average R—Pop R04 10.9 6.2 2.01 0.76 0.84

N, number of different alleles; N., number of effective alleles; H,
Shannon'’s information index; H, observed heterozygosity; uHe, unbi-
ased expected heterozygosity; R, restored populations; /, indigenous
populations.

Table 4. Summary of hierarchical AMOVA results for 19 Daucus car-
ota populations grouped for indigenous (n = 9) and restored popula-
tions (n = 10).

Source v % Total P Fsy statistics
Among groups 0.010 0.2 0.049 Fcr = 0.002
Among populations 0.174 4.1 <0.001 Fsc = 0.041
within groups

Within populations 4.023 95.6 <0.001 Fst = 0.044

Discussion

Our study was intended to test if the biodiversity conser-
vation strategy to preserve the region’s genetic legacy by
using local genotypes is justified for widely distributed,
common and generalist plant species, like D. carota. We
therefore compared population genetic patterns of indige-
nous populations with populations that were restored
with nonlocal seed provenances between 1994 and 2004,
hence after several years of establishment.

Throughout our whole investigation area we found
very low population differentiation among the sampled
groups of D. carota populations. Overall, population

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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genetic patterns are indicative for high genetic admixture
between indigenous as well as formerly restored sites with
no clear evidences of local genetic adaptation. Bradeen
et al. (2002) already postulated the population genetic
pattern of wild carrot to be genetically nonstructured.
This is partly supported by Rong et al. (2010) who
detected weak but significant genetic structures in Dutch
wild carrot populations. In contrast Shim and Jorgensen
(2000) found pronounced genetic structures; however,
this is an investigation in Denmark toward the species’
northernmost distribution range where species-specific
parapatric local adaptations are more likely to occur
(Brown and Amacher 1999; Sagarin and Gaines 2002;
Eckert et al. 2008; Sexton et al. 2009).

Most of the molecular variation in our analysis occurs
within populations, which is common for outcrossing
species (Aavik et al. 2012). This is supported by Rong
et al. (2010), who revealed distinctive long distance pollen
dispersal of at least 4 km in D. carota and claimed that
most offspring from a maternal plant resulted from dif-
ferent paternal individuals. They estimated outcrossing
rates of 96% for wild carrot populations and explained
this high outcrossing rate by the strongly proterandrous
inflorescence with stigmas only becoming receptive when
anthers of all stamens in the umbel have completed dehis-
cence (Koul et al. 1989). Thus, the specialized pollination
mechanism triggers pollen-mediated gene flow among
distant individuals and weakens spatial genetic structures
(Umehara et al. 2005; Rong et al. 2010).

Assumptions that the observed genetic patterns partly
derived from local genotypes from the soil seed bank
without successful propagation of foreign genotypes can-
not totally be rejected, as D. carota seeds have the poten-
tial to survive several years under field conditions (Gross
and Werner 1982; Thompson et al. 1993; Clark and Wil-
son 2003; Rawnsley et al. 2003). Widely practiced yearly
plowing prior to restoration must have hampered
D. carota persistence on the sites, but we cannot totally
exclude indigenous seed dispersal from adjacent fields
that may have contributed to the seed bank and recolo-
nized prior or once restored.

The detected slight differences in diversity estimates
between indigenous and restored populations could
potentially pinpoint to novel genotype introductions in
the region, however, from very similar population genetic
origin. Umehara et al. (2005) already stated that carrots,
even cultivated varieties and wild carrots, have extremely
wide gene diversity (Rong et al. 2010). This is supported
by our analysis which revealed substantial levels of genetic
diversities on different scales, such as (1) within popula-
tions, (2) between individuals of the indigenous sites but
also on the restored sites, and (3) throughout the investi-
gation area. The overall detected genetic diversity in our
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PC2 (3.7 %)

Figure 2. Principal component analysis (PCA)
depicting the genetic structure in populations
of Daucus carota. Indigenous populations (/)
are indicated in blue and restored populations
(R) in red. Label positions represent the
centroids of the respective population. Inertia
ellipses indicate dispersion of samples in
relation to mean coordinates and include
approximately three fourth (76%) of all
individuals for each population.

PC1 (4.8 %)

analysis is in accordance to other investigations in wild
carrot, for example, by Rong et al. (2010), and confirms
earlier hypotheses. Markedly lower overall values were
reported by Shim and Jergensen (2000) and Bradeen
et al. (2002), however, with quantitative molecular mark-
ers (AFLP, ISSR).

The highest allelic diversities were found in indigenous
populations (103, 105, and 108) and in one restored site
(RO5), which was established in 1998. As no information
about the initial genotypic diversities of the nonlocal seed
mixtures at the restored sites are available, it remains
rather speculative if the current findings are the results of
slightly lower initial genotypic diversities in the seed mix-
tures or are due to selection processes in the new habi-
tats.

The lowest allelic diversities
restored population R04, which diverged substantially in
its population genetic pattern from all other investigated
sites. Restoration of R04 took place in 1996 together with
population R03, which is in close vicinity. The executing
authority was in both cases the same. Thus, the detected
difference in population genetic diversity is rather unli-
kely to originate from differences in the initial seed mix-
tures. The comparatively low values of within-population
diversity with the extremely low values of different alleles
and effective alleles in R04 could be indicative for high
inbreeding. R04, with approximately 1 ha, is nowadays
predominantly covered in scrub vegetation (approxi-
mately 80%) and D. carota only remained as a remnant
within grassland on the margins of the site, where other

were found in one

dicots are scarce, too. Due to intensively used agricul-
tural fields in close vicinity, there are no other potential
habitats for D. carota within a radius of 1 km. Even if
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we consider that pollinators do have longer flight ranges,
site visitation for pollination might be comparatively
rare.

We found no obvious signs that the introduction of
nonlocal seed material in the course of restoration pur-
poses contributed to the regional overall genetic diversity
of the species. This finding is in contrast to current
assumptions that “the diversity of the original source
population is a critical consideration for restoration pur-
poses, and that the starting pool of genetic diversity gov-
erns the performance of a reintroduced population for a
long time” (Falk et al. 2001). However, it still remains
unclear, if the initial genetic diversity in the nonlocal seed
mixtures was indeed that different from indigenous popu-
lations. Gemeinholzer and Bachmann (2005) also con-
ducted population genetic analyses in the comparable
abundant, widespread, and generalist Cichorium intybus
L., and discovered high genetic similarity in populations
from Germany, Italy, Croatia, and Uzbekistan, even with
increasing geographic distances. Thus, as population
genetic diversity is the result of the accumulations of neu-
tral substitutions or diversifying or frequency-dependent
selection, one might have to refer to “nonlocal” as a
sweeping term, dependent on the degree of adaptation
and selection in the respective target species, without nar-
rowing it down to geographic vicinity, which currently is
the common approach in many nature conservation
strategies.

Conclusion

For restoration practitioners the use of local seeds has
become a common objective (e.g., Broadhurst et al. 2008;

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



J. Reiker et al.

Erickson 2008; Miller et al. 2011) due to the often
proclaimed potential risks associated with nonlocal geno-
typic material, namely outbreeding depression and adap-
tation (e.g., Kaye 2001; Mijangos et al. 2015). However,
recent plant research suggests outbreeding depression and
adaptation to be less common than formerly assumed
(Edmands 2007; Leimu and Fischer 2008; Mijangos et al.
2015).

By using molecular tools to evaluate landscape restora-
tion projects on compensatory sites several years after
establishment we could demonstrate that the use of non-
local seed provenances did not result in adverse popula-
tion genetic effects on indigenous populations of
D. carota. In the obligate outcrossing plant species we
could detect negligible population differentiation between
indigenous populations and populations restored with
nonlocal seed material. No negative effects on allelic rich-
ness, selective sweeps, or reduced population genetic
diversity could be observed, with one exception, where
inbreeding effects are presumed. Even though no infor-
mation about the geographic origin of the “nonlocal”
seed material is available, we assume that for the com-
mon, outcrossing and generalist species the term “nonlo-
cal” is a sweeping term which should not be narrowed
down to geographic vicinity, as presently common in bio-
diversity conservation.

Decisive criteria for restoration projects are restoration
objectives and goals, as well as the efficient use of
resources considering costs and seed availability (Ehren-
feld 2000; Kaye 2001; Doede 2005; Wilkinson et al. 2008;
Miller et al. 2011). On the basis of the population genetic
analysis conducted here, there are no obvious objections
against the current nature conservation practice to use
the 10-fold cheaper nonlocal seed material of D. carota.
Moreover, this might also be the case for other common,
generalist and outcrossing plant species.

Acknowledgments

We are grateful for the financial support from the
Deutsche Bundesstiftung Umwelt (DBU) and the Heide-
hofstiftung. Sampling was conducted with support from
the Association of German Wild Seeds and Wild Plants
Producer Association (Markus Wieden), as well as the
road authorities Frankfurt (Gerd Ledergerber), Schotten
(Alexander Greb), and Herleshausen (Helmut Byczysko).
For permits to collect plants in nature conservation
areas, we thank Jirgen Busse and Manfred Grossman.
For support in the molecular laboratory, we thank the
biotechnical assistants (Sabine Mutz and Helene Krufc-
zik). We also thank Prof. Allen Moore and the reviewers
who helped in linguistic corrections, which is greatly
acknowledged here.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Does Origin Always Matter?

Data Archiving Statement

Data for this study are available at: to be completed after
manuscript is accepted for publication.

Conflict of Interest

None declared.

References

Aavik, T., P. J. Edwards, R. Holderegger, R. Graf, and R.
Billeter. 2012. Genetic consequences of using seed mixtures
in restoration: a case study of a wetland plant Lychnis flos-
cuculi. Biol. Conserv. 145:195-204.

Angert, A. L., and D. W. Schemske. 2005. The evolution of
species’ distributions: reciprocal transplants across the
elevation ranges of Mimulus cardinalis and M. lewisii.
Evolution 59:1671-1684.

Becker, U., G. Colling, P. Dostal, A. Jakobsson, and D.
Matthies. 2006. Local adaptation in the monocarpic
perennial Carlina vulgaris at different spatial scales across
Europe. Oecologia 150:506-518.

Bundesnaturschutzgesetz, nature protection and landscape
conservation act, Germany (BNatSchG) from 29.07.2009
(BGBL. I S. 2542), In force since 01.03.2010.

Bradeen, J. M., I. C. Bach, M. Briard, V. Le Clerc, D.
Grezebelus, D. A. Senalik, et al. 2002. Molecular diversity
analysis of cultivated carrot and wild Daucus populations. J.
Am. Soc. Hortic. Sci. 127:383-391.

Breed, M. F., M. G. Stead, K. M. Ottewell, M. G. Gardner, and
A. J. Lowe. 2013. Which provenance and where? Seed
sourcing strategies for revegetation in a changing
environment. Conserv. Genet. 14:1-10.

Broadhurst, L. M., A. Lowe, D. J. Coates, S. A. Cunningham,
M. McDonald, P. A. Vesk, et al. 2008. Seed supply for
broadscale restoration: maximizing evolutionary potential.
Evol. Appl. 1:587-597.

Brown, R. W., and M. C. Amacher. 1999. Selecting plant
species for ecological restoration: a perspective for land
managers. Pp. 1-16 in L. K. Holzworth and R. W. Brown,
compilers. Revegetation with Native Species. Society for
Ecological Restoration Annual Meeting. USDA-Forest
Service, Rocky Mountain Research Station, Ogden.

Burton, P. J., and C. M. Burton. 2002. Promoting genetic
diversity in the production of large quantities of native
plant seed. Ecol. Restor. 20:117-123.

Cavagnaro, P. F., S.-M. Chung, S. Manin, M. Yildiz, A. Ali, M.
S. Alessandro, et al. 2011. Microsatellite isolation and
marker development in carrot — genomic distribution,
linkage mapping, genetic diversity analysis and marker
transferability across Apiaceae. BMC Genomics 12:386.

Clark, D. L., and M. V. Wilson. 2003. Post-dispersal seed fates
of four prairie species. Am. J. Bot. 90:730-735.

5649



Does Origin Always Matter?

Doede, D. L. 2005. Genetic variation in Broadleaf Lupine
(Lupinus latifolius) on the Mt Hood National Forest and
implications for seed collection and deployment. Native
Plants J. 6:36—48.

Eckert, C. G., K. E. Samis, and S. C. Lougheed. 2008. Genetic
variation across species’ geographical ranges: the central-
marginal hypothesis and beyond. Mol. Ecol. 17:1170-1188.

Edmands, S. 2007. Between a rock and a hard place: evaluating
the relative risks of inbreeding and outbreeding for
conservation and management. Mol. Ecol. 16:463-475.

Ehrenfeld, J. G. 2000. Defining the limits of restoration: the
need for realistic goals. Soc. Ecol. Restor. 8:2-9.

Erickson, V. J. 2008. Developing native plant germplasm for
national forests and grasslands in the Pacific Northwest.
Native Plants J. 9:255-266.

Excoffier, L., and H. E. L. Lischer. 2010. Arlequin suite ver 3.5:
a new series of programs to perform population genetics
analyses under Linux and Windows. Mol. Ecol. Resour.
10:564-567.

Falk, D., E. Knapp, and E. O. Guerrant. 2001. An Introduction
to Restoration Genetics, Pp. 2-30. Society for Ecological
Restoration, Tuscon, Arizona, USA.

Gemeinholzer, B., and K. Bachmann. 2005. Examining
morphological and molecular diagnostic character states in
Cichorium intybus L. (Asteraceae) and Cichorium spinosum
L. Plant Syst. Evol. 253:105-123.

Gross, K. L., and P. A. Werner. 1982. Colonizing abilities of
‘biennial’ plant species in relation to ground cover:
implications for their distributions in a successional Sere.
Ecology 63:921.

Hegi, G. 1964. Hlustrierte Flora von Mittel-Europa V/4. Verlag
C Hanser, Miinchen.

Hendry, A. P., and E. B. Taylor. 2004. How much of variation
in apaptive divergence can be explained by gene flow? An
evalutation using lake-stram stickleback pairs. Evolution
58:2319-2331.

Hereford, J. 2009. A quantitative survey of local adaptation
and fitness trade-offs. Am. Nat. 173:579-588.

Hereford, J., and A. A. Winn. 2008. Limits to local adaptation
in six populations of the annual plant Diodia teres. New
Phytol. 178:888-896.

Hughes, A. R., B. D. Inouye, M. T. J. Johnson, N. Underwood,
and M. Vellend. 2008. Ecological consequences of genetic
diversity. Ecol. Lett. 11:609-623.

Johnson, R., L. Stritch, P. Olwell, S. Lambert, M. E. Horning,
and R. Cronn. 2010. What are the best seed sources for
ecosystem restoration on BLM and USFS lands? Native
Plants J. 11:117-131.

Jones, T. A. 2013. When local isn’t best. Evol. Appl. 6:1109—
1118.

Jombart, T. 2008. adegenet: a R package for the multivariate
analysis of genetic markers. Bioinformatics 24:1403—1405.
Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local

adaptation. Ecol. Lett. 7:1225-1241.

5650

J. Reiker et al.

Kaye, T. N. 2001. Common ground and controversy in native
plant restoration: the SOMS debate, source distance, plant
selections, and a restoration-oriented definition of native.
Pp. 5-12 in R. Rose and D. Haase, eds. Native Plant
Propagation and Restoration Strategies. Nursery Technology
Cooperative and Western Forestry and Conservation
Association, Corvallis, OR.

Kettenring, K. M., K. L. Mercer, C. Reinhardt Adams, J. Hines,
and B. Wilsey. 2014. Application of genetic diversity-
ecosystem function research to ecological restoration. J.
Appl. Ecol. 51:339-348.

Koul, P., A. K. Koul, and I. A. Hamal. 1989. Reproductive
biology of wild and cultivated carrot (Daucus carota L.).
New Phytol. 112:437—443.

Kunzmann, D., R. Prasse, and R. Schréder. 2010. Entwicklung
und praktische Umsetzung naturschutzfachlicher
Mindestanforderungen an einen Herkunftsnachweis fiir
gebietseigenes Wildpflanzensaatgut krautiger Pflanzen,
Abschlussbericht zum Forschungsprojekt (DBU), Hannover.

Lande, R. 1994. Risk of population extinction from fixation of
new deleterious mutations. Evolution 48:1460-1469.

Leimu, R., and M. Fischer. 2008. A meta-analysis of local
adaptation in plants. PLoS One 3:e4010.

Linhart, Y. B., and M. C. Grant. 1996. Evolutionary
significance of local genetic differentiation in plants. Annu.
Rev. Ecol. Syst. 27:237-277.

Lynch, M., and B. G. Milligan. 1994. Analysis of population
genetic structure with RAPD markers. Mol. Ecol. 3:91-99.

Maksylewicz, A., and R. Baranski. 2013. Intra-population
genetic diversity of cultivated carrots (Daucus carota L.)
assessed by analysis of microsatellite markers. Acta Biochim.
Pol. 60:753-760.

McKay, J. K., J. G. Bishop, J. Z. Lin, J. H. Richards, A. Sala,
and T. Mitchell-Olds. 2001. Local adaptation across a
climatic gradient despite small effective population size in
the rare sapphire rockcress. Proc. Biol. Sci. R. Soc.
268:1715-1721.

Mijangos, J. L., C. Pacioni, P. B. S. Spencer, and M. D. Craig.
2015. Contribution of genetics to ecological restoration.
Mol. Ecol. 24:22-37.

Miller, S. A., A. Bartow, M. Gisler, K. Ward, A. S. Young, and
T. N. Kaye. 2011. Can an ecoregion serve as a seed transfer
zone? Evidence from a common garden study with five
native species. Restor. Ecol. 19:268-276.

Peakall, R., and P. E. Smouse. 2012. GENALEX 6: genetic
analysis in Excel. Population genetic software for teaching
and research. Mol. Ecol. Notes 6:288-295.

Posselt, U. K. 2000. Genetische Diversitat bei Wildformen und
Zuchtsorten von Lolium perenne L. Schriftenreihe fiir
Vegetationskunde 32:79-85.

Rawnsley, R. P., P. A. Lane, P. H. Brown, and T. Groom.
2003. An examination of the seedbank distribution, see
emergence and seed survival of Apiaceae weeds pyrethrum.
The Regional Institute. Solutions for a better environment

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



J. Reiker et al.

(p- EJ). - An examination of the seedbank distribution,
seedling emergence and seed.

Reed, D. H., and R. Frankham. 2001. How closely correlated
are molecular and quantitative measures of genetic
variation? A meta-analysis. Evolution 55:1095-1103.

Rice, K. J., and N. C. Emery. 2003. Managing microevolution:
restoration in the face of global change. Front. Ecol.
Environ. 1:469-478.

Rong, J., S. Janson, M. Umehara, M. Ono, and K. Vrieling.
2010. Historical and contemporary gene dispersal in wild
carrot (Daucus carota ssp. carota) populations. Ann. Bot.
106:285-296.

Sackville Hamilton, N. R. 2001. Is local provenance important
in habitat creation? A reply. J. Appl. Ecol. 38:1374-1376.
Sagarin, R. D., and S. D. Gaines. 2002. The ‘abundant centre’
distribution: to what extent is it a biogeographical rule?

Ecol. Lett. 5:137-147.

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009.

Evolution and ecology of species range limits. Annu. Rev.
Ecol. Evol. Syst. 40:415-436.

Sgro, C. M., A. J. Lowe, and A. A. Hoffmann. 2011. Building
evolutionary resilience for conserving biodiversity under
climate change. Evol. Appl. 4:326-337.

Shim, S. I, and R. B. Jorgensen. 2000. Genetic structure in
cultivated and wild carrots (Daucus carota L.) revealed by
AFLP analysis. Theor. Appl. Genet. 101:227-233.

Stanton, M. L., C. Galen, and J. Shore. 1997. Population
structure along a steep environmental gradient:

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Does Origin Always Matter?

consequences of flowering time and habitat variation in the
snow buttercup, Ranunculus adoneus. Evolution 51:79.

Thompson, K., S. R. Band, and J. G. Hodgson. 1993. Seed size
and shape predict persistence in soil. Funct. Ecol. 7:236.

Umehara, M., I. Eguchi, D. Kaneko, M. Ono, and H. Kamada.
2005. Evaluation of gene flow and its environmental effects
in the field. Plant Biotechnol. 22:497-504.

Verhoeven, K. J. F., J. J. Jansen, P. J. van Dijk, and A. Biere.
2010. Stress-induced DNA methylation changes and their
heritability in asexual dandelions. New Phytol. 185:1108—
1118.

Vivek, B. S., and P. W. Simon. 1999. Linkage relationships
among molecular makers and storage root traits of carrot
(Daucus carota L. ssp. sativus). Theor. Appl. Genet. 99:58—64.

Whitlock, M. C. 2000. Fixation of new alleles and the
extinction of small populations; drift load, beneficial alleles,
and sexual selection. Evolution 54:1855-1861.

Whitlock, M. C. 2003. Fixation probability and time in
subdivided populations. Genetics 164:767-779.

Wilkinson, K. M., S. A. Riley, D. E. Steinfeld, and T. D.
Landis. 2008. Native plants on disturbed roadsides:
introduction to a new integrated approach. Native Plants J.
9:267-277.

Yan, J., Y. Xiaohong, S. Trusha, H. Sanchez-Villeda, J. Li, M.
Warburton, et al. 2009. High-throughput SNP genotyping
with the GoldenGate assay in maize. Available at http://
link.springer.com/article/10.1007/s11032-009-9343-2
(accessed 3 December 2014).

5651


http://link.springer.com/article/10.1007/s11032-009-9343-2
http://link.springer.com/article/10.1007/s11032-009-9343-2

