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Introduction

Abstract

According to the Norwegian Diversity Act, practitioners of restoration in Norway
are instructed to use seed mixtures of local provenance. However, there are no
guidelines for how local seed should be selected. In this study, we use genetic
variation in a set of alpine species (Agrostis mertensii, Avenella flexuosa, Carex
bigelowii, Festuca ovina, Poa alpina and Scorzoneroides autumnalis) to define seed
transfer zones to reduce confusion about the definition of ‘local seeds’. The spe-
cies selected for the study are common in all parts of Norway and suitable for
commercial seed production. The sampling covered the entire alpine region (7—
20 populations per species, 3—15 individuals per population). We characterised
genetic diversity using amplified fragment length polymorphisms. We identified
different spatial genetic diversity structures in the species, most likely related to
differences in reproductive strategies, phylogeographic factors and geographic
distribution. Based on results from all species, we suggest four general seed trans-
fer zones for alpine Norway. This is likely more conservative than needed for all
species, given that no species show more than two genetic groups. Even so, the
approach is practical as four seed mixtures will serve the need for restoration of
vegetation in alpine regions in Norway.

(Linhart and Grant 1996; McKay et al. 2005; Perring et al.
2015).

In many cases, natural succession is sufficient to restore an
area to its original state after anthropogenic disturbance
(e.g. Prach and Pysek 2001). However, in areas where suc-
cession is slow and risk of erosion is high, there is a danger
of reinvasion of non-native species or for aesthetical and
technical reasons seeding to restore vegetation may be nec-
essary. Seeds of local provenance are widely recommended
for restoration projects for reasons that include avoiding
genetic contamination of local populations, increasing
restoration success through better seedling establishment,
survival and growth of locally adapted plant material and
to avoid outbreeding depression (reviewed in Broadhurst
et al. 2008). There is, however, no general agreement on
what local means simply because it will vary with species,
goals and technicality of each individual restoration project

Ecosystems at high latitudes and altitudes are especially
vulnerable to human interference. Due to short growing
seasons, low temperatures and often dry and nutrient-poor
soils, the natural process of revegetation may take decades
(Krautzer et al. 2012). Consequently, erosion may often
exceed damaging effects of the initial anthropogenic distur-
bances (Vasil’evskaya et al. 2006). Several assessments of
revegetation indicate that the vegetation cover needs to
exceed 70-80% to reduce soil erosion to an acceptable
degree in these habitats (Markart et al. 1997; Tasser et al.
1999; Peratoner 2003), and establishment of such a vegeta-
tion cover within reasonable time is crucial. Because natu-
ral revegetation processes are so slow, human intervention
is necessary to avoid erosion (e.g. Krautzer et al. 2012). In
Norway, approximately 30% of the mainland is above or
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north of the climatic forest line (www.biodiversity.no);
thus restoration of vegetation by seeding is often necessary.

The Norwegian flora is shaped by three main gradients:
the latitudinal, the altitudinal and the oceanity gradients. In
combination with the complex topography, these gradients
create vegetation zones which are mosaic-like in distribu-
tion (Fig. 1). The flora is relatively young, as the area was
covered by the Weichselian ice sheath until 11 k years ago
(Passe and Andersson 2005). The flora has low biodiversity
with only 3000 species (Elven 2005) and contains few ende-
misms (Borgen 1987). Most species are in the outskirts of
their distribution ranges (Hultén and Fries 1986). Studies
of phylogeography of Norwegian species suggest little or no
genetic structure in neutral markers, reflecting the young
history and isolation of the Norwegian flora (Schonswetter
et al. 2003, 2008; Fjellheim and Rognli 2005; Alsos et al.
2007; Gaudeul et al. 2007; Elameen et al. 2008b; Vik et al.
2010; Westergaard et al. 2010, 2011; Bjorgaas 2011).

Jorgensen et al.

Restoration projects in Norway must follow the legal
framework set by the Norwegian Nature Diversity Act of
2009  (https://lovdata.no/dokument/NL/lov/2009-06-19-
100?q=naturmangfoldloven. Associated regulations from
2015:  https://lovdata.no/dokument/SF/forskrift/2015-06-
19-716). The aim of the law is to preserve nature as it is,
even down to maintaining genetic integrity on a population
level. Following this, there is a legal demand for material of
local provenance. However, there are no guidelines for
what local means, and practitioners and users are asking
for clarifications.

Different strategies for the definition of seed transfer
zones

To approach the demand for local seeds, we may restrict
plant translocation to seed transfer zones within which
plant materials can be moved freely with minimal loss of

Figure 1 Vegetation zones (left), sections (middle) and zone sections (right) in Norway, reflecting our main gradients, the latitudinal and altitudinal
gradients (left), the oceanity gradient (middle) and the combination of these (right). The zones are the nemoral (red), the boreo-nemoral (orange),
the boreal (yellow, bright green, green) and the alpine (blue). The sections are categorised from highly oceanic (dark blue) to mildly continental
(white). The figure is taken from Moen (1998) with a few modifications by Halvorsen et al. (2009).

674 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684


http://www.biodiversity.no
https://lovdata.no/dokument/NL/lov/2009-06-19-100?q=naturmangfoldloven
https://lovdata.no/dokument/NL/lov/2009-06-19-100?q=naturmangfoldloven
https://lovdata.no/dokument/SF/forskrift/2015-06-19-716
https://lovdata.no/dokument/SF/forskrift/2015-06-19-716

Jorgensen et al.

biodiversity and local adaptation (Knapp and Rice 1994;
Jones 2003; McKay et al. 2005; Vander Mijnsbrugge et al.
2010; Miller et al. 2011). Many authors have proposed
methods to define them for different kinds of species and
at different scales, resulting in several distinctive delin-
eation strategies (Mahalovich and McArthur 2004; McKay
et al. 2005; Vander Mijnsbrugge et al. 2005). The different
strategies are not mutually exclusive and may well be com-
bined to cover several aspects of revegetation.

One of the strategies is the ecoregional approach. Drawn
on topographic, climatic or edaphic data for zones of eco-
logical similarity, the zones encompass geographic areas
with similar ecological conditions, such as geology, climate,
vegetation, soils and hydrogeology (Mahalovich and
McArthur 2004). Ecoregional seed transfer zones were first
defined in recognition of strong regional differences in life-
history traits for commercially important tree species (Mil-
lar and Libby 1989; Hufford and Mazer 2003; Vander
Mijnsbrugge et al. 2005; Miller et al. 2011). To apply the
ecoregional approach of seed zone definition in the com-
plex landscape of Norway (Fig. 1) would be both difficult
and impractical.

Another strategy is to use an adaptive focus. To ensure
the technical success of restoration, the best adapted plant
population for the target area is often used as seed source
(Bischoff et al. 2006; Leimu and Fischer 2008; Rice and
Knapp 2008; Wilson et al. 2008; Hereford 2009). To quan-
tify adaptive potential of the populations seeds of different
origin are tested in common garden experiments (Kitchen
and McArthur 2001; Johnson et al. 2004; Kawecki and
Ebert 2004; Miller et al. 2011). Such adaptive effect differ-
entiation is documented in some plant populations (Sahli
et al. 2008; Bischoff et al. 2010); however, there are also
examples of the opposite (e.g. Fjellheim et al. 2015). The
largest challenge in alpine regions in Norway is seedling
establishment and rapid creation of vegetation cover in a
harsh environment prone to erosion. Using adapted seed
material may be of paramount importance for restoration
in alpine areas of Norway, but may not necessarily preserve
genetic integrity of local populations as it has been shown
that in some cases, the best adapted populations are not
local (Bischoff et al. 2010; Jones 2013).

A third approach that may best fulfil the intention of the
Nature Diversity Act to preserve genetic integrity of local
flora is to use gene flow patterns for seed zone design. It
involves a goal of maintaining the natural spatial genetic
structure of the species, as well as preserving genetic diver-
sity to ensure long-term population survival and reproduc-
tion (McKay et al. 2005). The history of a population and
the landscape within which it exists are critical factors
influencing the genetic relationships of populations (Krauss
and Koch 2004). Genetic structure results from the joint
action of mutation, migration, inbreeding, selection and
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drift, which in turn must operate within the historical and
biological context of each plant species (Loveless and Ham-
rick 1984). Neutral markers have commonly been used to
reflect gene flow and genetic drift, and have been useful for
defining seed transfer zones for the conservation of contin-
uous plant populations (Moritz 1999; Diniz-Filho and
Telles 2002; Krauss and Koch 2004; Malaval et al. 2010).
However, neutral markers do not normally reflect adaptive
variation (Holderegger et al. 2006), and additional studies
such as common garden studies of potentially important
traits or genome-wide scans to detect adaptation to climate
(Steane et al. 2014) are needed to identify locally adapted
plant populations.

The science and practice of ecological restoration have
raised high expectations for our ability to reverse the loss of
biodiversity and ecosystem services (Mijangos et al. 2014).
Realistically, decision-making in restoration is based on
incomplete knowledge (Rice and Emery 2003), and our
governments are still in need of practical and efficient tools
for management and preservation. Genetic tools from con-
servation genetics and related research areas can improve
the practice of ecological restoration by providing data on
population expansions and contractions, historical gene
flow and coalescence (Mijangos et al. 2014). An under-
standing of the various processes involved in shaping the
genetic structure of a population will increase the short-
and long-term success of conservation and restoration
efforts (Rice and Emery 2003).

The main aim of this study was to provide a scientific
basis for selection of local seeds for restoration of vegeta-
tion in alpine regions in Norway in compliance with the
Norwegian Nature Diversity Act. To circumvent the need
for time- and cost-consuming reciprocal transplant and
common garden trials to identify well-adapted seed mate-
rial, but still ensure good seedling establishment, we chose
to work with a set of common species already in commer-
cial seed production and regularly used in restoration pro-
jects, but as of today not necessarily in compliance with the
Norwegian Nature Diversity Act. We used molecular mark-
ers and population genetic tools to identify genetic groups
for the species and compare the groups to suggest general
seed transfer zones that match the genetic structures found
in all species. The resulting generalised seed transfer zones
provide a basis for selection of local seeds for most alpine
vegetation reconstructions in Norway in foreseeable future.

Materials and methods

Collection of plant materials

Plant material (leaves) was collected in natural habitats
from 20 locations throughout Norway in 2009 and 2011
(Fig. 2; Tables 1 and S1). The collection and the choice of
the model species were published in Jorgensen et al. (2014)
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Figure 2 Sampling localities included in this study (to the right), and cluster analysis (to the left) of all localities based on a principal component analy-
sis of the mean PCO scores for all populations and all species included in this study. Above: Scatterplot of the first two axes, PCA 1 (64%) and PCA 2

(12%). Below: PCA 1 scores for all localities sorted by geography.

and were based on the following criteria: (i) plant materials
must be fresh and disease-free, (ii) growing distance
between individual plants within collection sites must be at
least 5-10 m, (iii) collection of the species should not take
place in an area where previous seeding or introduction of
the species may have occurred as result of re-vegetation,
(iv) high growth rate (ensures quick establishment of vege-
tation cover) (v) a minimum of 20 individual plants of
each species per location and (vi) the species are already in
use in commercial seed production (ensures good seed pro-
duction). The six species chosen for the study are Agrostis
mertensii Trin., Avenella flexuosa (L.) Parl., Carex bigelowii
Torrey ex Schweinitz, Festuca ovina L., Poa alpina L. and
Scorzoneroides autumnalis (L.) Moench. A total of 151-300
individuals of each species were sampled throughout Nor-
way (Table 1). After collection, the plant materials were
stored in individual zip-lock bags containing silica gel.

676

DNA extraction

Silica gel-dried leaf tissue and one 3-mm Tungsten Carbide
Bead (QIAGEN Inc., Valencia, CA, USA), were placed in a
96-well plate and kept for 3 min in liquid nitrogen. The
plates were shaken twice in a Mixer-mill disruptor MM301
(Retsch, Haan, Germany) for 90 s at 25 Hz. DNA was
extracted, using the Plant DNA Kit of Omega Bio-tek
(Norcross, GA, USA) according to the manufacturer’s
instructions.

AFLP analysis

The AFLP analysis (Vos et al. 1995) was performed as pre-
viously described (Elameen et al. 2008a; Jorgensen et al.
2014), with modifications that included the use of fluores-
cently labelled primers instead of radioactive labelling. Six

© 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684
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Table 1. Sampling for each species included in this study, individuals per population. Lat./Long. give approximate coordinates for each locality, north

and east. See Table S1 for further details.

Agrostis Avenella Scorzoneroides
Locality Lat./Long. (N/E) mertensii flexuosa Carex bigelowii Festuca ovina Poa alpina autumnalis
1) Finnmark E 70.27/30.96 15 15 15 15 7 -
2) Finnmarksvidda 69.40/24.53 14 15 14 — — —
3) Finnmark W 71.08/25.75 - 15 15 14 11 15
4) Lyngen 69.60/20.24 - 15 14 - 4 15
5) Lofoten/Vesteralen 68.34/14.65 15 15 - — 7 15
6) Ofoten/Bjarnefiell 68.45/18.10 15 15 1N 14 13 15
7) Saltfjellet 67.07/16.05 15 15 12 15 14 5
8) Bargefiell 65.18/13.46 14 15 12 - - 14
9) Meraker 63.36/11.74 - 15 14 14 9 15
10) Kvikne/Tynset 62.57/10.45 - 15 15 14 6 15
11) Trollheimen 62.71/9.55 - 15 14 15 13 13
12) Dovrefiell 62.30/9.60 - 15 14 13 15 15
13) Strynefiellet 62.02/7.40 15 15 14 - - 14
14) Vikafjellet 60.93/6.43 15 15 15 - 13 1M
15) Valdresflya 61.34/8.81 15 15 10 14 - 15
16) Ringebufijellet 61.58/10.36 - 15 15 15 10 15
17) Hardangervidda W 60.43/7.41 15 15 — 14 — 15
18) Hardangervidda E 60.24/8.53 15 15 14 14 - 15
19) Norefjell 60.34/9.19 15 15 13 14 15 15
20) Setesdal/Vesthei 59.46/7.19 13 15 8 - 14 3
Total no. of specimens 191 300 239 185 151 240

amplification primer pairs with two selective bases were
tested using 10 individuals for each species. Four of these
(Table 2; Applied Biosystems, Foster City, CA, USA and
Invitrogen, Carlsbad, USA) were chosen based on the num-
ber of amplified fragments in the range 50-500 base pairs,
and amount of polymorphism among the included individ-
uals.

Data scoring

Data were recorded manually using GeneMapper 5
(Applied Biosystems), and only clear polymorphic bands
were scored for presence (1) or absence (0). The results of
AFLP were confirmed by repeating the analyses of 23 ran-
domly selected plants of each of the six species. The repli-
cated profiles were compared, and markers with more than
5% errors were removed from the data sets. Also single
profiles with significantly higher or lower number of bands

compared to the average were removed as we assumed that
to be the result of imperfect PCRs.

Statistical analyses

Our main goal was to define seed transfer zones in Norway
for the selected species. To do so, we needed to identify
geographic structure and analyse the diversity for each
taxon. To identify geographic structure, we used two
approaches. First, we visualised the genetic variation using
an ordination method, principal coordinate analysis (PCO)
as we had binary matrices. The analyses were conducted
using the software PAST (Hammer et al. 2001) and Dice’s
similarity index (Dice 1945). Second, we used a nonhierar-
chical clustering method that grouped the individuals to
maximise linkage disequilibrium among groups, that is we
assumed the same pattern in several markers across group
barriers, whereas within groups, the patterns should be

Table 2. Sequences of the EcoRI and Msel selective primers used for AFLP analysis.

Primer combination EcoRl primer 5'-3

Msel primer 5'-3'

EcoRlp x Msely

EcoRly, x Msely7
EcoRlyg x Msely7
EcoRlyg x Mseliy
EcoRly1 x Mseli7

GACTGCGTACCAATTC

6FAM-GACTGCGTACCAATTCAC
6FAM-GACTGCGTACCAATTCGA
6FAM-GACTGCGTACCAATTCGC
6FAM-GACTGCGTACCAATTCGG

GATGAGTCCTGAGTAA

GATGAGTCCTGAGTAACG
GATGAGTCCTGAGTAACG
GATGAGTCCTGAGTAACG
GATGAGTCCTGAGTAACG

© 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684 677
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random. The groups were identified using the Bayesian
program Structure v 2.1 (Pritchard et al. 2000; Falush et al.
2003). Plots of likelihoods, similarity coefficients and AKs
(Evanno et al. 2005) were made in the statistical package R
(http://www.r-project.org/) using the script Structure-sum
(Ehrich 2006). To analyse the diversity patterns, we used
analysis of molecular variance (amova) in the program
Arlequin v 3.11 (Excoffier et al. 1992, 2005) that calculated
the variation within and among prior defined populations.
We also ran Mantel tests (Mantel 1967) for correlations
between genetic and geographic distance matrices in Arle-
quin.

To visualise patterns among geographical localities, we
conducted a meta analysis where mean PCO scores for each
population and each species (i.e. mean population values
for the first two eigenvectors) were used as input in a prin-
cipal component analysis (PCA) in PAST.

Results

Agrostis mertensii

The ordination analysis separated the two northernmost
populations (Finnmark E and Finnmarksvidda) from the
remaining along the first two axes (25 and 15%, respec-
tively; Fig. 3). No further structure could be identified. In
the Structure analyses, the likelihoods, similarities and AKs
all suggested a clustering into three groups (Fig. S1): one
consisting primarily of the northernmost populations (Fin-
nmark E and Finnmarksvidda), the other two overlapping,
but with one dominating Central Norway, and the other
dominating southern Norway (Fig. S2). The amova analysis
showed that 52% of the variation was among populations,
whereas 48% was within population variation (Table 3).
The Mantel test showed no significant relation between
genetic and geographic distance.

Avenella flexuosa

No apparent groups were identified in the ordination anal-
ysis, but a gradient from North to South could be seen
along the first two axes (5 and 4%, respectively; Fig. 3). In
the Structure analyses, the likelihoods, similarities and AKs
all suggested a clustering into a single group (Figs S1 and
S2). The amova analysis showed that only 10% of the varia-
tion was among populations, whereas 90% was within pop-
ulation variation (Table 3). The Mantel test showed no
significant relation between genetic and geographic
distance.

Carex bigelowii

The populations were grouped into two groups along the
first two axes of the PCO (20 and 4%, respectively); a

Jorgensen et al.

northern group from Saltfjellet northwards, and a southern
group from Bjorgefjell southwards (Fig. 3). However, the
northeasternmost population from Varanger/Finnmark E
grouped with the southern group. In the Structure analyses,
the likelihoods, similarities and AKs all suggested a cluster-
ing into two groups (Fig. S1): one consisting primarily of
the populations from Saltfjellet and northwards, the other
primarily of the populations from Bjargefjell and south-
wards (Fig. S2). The amova analysis showed that 30% of the
variation was among populations, whereas 70% was within
population variation (Table 3). The Mantel test showed no
significant relation between genetic and geographic
distance.

Festuca ovina

The ordination analysis separated the southernmost popula-
tions (Hardangervidda E and W, and Norefjell) from the
remaining along axes one and two (6 and 5%, respectively;
Fig. 3). No further structure could be identified. In the Struc-
ture analyses, the likelihoods, similarities and AKs all sug-
gested a clustering into two groups (Fig. S1): one consisting
primarily of the populations from Hardanger (E and W) and
Norefjell, and the other of the remaining populations
(Fig. S2). The amova analysis showed that 11% of the varia-
tion was among populations, whereas 89% was within popu-
lation variation (Table 3). The Mantel test showed no
significant relation between genetic and geographic distance.

Poa alpina

The ordination analysis separated the Saltfjellet population
from the remaining along axis one (7%), and partly the
southernmost populations (Setesdal/Vesthei and Norefjell)
from the remaining along axis two (7%; Fig. 3). In the
Structure analyses, the likelihoods, similarities and AKs all
suggested a clustering into three groups (Fig. S1): one con-
sisting primarily of the Saltfjellet population, one consisting
of the two southernmost populations (Setesdal/Vesthei and
Norefjell), and the third consisting of the remaining popu-
lations (Fig. S2). The amova analysis showed that 28% of
the variation was among populations, whereas 72% was
within population variation (Table 3). The Mantel test
showed no significant relation between genetic and geo-
graphic distance.

Scorzoneroides autumnalis

No apparent groups were identified in the ordination anal-
ysis, but a gradient from North to South could be seen
along the first two axes (6 and 5%, respectively; Fig. 3). In
the Structure analyses, the likelihoods, similarities and AKs
all suggested a clustering into two groups (Fig. S1): one

678 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684
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Figure 3 Principal coordinate analyses for all species included in this study.
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domination in northern Norway, the other in the South,
but overlapping (Fig. S2). The amova analysis showed that
12% of the variation was among populations, whereas 88%
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was within population variation (Table 3). The Mantel test
showed no significant relation between genetic and geo-
graphic distance.
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Table 3. amova analyses for the six species included in this study. Only
percentage of variation is shown. All components were significant with
P < 0.05.

Among population  Within population

Species variation (%) variation (%)
Agrostis mertensii 52 48
Avenella flexuosa 10 90
Carex bigelowii 30 70
Festuca ovina 11 89
Poa alpina 28 72
Scorzoneroides autumnalis 12 88

The meta analysis

When running a PCA on the mean PCO scores for each
population and species, no clear groups of the localities
could be identified. However, they did form a gradient
along the first PCA axis (64%) with the southernmost pop-
ulations at the low end and the northernmost populations
at the high end (Fig. 2).

Discussion

Delineation of species specific seed transfer zones

Four of the six species (Poa alpina, Festuca ovina, Scor-
zoneroides autumnalis and Avenella flexuosa) show shallow
spatial structuring of genetic variation with the two first
axes in the PCO explaining less than 15% of the variation
(Fig. 3), and most of the genetic variation in these species
is found within populations (Table 3). Avenella flexuosa
and S. autumnalis show no clear structuring of the popula-
tions; however, a south-north gradient can be seen in the
PCO. The Structure analysis of S. autumnalis suggests a
division into two genetic groups, one mainly southern and
one mainly northern (Figs S1 and S2). Nevertheless, no
sign of isolation by distance was detected by Mantel tests
and we suggest a single seed zone in Norway for each of
these species. Festuca ovina and P. alpina show weak differ-
entiations of the southernmost populations compared to
the northern ones. The transition corresponds with a major
change in bedrock and may relate to that (Norwegian Geo-
logical Survey 1984). Considered separately, each species
would probably have been identified as a single genetic
group given the low percentage of variation explained and
little differentiation between the populations. However, the
congruence of the structuring of variation in the two spe-
cies supports a separate seed zone south of Hardan-
gervidda. Population 7 of P. alpina (from Saltfjellet) is
separated from the remaining populations. Poa alpina is
known to have mixed reproductive strategies, with some
populations reproducing apomictically and some sexually

Jorgensen et al.

(Miintzing 1965). Apomixis would reduce gene exchange
with other populations, and may explain the differentia-
tion. Given the overall lack of differentiation, it is unlikely
that this population represents a population with a separate
history, and we propose not to define the Saltfjellet area as
a separate seed transfer zone. As a precautionary measure,
P. alpina could be excluded from restoration projects and
seed source populations in this area.

In contrast to the weak genetic structuring identified in
P. alpina, F. ovina, A. flexuosa and S. autumnalis, the
genetic diversity of C. bigelowii is clearly structured into
two groups, one northern and one southern (Figs 3 and 4),
in accordance with previous findings (Schonswetter et al.
2008). The area where the two groups meet is a well-known
contact area for both plants and animals in the middle of
Fennoscandia (e.g. Taberlet et al. 1998; Hewitt 1999;
Brochmann et al. 2003; Schmitt 2007) and corresponds to
where the icecap of the Weichselian longest prevailed
(Passe and Andersson 2005). The two groups probably rep-
resent two of the main immigration routes to Norway after
the ice age: an eastern element migrating from Russia and a
southern element migrating from Central Europe. Carex
bigelowii mainly reproduces vegetatively by runners (Cal-
laghan 1976), and this may contribute to reduced gene flow
between the two groups, maintaining the structure of
genetic diversity. The one population (in Finnmark) that is
completely separated from the remaining is probably intro-
duced. Many species were brought to this area from Ger-
many during World War II (polemochores), and C.
bigelowii may well have been one of them (Alm et al. 2009;
Alm personal communication). Therefore, we choose not
to let it influence the definition of seed transfer zones.

The populations of Agrostis mertensii separate into two
distinct geographic groups in the PCO analysis with a bor-
der west of the high mountain plateau of Finnmarksvidda
(Figs 3 and 4), whereas the Structure analysis further
divides the southern group into two (Figs S1 and S2). The
large differences between the populations are also reflected
in the amMova analysis (Table 3). We may explain the differ-
entiation between groups with reproductive strategy or
phylogeographic history. We have, however, not been able
to find any information about the reproductive biology of
A. mertensii, so we are unable to confirm this.

Large amount of gene flow may account for the low level
of genetic structuring and lack of signal in Mantel tests in
P. alpina, F. ovina, A. flexuosa and S. autumnalis as they are
all wind-pollinated (P. alpina, F. ovina, A. flexuosa) or
wind-dispersed (S. autumnalis). The three species with the
least differentiation between the populations (F. ovina, A.
flexuosa and S. autumnalis) are distributed also in lowland
parts of Norway, and the connectivity between alpine
regions most likely facilitates gene flow between the
populations. Furthermore, the Norwegian populations of
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A. flexuosa, S. autumnalis and F. ovina are part of a larger,
continuous geographic distribution of the species (Hultén
and Fries 1986) covering all of Europe and large parts of
Asia ensuring high effective population sizes and probably
gene flow to the populations from several directions, work-
ing against genetic differentiation of populations as seen in
the analyses of molecular variance. Similar results were
found in the widespread, wind-pollinated Phleum pratense,
where no structuring of genetic variation (SSR) could be
found in its entire Eurasian distribution area (Fjellheim
et al. 2015). The distribution of A. mertensii, C. bigelowii
and P. alpina is restricted to alpine regions in Norway, and
the lack of continuous distribution may limit gene flow
between the populations and account for the larger
between-population variation. The geographic distribution
ranges of A. mertensii, C. bigelowii and P. alpina are limited
in comparison with A. flexuosa, S. autumnalis and F. ovina,
possibly reducing the influx of genetic material to the pop-
ulations, and increasing the among population variation.
Our results suggest that four seed transfer zones suffice
for all species included in the study (Fig. 4). When com-
bining the results from all species in a meta analysis, the
sampling localities are structured according to geographical
distance (Fig. 2). The transitions between the zones follow

a latitudinal gradient with borders along 61 and 66° north
in the southern part of the country and a third line west of
the mountainous plateau of Finnmarksvidda. The geo-
graphical limits of the four zones are of course approxi-
mate, limited by the spatial resolution of the sampling and
the gradational nature of the transitions. When considering
a single species, the number of zones is larger than war-
ranted; however, the four zones are not in conflict with any
of the genetic patterns that we find (Fig. 4). Furthermore,
the structure we do find is shallow, reflecting the young age
of the Norwegian flora. The division into general seed
transfer zones instead of single zones for each species cre-
ates a practical tool for environmental management and is
possible to implement for seed producers and end users.
Restoration ecologists have put much focus on defining
seed transfer zones based on adaptation. To increase the
chance of success of establishing vegetation cover, the best
adapted population for the restoration area is identified by
testing seeds of different origins in common garden experi-
ments to quantify home seed advantages (Kitchen and
McArthur 2001; Johnson et al. 2004; Kawecki and Ebert
2004; Bower and Aitken 2008; Miller et al. 2011). However,
the scale at which we find local adaptation is highly variable
among species and populations and is dependent on
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distribution, mode of dispersal and reproduction, and evo-
lutionary and life history (Lenssen et al. 2004; Bischoff
et al. 2006; Broadhurst et al. 2008; Leimu and Fischer
2008). The species we included in our study are widely dis-
tributed, abundant and either wind-pollinated or wind-dis-
persed; thus gene flow is common also on a large scale, and
adaptation is probably also large-scaled. Phleum pratense, a
common, widely distributed grass species which has similar
life-history strategies as our species (wind-pollination and
wind-dispersal) shows no sign of local adaptation within
the Nordic region (Fjellheim et al. 2015).

The species chosen for the study are known to be easily
established and have high growth rate as they have already
been used for restoration projects in Norway, however, not
in compliance with the Nature Diversity Act as seeds has
not necessarily been of local provenance. The proposed sys-
tem answers the call in the Norwegian Nature Diversity Act
for seeds of local provenance. If, for certain areas, specific
adaptations are required, we suggest that our seed transfer
zones are used as a framework, and that restoration ecolo-
gists look further at adaptation within the zones.

Conclusion

Serving and balancing the different interests and needs of
many stakeholders and end-users during the planning of a
restoration project can be challenging. The project should
be feasible for practitioners at the same time as it ensures
establishment success of vegetation, often within the frame-
work of laws and regulations. Furthermore, restoration tar-
gets may vary from ecosystems to vegetation and single
species. In this study, we developed an easy and flexible sys-
tem that may serve as an example on how to meet the dif-
ferent demands for choice of seed material for restoration
of vegetation, which may well be adopted also in other geo-
graphical regions and ecosystems. To our knowledge, this
is the first study to combine this many species covering a
large geographic area using a gene flow approach to seed
transfer zone construction. Studies published so far focus
on single species restoration (e.g. Gao et al. 2012; Gibbs
et al. 2012; Michalski and Durka 2012) or on regional scale
(e.g. Krauss and Koch 2004; Krauss and He 2006; Malaval
et al. 2010). Our study shows that dense and nation-wide
sampling of several species commonly used in restoration
of vegetation in combination with highly variable and neu-
tral genetic markers is a useful and practical approach for
defining local seed provenance. The results are intended to
be of immediate use to help practitioners and managers
select appropriate seeds for restoration projects in compli-
ance with the Norwegian Nature Diversity Act. For the six
species in the study, four seed transfer zones suffice for
Norway, which is precautionary as no species had more
than two genetic groups. The species are all alpine with

Jorgensen et al.

large amounts of gene flow; thus, we should be careful if we
extrapolate from these results to lowland species or to spe-
cies that are not wind-pollinated or wind-dispersed. Even
so, for the purpose of re-vegetation in alpine regions in
Norway, our six species is quite enough. In most cases of
re-vegetation, we primarily need to establish a cover for
aesthetic reasons, to avoid erosion or prevent invasion of
non-native species.

Acknowledgements

The authors would like to acknowledge the contributions
of several colleagues in the process of this study: @yvind
Hammer for statistical advice, Reidar Elven for taxonomi-
cal advice, all collectors of material, and Thomas
Marcussen, Marian Schubert, Ursula Brandes, Patricia
Fuentes-Cross, Torbjorn Kornstad and Ben Trevaskis for
commenting on the manuscript. The study was funded by
the Norwegian Research Council project no. 208024.

Data archiving statement

Data available from the Dryad Digital Repository: http://
dx.doi.org/10.5061/dryad.7q10s.

Literature cited

Alm, T., M. Piirainen, and A. Often 2009. Centaurea phrygia subsp. phry-
gia as a German polemochore in Ser-Varanger, NE Norway, with
notes on other taxa of similar origin. Botanische Jahrbiicher fur Sys-
tematik, Pflantzengeschichte und Pflantzengeographie 127:417-432.

Alsos, I. G., P. B. Eidesen, D. Ehrich, I. Skrede, K. Westergaard, G. H.
Jacobsen, J. Y. Landvik et al. 2007. Frequent long-distance plant colo-
nization in the changing Arctic. Science 316:1606—1609.

Bischoff, A., L. Cremieux, M. Smilauerova, C. S. Lawson, S. R. Mortimer,
J. Dolezal, V. Lanta et al. 2006. Detecting local adaptation in wide-
spread grassland species — the importance of scale and local plant
community. Journal of Ecology 94:1130-1142.

Bischoff, A., T. Steinger, and H. Muller-Scharer 2010. The importance of
plant provenance and genotypic diversity of seed material used for
ecological restoration. Restoration Ecology 18:338-348.

Bjorgaas, H. H. 2011. Recurrent origins and adaptive advantage of poly-
ploid Parnassia palustris. MSc thesis. University of Oslo, 99 pp.

Borgen, L. 1987. Postglasial evolusjon i Nordens flora — en oppsummer-
ing. Blyttia 45:147—169 (in Norwegian).

Bower, A. D., and S. N. Aitken 2008. Ecological genetics and seed trans-
fer guidelines for Pinus albicaulis (Pinaceae). American Journal of Bot-
any 95:66—-76.

Broadhurst, L. M., A. Lowe, D. J. Coates, S. A. Cunningham, M. McDon-
ald, P. A. Vesk, and C. Yates 2008. Seed supply for broadscale restora-
tion: maximizing evolutionary potential. Evolutionary Applications
1:587-597.

Brochmann, C., T. M. Gabrielsen, I. Nordal, J. Y. Landvik, and R. Elven
2003. Glacial survival or tabula rasa? The history of the North Atlantic
biota revisited. Taxon 52:417-450.

Callaghan, T. V. 1976. Growth and population dynamics of Carex bigelo-
wii in an alpine environment. Oikos 27:402—413.

682 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684


http://dx.doi.org/10.5061/dryad.7q10s
http://dx.doi.org/10.5061/dryad.7q10s

Jorgensen et al.

Dice, L. R. 1945. Measures of the amount of ecologic association between
species. Ecology 26:297-302.

Diniz-Filho, J. A. F., and M. P. D. C. Telles 2002. Spatial autocorrelation
analysis and the identification of operational units for conservation in
continuous populations. Conservation Biology 16:924-935.

Ehrich, D. 2006. AFLPdat: a collection of R functions for convenient
handling of AFLP data. Molecular Ecology Notes 6:603—604.

Elameen, A., S. S. Klemsdal, S. Dragland, S. Fjellheim, and O. A. Rognli
2008a. Genetic diversity in a germplasm collection of roseroot (Rhodi-
ola rosea) in Norway studied by AFLP. Biochemical Systematics and
Ecology 36:706-715.

Elameen, A., S. Fjellheim, A. Larsen, O. A. Rognli, L. Sundheim, S.
Msolla, S. Masumba et al. 2008b. Analysis of genetic diversity in a
sweet potato (Ipomoea batatas L.) germplasm collection from Tanza-
nia as revealed by AFLP. Genetics Resources Crop Evolution 55:397—
408.

Elven, R. 2005. Norsk flora. Samlaget, Norway.

Evanno, G., S. Regnaut, and J. Goudet 2005. Detecting the number of
clusters of individuals using the software STRUCTURE: a simulation
study. Molecular Ecology 14:2611-2620.

Excoffier, L., P. E. Smouse, and J. M. Quattro 1992. Analysis of molecu-
lar variance inferred from metric distances among DNA haplotypes:
application to human mitochondrial DNA restriction data. Genetics
131:479—-491.

Excoffier, L., G. Laval, and S. Schneider 2005. Arlequin ver. 3.0: An inte-
grated software package for population genetics data analysis. Evolu-
tionary Bioinformatics Online 1:47-50.

Falush, D., M. Stephens, and J. K. Pritchard 2003. Inference of popula-
tion structure using multilocus genotype data: linked loci and corre-
lated allele frequencies. Genetics 164:1567—1587.

Fjellheim, S., and O. A. Rognli 2005. Molecular diversity of local Norwe-
gian meadow fescue (Festuca pratensis Huds.) populations and Nordic
cultivars—consequences for management and utilization. Theoretical
and Applied Genetics 111:640-650.

Fjellheim, S., P. Tanhuanpad, P. Marum, O. Manninen, and O. A. Rognli
2015. Phenotypic or molecular diversity screening for conservation of
genetic resources? An example from a gene bank collection of the tem-
perate forage grass Phleum pratense. Crop Science 55:1646-1659.

Gao, L., S. Tang, L. Zhuge, M. Nie, Z. Zhu, B. Li, and J. Yang 2012. Spa-
tial genetic structure in natural populations of Phragmites australis in
a mosaic of saline habitats in the Yellow River delta, China. PLoS One
7:e43334.

Gaudeul, M., H. K. Stengien, and J. Agren 2007. Landscape structure,
clonal propagation, and genetic diversity in Scandinavian populations
of Arabidopsis lyrata (Brassicaceae). American Journal of Botany
94:1146-1155.

Gibbs, J. P., L. B. Smart, A. E. Newhouse, and D. J. Leopold 2012. A
molecular and fitness evaluation of commercially available versus
locally collected blue lupine Lupinus perennis L. seeds for use in
ecosystem restoration efforts. Restoration Ecology 20:456—461.

Halvorsen, R., T. Andersen, H. H. Blom, A. Elvebakk, R. Elven, L. Erik-
stad, G. Gaarder et al. 2009. Naturtyper i Norge — teoretisk grunnlag,
prinsipper for inndeling og definisjoner. Naturtyper i Norge version
1.0 Artikkel 1:1-210.

Hammer, @., D. A. T. Harper, and P. D. Ryan 2001. PAST: Paleontologi-
cal statistics software package for education and data analysis.
Palaeontologia Electronica 4:9.

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

Seed transfer zones in Norway

Hewitt, G. M. 1999. Post-glacial re-colonization of European biota. Bio-
logical Journal of the Linnean Society 68:87—112.

Holderegger, R., U. Kamm, and F. Gugerli 2006. Adaptive vs. neutral
genetic diversity: implications for landscape genetics. Landscape Ecol-
ogy 21:797-807.

Hufford, M. K., and S. J. Mazer 2003. Plant ecotypes: genetic differentia-
tion in the age of ecological restoration. Trends in Ecology & Evolu-
tion 18:147-155.

Hultén, E., and M. Fries 1986. Atlas of North European Vascular Plants.
Koeltz Scientific Books, Konigstein.

Johnson, G. R., F. C. Sorensen, J. B. St. Clair, and R. C. Cronn 2004.
Pacific northwest forest tree seed zones. A template for native plants?
Native Plants Journal 5:131-140.

Jones, T. A. 2003. The restoration gene pool concept: beyond the native
versus non-native debate. Restoration Ecology 11:281-290.

Jones, T. A. 2013. When local isn’t best. Evolutionary Applications
6:1109-1118.

Jorgensen, M., A. Elameen, S Klemsdal, and S. Fjellheim 2014. Use of
molecular markers for defining site specific seed material for restora-
tion in Norway. In K. Kiehl, A. Kirmer, and N. Shaw, eds. Guidelines
for Native Seed Production and Grassland Restoration, pp. 57-75.
Cambridge Scholars Publishing, Newcastle Upon Tyne, UK.

Kawecki, T. J., and D. Ebert 2004. Conceptual issues in local adaptation.
Ecology Letters 7:1225-1241.

Kitchen, S. G., and E. D. McArthur 2001. Native or not: subjective labels
and their application in wildland plantings. Native Plants Journal
2:21-24.

Knapp, E. E., and K. J. Rice 1994. Starting from seed: genetic issues in
using native grasses for restoration. Restoration and Management
Notes 12:40-45.

Krauss, S. L., and T. H. He 2006. Rapid genetic identification of local
provenance seed collection zones for ecological restoration and biodi-
versity conservation. Journal for Nature Conservation (Jena) 14:190—
199.

Krauss, S. L., and J. M. Koch 2004. Rapid genetic delineation of prove-
nance for plant community restoration. Journal of Applied Ecology
41:1162-1173.

Krautzer, B., C. Uhlig, and H. Wittmann 2012. Restoration of arctic-
alpine ecosystems. In J. Van Andel, and J. Aronson, eds. Restoration
Ecology: The New Frontier, pp. 189-202. John Wiley & Sons Ltd,
Chichester.

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

Lenssen, J. P. M., M. Van Kleunen, M. Fischer, and H. De Kroon 2004.
Local adaptation of the clonal plant Ranunculus reptans to flooding
along a small-scale gradient. Journal of Ecology 92:696-706.

Linhart, Y. B., and M. C. Grant 1996. Evolutionary significance of local
genetic differentiation in plants. Annual Review of Ecology and Sys-
tematics 27:237-277.

Loveless, M. D., and J. L. Hamrick 1984. Ecological determinants of
genetic structure in plant populations. Annual Review of Ecology and
Systematics 15:65-95.

Mahalovich, M. F., and E. D. McArthur 2004. Sagebrush (Artemisia
spp.) seed and plant transfer guidelines. Native Plants Journal 5:141—
148.

Malaval, S., B. Lauga, C. Regnault-Roger, and G. Largier 2010.
Combined definition of seed transfer guidelines for ecological
restoration in the French Pyrenees. Applied Vegetation Science
13:113-124.

© 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684 683



Seed transfer zones in Norway

Mantel, N. 1967. The detection of disease clustering and a generalized
regression approach. Cancer Research 27:209-220.

Markart, G., B. Kohl, and P. Zanetti 1997. Runoff caused by heavy rain-
fall: runoff generation on wooded, grazed and wet areas. Centralblatt
fiir das gesamte Forstwesen 114:123-144.

McKay, J. K., C. E. Christian, S. Harrison, and K. J. Rice 2005. “How
local is local?” — A review of practical and conceptual issues in the
genetics of restoration. Restoration Ecology 13:432—440.

Michalski, S. G., and W. Durka 2012. Assessment of provenance delin-
eation by genetic differentiation patterns and estimates of gene flow in
the common grassland plant Geranium pratense. Conservation Genet-
ics 13:581-592.

Mijangos, J. L., C. Pacioni, P. B. S. Spencer, and M. D. Craig 2014. Con-
tribution of genetics to ecological restoration. Molecular Ecology
24:22-37.

Millar, C. I., and W. J. Libby 1989. Disneyland or native ecosystem:
genetics and the restorationist. Restoration and Management Notes
7:18-24.

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

Moen, A. 1998. Nasjonalatlas for Norge — Vegetasjon. Statens kartverk,
Honefoss.

Moritz, C. 1999. Conservation units and translocations: strategies for
conserving evolutionary processes. Hereditas 130:217-228.

Miintzing, A. 1965. Apomixis and sexuality in new material of Poa alpina
from Middle Sweden. Hereditas 54:314-337.

Norwegian Geological Survey. 1984. Bedrock map of Norway, scale 1:1
mill.

Passe, T., and L. Andersson 2005. Shore-level displacement in
Fennoscandia calculated from empirical data. GFF 127:253-268.

Peratoner, G. 2003. Organic Seed Propagation of Alpine Species and
Their use in Ecological Restoration of ski Runs in Mountain Regions.
Kassel University Press, Kassel, Germany.

Perring, M. P., R. J. Standish, J. N. Price, M. D. Craig, T. D. Erickson, K.
X. Ruthrof, A. S. Whiteley et al. 2015. Advances in restoration ecol-
ogy: rising to the challenges of the coming decades. Ecosphere 6:131.

Prach, K., and P. Pysek 2001. Using spontaneous succession for restora-
tion of human-disturbed habitats: experience from Central Europe.
Ecological Engineering 17:55-62.

Pritchard, J. K., M. Stephens, and P. J. Donnelly. 2000. Inference of
population structure using multilocus genotype data. Genetics 155:945—
959.

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

Rice, K. J., and E. E. Knapp 2008. Effects of competition and life history
stage on the expression of local adaptation in two native bunchgrasses.
Restoration Ecology 16:12-23.

Sahli, H. F., J. K. Conner, F. H. Shaw, S. Howe, and A. Lale 2008. Adap-
tive differentiation of quantitative traits in the globally distributed
weed, wild radish (Raphanus raphanistrum). Genetics 180:945-955.

Schmitt, T. 2007. Molecular biogeography of Europe: pleistocene cycles
and postgacial trends. Frontiers in Zoology 4:11.

Schonswetter, P., O. Paun, A. Tribsch, and H. Niklfeld 2003. Out of the
Alps: colonization of Northern Europe by East Alpine populations of

Jorgensen et al.

the Glacier Buttercup Ranunculus glacialis L. (Ranunculaceae). Molec-
ular Ecology 12:3373-3381.

Schonswetter, P., R. Elven, and C. Brochmann 2008. Trans-Atlantic dis-
persal and large-scale lack of genetic structure in the circumpolar, arc-
tic-alpine sedge Carex bigelowii (Cyperaceae). American Journal of
Botany 95:1006-1014.

Steane, D., B. M. Potts, E. McLean, S. M. Prober, W. D. Stock, R. E. Vail-
lancourt, and M. Byrne 2014. Genome-wide scans detect adaptation
to aridity in a widespread forest tree species. Molecular Ecology
23:2500-2513.

Taberlet, P., L. Fumagalli, A.-G. Wust-Saucy, and J.-F. Cosson 1998.
Comparative phylogeography and postglacial colonization routes in
Europe. Molecular Ecology 7:453-464.

Tasser, E., C. Newesely, P. Holler, A. Cernuska, and U. Tappeiner 1999.
Potenitial risks through land-use changes. In: A. Cernuska, U. Tappei-
ner, and N. Bayfield, eds. Land use Changes in European Mountain
Ecosystems, pp. 218-224. Blackwell Verlag, Berlin.

Vander Mijnsbrugge, K., K. Cox, and J. Van Slycken 2005. Conservation
approaches for autochthonous woody plants in Flanders. Silvae
Genetica 54:197-206.

Vander Mijnsbrugge, K., A. Bischoff, and B. Smith 2010. A question of
origin: where and how to collect seed for ecological restoration. Basic
and Applied Ecology 11:300-311.

Vasil’evskaya, V. D., V. Y. Grigor’ev, and E. A. Pogozheva 2006. Rela-
tionships between soil and vegetation characteristics of tundra ecosys-
tems and their use to assess soil resilience, degradation, and
rehabilitation potentials. Eurasian Soil Science 39:314-323.

Vik, U., M. H. Jorgensen, H. Kauserud, I. Nordal, and A. K. Brysting
2010. Microsatellite markers show decreasing diversity but unchanged
level of clonality in Dryas octopetala (Rosaceae) with increasing lati-
tude. American Journal of Botany 97:542-554.

Vos, P, R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, A.
Frijters et al. 1995. AFLP: a new technique for DNA fingerprinting.
Nucleic Acids Research 33:4407—4414.

Westergaard, K. B., M. H. Jorgensen, T. M. Gabrielsen, I. G. Alsos, and
C. Brochmann 2010. The extreme Beringian/Atlantic disjunction in
Saxifraga rivularis (Saxifragaceae) has formed at least twice. Journal of
Biogeography 37:1262-1276.

Westergaard, K. B, I. G. Alsos, M. Popp, T. Engelskjon, K. I. Flatberg,
and C. Brochmann 2011. Glacial survival may matter after all: nunatak
signatures in the rare European populations of two west-arctic species.
Molecular Ecology 20:376-393.

Wilson, B. L., D. C. Darris, R. Fiegener, R. Johnson, M. E. Horn-
ing, and K. Kuykendall 2008. Seed transfer zones for a native
grass (Festuca roemeri) — genecological evidence. Native Plants
Journal 9:287-303.

Supporting Information

Additional Supporting Information may be found online in the support-
ing information tab for this article:
Table S1. Sampling details for each locality included in this study.
Figure S1. Structure analyses summary.
Figure S2. Structure results for all species included in this study.

684 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 673-684



