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Abstract Small habitat size and spatial isolation may
cause plant populations to suffer from genetic drift and
inbreeding, leading to a reduced fitness of individual
plants. We examined the germination, establishment,
growth, and reproductive capacity of two characteristic
species of mown fen meadows, Carex davalliana, and
Succisa pratensis, common in Switzerland. Plants were
grown from seeds, which were collected in 18 habitat
islands, differing in size and in degree of isolation. We
used both common garden and reciprocal transplant
experiments to assess effects of habitat fragmentation.
In the common garden, plants of Carex originating from
small habitat islands yielded 35% less biomass, 30%
fewer tillers, and 45% fewer flowering tillers than plants
from larger ones. In contrast, plants of Succisa originating
from small habitat islands yielded 19% more biomass,
14% more flower heads and 35% more flowers per flower
head than plants from larger ones. Moreover, plants of
Succisa from small isolated habitats yielded 32% more
rosettes than did plants from small connected islands.
Reciprocally transplanted plants of Succisa originating
from small habitat islands produced 7% more rosettes
than plants from larger ones. There was no effect of small
habitat size and isolation on germination and establish-
ment of both species in the field. Our results document
genetic differences in performance attributable to habitat
fragmentation in both species. We suggest that fitness loss
in Carex is caused by inbreeding depression, whereas in
Succisa the differences in fitness are more likely caused
by genetic differentiation. Our study implies that habitat
fragmentation affects common habitat-specific species,
such as Carex and Succisa, as well as rare ones.
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Introduction

As a consequence of human activities, many habitats of
plant populations have become small, fragmented, and
isolated. This habitat fragmentation has concomitantly
resulted in declining population sizes, which can impair
species persistence (Saunders et al. 1991; Eriksson 1996),
even when appropriate management is maintained and
habitat quality remains intact (Fischer and St�cklin 1997;
St�cklin and Fischer 1999; Lienert et al. 2002a). Smaller
populations in such smaller habitat islands are more
vulnerable to demographic and environmental stochastic-
ity, and therefore face a higher risk of extinction (Boyce
1992; Schemske et al. 1994). Moreover, in small popu-
lations genetic drift may increase and result in a lower
genetic variability (Barrett and Kohn 1991; Young et al.
1996; Berge et al. 1998), and as a consequence the level
of inbreeding may increase (van Treuren et al. 1991;
Ellstrand and Elam 1993). This may adversely affect
individual plant fitness components through inbreeding
depression and consequently lifetime fitness and so
decrease the population viability (Menges 1990; Ellstrand
and Elam 1993; Oostermeijer et al. 1995; Young et al.
1996).

The fitness of plants in the remaining small habitat
islands may further be reduced because biotic interactions
are disrupted. Small habitat islands are less attractive for
pollinating insects, which may result in pollen limitation
and lower seed set (Agren 1996; Kwak et al. 1998). On
the other hand, individual plants with flowers that are
more attractive and with higher investment in clonal
growth will have an advantage in this situation. In this
instance, habitat fragmentation could lead to a specific
selection for these traits.

The effects of small habitat size on fitness could be
less severe when gene flow between the remaining habitat
islands is not precluded by isolation (Berge et al. 1998;
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Richards 2000), because gene flow between populations,
either by seeds or pollen, has a homogenizing effect and
will prevent a decrease in genetic variability (Harrison
and Hastings 1996).

Few studies have separated the effects of small habitat
size and isolation in natural populations, e.g. Ouborg
(1993), Lienert et al. (2002b). Moreover, none of them
used a spatially controlled field design, based on explicit
distance and size criteria (Hooftman et al. 1999; but see
Lienert et al. 2002b). Moreover, most studies focussed on
rare species in fragmented habitats, although certainly
common habitat-specific species may be affected by
habitat fragmentation as well. Common habitat-specific
species are likely to have important ecosystem functions,
because they form the matrix of the community (Power et
al. 1996).

In a previous study within the same experimental setup
as the current study (D. A. P. Hooftman and M. Diemer,
submitted), we found that the demographic structure of
populations of the forb Succisa pratensis and the sedge
Carex davalliana was adversely affected by habitat size
and by geographical isolation, respectively. The observed
changes in the demographic structure of populations in
small and isolated habitat islands may either reflect
environmental differences between habitat islands or
differences in management regimes (c.f. Oostermeijer et
al. 1994; Heglund et al. 2001), or genetic differences as a
consequence of genetic drift or local adaptation. To
distinguish between phenotypic and genotypic effects on
individual plant fitness of both species, we performed a
common garden experiment and reciprocal transplant
experiments of seeds and seedlings from populations
subject to differing levels of habitat fragmentation.
Environmental (phenotypic) effects should be reflected
in differences in the germination of seeds and in survival
and growth of seedlings planted in the different habitat
island types (Antonovics and Primack 1982; Schmid
1992; Galloway and Fenster 2000). Differences in
performance of plants from different habitat islands of
origin, when grown under common environmental con-
ditions, on the other hand, most likely reflect genetic
differences (Fischer et al. 2000), although also maternal
environmental effects through seed quality may con-
tribute to them (Westoby et al. 1996). If alterations in
performance are a consequence of genetic drift, plants of
small and isolated habitat islands are expected to perform
worse in a common environment (Helenurm 1998;
Fischer et al. 2000). In contrast, local adaptation should
result in a better performance of “home” plants than of
“away” plants, when they are reciprocally transplanted
between the different habitat island types (Schmid 1985;
van Tienderen and van der Toorn 1991; Nagy and Rice
1997), which cannot be tested in a common garden
experiment.

We addressed the following questions:

1. Is growth and reproduction of plants in a common
garden affected by the size and degree of isolation of
the habitat of origin?

2. Is the germination and establishment rate in the field
affected by the habitat of origin, or by the size and
degree of isolation of the local habitat?

3. Are survival, growth and reproduction of plants in the
field affected by the size and degree of isolation of the
local habitat, or by the size and degree of isolation of
the habitat of origin?

4. If genetic differences occur among plants originating
from different habitat island types, can these differ-
ences be attributed to genetic drift or to local
adaptation?

Materials and methods

Study species and habitat description

Carex davalliana, SM. and Succisa pratensis, Moench. (nomen-
clature according to Binz and Heitz 1990) are common in
Switzerland (Lauber and Wagner 1998) and are characteristic
indicator species of wet calcareous fen meadows of the Caricion
davallianae alliance (G�rs 1977; Hooftman et al. 1999). These fen
meadows occur on the slopes of mountains in small depressions
with a high groundwater level or slopes with aquifer discharges.
The soils of these fen meadows are fully hydrated throughout the
majority of the growing season. Their vegetation is dominated by
graminoids, mostly sedges, and harbours many forb species.
Calcareous fen meadows belong to the most species-rich wetland
communities in Europe (Ellenberg 1996), with nearly 50% of all
threatened species of Switzerland occurring in wetlands (Landolt
1991). Nowadays, as a consequence of changed land-use, these fen
meadows are highly fragmented in north-eastern Switzerland.

Carex davalliana (Cyperaceae) is the most common graminoid
species in these fen meadows. This dioecious, clonal plant flowers
May–June, and is wind-pollinated. It forms loose tussocks, and has
a high tiller turnover, i.e. tillers live for 2–3 years only.

Succisa pratensis (Dipsacaceae) is the most common forb
species in these fen meadows. This hermaphroditic, perennial
species flowers July–August, and is insect pollinated. It is self-
compatible, but selfing is rare in the field. In addition, clonal
growth has been described in Succisa (Adams 1955), and the
longevity of genets is high (>25 years). Furthermore, Succisa is a
keystone species for phytophagous insects in Swiss fen meadows
(Peintinger 1999).

Habitat islands

In this study, we used 18 pre-alpine fen meadows, which were
arranged in six clusters (fen systems), within two different regions
in north-eastern Switzerland. Individual fen systems will be
referred to by the following localities: Alpthal, Sattel, Nesslau,
Ebnat-Kappel, Grabserberg, and Wildhaus. A detailed list of the
composition, locations, size of the fen meadows in these fen
systems, and details on the experimental design and the rationale
behind these fen systems is given in Hooftman et al. (1999).
Briefly, each fen system consisted of a large habitat island of >5 ha
(main island) and two small habitat islands of ca. 0.5 ha. The two
small islands differ in the geographical distance from the main
island (near island: ca. 50 m, distant island: ca. 1,000 m). The two
distance classes were chosen on the basis of published data: gene
flow becomes extremely rare beyond distances of approximately
1,000 m (Levin 1988), but may already be reduced at distances of
several tens of metres (e.g. Primack and Miao 1992; Morris 1994).
The near island is therefore assumed to have a reduced but sporadic
gene flow from the main island, whereas the distant island is
assumed to be genetically isolated. This spatially controlled field
design allowed us to distinguish between the effect of small habitat
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size and the effect of isolation (Hooftman et al. 1999). To preclude
differences between fen meadows caused by differences in altitude
and management, we only chose montane fen meadows in the
altitude range of 900–1,400 m a.s.l., which are mown once annually
in early September, hence management effects on plant perfor-
mance can be ruled out (c.f. Oostermeijer et al. 1994; Heglund et al.
2001).

Seed collection

In each habitat island, we made a bulk collection of seeds from
more than 25 randomly chosen individuals of Carex in July 1998,
and of Succisa in August 1998 and 1999. To avoid possible edge
effects on seed quality, we did not collect seeds within a distance of
2 m from the edge of each habitat. Since seed mass affects
subsequent growth (Westoby et al. 1996), we tested for systematic
differences among habitat islands. The average seed mass,
expressed as a mean of five samples of 100 randomly chosen
seeds per habitat island, did not significantly differ among the three
habitat island types for both species (Carex, F1,6=1.3, P>0.3;
Succisa, F1,9=0.14, P>0.8).

Common garden experiments

To study whether there were genetic differences in growth and
reproduction between plants originating from the main, near and
distant island types, we performed a common garden experiment. In
January 1999, we sowed seeds in Petri dishes filled with
vermiculite in a climate chamber with a day/night regime of 14/
10 h and a temperature regime of 20/10�C. Emerged seedlings were
planted in a 1:1 mixture of sand and soil, and kept in a greenhouse
before planting them in the garden of the Institut f�r Umweltwis-
senschaften in Z�rich (Switzerland) in May 1999. We mixed the
loamy soil of the garden with sand to create low nutrient conditions
comparable to those in fen meadows. We excessively watered the
soil to create a wet environment and to avoid drought stress.

We planted six to ten seedlings of Carex originating from each
habitat island in the garden (with the exception of the distant island
in Alpthal and the near island in Wildhaus, which yielded one and
no seedlings, respectively). The plants (i.e. 84 single tiller genets)
were randomly planted at a 15-cm spacing. Fourteen months after
the start of the experiment (July 2000), we counted the number of
vegetative and flowering tillers of each plant (all had survived), and
determined aboveground biomass after drying to constant mass at
70�C.

We planted six to ten seedlings of Succisa originating from each
habitat island in the garden (with the exception of the near island in
Wildhaus and the distant island in Nesslau, which had three and no
seedlings, respectively). The plants (i.e. 148 genets in the four to six
leaf phase) were randomly planted at a 10-cm spacing. Fifteen
months after the start of the experiment (August 2000), we counted
the number of rosettes (eight plants had died), the number of flower
heads per plant and the number of flowers of the first two flower
heads to ripen on each genet. Subsequently, we determined
aboveground biomass after drying to constant mass at 70�C.

Reciprocal transplant experiments

Seeds

To study effects of the size and isolation of habitat islands on
germination and establishment, and to study whether seeds
originating from different habitat types are locally adapted, we
reciprocally transplanted seeds of Carex and Succisa among main,
near and distant islands within each of five fen systems (we could
not collect enough seeds in Nesslau to conduct the reciprocal
transplant experiments). Inseeding was done in late September
1998, shortly before the snow covered the fen meadows. For each
species, we randomly selected four plots within each habitat island.

The plots were subdivided into four subplots of 20�20 cm with a
buffer zone of 5 cm between them. In each of three subplots within
each plot, we sowed 50 seeds originating from one of the three
island types of the respective fen system. Because it was impossible
to tag individual seeds, we used the fourth subplot as a control to
estimate natural germination rates. The total number of subplots
used in this study was 240, of which ca. 16 had to be excluded at
the end of the experiment because tags of the plots were lost. This
experiment was repeated for Succisa with 100 instead of 50 seeds
per subplot in September 1999. We recorded the number of
seedlings of Carex and Succisa in each subplot, to measure the
germination rates, in June and July 1999, respectively. One year
later (June and July 2000), we recorded the number of adult tillers
(Carex) and the number of established juvenile plants (Succisa) in
each subplot to measure the establishment rates. In July 2000, we
counted the number of seedlings within each subplot of the second
germination experiment (1999) of Succisa.

Seedling establishment of Succisa

To study effects of the local habitat island type on survival, growth
and reproduction of Succisa, and to study whether plants originat-
ing from different habitat islands were locally adapted, we
reciprocally transplanted seedlings (i.e. genets in the four to six
leaf phase) of Succisa among main, near and distant islands within
each of five fen systems in May 1999.

Pre-cultivation of seedlings was identical to the one described
for seedlings used in the common garden experiment. Within each
habitat island, we randomly selected four plots of 1 m2. Within each
plot, we planted and marked two seedlings from each of the three
habitat island types comprising a given system (totalling 360
seedlings). In Wildhaus, 43 instead of 72 seedlings were trans-
planted because of a lack of seedlings. Fifteen months after the start
of the experiment (August 2000), we recorded whether the plants
had survived, and on the surviving plants we measured the same
traits as in the common garden experiment.

Statistical analyses

We analysed all quantitative variables with a hierarchical analysis
of variance with sequential sum of squares (procedure GLM in the
statistical package SPSS; SPSS, Chicago, Ill.). The model used for
the analyses of the data of the common garden experiment was
presented in Hooftman et al. (1999). Briefly, “regions” and “fen
systems”, which are nested within “regions”, were treated as block
effects, and “island types” as a fixed effect. By using a hierarchical
design, we are able to account for the variation explained by
regional differences and among fen systems in advance to testing
the effects of habitat fragmentation, which is of primary interest
here. To distinguish between the effect of small habitat size and of
isolation, we specified two linear contrasts: the effect of habitat size
was tested with a contrast between the main island and both small
islands, subsequently the effect of isolation was tested with a
contrast between the near and the distant small island. To correct
the effects of habitat fragmentation for variation among fen
systems, we quantified means of each habitat island type by using
an estimated marginal (predicted) means procedure. All quantita-
tive variables were log-transformed prior to analysis to ensure
normality and homoscedasticity. For analysing the data of the
reciprocal transplant experiments, we used an extension of the
model presented above (Table 1). To distinguish between effects of
the island type of origin (source island) and effects of the local
island type in which plants were planted (target island), we
included both effects and their interaction in the model. Because of
the overall low explanatory power of the variation by this
interaction, no additional linear contrasts were included. In the
seed transplantation experiment, we first tested whether the number
of seedlings in the experimentally sown subplots was higher than in
the matching control subplots. To test whether the binary data of
seedling survival in the reciprocal transplant experiment differed
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between habitat island types, we used analysis of deviance
(Genstat, Payne et al. 1995) with the complementary log-log link
(Candy 1986). We calculated ratios of mean deviance changes
(quasi F-values), which approximately follow the F-distribution
(Payne et al. 1995). To correct for actual population sizes in the
habitat islands, we also performed all analyses with log-trans-
formed population size as a covariable. Population sizes of both
species, which were estimated as the number of flowering
individuals in 1999 (D. A. P. Hooftman and M. Diemer, submitted),
were significantly higher in the main islands than in the small
islands (Carex, F1,10=65, P<0.001; Succisa, F1,10=27, P<0.001),
and not significantly different between the near and distant small
islands (Carex, F1,10=2.7, P>0.13; Succisa, F1,10=0.02, P>0.8). As a
consequence, population size was positively correlated with habitat
size. Inclusion of the covariable population size may have revealed
effects of small habitat size independent of small population size.
As mentioned previously, we also performed all analyses with the
log-transformed average seed mass as covariable in the model. This
covariable was not significantly different between different habitat
island types, consequently, inclusion of this covariable never
changed the results. The results of analyses incorporating the
covariable population size will only be mentioned in instances
when they deviate from the original model.

Results

Common garden experiment

Carex

Fourteen months after the start of the experiment, plants
of Carex had on average a total aboveground biomass of
6.8€0.4 g, 274€12 tillers, and 8.2€1.7 flowering tillers
(43% of all plants flowered). Plants from small islands
produced on average 35% less biomass, 30% fewer tillers
and 45% fewer flowering tillers than plants from the main
islands (all P<0.05, Table 2, Fig. 1). There were no

Table 2 Results of ANOVA
(GLM procedure) on Carex
davalliana fitness traits in a
common garden experiment
(n=84)

Source of variation df No. tillers
F

Biomass
F

No. flowering tillers
F

Region 1 0.01 0.01 1.45

Fen system 3 1.13 1.86 0.21

Habitat islands Habitat size effect 1 11.6* 9.84* 21.9**
Isolation effect 1 3.61 2.67 0.08

Populations 6 0.68 0.55 0.09

*P<0.05, **P<0.01

Table 1 Skeleton model of a
nested hierarchical ANOVA
(GLM procedure), using se-
quential sum of squares, for
testing the effects of habitat
fragmentation in reciprocal
transplant experiments. pz co-
variable, r Region, f fen system,
h habitat size effect, s source
island, t target island, i isolation
effect, res residuals

Source of variation df Mean squares F

Covariable 1 Mpz Mpz/Mfs
Region 1 Mr Mr/Mf
Fen system (nested within region) 3 Mf Mf/Mres
Habitat size effect (source island) 1 Mhs Mhs/Mfs
Habitat size effect (target island) 1 Mht Mht/Mft
Isolation effect (source island) 1 Mis Mis/Mfs
Isolation effect (target island) 1 Mit Mit/Mft
Source island�target island 4 Mst Mst/Mfst
Fen system�source island (=source populations) 8 Mfs Mfs/Mfst
Fen system�target island (=target populations) 8 Mft Mft/Mfst
Fen system�source island�target island 16 Mfst Mfst/Mres
Residuals n=45 Mres

Fig. 1 Effect of the habitat island types of origin on the mean
aboveground biomass, the mean number of tillers, and the mean
number of flowering tillers produced per plant of Carex davalliana
in a common garden experiment. Error bars represent SEMs
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significant differences in these traits between the near and
distant small islands (Table 2). Because population and
habitat size were strongly correlated in Carex, the
significance of the habitat size effect disappeared, when
we included population size as a covariable in the model.

Succisa

Fifteen months after the start of the experiment, plants of
Succisa had on average a total aboveground biomass of
4.9€0.4 g, 2.0€0.2 rosettes, 9.4€0.7 flower heads, and
57€3 flowers per flower head (87% of all plants
flowered). Plants from small islands produced on average
19% more biomass, 10% more rosettes, 14% more flower
heads, and 35% more flowers per flower head (Fig. 2)
than plants from the main islands. This effect was
significant for the number of flowers per flower head
(P<0.01), number of flower heads (P<0.05) and marginal-
ly significant for the biomass produced per plant
(P=0.09). In addition, plants from the distant island
produced 32% more rosettes than plants from the near
island (P<0.05, Table 3, Fig. 3). When including popu-

lation size as a covariable in the model, the effects
became stronger for rosettes and biomass (P<0.01 and
P<0.05, respectively), whereas the effects on number of
flower heads and flowers per flower head disappeared,
indicating that the effect of habitat size and population
size were strongly correlated.

Reciprocal transplant experiments

Seeds of Carex

Nine months after the start of seed transplant the
experiment, on average 2.1 additional seedlings of Carex
occurred in inseeding subplots, compared to control
subplots, which represents an increase of 21%
(P<0.001, Table 4). One year later, 0.5 additional adult
tillers remained relative to the control subplots (+2.1%,
P<0.001, Table 4). There were no significant differences
in germination and establishment rates among the three
island types from which seeds originated and in which
seeds were sown (Table 4). This suggests that habitat size
and isolation did not affect the seed quality or establish-

Fig. 2 Effect of the habitat is-
land types of origin on the mean
number of rosettes, the mean
aboveground biomass, the mean
number of flower heads, and the
mean number of flowers per
flower head produced per plant
of Succisa pratensis in a com-
mon garden experiment. Error
bars represent SEMs

Table 3 Results of ANOVA (GLM procedure) on Succisa pratensis fitness traits in a common garden experiment (n=140)

Source of variation df No. rosettes
F

Biomass
F

No. flower heads
F

No. flowers per flower head
F

Region 1 5.33 (P=0.08) 1.16 0.52 0.44

Fen system 4 1.06 2.89* 2.97* 2.27

Habitat islands Habitat size effect 1 2.00 3.26 (P=0.09) 5.34* 12.5**
Isolation effect 1 7.40* 0.11 0.50 1.13

Populations 9 0.76 0.47 0.38 0.24

* P<0.05, ** P<0.01
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ment of Carex. However, there was a significant positive
correlation between size of the source population and the
germination and establishment rate of seedlings (P<0.05).

Seeds of Succisa

Ten months after the start of the seed transplant exper-
iment, the number of seedlings of Succisa was not
significantly higher in the subplots in which we had
experimentally sown seeds compared to control subplots.
However, 1 year later, on average 0.9 more plants had
become established in the sown subplots, compared to the
controls (+263%, P<0.01, Table 4). In the second
experiment (which started in 1999), we found on average
0.4 seedlings more in the experimental subplots than in
the control subplots (+39%, P<0.001). There were no
significant differences in germination and establishment
rates among the three island types from which seeds
originated and in which seeds were experimentally sown
(Table 4), which suggests that habitat size and isolation
did not affect the seed quality or establishment of Succisa.
However, there was a significant positive correlation
between the size of the source population and germination
in the second experiment (1999; P<0.05), and a marginal-
ly significant one in the first experiment (1998; P=0.07).

Seedling establishment of Succisa

Fifteen months after the start of the seedling transplant
experiment, 84% of all plants in the field had survived.
The surviving plants had produced a mean total above-

Table 4 Results of ANOVA (procedure GLM) on reciprocal
transplanting of seeds of C. davalliana and S. pratensis in 1998.
In 1999, a second series of S. pratensis seeds was transplanted. A

comparison of plots with seeds added relative to controls (inseeding
effect, calculated per plot) and effects of habitat fragmentation are
shown

Source of variation C. davalliana S. pratensis

Germination
in 1999
(n=165)a

Establishment
in 2000
(n=171)a

First series
Establishment in
2000 (n=174)a

Second series,
Germination in 2000
(n=171)a

df F df F df F df

Comparison of plots with seeds added relative to controls

Inseeding effect 109 1.91*** 113 3.43*** 115 1.68*** 113 3.15***
Residuals 110 114 116 114

Effects of habitat fragmentation

Region 1 6.93
(P=0.08)

1 1.75 1 1.52 1 0.64

Fen system 3 3.06* 3 10.0*** 3 5.29** 3 12.3***
Habitat islands
Habitat size effect (source island) 1 2.20 1 0.25 1 0.00 1 1.43
Habitat size effect (target island) 1 0.02 1 1.50 1 3.69 1 0.08
Isolation effect (source island) 1 1.84 1 0.01 1 0.04 1 0.00
Isolation effect (target island) 1 0.87 1 2.78 1 0.00 1 0.24
Source island�target island 4 0.83 4 1.19 4 2.17 4 0.87
Populations (source) 8 3.10 8 2.25 8 1.41 8 1.15
Populations (target) 8 23.7*** 8 10.6*** 8 1.78 8 2.40

*P<0.05, **P<0.01, ***P<0.001
a Without control plots

Fig. 3 Effect of the habitat island types of origin on the mean
number of rosettes, mean survival rate of genets, and the mean
aboveground biomass produced per plant of S. pratensis in a
reciprocal transplant experiment. Error bars represent SEMs.
Results shown are pooled data of “home” and “away” planted
plants
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ground biomass of 0.19€0.02 g and 1.14€0.03 rosettes.
After 15 months 2.6% of all plants had flowered. Survival
of seedlings and biomass production of the survivors did
not differ significantly between the different island types
(Fig. 3, Table 5). Plants of Succisa originating from small
islands produced on average 7% more rosettes than plants
originating from main islands (P<0.01, Table 5, Fig. 3).
However, plants originating from distant islands produced
6% fewer rosettes than plants originating from near
islands (P=0.08, Table 5). The effect of habitat size was
not significant anymore, when we included population
size as a covariable in the model, indicating that the
effects of habitat size and population size were strongly
correlated. Similarly, the marginal, significant effect of
isolation disappeared when we included population size
as a covariable in the model.

Discussion

In the reciprocal transplant experiment with seeds of
Carex and seeds and seedlings of Succisa, there were no
significant effects of the size and degree of isolation of
the local habitat islands on germination, survival and
growth of plants (Tables 4, 5). Under the common
environmental conditions in the garden and field, how-
ever differences in growth and reproduction between
plants originating from large (main), adjacent small (near)
and remote small (distant) habitat islands were evident in
both species. These results suggest that differences
between plants of different habitat islands are genetic
and cannot be explained by systematic differences in
environmental conditions among main, near and distant
islands. A conclusion supported by unpublished data on
community biomass and leaf area index (see below).
Despite this lack of systematic differences among island
types, local conditions of individual habitat islands
certainly differ to a small extent, e.g. in Carex (Table 4).
Another possible explanation for the observed effects
could be attributed to maternal environmental carry-over
effects via the seeds (Schmitt et al. 1992; Schmid and
Dolt 1994). However, this explanation is unlikely since
mean seed mass did not differ between the three habitat
island types and the results never changed when we

included seed mass as a covariable in the analyses.
Furthermore, there were no statistical differences among
habitat island types for two types of environmental
conditions: aboveground biomass production (D. A. P.
Hooftman and M. Diemer, submitted) and canopy struc-
ture (van den Bogert, unpublished data).

Genotypic differences between plants from different
habitat islands

Carex

In the reciprocal seed transplant experiment, we did not
find higher germination and establishment rates for
“home” than for “away” seeds of Carex, nor did we find
significant differences between island types where seeds
were sown. However, the germination rate was positively
correlated with the size of the population of origin
(Table 4), suggesting a genotypic effect of population size
on seed quality, as observed by Helenurm (1998), and
Fischer and Matthies (1998). Indirect evidence from
another field study (D. A. P. Hooftman and M. Diemer,
submitted), using the same habitat islands, supports this
contention, i.e. the proportion of seedlings of all plants of
Carex decreased by 39% in isolated islands compared to
main islands

In the garden, plants of Carex originating from small
island types produced less aboveground biomass, fewer
tillers, and fewer flowering tillers than plants from the
main island (Table 2). In small habitats, it is likely that
genetic drift in the small populations has resulted in
lowered genetic variation, more inbreeding and conse-
quently reductions in fitness through inbreeding depres-
sion (Barrett and Kohn 1991; Ellstrand and Elam 1993).
This effect has been observed for many rare plant species
(Menges 1990; Ouborg et al. 1991; Oostermeijer et al.
1995; Heschel and Paige 1995; Fischer and Matthies
1998; Fischer et al. 2000), but to our knowledge, this is
among the first reports of such an effect in a common
species. As a further consequence of reduced genetic
variation in small habitat islands, bi-parental inbreeding
may have increased in this dioecious species (Ellstrand

Table 5 Results of ANOVA
(GLM procedure) on S. praten-
sis fitness traits in a reciprocal
transplant experiment

Source of variation df Survival
(n=303)
F

No. rosettes
(n=245)
F

Biomass
(n=245)
F

Region 1 3.20 0.95 0.75
Fen system 3 0.17 0.86 2.54
Habitat islands
Habitat size effect (source island) 1 0.23 16.4** 2.77
Habitat size effect (target island) 1 0.97 2.34 1.10
Isolation effect (source island) 1 0.21 3.84 (P=0.08) 0.24
Isolation effect (target island) 1 0.43 1.73 0.45
Source island�target island 4 0.79 1.37 0.28
Populations (source) 8 1.47 0.27 1.55
Populations (target) 8 2.09 1.53 1.35

*P<0.05, **P<0.01
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and Elam 1993; Fischer et al. 2000; Richards 2000)
further lowering the genetic variability.

Succisa

In the reciprocal seed transplant experiment, we also
detected no statistically significant effects of habitat
fragmentation on seed quality in Succisa. However, since
seed germination was very low, our sample sizes may
have masked significant differences.

Nevertheless, the germination and establishment rates
of Succisa in the field were positively correlated with the
size of the population of origin, suggesting a genotypic
effect of population size on seed quality, similar to the
one observed for Carex. Also for Succisa, indirect
evidence from a field study (D. A. P. Hooftman and M.
Diemer, submitted), using the same habitat islands
supports this contention, i.e. the proportion of seedlings
of all sampled plants of Succisa decreased by 80% in
small islands compared to main islands.

In the garden, plants originating from small habitat
islands produced more biomass, rosettes, flower heads,
and flowers per flower head (Table 3). In the reciprocal
seedling transplant experiment, we also found that plants
from small and isolated islands produced more rosettes
(Table 5). Theory and available data predict that genetic
drift and a higher inbreeding level should most likely
result in a lower fitness of plants as a consequence of
inbreeding depression in small habitat islands (Ellstrand
and Elam 1993; Young et al. 1996; Fischer and Matthies
1998; Lienert et al. 2002b), as observed in Carex. The
higher fitness of plants of Succisa from small habitat
islands relative to main islands, therefore, suggest that
genetic differences between plants from different island
types are more likely to be caused by differential selection
pressures between island types, than by genetic drift. The
higher investment in sexual reproductive structures and
vegetative growth observed in plants from small islands
suggests that there has been selection for both sexual and
clonal reproductive traits. Because the reciprocal trans-
plant experiment showed that “home” plants did not
perform better than “away” plants, we believe that biotic
interactions are more likely a explanation for this
selection, rather than adaptations to local abiotic factors.
The number and diversity of pollinating insects may
decrease in small habitat islands (Wettstein and Schmid
1999), which in insect-pollinated species such as Succisa,
may result in pollen limitation, and consequently reduced
reproduction (Agren 1996; Kwak et al. 1998). Therefore,
plants, which produce more flowers and thereby attract
more pollinators, or plants with a higher investment in
clonal reproduction may be selected for. This mechanism
is less likely in wind-pollinated species, such as Carex. In
a previous study (D. A. P. Hooftman and M. Diemer,
submitted), we found a decrease in the proportion of
seedlings in small habitat islands, which indicates that the
observed increase in the number of flowers in plants from
small habitat islands does not result in a higher germi-

nation rate and a higher rate of seedling establishment in
the field.

Conclusions

Our results show that differences in germination rate,
growth, and flowering traits for both Carex and Succisa
between large, and small near and isolated habitat islands
are most likely genotypic. Local environmental condi-
tions and maternal carry-over effects cannot explain the
observed differences in plant fitness among habitat island
types.

The contrast of the near versus the distant island
(=isolation effect) in our experimental design allowed us
to detect the effects of potential gene flow, which could
counteract the effects of small habitat size. However, we
were unable to document unambiguous evidence of such
gene flow to near islands for either species. Virtually all
observed changes in plant fitness components were
attributable to the effects of small habitat size, which
are likely to act through concomitant differences in
population size. Therefore we conclude that gene flow to
near habitat islands, located roughly 50 m from the main
island, is very low for these species and insufficient to
counteract the effects of small habitat size for these
species.

Moreover, this study is to our knowledge, among the
first studies to show evidence for genetic effects of habitat
fragmentation on components of individual fitness in
common fen meadow species. Obviously, the fitness
components examined in our study cannot reflect lifetime
fitness. Although lifetime fitness of perennial plants, and
especially of plants with clonal growth, is notoriously
difficult to measure (Winkler and Fischer 1999), we
measured both vegetative and reproductive traits; the
further inclusion of fitness attributes should therefore not
affect our conclusions. Furthermore, we found effects of
habitat fragmentation on population structure in both
species, which are in line with the results of this study (D.
A. P. Hooftman and M. Diemer, submitted). The results
of a closely related study, using allozyme electrophoreses,
essentially supports the conclusion derived here (D. A. P.
Hooftman et al., submitted). In Carex, we found a
decrease in the number of alleles per locus, and hetero-
zygosity in populations of small and isolated habitat
islands, which may indicate genetic drift. In Succisa, we
found a marginal significant differentiation (Fst) between
populations in small habitat islands and main islands,
which may be indicative of the selection for specific
genotypes suggested in this study. Likewise in a formerly
common fen meadow species, Swertia perennis, plant
fitness and isozyme variability were significantly reduced
in small isolated habitat islands (Lienert et al. 2002b,
2002c). Furthermore, negative correlations between fit-
ness components and genetic variability were observed
elsewhere (Oostermeijer et al. 1995; Fischer and Matthies
1998; Fischer et al. 2000), although this relationship may
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not be universal (Ouborg and van Treuren 1995; Lammi
et al. 1999).

Our hypothesis that habitat fragmentation affects not
only rare species, but common habitat-specific species as
well, was substantiated, even though populations of
common habitat-specific species in small habitat islands
are much larger than populations of rare species, facing
similar fragmentation. Moreover, our study shows that the
effects of habitat fragmentation are not uniform among
species, but may depend on their life history. Since only
two habitat-specific species are used, in conjunction with
Swertia data (Lienert et al 2002b, 2002c), generalization
to include other species and habitat types is still difficult.
It is unclear if the magnitude of the effects observed here
indeed may threaten isolated or small populations in the
long-term or if compensatory demographic effects may
stabilize these populations. Since common species com-
prise the matrix of the community, a change in population
viability of those species may affect the community as a
whole. Ongoing habitat fragmentation supports the need
for additional research into common species in other
habitats and the development of long-term monitoring
programs.
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