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Introduction

ABSTRACT

The long-term persistence of populations and species depends on the successful recruitment of indi-
viduals. The generative recruitment of plants may be limited by a lack of suitable germination and
establishment conditions. Establishment limitation may especially be caused by the competitive effect
of surrounding dense vegetation, which is believed to restrict the recruitment success of many plant
species to small open patches (‘safe sites’). We conducted experiments to clarify the roles of germina-
tion and seedling establishment as limiting processes in the recruitment of Juncus atratus Krock., a rare
and threatened herbaceous perennial river corridor plant in Central Europe. Light intensity had a positive
effect on germination. However, some seedlings emerged even in total darkness and the germination rate
at 1% light intensity was more than half of that at 60% light intensity. Seedling establishment in the field
after 10 weeks was 30% on bare ground, but it was close to zero in grassland. Establishment in the growth
chamber after 8 weeks was close to 75% for seedlings that germinated underwater, but only about 35% for
seedlings that germinated afloat. Furthermore, establishment decreased with flooding duration on bare
ground, but increased with flooding duration in grassland. These data indicate that establishment, rather
than germination, is a critical life stage in Central European populations of J. atratus. They furthermore
indicate that the competition of surrounding vegetation for water limits seedling establishment under
field conditions without flooding, largely restricting establishment success to bare ground habitats. In
contrast, grassland is more suitable for the recruitment of J. atratus than bare ground under prolonged
flooding. Grassland may facilitate the establishment of J. atratus seedlings during long-lasting floods by
supplying oxygen to the soil through aerenchyma. The shift from competition to facilitation in grassland
occurred after 30 days of flooding, i.e. within the ontogeny of individual plants. The specific recruitment
requirements of J. atratus may be a main cause of its rarity in modern Central Europe. In order to prevent
regional extinction of J. atratus, we suggest maintaining or re-establishing natural hydrodynamics in the
species’ habitats.

© 2010 Published by Elsevier GmbH.

is establishment-limited if no population increase occurs. In the
latter case, however, the question remains as to how sensitive

The generative recruitment of plants may be limited by a short-
age of seeds (seed limitation) or by a lack of suitable germination
and establishment conditions (establishment limitation) (Eriksson
and Ehrlén, 1992; Miinzbergova and Herben, 2005; Nathan and
Muller-Landau, 2000; Turnbull et al., 2000). To quantify these two
components of recruitment limitation, one can conduct seed addi-
tion experiments in which extra seeds are sown and the resulting
increase in recruit numbers is recorded (Crawley, 1997; Hoélzel,
2005; Moles and Westoby, 2002; Nathan and Muller-Landau, 2000;
Turnbull et al., 2000). If a population increase is observed after
seed addition, recruitment is seed-limited, whereas recruitment
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the different life-stage processes are that comprise establishment.
Establishment limitation may be caused by germination failure,
seedling mortality, or juvenile death, all of which may be caused
by adverse environmental conditions. Such conditions include
the competitive effect of surrounding dense vegetation, which is
believed to restrict the recruitment success of many plant species
to small open patches (‘safe sites’ sensu Burke and Grime, 1996;
Donath et al., 2006; Harper, 1977; Holzel and Otte, 2004; Yates and
Ladd, 2005).

The recruitment of such competitively inferior species is
often disturbance-dependent. The group of disturbance-dependent
species (or ruderals; Grime, 1974) holds many rare and threatened
taxa (Burkart, 2001; Holmgren and Poorter, 2007; Kirkpatrick and
Gilfedder, 1998; Roschewitz et al., 2005; Smith et al., 2005). Ruder-
als are typically concentrated in ecosystems subject to regularly
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occurring large-scale disturbances (Ellenberg, 1996; Korner and
Jeltsch, 2008; Marshall and Moonen, 2002; Roschewitz et al., 2005).
In order to identify the processes that maintain and threaten biodi-
versity in these species-rich systems, it is thus necessary to unravel
the roles of disturbance and recruitment for the life cycle of rare
plants.

Here we report on a series of experiments designed to iden-
tify the recruitment requirements of the river corridor plant Juncus
atratus Krock. J. atratus is a rare herbaceous perennial in Central
European floodplains that has long been known to occur in dis-
turbed habitat patches (Ascherson, 1864; Burkart, 1995; Burkart
and Prasse, 1996; Taubert, 1889). Despite this affinity for ephemeral
site conditions, some J. atratus populations have persisted for more
than 100 years (Ascherson, 1864; Burkart, 1995; Plottner, 1898).
This somewhat paradox finding gives rise to questions about the
persistence mechanisms and the nature of the disturbance affin-
ity. Knowledge of the persistence mechanisms is fundamental
for conservation management recommendations (Corral-Aguirre
and Sanchez-Velasquez, 2006; Farnsworth, 2007). Adult J. atratus
plants produce non-dormant seeds in large numbers that may be
distributed by water during floods (K. Alsleben and M. Burkart,
unpublished data). These seeds may germinate either floating on
the surface or underwater after having sunk to the ground. The fate
of the offspring from both germination paths must be assessed to
understand the species’ recruitment (Leyer, 2006; Vogt et al., 2004).

Specifically, we tested the following hypotheses: (1) germina-
tion of J. atratus is not restricted by reduced levels of light intensity
which are typical for the soil surface in herbaceous vegetation.
(2) Seedling establishment is the limiting life-stage process of
Central European J. atratus populations under natural conditions.
(3) Floodplain-specific disturbances (destruction of the vegetation
cover, flooding) promote the establishment of J. atratus. (4) The
establishment of seedlings that germinated afloat is reduced as
compared to seedlings that germinated on the ground.

Based on the results of our experiments, we discuss potential
causes of the rarity and the long-term persistence of J. atratus as
well as the role of the surrounding vegetation as a potential source
of competition or facilitation, and formulate guidelines for the man-
agement of its habitat and the identification of reintroduction areas.

Materials and methods
Study species and study sites

Juncus atratus Krock. is a a hemicryptophytic monocot with short
creeping rhizomes and very light seeds. It forms loose tussocks of
up to 50 cm diameter that consist of a few to several hundred verti-
cal shoots. These shoots are formed annually and reach up to 1 min
height (Buchenau, 1890; Kirschner, 2002; Snogerup, 1978). Seeds
are oblong, weigh approx. 0.013 mg, ripen between mid-July and
early August, are released immediately after maturity and may be
dispersed by wind, water and animals. The germination rate at opti-
mum conditions (22 °C, full light, water saturation) ranges from 70
to 100% (Geissler and Gzik, 2008; Michalski and Durka, 2007a,b; K.
Alsleben and M. Burkart, unpublished data). Seeds are non-dormant
and long-lived: no decline in germination rate has been observed,
neither after 2 years of seed burial under natural conditions (inter-
mittently wet and dry) nor after 1 year of dry storage at room
temperature (M. Burkart, unpublished data).

In Central Europe, J. atratus occurs in river corridors, both on
pioneer sites and in grassland communities of the alliances Cnid-
ion dubii Balatova-Tulackova 1966 and Potentillion anserinae R. TX.
1947 (relevés in Burkart, 1995). However, populations have hardly
been found close to river margins, but generally on the banks of
backwaters, in plains and depressions, ditches and pits remote from

the river channel and even behind dikes (Burkart and Prasse, 1996;
Burkart, 1995; Hejny, 1960). The habitats are exposed to full sun
or are slightly shaded. They are generally flooded for 1-5 months
in winter and spring. Cover and abundance of J. atratus declines
both in shade and under tall-grass competition, but the species is
flood-tolerant and able to initiate spring growth while still fully
submerged (Burkart, 1995; M. Burkart, unpublished data).

The centre of the geographical range of]J. atratus lies in the steppe
zone of subcontinental western Eurasia (Hultén and Fries, 1986;
Meusel et al., 1965). Currently, its northwestern range boundary
is formed by several disjunct groups of populations in Germany,
Poland and the Czech Republic, where it occurs mainly in river
corridors (Burkart, 1995, 2001). In Central Europe, the species has
always been reported as rare (Ascherson, 1864; Burkart, 1995).
From a conservational viewpoint, this situation has worsened
throughout the past century, when the species became extinct in
southwestern Germany, Austria, and western Poland, and has been
strongly declining in the remaining areas of its Central European
distribution (Burkart, 1995).

For the experiments presented here, we studied the recruitment
of J. atratus populations from the Havel floodplain (northeastern
Germany). This area holds several populations of varying size,
including large populations with abundant seed production. Three
large populations served as seed sources for the experiments
described below (Pritzerbe, 52°30'29”N, 12°25'33”E; Vehlgast,
52°48'27"N, 12°10'30”E; Havelberg, 52°49'12"N, 12°05'20"E). All
these populations grow in floodplain grassland that is regularly
flooded in late winter and spring. The grassland is managed by
mowing (Pritzerbe, Vehlgast) or grazing (Havelberg). Besides man-
agement, there are no obvious differences between the sites. The
field establishment experiment was also conducted in this region.

Experiments

We conducted three experiments to clarify the role of germi-
nation and seedling establishment as limiting processes in the
recruitment of Central European populations of J. atratus. In a
germination experiment, we tested the effect of different light
intensities — as experienced by J. atratus seeds in their natural
habitat - on their germination rate to assess the potential role of
germination as a limiting process in the wild. In a field establish-
ment experiment, we tested for the effect of vegetation structure
(bare ground, low-competition grassland, and typical grassland)
on the establishment of J. atratus seedlings. Both the effects of
vegetation structure (bare ground, typical grassland) and flooding
duration on seedling establishment were studied in a growth cham-
ber experiment. Furthermore, this experiment was used to study
the importance of the germination mode (on the ground vs. afloat)
for establishment.

Germination

To study the effect of light intensity on the germination of
J. atratus, we exposed 1-year-old dry stored seeds of mixed ori-
gin from the study region to four levels of solar irradiation in
a greenhouse. Irradiation levels were chosen to simulate differ-
ent conditions which the seeds experience in the study region
(60% - open soil, 0% - subsoil, 10% and 1% - different grass-
land types; PPFD-values between 1.8%[36/1950 wmolm—2s~!]and
18.2%[360/1980 wmol m~2 s~!] were measured in the study region
at 2 July 2004 at 10:30 CEST on the soil surface in different stands
with J. atratus in relation to values above the plant canopy [n=4]).
Light intensity in the greenhouse was reduced by application of
one or three layers (10% and 1%, respectively) of a 2 mm x 10 mm
green mesh J56, part number 280173 (Hermann Meyer, Rellin-
gen, Germany) or through two layers of aluminium foil (0%) to
individual pots; this was in addition to the reduction due to the
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Fig. 1. Weather conditions during the field experiment in the Havel floodplain near Giilpe. Temperature (in°C, left axis, solid line) is given as day means measured 2 m above
the soil surface, precipitation (in mm, right axis, dotted line) is given as day sums. Asterisks (top of diagram) mark important dates (transplanting - 15 and 22 April, mat

removal — 6 May, data recording — 29 April, 13 May, 27 May, 10 June, 24 June 2005).

greenhouse glass (60%). Application of 100% irradiation was not
possible because the pots had to be protected from rain, which
might easily have washed out the very small Juncus seeds from
the pots. Irradiation was measured with an LI-1400 datalogger (LI-
COR-Biosciences, Lincoln, Nebr., USA) and a US-SQS/L light sensor
(Heinz Walz, Effeltrich, Germany). 80 pots per light intensity treat-
ment were randomly placed on trays that were filled with tap water
up to the sand surface. In each pot, 20 seeds were placed on a thin
layer of sterile sand on top of sterile soil in order to exclude any
other seeds. Holes in the bottoms of the plastic pots ensured that
soil and sand were constantly kept wet.

Germination was monitored over 4 weeks, with 20 pots from
each treatment studied each week. Germination was counted only
once for each pot, because mesh and aluminium foil had to be
removed for counting, which interrupted the light treatment.

The seedlings in the 80 pots that were counted first were marked
individually with wooden toothpicks, and were then kept under the
same light and water conditions as before to monitor their survival
in the following 4 weeks.

The experimental data were analysed with generalised linear
models (GLM) with proportion of germinated seeds as the response
variable and quasibinomial errors to account for overdispersion
(McCullagh and Nelder, 1989). The maximal model included the
factor tray (1-20), time (1-4 weeks) and light intensity (0%, 1%, 10%,
60%) as continuous explanatory variables, and all possible interac-
tions. As in all subsequent analyses, we then obtained the minimal
adequate model through stepwise backward model simplification
by deleting all model terms not significant at P<0.05 (Crawley,
2002). These and all other statistical analyses were conducted in
R 2.6.0 (R Development Core Team, 2007).

Field establishment

To test for the effect of vegetation structure on the establishment
of J. atratus, we conducted a field experiment in an open grassland
area in the Havel floodplain near Giilpe (52°43'40”N, 12°13'00”E)
where the species occurs naturally in Potentillion anserinae grass-
lands. In this experiment, seedlings germinated in the greenhouse
were transplanted into experimental plots (0.7m x 0.7 m). The
original vegetation of these plots belonged to the association
Ranunculo-Alopecuretum R. Tx. 1937, alliance Potentillion anseri-
nae, with 10-18 plant species per 10 m2, mainly Agrostis stolonifera,
Alopecurus pratensis, Eleocharis palustris, Elymus repens, Galium
elongatum, Glechoma hederacea, Phalaris arundinacea, Poa angus-
tifolia, Poa trivialis, Potentilla anserina, Ranunculus repens, Rorippa
sylvestris, and Trifolium repens, i.e. a mixture of high- and low-
growing species that is typical for these sites in the region (Burkart,
1998; Burkart et al.,2003). In this system, Phalaris arundinacea is the
tallest grass and a strong competitor, tending to become dominant

if management is reduced (Burkart et al., 2003). In the experimen-
tal plots, however, none of the species dominated the others; initial
Phalaris cover values were between 2% and 20%; total vegetation
cover was close to 100%, and mean canopy height was approx. 0.4 m
in mid-June. To simulate different types of vegetation structure
found in existingJ. atratus populations, we applied three treatments
to the plots: (1) complete removal of the aboveground vegetation
and ca. 5 cm of the topsoil (bare ground), (2) regular aboveground
removal of Phalaris arundinacea (low-competition grassland), and
(3)notreatment (typical grassland). Plots were arranged in 10 repli-
cate blocks each holding one plot of each treatment. The blocks
were identified 600-900 m away from an existing J. atratus popula-
tion. They were located at exactly the same elevation as the existing
population to ensure comparable soil water supply. Treatments
were established after the end of the flooding period in mid-
April. P. arundinacea was removed regularly throughout the study
period.

In each plot, five seedlings were planted on 15 April and
an additional seven seedlings were planted on 22 April 2005
into the central 0.12m x 0.12m, according to seedling availabil-
ity. Seedlings were taken from all origins and planted in a regular
4 cm x 4cm grid pattern. Of the 16 possible planting spots per plot,
12 were randomly selected and assigned to the seedling origins. The
pattern was kept constant within any one block, but varied between
blocks. After planting, seedlings were covered with a shallow white
mat permeable for light and water to reduce solar irradiation and
wind, and the soil in the plots was kept constantly moist in order
to prevent seedling death due to transplantation stress. Additional
watering was finished at 4 May, and the mat was removed on 6 May.
Survival and development of seedlings was recorded biweekly until
mowing at the end of June, 10 weeks after the first planting date
(Fig. 1).

Establishment rate was then calculated as the proportion of
seedlings that survived until week 10 after the first planting date.
Since block identity had no significant effect on seedling sur-
vival (GLM with quasibinomial error, F9,140=0.781, p=0.63) it was
excluded from subsequent analyses. Hence, the maximal GLM (with
binomial error) for the field experiment included the main effects
of vegetation structure, seed origin, and planting date (15 vs. 22
April) as well as all possible interactions.

Growth chamber establishment

To examine the joint effect of vegetation structure (bare soil
vs. typical grassland), flooding duration, and germination mode
(germination on the ground vs. afloat) on J. atratus establish-
ment, we conducted an additional establishment experiment in
two growth chambers. The use of growth chambers enabled us to
control the duration of flooding, which is difficult to regulate in
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Fig. 2. Germination of Juncus atratus under different light intensities. The box-
whisker plot shows the distribution of germination percentages per pot. Bold central
lines indicate the median, boxes span the interquartile range, whiskers encompass
values less than 1.5 box lengths away from the box, and points show outliers.

the field. The chambers were set to 12 h full light and a 24°C/12°C
12+12h diurnal temperature regime. Six-month-old seeds from
Pritzerbe and Vehlgast were germinated in water tanks, either
afloat or on the ground. 50 seedlings per pot were transferred indi-
vidually into small pots. The small pots were either filled with
mineral soil from the Havel floodplain to simulate bare ground
or filled with small grassland divots from the same area to sim-
ulate a flood meadow, and placed 63 cm below the lamps (PPFD
325-425 umolm~2s-! [n=5]). Pots were either kept constantly
wet up to the soil surface in the same manner as in the germi-
nation experiment (see above), or they were inundated with 6 cm
of water above soil surface for 1, 3, 10, 20, or 42 days after trans-
planting. Each individual combination of treatments, seed origins
and germination modes was replicated five times. Seedling survival
was monitored twice per week up to 56 days after transplant-
ing.

To account for random effects of growth chamber and tray,
the proportion of seedlings surviving up to 56 days was arcsin-
transformed and analysed using linear mixed-effects models
(Pinheiro and Bates, 2000). The maximal model for this analysis
contained vegetation structure, germination mode, and seed origin
as fixed factors, flooding duration as a fixed covariate as well as all
two-way interactions between these variables.

Results
Germination and seedling survival

Light intensity had a positive effect on the germination of J.
atratus (Fig. 2; F1317=76.826, p<0.001): the mean germination
rate after 4 weeks increased from 4.5% in darkness to 53.7% at
60% light. It is, however, noteworthy that some seedlings emerged
even in total darkness and that the germination rate at 1% light
intensity was more than half of that at 60% light intensity. Ger-
mination rates increased continuously over the 4 weeks of the
experiment (F; 317 =12.984,p<0.001). Seedlings that germinated in
the first week had a high survival over the following 4 weeks, with
mean survivorship ranging from 80% to 100% in all light treatments,
including total darkness (Fig. 3).

Fig. 3. Seedling survival after 4 weeks under different light intensities. The box-
whisker plot shows the distribution of survivorship per pot for seedlings that
germinated in the first week of the germination experiment. See Fig. 1 for inter-
pretation of the box-whisker plots.

Field establishment

Establishment in the field experiment depended on vegetation
structure (Fig. 4): of the seedlings planted on bare ground, 30% sur-
vived for 10 weeks, whereas the equivalent rate was close to zero
on the typical and low-competition grassland.

Seedling mortality in the typical and low-competition plots (but
not in the bare ground plots) increased after 4 weeks (Fig. 4),
i.e. under ambient weather conditions after the end of additional
watering and the removal of the mat (Fig. 1).

The interaction between vegetation structure and seed ori-
gin had a significant effect on field establishment (Xﬁ=ll.016,
P<0.05): in the low-competition treatment, seedlings from the
Vehlgast population survived longer than those from Pritzerbe.

Fig.4. Seedling survival in the field experiment as a function of vegetation structure
and time after seedling transplantation. The box-whisker plot shows the distribu-
tion of survivorship per plot. Dark grey boxes represent bare ground treatments,
light grey boxes show low-competition grassland treatments, white boxes repre-
sent typical grassland treatments. See Fig. 1 for interpretation of the box-whisker
plots.
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Fig. 5. Seedling establishment after 56 days in the growth chamber experiment as a function of germination mode, vegetation structure and flooding duration. Points and
asterisks depict observed survival rates, and lines illustrate model predictions. The subplots show the survival of seedlings that germinated on the ground (A, left) and afloat
(B, right), respectively. Point and line types indicate vegetation structure (points and lines: bare ground; asterisks and dashed lines: typical grassland).

On 6 June 2006 (i. e. more than 13 months after transplanting),
four plants (two from Vehlgast and two from Pritzerbe) out of the
initial 360 were still alive (1.1%). All of these survivors grew on bare
ground plots, and three of them co-occurred in the same plot.

Growth chamber establishment

Establishment differed significantly between the two germina-
tion modes (X% =59.801,p <0.001): it was close to 75% for seedlings
that germinated submerged on the ground (Fig. 5A), but only about
35% for seedlings that germinated afloat (Fig. 5B). Furthermore,
there was a strong interaction between vegetation structure (bare
ground vs. typical grassland) and flooding duration (X% =13.091,
p<0.001): establishment decreased with the duration of flooding
on bare ground, butincreased with the duration of flooding in grass-
land (Fig. 5). Due to this interaction, establishment was higher on
bare ground when flooding was short (0-20 days), whereas it was
higher in grassland when pots were flooded for 42 days (Fig. 5).

Discussion
Germination

The results of the germination experiment show that high light
intensities promote the germination of J. atratus (Fig. 2). How-
ever, the reduced light intensities (1-10%) likely to prevail on the
soil surface in typical grasslands still result in germination rates
of more than half the maximum germination rate (Fig. 2). This
implies that seeds deposited in grassland vegetation can germi-
nate at a moderate level, given that other conditions (mainly water

and temperature; Geissler and Gzik, 2008) are suitable for germi-
nation.

It therefore seems unlikely that germination has a strong limit-
ing effect on J. atratus establishment in grassland vegetation in the
study area if warmth and water supply are sufficient, as is often the
case there in spring during and after floods (Burkart et al., 2003;
Geissler and Gzik, 2008; Itzerott and Kaden, 2003). Rather, J. atra-
tus seeds in grassland should germinate at moderate to high rates,
similar to those on bare soil, during wet and moist periods in the
warm season.

Seedling survival and establishment

Fig. 3 shows that seedlings were able to survive at high rates for
several weeks under virtually all light regimes, including even total
darkness, given that the soil is wet. Their mean survival rates were
more than 80% after 4 weeks for all light intensity treatments. In
the field experiment, however, the mean survival rates of seedlings
were between 40% and 60% after the same time period (Fig. 4). The
divergence between these results is a strong hint that we should
look for factors other than competition for light as causes of natural
mortality in the seedling stage.

During the first 4 weeks of the field experiment, seedlings sur-
vived at a rate of 40-60% in all vegetation structure treatments
(Fig. 4). After exposure to ambient weather conditions on 6 May
and the subsequent period of increasingly warm and dry weather
until the end of May, (Fig. 1), seedling numbers dropped substan-
tially in the two meadow treatments (low-competition and typical
grassland), but decreased only moderately in the bare ground treat-
ment (Fig. 4, transition week 4 — 6). The divergence between the
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treatments suggests that seedling mortality was not directly caused
by the warm and dry weather, but was rather due to the combined
effects of ambient weather conditions and competition for water
from the surrounding established vegetation.

An adverse competitive effect of dense vegetation on seedling
establishment is a common result of recruitment studies (e. g.,
Doménech and Vil4, 2006; Isselstein et al., 2002; Jeschke and Kiehl,
2008) and was actually a main background of the regeneration
niche concept (Grubb, 1977).In most recruitment studies, however,
there is no specification as to which mechanism of competition
might cause the competitive effect. In our study, the combination
of factors strongly suggests that the mechanism is competition for
water in the seedling rhizosphere, i.e. in the uppermost soil layer.
Alternative explanations for the striking increase in seedling mor-
tality in the grassland treatments after 4 weeks seem less likely:
seedling predation was virtually absent, and it is unlikely that com-
petition for light caused substantial seedling mortality at a time
when ambient solar irradiation increased from low to high levels.
Furthermore, the greenhouse germination experiment shows that
J. atratus seedlings are able to survive for several weeks at very low
levels of light intensity (Fig. 3).

In a striking contrast to this negative effect of established
grassland vegetation on J. atratus seedling survival under non-
flooding conditions, grassland vegetation was more suitable for
the recruitment of J. atratus than bare ground under prolonged
flooding (Fig. 5). This correlates with the notion that J. atratus
is strongly restricted to periodically flooded habitats in nature
(Burkart, 1995; Hejny, 1960), including both grasslands and pio-
neer sites. A potential explanation for this is that prolonged
flooding reduces the competitive strength of established grass-
land vegetation, thereby promoting the establishment of J. atratus,
which - in contrast to many other grassland species - is capable
of growing submerged (Burkart, 1995). Additionally, the estab-
lished vegetation may even facilitate the establishment of J. atratus
seedlings during long-lasting floods, for instance by supplying oxy-
gen through the aerenchyma of plants that project above the water
surface (Colmer, 2003; Jackson and Armstrong, 1999; Stottmeister
et al., 2003). Such a facilitative mechanism may explain why
establishment rates of J. atratus increase with flooding duration
in grassland while they simultaneously decrease on bare soil
(Fig. 5).

Shifts from competition to facilitation along stress gradients
have been observed in many different environments (Brooker et
al., 2006; Holzapfel et al., 2006; Maestre et al., 2005; Malkinson
and Kadmon, 2007; Van Wesenbeeck et al., 2007; see Brooker et al.,
2008, for a recent review), where facilitation commonly occurred
in the more stressful parts of the gradients and competition in
the more modest parts. Of course, increasing duration of flood-
ing may be seen as a stress gradient. In our experiment, however,
individual J. atratus target plants first experienced competition by
the surrounding vegetation, which shifted to facilitation after 30
days of flooding, whereas in the stress gradients that were tested
in the studies mentioned, different target plants that were placed
along the gradients experienced either competition or facilitation,
respectively, during the whole study period. There exist only a few
other studies that demonstrated such a shift from competition to
facilitation within the ontogeny of individual organisms (Holzapfel
and Mabhall, 1999; Kawai and Tokeshi, 2007; Kikvidze et al., 2006;
Reisman-Berman, 2007; Schiffers and Tielborger, 2006; Sthultz et
al., 2007).

Rarity, persistence, and conservation
Taken together, the data presented here indicate that estab-

lishment is a critical life stage in Central European populations
of J. atratus, as in many other plant taxa (Eriksson and Ehrlén,

1992; Miinzbergova and Herben, 2005). Since our results show that
seeds of the rare J. atratus readily germinate under various light
intensities, it seems unlikely that germination limits recruitment
in grassland vegetation. In contrast, establishment seems to be a
critical life stage for recruitment: it depends on disturbance, be it
prolonged flooding or the creation of bare ground patches, both of
which may occur naturally in floodplains, although nowadays the
latter is more likely to occur as a consequence of human activities
(Cooper et al., 2003; Leyer, 2005; Naiman et al., 1993).

These specific recruitment requirements may be a main cause
of the rarity of J. atratus in modern Central Europe, because natu-
ral disturbances have substantially decreased both in spatial extent
and frequency in contemporary river corridors due to human activ-
ities (Dynesius and Nilsson, 1994; Leyer, 2006). Anthropogenic
disturbances, on the other hand, are probably too infrequent and
spatially too restricted to fully counterbalance the decrease of nat-
ural disturbances in these areas. From this perspective, it is not
so surprising that vigorous J. atratus populations have persisted in
the river corridor of the lower Havel, which forms main parts of
the Naturpark Westhavelland, one of the the largest semi-natural
wetland areas of Central European lowland.

In order to prevent extinction of J. atratus in Central Europe,
we suggest maintaining or re-establishing natural hydrodynam-
ics in those parts of floodplains where the species is still present.
Declining populations may additionally be supported by artificial
soil disturbance in their direct vicinity. Optimal areas for the rein-
troduction of J. atratus are bare ground sites that are regularly
flooded.
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