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Original Paper

Abstract: Restoration of formerly nutrient-poor and species-
rich grasslands generally leads to an increase in species diversi-
ty. However, species without a persistent seed bank and with
poor dispersal ability often do not re-establish spontaneously.
Here, reintroduction is an option. If existing populations are
comparable in their genetic composition, any population will
do. This is not the case if populations have local adaptations.
Unfortunately, whether populations are adapted locally is not
easily determined, in contrast to assessing differentiation using
neutral genetic markers. We used AFLP to study genetic diversi-
ty of Cirsium dissectum and Succisa pratensis within and among
several Junco-Molinion plant communities in the Netherlands
(up to 200 km apart) that were potential source populations,
and followed the reintroduction using seeds from these popula-
tions. Also, vegetative growth phase characteristics of three
populations of C. dissectum were analyzed under controlled con-
ditions. Most of the genetic variation in these cross-fertilizing
species was found within populations. Small but significant ge-
netic differences in band frequencies were found among pop-
ulations (Fst 0.100 – 0.135). The first generation of reintroduced
plants contained less polymorphic bands than the source popu-
lations. The genetic differences caused by reintroduction using
a limited number of seeds (founder effects) were significant in
all except one case (Fst 0.012 – 0.101 between source and cor-
responding reintroduced population), but the magnitude was
smaller than the source population differentiation. In assign-
ment tests, reintroduced populations resembled their source
population more than any other population, but all populations
contained sizeable proportions of plants that were assigned
to most similar plants from other populations, indicating that
the populations are only marginally distinct. Calculations show
that reintroduction from more than one source population in-
troduces significantly more polymorphic bands into the new
population, capitalizing on the existence of band frequency dif-
ferences among populations.

Key words: AFLP, Cirsium dissectum, genetic diversity, Succisa
pratensis, restoration ecology.

Introduction

Due to intensive use of fertilizers, the species richness of grass-
lands in the Netherlands has greatly decreased during recent
decades (Berendse et al., 1992[2]). Restoration of formerly nu-
trient-poor species-rich grasslands involves a range of meas-
ures, including cessation of fertilization, removal of nutrients
by haymaking or sod removal, and raising of the groundwater
table (Oomes et al., 1996[17]). These management practices
generally lead to a strong decrease in annual biomass produc-
tion and nutrient availability, and to an increase in species di-
versity. However, many species known to have been present in
these grasslands do not re-establish spontaneously after a
period of restoration (Prins et al., 1998[19]). Geerts et al.
(1995[5]) compared the species composition of typical Junco-
Molinion communities with that of grasslands at the experi-
mental site “De Veenkampen” near Wageningen, The Nether-
lands, that had been taken out of production 20 years ago.
Even though species richness had greatly increased in these
20 years, typical species like Briza media, Gymnadenia conop-
sea, Cirsium dissectum, Linum cartharticum and Succisa pratenis
had not re-established. An analysis of seed characters showed
that only 22 % of all species that were present in the 1940s and
that were absent after 20 years of restoration, have a persistent
seed bank. They concluded that the absence of a persistent
seed bank, in combination with the rather isolated position
within a grassland area under intensive management, is the
main factor for the absence of many of the now rare species.
To accelerate the restoration of species-rich grasslands, active
reintroduction of seeds is considered of paramount impor-
tance (Geerts et al., 1995[5]; Pywell et al., 1997[20]; Prins et al.,
1998[19]).

When considering reintroduction, plants or seeds have to be
collected from existing populations elsewhere. If populations
have local adaptations, using one population or another is not
equivalent. Material from a local source, e.g., a nature reserve
nearby, may have the genetic composition of an environmen-
tally similar site (Jones and Hayes, 1999[10]), and would there-
fore be an obvious choice for reintroduction. Material from
elsewhere may have a lower fitness at the reintroduction site,
and mixing of populations may result in outbreeding depres-
sion. However, if populations of a particular species are com-
parable in their genetic composition for traits important for
adaptation and fitness, any population would do. In this situa-
tion, obtaining a sufficient amount of genetic diversity in the
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newly constructed population is an important goal, since it is
essential for the long-term survival of the species (van Groe-
nendael et al., 1998[9]; Booy et al., 2000[3]). Therefore, if remain-
ing populations have lost genetic diversity through genetic
drift and inbreeding because of fragmentation and isolation
(van Groenendael et al., 1998[9]), reintroduction should not be
limited to material from a single, local population. Whether
populations have adapted locally will depend on several fac-
tors, and is not easily predicted. Jones and Hayes (1999[10])
found that, for some species, the performance of locally collect-
ed seed with respect to seedling establishment was superior,
in other species, however, material from more than 220 km
away performed better. Unfortunately, measuring adaptation
to local conditions is labourious. Usually, it is done by recip-
rocal transplant experiments, but the characters responsible
for this local adaptation are largely unknown (Nagy, 1997[16]).
Moreover, adaptation may become visible only under infre-
quent or extreme conditions (Jones and Hayes, 1999[10]). The
demonstration of local adaptation is by no means universal in
reciprocal transplant studies, and local adaptation may be rel-
evant primarily to wide-ranging species occupying sites that
clearly vary in climate, soil, etc. (Helenurm, 1998[12]). An alter-
native is to measure genetic differences between plants within
and among possible source populations, to determine whether
these populations consist of genetically distinct genotypes,
using neutral molecular markers. Relatively few studies of
plant species have combined measures of selection and genet-
ic population differentiation (Hamilton, 1997[11]).

We conducted an experiment in which seeds of Cirsium dissec-
tum and Succisa pratensis were collected from isolated species-
rich grasslands in the Netherlands and reintroduced in the re-
stored grassland of the “Veenkampen” near Wageningen. One
of the populations was located only a few kilometers from the
reintroduction site, the others were randomly spread across
the country. The maximum distance from the reintroduction
site was less than 200 km, with no major discontinuity in spe-
cies presence other than 6 km of sea. We analyzed genetic var-
iation within and among populations before and after reintro-
duction, using AFLP. The fragments produced by AFLP are gen-
erally from non-coding DNA and presumed to be selectively
neutral. Moreover, together they represent a sampling of loci
throughout the genome (e.g. Smulders et al., 2000[22]). In addi-
tion, some ecological relevant traits of the vegetative growth
phase of plants from three grasslands of C. dissectum were
analyzed under growth chamber conditions (sensu Grime and
Hunt, 1975[8]; Lambers et al., 1998[14]). With these data, we ad-
dress the following questions: How much genetic variation is
present within and among populations of C. dissectum and
S. pratensis, does the genetic composition of a population shift
upon reintroduction, and do the populations consist of geno-
types that are distinct from other populations? For C. dissec-
tum we also determine whether genetic differences coincide
with ecophysiological differences among populations. Conse-
quences for management practices are discussed.

Materials and Methods

Plant material

Cirsium dissectum and Succisa pratensis were sampled at differ-
ent locations throughout the Netherlands (see Fig.1) in May
and June 1996, except “Schiermonnikoog” (S), where C. dissec-
tum was sampled in 1997 (S. pratensis did not occur here). The

populations were chosen because they occur in relatively un-
disturbed Junco-Molinion communities in nature conservation
areas. The populations of these species are comprised of sever-
al hundreds to thousands of plants. Sampling consisted of a
young leaf of 25 – 35 individual plants per population (M, W,
Z, B, and S samples). To avoid inclusion of more than one sam-
ple from any clone, samples were taken at least 10 m apart.
Samples were frozen immediately in liquid N2, and stored at
– 80 8C until DNA extraction using the method of Fulton et al.
(1995[4]).

Reintroduction experiments

In August 1996, seeds were collected from the “Bennekomse
Meent” (M), “Zegveld” (Z), and “de Bruuk” (B) populations for
both species, and also from the “Wynjeterper Schar” (W) pop-
ulation of C. dissectum. From each population, 200 –500 flower
heads were collected randomly throughout the field, avoiding
multiple samples from what might be one clone. Flower heads
were selected so that they were filled with seeds and at the
correct ripening stage, which is easy to determine for S. praten-
sis but more difficult for C. dissectum. For C. dissectum, flower
heads contained on average 5 –10 seeds, for S. pratensis, flower
heads contained 10– 20 seeds.

All flower heads from one population were combined, and
seeds were mechanically cleaned, which removed part of the
empty and non-viable seeds. In this way, seeds originating

Fig. 1 Location of the populations in the Netherlands for both C. dis-
sectum and S. pratensis plants. Bennekomse Meent (M) 52804′N,
5836′E, Zegveld/de Meije (Z) 52808′N, 4849′E, De Bruuk (B),
51846′N, 5858′E, Wynjeterper Schar/De Scharren (W) 53804′N,
6810′E, Schiermonnikoog/Kapenglop (S) 53829′N, 6810′E. In (S) only
C. dissectum was sampled. Reintroduction experiments were carried
out at the “Veenkampen” (V) (51899′N, 5837′E), which is located
4 km southeast of the nearest source population (M).

Plant biol. 2 (2000) M. J. M. Smulders et al.448
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from one mother plant could not be distinguished, and certain
mother plants may have contributed more seeds than others.
This was considered to be a realistic situation, which may also
occur in large-scale reintroduction experiments. In total, 2000
seeds were sown for each species on 16 separate, randomized
plots at the experimental fields at the “Veenkampen” that au-
tumn. Germination percentages (9 –19 % for C. dissectum, 1 –
13 % for S. pratensis) were determined in June of the following
year, 1997. For genetic analysis, 25 – 35 plants were sampled in
the same month (m′, w′, z′, and b′ samples).

An estimation of the variation between reintroductions from
the same population was made by comparing the results with
those of a reintroduction experiment carried out a year earlier.
Here, seeds from approximately 100 flower heads of the M
populations of C. dissectum as well as S. pratensis were collect-
ed, cleaned, and sown at experimental fields at the “Veenkam-
pen” near Wageningen (see Fig. 1) in the fall of 1995. In June
1996, 25 – 35 plants that had germinated were sampled for
genetic analysis, as above (m0 sample).

Genetic diversity

The genetic diversity within and between the populations and
their reintroduced populations was estimated using AFLP (Vos
et al., 1995[25]). Primary template DNA was prepared in a one-
step restriction-ligation reaction. Total genomic DNA (300 ng)
was digested with 5 U EcoRI and 5 U MseI (Life Technologies)
in 40 µl 10 mM Tris-HCl buffer, 10 mM magnesium acetate,
50 mM potassium acetate, pH 7.5 for 1 h at 37 8C. Subsequently,
10 µl of a ligation mixture containing 5 pmol EcoRI adapter,
50 pmol MseI adapter (Isogen) and 2 U T4 DNA ligase (Life
Technologies) in the same buffer as before but with 0.4 mM
ATP added. This restriction–ligation reaction was incubated
for 3 h at 37 8C. The resulting primary template was diluted to
200 µl with 10 mM Tris-HCl, 0.1 mM EDTA pH 8.0 and stored at
– 20 8C until use. AFLP fingerprints were made using a two-
step PCR amplification. The first step (preamplification) was
performed on a primary template using a primer pair based
on the sequences of the EcoRI and MseI adapter with one addi-
tional selective nucleotide at the 3′ end. Amplification reac-
tions (20 µl) contained, 5 µl primary template, 30 ng of each
primer, 0.4 U Taq polymerase, 0.2 mM of all four dNTPs,
10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2 and 0.001 %
gelatine. Preamplification products were diluted 20-fold with
10 mM Tris-HCl, 0.1 mM EDTA pH 8.0 and used as template in
the second amplification reaction. This second step (selective
amplification) was performed with primers having three se-
lective nucleotides each. Amplification conditions were as de-
scribed above, with the exception that only 5 ng of 33P-labelled
EcoRI primer were used. Standard cycling conditions were: 1
cycle 94 8C for 30 s, 65 8C for 30 s, and 72 8C for 1 min. The
65 8C annealing temperature was subsequently reduced by
0.7 8C for the next 12 cycles, and continued at 56 8C for the
remaining 23 cycles. Reaction products were loaded on a 6%
polyacrylamide gel (Sequagel-6, Biozym) in 1 × TBE electro-
phoresis buffer using a SequiGen 38 × 50 cm gel apparatus
(BioRad Laboratories). Gels were dried on Whatmann 3MM
paper, and X-ray films (Kodak X-OMAT) were exposed for 1 – 3
weeks at room temperature.

In order to identify primer combinations that yielded well-
scorable polymorphisms for either species, approximately
100 combinations of EcoRI/MseI primers with three selective

bases each, were tested on three samples taken from three dif-
ferent populations. In general, it was difficult to find primer
pairs that amplified more than 5 – 10 polymorphic bands
among the three samples of the C. dissectum populations. It
was somewhat easier for the S. pratensis samples. After prese-
lecting three primer pairs for each of the species, 39 scorable
polymorphic bands were amplified for C. dissectum (using
primer combinations E32-M44, E33-M38, and E37-M43), and
50 for S. pratensis (using the combinations E35-M58, E37-
M48, and E37-M52). The primer sequences are: E32: 5′-
GACTGCGTACCAATTCAAC-3′; E33: 5′-GACTGCGTACCAATT-
CAAG-3′; E35: 5′-GACTGCGTACCAATTCACA-3′; E37: 5′-
GACTGCGTACCAATTCACG-3′; M38: 5′-GATGAGTCCTGAG-
TAAACT-3′; M43: 5′-GATGAGTCCTGAGTAAATA-3′; M44: 5′-
GATGAGTCCTGAGTAAATC-3′; M48: 5′-GATGAGTCCTGAGTAA-
CAC-3′; M52: 5′-GATGAGTCCTGAGTAACCC-3′; M58: 5′-GAT-
GAGTCCTGAGTAACGT-3′. For each primer combination poly-
morphic bands were recorded and given a serial number. Pres-
ence (1) or absence (0) of each polymorphic band was scored
for all genotypes. Data were analyzed using Genstat 5.

AFLP yield dominant data. For the natural populations, allele
frequencies can be deduced from these dominant data, but
only if it is assumed that the populations are in Hardy-Wein-
berg equilibrium (Lynch and Milligan, 1994[15]). This is not a
valid assumption for the reintroduced populations. Therefore,
similarities were used. Similarity for each pair of samples was
calculated using the simple matching coefficient s = (a + b)/
(a + b + c), where a denotes the number of markers for which,
in both individuals, a band is present; b denotes the number
of markers for which, in both individuals, a band is absent;
and c denotes the number of markers for which, in only one of
the individuals, a band is present. A principal coordinate anal-
ysis (PCO) was carried out based on the similarity matrix (as in
Arens et al., 1998[1]). Assignment tests were done by assigning
each consecutive plant to the single most similar individual,
and determining to which population it belongs. Significance
of differences in assignment scores was tested by comparison
to the results of 100 simulations after randomizing population
positions of all individual plants.

A Fst analog for dominant data was estimated as Φst = σb
2/

(σb
2 + σc

2), the weighted average of the single-locus ratio esti-
mator defined by Reynolds et al. (1983[21]), using the estimate
of the variance component due to band frequency differences
among populations (σb

2), and the estimate of the total varia-
tion (σb

2 + σc
2), across all bands (as in Grashof-Bokdam et al.,

1998[7]). Significance of the calculated Φst was tested by com-
parison with the results of 1000 simulations after randomizing
population positions of all individual plants across the relevant
grasslands (e.g., Hamilton, 1997[11]).

Differences between the number of polymorphic bands in
source and reintroduced populations were tested with a T-test.
Figures given are averages ± SE. Reintroductions from two
source populations were simulated using all possible combi-
nations of the first and second group of 15 plants from each
population.

Growth room experiments

Seeds of C. dissectum were collected from a number of plants
of M, W and Z populations in August 1997. After germination,
plants were grown in a growth room under the following con-

Genetic Diversity and the Reintroduction of Meadow Species Plant biol. 2 (2000) 449
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ditions: irradiance at average plant height: 300 µmol × m–2 × s–2

supplied by 400 W HPI lamps; light period: 14 h; day and night
temperature 20 8C; relative humidity 75 %. Plants were grown
in “free-draining” pots (height 40 cm, diameter 11 cm) filled
with quartz sand (0.7 – 1.25 mm). Six hundred ml nutrient so-
lution (pH 5.0; 1.5 mM KNO3, 3 mM Ca(NO3)2, 1 mM MgSO4,
1 mM KH2PO4, 0.25 mM K2SO4, 0.015 mM Fe-EDTA, 0.02 mM
H3BO3, 0.02 mM MnSO4, 1 µM ZnSO4, 0.5 µM Na2MoO4 and
0.5 µM CuSO4) was added automatically each day to the pots.
Preliminary experiments showed that the nutrient solution
was equally distributed over the quartz sand column. In the
presence of plants, no indication of drought was observed just
before the next addition of nutrient solution. The daily quan-
tum input (15 mol × m–2 × day–1) allows the plants to grow near
their maximum rate (Poorter and Van der Werf, 1988[18]). Two
harvests were performed with 34 plants per population per
harvest. At the first harvest, average total plant dry weight of
the seedlings was 68 mg and did not differ significantly be-
tween populations. The second harvest was 13 (M) or 14 days
(W and Z populations) later. Relative growth rate and net as-
similation rate were calculated for the period between the
two harvests, according to standard procedures (Hunt,
1982[13]). All other values of the parameters given in this paper
are averages of the two harvests. For chemical analyses of
leaves and roots, 24 plants from the second harvest were
pooled into six samples. In each leaf sample carbon, total ni-
trogen, nitrate, phosphorus, potassium, ash, and ash alkalinity
were determined. Due to insufficient plant material, roots
were only analyzed for N, P and K. Differences in plant traits
between populations were tested with a Student–Newman–
Keuls test after a one-way analysis of variance using Genstat 5.

Results

Diversity among populations across The Netherlands

To estimate which part of the genetic diversity was distributed
among populations, Φst was calculated. Values were 0.108 and
0.100 for C. dissectum and S. pratensis, respectively (Table 1),
indicating some differentiation of the populations. As expect-
ed for outcrossing species, most of the variation was present
within populations. The differences between populations were
based on band frequency differences. Even though some bands
were absent in certain populations, and other bands were
present throughout a population, in no case was one band ab-
sent in a population and present in all plants in another popu-
lation. Band frequency differences were significant for only a
small number of bands. As a consequence of limited distinc-
tion, in terms of band presence and frequency, a PCO analysis
yielded hardly any distinction between the different popula-
tions. For all plants of the populations, the first two axes ex-
plained only a limited part of the variation (10.2 % and 7.8 %,
respectively, for C. dissectum; 7.5 % and 5.9 % for S. pratensis)
(not shown).

With regard to ecophysiological traits, measured under con-
trolled conditions in a growth chamber, the W and Z popula-
tions of C. dissectum showed the greatest similarity in the eco-
physiological traits measured (Table 2). Only leaf mass ratio
(LMR) differed significantly between these two populations.
The M population differed from the W and Z populations in
4 – 5 out of 6 traits. Hardly any difference was observed in
chemical composition (not shown).

Thus, the population genetic markers show small but signifi-
cant differences among source populations. Some of the eco-
physiological data also show differences. Whether these are
significant in terms of reintroduction was studied further
using the genetic markers.

Genetic diversity after reintroduction

Reintroduction of plants from different populations on sepa-
rate experimental fields in “De Veenkampen” near Wagenin-
gen resulted in small populations (150– 250 plants in the m0

populations in 1996; 30– 200 plants each in the m′, w′, s′, and
b′ populations after the wet winter and spring of 1997) that
were sampled in the following spring. To determine whether
the genetic composition of the reintroduced populations was
changed compared to corresponding source populations, we
compared the pairs of populations for both species. For this,
we employed Φst, calculated on the basis of variance in band
frequencies, as a measure of genetic differentiation. Small but
significant differences were found in all but one pairwise com-
parisons of source and reintroduced populations (Table 1). The
Φst value among the reintroduced populations as a group,
however, was not reduced when compared to the group of
source populations.

Table 1 Genetic differentiation among populations and the influence
of reintroduction

Comparison Φst values
Cirsium
dissectum

Succisa
pratensis

among source populations
(n = 4 – 5) 0.108* 0.100*
among reintroduced populations
(n = 3 – 4) 0.135* 0.138*

between M and its reintroduced
population m′ (n = 2) 0.032* 0.012*
between W and its reintroduced
population w′ (n = 2) 0.035* ND
between Z and its reintroduced
population z′ (n = 2) 0.023 0.054*
between B and its reintroduced
population b′ (n = 2) 0.101* 0.039*

between the two reintroduced M
populations m′ and m0 (n = 2) 0.008 0.032*

* significantly different at p < 0.05
ND: not determined (no reintroduction)

Table 2 Mean values of relative growth rate (RGR; mg g–1 plant day–1),
net assimilation rate (NAR, g m–2 day–1), leaf area ratio (LAR, m2 kg–1

leaf), specific leaf area (SLA, m2 kg–1 leaf), leaf mass ratio (LMR, g leaf
g–1 plant) and root mass ratio (RMR, g root g–1 plant) for three Cirsium
dissectum populations. Data expressed on a dry weight basis. Means
with the same letter were not significantly different (p > 0.05)

Population RGR NAR LAR SLA LMR RMR

M 117a 9.7a 12.5a 20.9a 0.60a 0.32a

W 131b 10.6b 13.2ab 20.5a 0.64b 0.28b

Z 136b 10.6b 13.7b 20.2a 0.67c 0.26b

Plant biol. 2 (2000) M. J. M. Smulders et al.450
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The sampling error in this type of reintroduction experiment
was estimated by comparing two reintroductions from the M
population: one in 1996 (m0) and one together with the other
populations in 1997 (m′). The Φst between m0 and m′ was only
0.008 for C. dissectum, which is not significantly different from
zero (Table 1). For the two reintroductions of S. pratensis, Φst

was 0.032, which is significantly different from zero, and com-
parable to the genetic differentiation between source and rein-
troduced populations observed in some reintroductions of S.
pratensis.

How important are the small genetic differences
between populations?

The question is to what extent the small genetic differences
that we have measured among populations, represent geneti-
cally distinct genotypes. To answer this, we used assignment
tests in which each plant of a population was matched to its
most genetically similar plant, and the population that this
plant belonged to was scored. We performed this test with sev-
eral combinations of source and reintroduced populations.
Since the general tendencies are the same, we show in Fig. 2
only the most comprehensive one (described in the next sec-

Fig. 2 Assignment of C. dissectum (a) and S.
pratensis (b) plants to the population con-
taining the most similar individual, across
source (M-W-Z-B) and reintroduced (m′-w′-
z′-b′) populations, where m′ is the reintro-
duced population of M, w′ of W, etc. The
population from which the plants were tak-
en is indicated above the corresponding pie
chart. Proportions of plants assigned to the
different source and reintroduced popula-
tions are indicated by the size of the cor-
responding part of the pie. As far as source
plants are being assigned to source popula-
tions, or reintroduced plants to reintroduced
populations, the results are the same as in
assignments involving only source or only
reintroduced populations (which are not
shown). The percentages of assignments to
different groups are slightly different be-
cause of source plants now assigned to rein-
troduced populations (and vice versa).

b

a

Genetic Diversity and the Reintroduction of Meadow Species Plant biol. 2 (2000) 451
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tion). Between different combinations of populations the pre-
cise assignment proportions vary since every plant can be as-
signed only once. The figures mentioned and the statistical
tests are always from the proper assignment test.

Among the source populations (M, W, Z, and B), source popula-
tion plants were assigned to their own population with varying
success, but generally with a level of correct assignment that is
significantly higher than would be expected by chance: 75 % for
C. dissectum, 62 % for S. pratensis. Nevertheless, between 1/4
and 1/3 of the plants were assigned to other populations; these
genotypes would fit in other populations at least as well. This
indicates that the source populations were composed of plants
that were genetically distinct, but only to a limited degree.

Correct assignments are somewhat less frequent for the rein-
troduced populations. The correct assignment percentage of
C. dissectum reintroduced plants among reintroduced popula-
tions was 64 %, and for S. pratensis it was 52 %, which was still
significantly higher than would be expected by chance. The
difference in correct assignments, when comparing any popu-
lation with its reintroduced population, was never significant,
except for the M and m′ populations of C. dissectum. Again, it
must be noted that a fair amount, between 1/3 and 1/2 of the
plants, were most similar to individuals from other popula-
tions. Thus, the reintroduced populations in general do not
diverge much from the source populations.

Are the reintroduced populations as genetically diverse
as the source populations?

For assessing the extent of genetic diversity within popula-
tions, we used two measures. First, when comparing both
source and reintroduced populations in one assignment test
(Fig. 2), it became clear that, on average, almost as many plants
were assigned to the reintroduced populations as to the source
populations, for C. dissectum as well as for S. pratensis. Since
the test searches for the highest similarity with any plant in
any population, it follows from the results that the reintro-
duced populations contain almost the same extent of diversity
among plants as the source populations. Thus, it appears that
they can be regarded as populations in their own right.

Second, we looked at the number of polymorphic bands. For C.
dissectum, each of the source populations contained between
28 and 32 (average 30.2 ± 0.9, n = 4) polymorphic bands (i.e.,

bands with a population frequency f, 0 < f < 1) among the 40
bands that were polymorphic in the total study (Table 3).
Within the reintroduced populations, between 26 and 30
bands were polymorphic (average 28.5 ± 1.5, n = 4). For S. pra-
tensis, we actually see slightly more polymorphic bands in the
sample from the reintroduced populations (37.7 ± 1.8 versus
39.3 ± 1.2 of 50 polymorphic bands, n = 3, p > 0.05), always due
to bands with very low or very high frequencies, whose poly-
morphism was by chance not included in the source popula-
tion sample.

Calculation of number of polymorphic bands also allows test-
ing of whether reintroduction from two source populations
would have yielded more genetic variation than reintroduc-
tion from one population. For this, a reintroduction from two
source populations was simulated by sampling at random
half the number of plants from one reintroduced population,
combining it with half the plants from another reintroduction,
and then calculating the number of polymorphic bands in
the resulting simulated reintroduced population. The figures
(Table 3) show that reintroduction using two source popula-
tions results in more polymorphic bands than reintroduction
from one population. The differences were significant (S. pra-
tensis, one reintroduction contains 39.3 ± 1.2 [n = 3], while re-
introduction from two populations contains 43.7 ± 0.6 [n = 12]
polymorphic bands, p < 0.05) or marginally significant (C. dis-
sectum, one reintroduction contains 28.5 ± 1.5 [n = 4] poly-
morphic bands, while combinations of two reintroductions
contain 32.1 ± 0.3 [n = 24] polymorphic bands, p = 0.05).

Selection or drift: do the reintroduced populations
resemble one source population more than others?

The genetic changes taking place during reintroduction may be
the result of founder effects, due to the small number of seeds
involved. However, they might also be due to (some) selection
for a genetic composition that is better suited for the growing
conditions in the reintroduction site. In the latter case, it is
possible that the genetic composition would shift in a certain
direction, and most likely towards that of the “Bennekomse
Meent”, which is only 4 km away in the same river valley.
However, the Φst value among the reintroduced populations
as a group was not reduced when compared to the group of
source populations, so this does not point to any selection.
Also, the C. dissectum reintroduced population from the “Ben-
nekomse Meent” and the original population differ as much

Table 3 Genetic variation present within source and reintroduced populations or combinations thereof

Group # of polymorphic bands

Cirsium dissectum
(populations M, W, Z, B)

Succisa pratensis
(populations M, Z, and B)

any source population 28 – 32 36 – 40
any two source populations 31 – 36 40 – 45
all source populations together 40 47

Cirsium dissectum
(populations m′, w′, z′, b′)

Succisa pratensis
(populations m′, z′, b′)

one reintroduced population 26 – 30 37 – 41
any two reintroduced populations 30 – 35 40 – 47
all reintroduced populations together 37 48

Plant biol. 2 (2000) M. J. M. Smulders et al.452
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from each other (Φst 0.032) as the other pairs of populations.
For S. pratensis, the difference of 0.012 is somewhat smaller
than for the other pairs (Table 1).

If reintroduced populations would somewhat more resemble
the M population, then one would expect that in the assign-
ment test the w′, z′ and b′ reintroduced populations attract
more M and m′ plants than the W, Z and B populations. This
was not the case (Fig. 2).

Discussion

Differences among populations

In accordance with the fact that both C. dissectum and S. pra-
tensis are outcrossers, most of the genetic variation was found
within populations. The genetic differences among popula-
tions of C. dissectum and S. pratensis in the Netherlands were
small (Φst of around 0.1) but significantly different from zero.
The differences concerned variation in band frequencies, rath-
er than the occurrence of unique bands. The assignment tests
showed that, although the largest fraction of plants were as-
signed to the source population, between 1/4 and 1/2 of the
plants of a given population matched most closely a plant in
another population. Thus, genetic differentiation in terms of
distinct genotypes was very limited. It should be noted that
the geographical distances among source populations were
also not large, and did not span any major discontinuity in spe-
cies presence.

Diversity in neutral markers, such as AFLP, does not necessarily
reflect differences in functional traits (Booy et al., 2000[3]).
However, also in ecophysiological traits for the vegetative
growth phase, as analyzed for three populations of C. dissectum
under controlled conditions, only small differences or no dif-
ferences at all were found between W and Z populations. The
M population showed some differences (Table 2), but the var-
iation among species from typical nutrient-poor sites (Van
der Werf et al., 1993[23], 1998[24]) is far greater than the small
differences among populations of C. dissectum observed in this
study. Whether the variation within populations is genetically
determined cannot be inferred from our growth analyses. Gor-
don and Rice (1998[6]) found genetic differentiation among
populations of wiregrass, but reciprocal transplant experi-
ments did not provide evidence for local adaptation. Helenurm
(1998[12]) found that seeds from a small source population of
Lupinus guadalupensis performed worse than seeds from two
larger populations in reciprocal transplant experiments, re-
gardless of the reintroduction site. This is, perhaps, due to
some inbreeding in the smaller population.

Differences upon reintroduction

When using these populations for reintroduction, we find
small but significant changes in genetic composition between
source and reintroduced populations, as measured by pair-
wise Φst. As a result, plants from the reintroduced populations
are assigned more frequently to the reintroduced population
than to the corresponding source population, i.e. they resem-
ble each other somewhat more than plants from their popula-
tion of origin. It should be noted that the changes between
source and reintroduced populations may partly be due to
sampling effects. The magnitude of this effect, estimated by re-

introducing M populations twice, was Φst 0.008 – 0.032 for re-
plicate reintroductions, which is lower than the average differ-
entiation between source and reintroduced populations. The
remaining differences are most probably due to founder ef-
fects in the first generation reintroduced plants. Genetic drift
in successive generations had not occurred yet, since the rein-
troduced plants had not flowered and set seed.

When comparing all populations together, nearly all reintro-
duced populations resembled their own source population
more than any other source population (see the assignments
in Fig. 2). There was no trace of a shift of genetic composition
towards one of the source populations, which could occur if
some of the AFLP fragments were under indirect selection
through “hitch-hiking” with loci that are under selective pres-
sure. AFLP markers are considered to be neutral markers, so
they are not useful to estimate selection pressure. Further-
more, our experimental set-up does not allow a correct com-
parison of selection pressure. Seeds were introduced on bare
soil where the topsoil layer was removed in the year of seed in-
troduction. One year after this sod removal, several species, in-
cluding the reintroduced, indeed re-established, but at a very
low abundance. This indicates that a selective pressure due to
competition between plants of different species and the rein-
troduced plants was not present in our system. Therefore, it
cannot be excluded that in the presence of competing plants,
i.e., introducing seeds in fully established vegetation, selection
towards a certain population or a certain shift in genetic com-
position would occur. Furthermore, we studied only the estab-
lishment of juvenile plants from seeds collected from mature
plants in other populations. To fully evaluate the importance
of the source material used for reintroduction, the genetic
composition of the next generation, i.e., the seeds of the re-
introduced plants, should also be considered, since these will
be the first to have completed a full life cycle at the reintroduc-
tion plot.

How to reintroduce

When the original population in an area where we want to re-
introduce has disappeared, we will never know whether a re-
introduced population is “identical” or performs “the same”.
The question is, how to proceed to limit the risk of introducing
a population that is not well adapted or not well prepared for
the future. As discussed above, we have no proof for significant
genetic differences among populations of the species studied.
On the other hand, the quantity of genetic diversity within
populations should be sufficient to allow the generation of
plants with different combinations of traits (Booy et al.,
2000[3]; van Groenendael et al., 1998[9]). In outcrossing species,
such as C. dissectum and S. pratensis, most of the genetic varia-
tion is contained within populations rather than between pop-
ulations. This means that reintroduction should take care not
to loose this variation. Therefore, it is important to monitor
the occurrence of genetic drift by studying also the next gen-
erations, i.e., the plants that establish themselves from seeds
produced by the reintroduced plants, and their progeny. The
fact that the reintroduced species are perennials may reduce
the occurrence of genetic drift.

Our data indicate that, due to the small number of plants actu-
ally reintroduced, the reintroduced populations have less poly-
morphic bands compared to their source populations. It may
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be that if one introduces a very large number of seeds from a
very large number of parental plants, genetic changes can be
minimized. However, this may not always be feasible, or may
be too much of a drain for the source population (van Groenen-
dael et al., 1998[9]). Also, if weather conditions are not favour-
able, as in our study in the winter of 1997, only a small number
of plants may be able to establish themselves. Our calculations
show that reintroduction of a limited number of seeds from
two populations yields more polymorphic bands than reintro-
duction of the same number of seeds, but taken from only one
population. This is due to the fact that each of the possible
source populations has slightly different allele frequencies.
Even with a limited number of seeds, it appears possible to
capitalize on the existence of these differences to “catch” more
diversity. Therefore, other things being equal, reintroduction
from more than one source population appears the safest ap-
proach.
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