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Summary

In climate chamber and outdoor experiments we analysed germination traits of 42 vascular plant species typical of flood-
meadows of the alliancénidion. In Central Europe such flood-meadows and their highly endangered character species are
confined to large lowland river corridors with a dry and warm climate. Due to the prevailing ecological conditions, particularl

the extremely high variability in soil moisture potential, it was hypothesised that flood-meadow species exhibit spesific strat
gies in terms of germination phenology, temperature requirements and primary dormancy to avoid constraints on seedling
recruitment imposed by flooding, drought and competition from established vegetation. Furthermore, we expected that germi-
nation characteristics could be a key for the causal understanding of range size, confinement to large river corridors, recent
rarification processes, seed bank persistence and establishment success in restoration projects.

PCA ordination of germination traits reflected a continuous gradient of increasing primary dormancy levels ranging from
species with a high capacity for fast and almost complete germination over a wide range of temperatures to those with high and
narrow temperature requirements and/or a delayed and asynchronous emergence. Many of the studied species germinated only
at relatively high temperature in the year of shedding, but the primary conditional dormancy disappeared in most cases after a
period of cold wet stratification. Requirements for chilling and/or high germination temperature were revealed to be the most
common strategies for avoidance of harmful autumn and winter germination. The majority of the studied species tends to exploit
particularly favourable regeneration niches in early spring. Surprisingly, many species with large long-term persistsht soil se
banks exhibited relatively low dormancy levels in light; this was correlated with small seed size and a consequent higher prob-
ability of burial. We found no relationship between germination characteristics and river corridor confinement or Central Euro-
pean range size. However, there was a significant trend in endangered species towards higher temperature requirements and
delayed, asynchronous germination. This is presumably disadvantageous under the environmental conditions of subcontinental
flood-meadows.

Key words: Dormancy, germination temperature requirements, grassland restoration, principal component analysis, seed bank,
stratification

Introduction Zeiter 1999). Recruitment from seeds is often strongly
hampered or even condemned to failure through compe-

The temporal and spatial limitation of the “regeneratiotition by established vegetatioRi{sch & Fernandez-

niche” (Grubb 1977) has been increasingly identified afalacios 1995; Kotorova & Leps 1999; Touzard

one of the most critical constraints in the life-cycle oét al. 2002) as well as unfavourable environmental con-

plant populations, and is a factor that may severely réditions such as frost and drougt8ilivertown &

duce diversity in plant communities (e.Stampfli & Dickie 1980; Ryser 1993). Consequently, successful
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germination and seedling establishment in a given spdalised eastern species that are uncommon in Central
cies will often depend on its ability to avoid or mini-Europe and close to the western limit of their range, such
mize such constraints. Numerous previous studies haa® Allium angulosum, Cnidium dubium, Scutellaria
shown that seeds of many species boast the aptitudédnastifolia and Viola pumila (Hultén & Fries 1988).
identify suitable conditions for seedling recruitmenEcologically these flood-meadows are characterized by
(Grime 2001). Narrow temperature requirements, doan extremely high variability in soil water potential
mancy cycles induced or broken by temperature flu¢Burkart 1998;Leyer 2002). Whereas winter, spring
tuations, warm or cold stratification, as well as otheand early summer may often bring floods summers are
environmental factors, such as fire or nitrate concentrararkedly dry and rapidly hardening clay soils are com-
tions, are all mechanisms that regulate the onset of garen Qister 1980; Holzel 1999). Thus, successful
mination and help in detection of favourable micro-siteseedling recruitment may be hampered by flooding as
with low competition Thompson et al. 1977 Grime et  well as by drought{olzel & Otte 2003a) and there
al. 1981; Baskin & Baskin 2001; Hroudova & isonly arelatively narrow time window with favourable
Z&kravsky 2003). Such dormancy breaking mechagermination conditions.
nisms were revealed to be of particular importance in In the present study, we investigated if there is a spe-
species typical of temperate wet grasslands [id- cific response in germination characteristics of the typi-
berg 1994; Schiutz 1997; Knddler 2001; Jensen cal flora of flood-meadows to these particular ecologi-
2001). cal conditions. Furthermore, we attempted to assess
Germination characteristics may play an equallwhether germination characteristics can provide an
important role in the formation of persistent soil seeexplanation for the strict confinement of many charac-
banks. Seeds exhibiting conditional or strict dormandgr species to large river corridors with subcontinental
(Baskin & Baskin 2001) are more likely to be buriedclimatic conditions. According to their Central Euro-
and to establish large persistent reservoirs in the spéan distribution pattern, it is postulated that characteri-
(Thompson et al. 1993 Grime 2001). Seed regenera-stic flood-meadow species tend to have high tempera-
tion strategies are now considered as a key for the céwre requirements for germination.
sal understanding of the decline, persistence or spread ofrhe study was carried out in the framework of a lar-
species in changing landscapes (&alpitz 2000b).  ge-scale restoration project aimed at the re-establish-
Information on germination characteristics is alsment of species-rich flood-meadows on ex-arable land
particularly relevant for habitat restoration, in whictby the transfer of diaspores with plant material from
species-enrichment largely depends on re-establishmestnant stand${plzel & Harnisch 2002 ;Holzel &
by artificially introduced or naturally dispersed seed®tte 2003). It is often claimed (e.@atzelt 1998;
(e. g.Bakker & Berendse 1999 ;Patzelt et al. 2001). Schitz 2000b) that declining, rare and endangered
By the creation of suitable regeneration niches at tlspecies tend to have detrimental germination require-
right time of the year, management schemes may posients. Thus, we expected that germination traits could
tively influence germination and the subsequent fate bé a key to detect the underlying mechanisms of suc-
seedlings QIff et al. 1994 Kotorova & Leps 1999; cessful or failing re-establishment of target species as
Schitz 2000b). If seeds of target species are intrawvell as for the optimisation of restoration measures.
duced artificially, information on germination pheno-
logy, dormancy, response to storage and pre-treatments
are essential to increase the likelihood of seeding syc- .
cessKeller & Kol Imann 1999 ;Budelsky & Gala- 2 Material and Methods
towitsch 1999). However, knowledge on germination
characteristics is still extremely scarce particularly i@ 1 Study species
rare and endangered species targeted for conservation
and there are a great variety of possible response ty3eeds of 42 species were collected in bulk from autochthonous
(e.g.Baskin & Baskin 2001). This also applies to de-populations in flood-meadows along the northern Upper Rhi-
clining and endangered species-rich flood-meadows &g River, Germany, between the tributaries Neckar to the south
the allianceCnidion that include a large number of rare2nd Main to the north. Seed sampling took place between May
plant species of Central European conservation concéfifl October depending on the time of ripening and included at
(Schnittler & Giinther 1999;Ho6lzel et al. 2002). east 50 different plant individuals. The species studied com-

In their Central European distribution these alluvi rise typical constituents of subcontinental flood-meadows,
p epresenting a broad variety of families, life forms and strategy

grasslands are strictly confined to large river corridokgpes (Table 1). Besides character species, which are more or
with dry and warm subcontinental climatic conditiongess confined to large lowland river corridors suckisim

(Korsch 1999;Burkart 2001). This distribution pat- angulosum, Arabis nemorensis, Cnidium dubium, Iris spuria,
tern is reflected by the occurrence of many highly sp&eutellaria hastifolia and Viola pumila (Burkart 2001) we
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Table 1. Traits of the studied species according to the following authors: Life Ekrhenberg et al. 1992), seed mass
(Holzel & Otte 2003/4a), river corridor are&@rsch 1999 andBurkart 2001), German Red List statusarneck et al.

1996). Letters in bold indicate abbreviations for species names used in following tables and figures. Life forms: T = Therophyte
G = Geophyte, H = Hemicryptophyte. Confinement to river corridors: ++ strong, + weak, - none. Red List status: 1 = critically
endangered, 2 = endangered, 3 = vulnerable, - = not threatened.

Species Family Life Seed mass River Red
form (mg) corridor List
Alliumangulosum Liliaceae G 1.74 ++ 3
Alopecuruspr atensis Poaceae H 0.71 - -
Althaeaofficinalis Malvaceae H 341 + 3
Arabis nemorensis Brassicaceae H 0.06 ++ 2
Barbareastricta Brassicaceae H 0.41 ++ -
Cardamineparviflora Brassicaceae T 0.07 ++ 3
Carex praecox Cyperaceae H 0.16 + 3
Carex spicata Cyperaceae H 3.34 - -
Carex tomentosa Cyperaceae H 1.44 - 3
Cerastiumdubium Caryophyllaceae T 0.11 ++ 3
Cirsium tuberosum Asteraceae H 2.27 - 3
Cnidium dubium Apiaceae H 0.39 ++ 2
Elymusrepens Poaceae H 4.50 - -
Euphorbiapalustris Euphorbiaceae H 10.47 ++ 3
Festucaarundinacea Poaceae H 3.16 - -
Galiumboreale Rubiaceae H 0.68 - -
Galiumwirtgenii Rubiaceae H 0.40 + -
Inulabritannica Asteraceae H 0.09 ++ -
Inulasalicina Asteraceae H 0.16 - -
Irisspuria Liliaceae G 14.62 ++ 2
Lathyruspalustris Fabaceae H 12.85 + 3
Lythrum salicaria Lythraceae H 0.06 - -
Peucedanunfficinale Apiaceae H 12.32 + 3
Poa angustifolia Poaceae H 0.21 - -
Potentilla reptans Rosaceae H 0.31 - -
Pseudolysimachiornongifolium Scrophulariaceae H 0.05 ++ 3
Pulicariadysenterica Asteraceae H 0.04 - -
Rumexthyrsiflorus Polygonaceae H 0.54 + -
Sanguisorbaofficinalis Rosaceae H 1.95 - -
Scutellariahastifolia Lamiaceae H 0.68 ++ 2
Selinumcar vifolia Apiaceae H 1.06 - -
Senecio paludosus Asteraceae H 0.62 ++ 3
Serratulatinctoria Asteraceae H 1.26 - 3
Silaum silaus Apiaceae H 2.43 - -
Symphytumofficinale Boraginaceae H 3.65 - -
Thalictrumflavum Ranunculaceae H 0.80 ++ -
Valerianapratensis Valerianaceae H 0.62 ++ -
Veronicaperegrina Scrophulariaceae T 0.06 + -
Veronicaser pyllifolia Scrophulariaceae H 0.05 - -
Violaelatior Violaceae H 1.80 ++ 2
Violapersicifolia Violaceae H 0.68 ++ 2
Violapumila Violaceae H 1.08 ++ 2

also studied more common and widespread components |Re2 Experiment 1
Festuca arundinacea, Potentilla reptans, Rumex thyrsiflorus,
Symphytum officinale and Veronica serpyllifolia. The study

covers almost the entire spectrum of regionally rare arkfter field collection seeds of the 40 species used in this expe-
endangered target species of flood-meaddwsifeck et al. riment were stored dry in darkness at room temperature (ca.
1996). Plant nomenclature followdisskirchen & Haeup-  20°C) until further use during the following winter season.

ler (1998). The germination experiments were performed by spreading 50
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seeds of each species on a double layer of filter paper in steri-To describe germination characteristics for each species the
le Petri dishes. In case of very large seeds only 25 seeds fodlowing values were calculated:
dish were used. Five dishes per treatment were incubated_@PT, the optimal temperature for germination, was calcula-
climate chambers at constant temperatures of 3, 7, 10, 15, @@] as weighted average of germination rates over all constant
25, 30, and 35°C and in a further chamber with diurnally fludemperatures in the climate chamber experiment, according to
tuating temperatures 5/15 °C (8/16 hours). The latter tempitte mode described bYIff et al. (1994): [(3P; + 7 P, +
rature regime was also applied to seeds that received cold W8P, ,+ 15P,; + 20P,;+ 25P,5+ 30P;,+ 35P;.)/(P; + P, +
stratification at 3°C for 8 weeks prior the incubation, whichP,, + P,g + P, + P,s + P + P3g)] in which P; was percen-
should mimic early spring germination conditions. The lightage germination at 3°®, percentage germination at 7°C,
regime in the climate chambers simulated long day conditioasd so on.
with 16 hours of light and 8 hours of darkness. The dishes wearIAX, the maximum germination rate, was defined as the
regularly watered with distilled water to optimise moisturdighest percentage of germination in one of the climate cham-
conditions. The experiment lasted 6 weeks. Germinated sedds treatments after six weeks.
were counted and removed once every week. Germination WaBAS was the maximum germination rate at constant tempe-
defined as the emergence of the radicule. rature after 7 days in the climate chamber.

TFASwas the temperature at whi€FASwas reached.

LOW was the lowest constant temperature with at least 5%

i germination.
2.3 Experlment 2 HIGH was the highest constant temperature with at least 5%

Results obtained in climate chambers are often strongly div&ermination.
gent from those set up in outdoor germination experimen®8MP was the range in degrees Kelvin betwé#iGH and
and certain species may even completely fail to germinat&W.
under laboratory treatments (eGy.ime et al. 1981 Patzelt ALT was the difference in germination rate at quctuating tem-
1998). Thus, we combined both approaches in order to invedteratures of 5/15°C in comparison to the constant tempera-
gate germination phenology under more natural conditions.ture of 15°C.

A total of 800 seeds of each Species were sown in Februﬁ:gRAT, the effect of cold wet stratification, was the differen-
into two Styrofoam basins (18 cri28 cm) filled with sterile €€ in germination rate in comparison wihT.
garden soil and exposed at an experimental field near GiesdeMAX was the maximum germination rate under outdoor con-
Germany. During dry periods the basins were watered daifjtions. o o
Emerging seedlings were counted and removed at least ev&ySET was the date of outdoor germination begin in days

two weeks. The outdoor study was continued for 24 monthgVith daily averages above 5°C counted from the last day with
a daily average below 1°C.

FOPT was the date of the first germination peak under out-
. door conditions (measured as @NSET).

2.4 Experlment 3 PEAK1 was the( maximum germin;t-i)on during one single
count as a percentage of total final outdoor germination.
EAK4 was the maximum germination during the four fol-

ing weeks, measured as EAKL.

N was the period in days between the first and last count,
Hgbwhich at least 5% of total final outdoor germination occur-
{gd.

To investigate primary dormancy levelBagkin & Baskin
2001) and the timing of germination under near natural condi
tions, seeds from a subset of 20 species were collected at
time of shedding in the field and exposed about 2 weeks la
under outdoor conditions. The mode of exposure and counti
was principally the same as in experiment 2. In contrast
natural field conditions the 800 sown seeds were watered regu-

larly during dry periods. 2.6 Data analysis

The correlation structure of germination traits was investi-
2.5 Characterisation of germination gated by principal component analysis (PCA) on a data matrix

with z-transformed standardised variable valuesgéndre
For each laboratory and outdoor treatment, the percentageSofegendre 1998). The traite OPT, TFAS HIGH andLOW
seeds that had germinated after the end of the observation pegre not included in the analysis because their calculation
od was determined. To correlate temporal patterns of outdaequires germination under constant temperatures in the cli-
germination with thermal conditions we used meteorologicahate chamber, which did not occur in a number of species. As
data from the nearby (ca. 500 m) climate research station LIRCA does not accept missing values, the inclusion of these
den. Starting on the last day with a daily average temperaturaits would have lowered the number of analysed species.
below 1°C we calculated the number of days with daily ave€orrelations between single germination traits and PCA-axis
ages above 5°C as well as total temperature sums of dabores, on the one hand, and species attributes such as seed
averages until the onset and the first pronounced peak in ooiass Holzel & Otte 2003/4a), seed longevity, threat status,
door germination, respectively. Both temperature traits reveange size and type on the other hand were examined by non-
led to be highly correlated?(= 0.98), thus we used only the parametric Spearman rank correlation coefficients. As a meas-
number of days with averages above 5°C for further numerire of seed longevity we applied the seed accumulation index
cal analyses. (SAI) given inHOlzel & Otte (2003/4 a) for 36 of the stu-
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died species. To describe range size on a Central European scaHowever, there were also some species with expli-
le we used grid frequency data from the German flora mappiggtly deviating behaviour indicating significantly lower
project provided by the electronic resource Floraweb (Bffyr higher temperature requirementsCerastium dubi-
2003). Threat status was assessed by a simple ordinal SGale andCardamine parvifioraoutdoor germination star-

ranging from O (unthreatened) to 2 (strongly threatened) basf’é% considerably earlier (< 10 days with averages > 5°C,

on the list ofKorneck et al. (1996). In the same way river o :
corridor confinement was allocated from the specificationtfmper"jlture sum < 100°C). In contra&lthaea offi-

of Korsch (1999) andBurkart (2001). Differences between inalis, all Carex species|nula britannica, 1. salicina,
groups were tested using a non-parametric Mann-Whitn&ptentillareptans, Scutellaria hastifoliaandThalictrum
U-test. All calculations were carried out with STATISTICAflavum showed a much higher temperature requirement
6.0. with a first germination peak occurring only after 50
days with averages >5°C and a temperature sum
> 500°C. In both response groups these results largely
coincided with the germination temperature require-
. P : ments found in the laboratory experiment.

3.1 Patterns of single germination traits In 60% of the studied species more than 80% of the
Under laboratory conditions only a limited proportiorfinal outdoor germination took place within four weeks.
of the studied species (Group A, Table 2) germinatéd some, such a&rabisnemorensis, Cerastium dubium,

with high rates over a wide range of constant temper&erratula tinctoria, Slaum silaus andVeronica serpylli-

tures AMP) or showed a clear preference for low gerfoliasuch rates were even reached during a single count.
mination temperature©OPT, LOW). In contrast, many This particularly synchronous germination behaviour is
species reached maximum germination rates only @intrasted by other species that emerged over a long
relatively high constant temperature®P{) above period with low but constant rates. This was most
20°C (Group B, Table 2). However, in all of these spebvious inCarex tomentosa, Euphorbia palustris, Scu-

cies excephlthaea officinalisandBarbarea strictager-  tellaria hastifolia and Thalictrum flavum.

mination rates increased considerably after 8 weeks of

cold wet stratificationTRAT) and following low fluc-
tuating temperatures (5/15°C), most strikingly
Lythrum salicaria and Sanguisorba officinalis. Positive

effects of fluctuating temperature&L(T) alone without 1,4 principal-component analysis (PCA) revealed the

stratification were less pronounced and restricted 108y elation structure of the germination traits (Table 3,
few species such &ardamine parvifloraandCirsium £ 1y The first factor axis, which explained the bulk of
tuberosum. In some other species they even causedygs \ariance (40.99%), reflected a continuous gradient
decline in germination rate. In Apiaceae and some other ) species with high, rapid and strongly synchronised
species (Group C, Table 2) germination under laborgamination over a wide range of temperatures (left side
2%?%?%2%?8 was confined to the stratification treafs ig 2) to those with high temperature requirements
S . . and a delayed germination over a relatively long period

A surprisingly high number of species (Group Dyigphy side of Fig. 2). Factor axis 2 largely coincided
Table 2) almost completely failed to germinate under q(ﬁith the variation ofAMP. SPAN on the one hand and
laboratory treatments, showing maximum germinatioBeak 4 on the other hanci. Factor axes 3 and 4 predomi-
rates below 5%. Under outdoor conditions in all of th%‘antly represented the varianceSFRAT andALT, res-
se species (exce@nidium dubium) the germination ectively (Table 3, Fig. 1 and 2) ’
rates FMAX) increased considerably and were usuallg e '
well above 20%.

In the outdoor treatment about half of the species had o . )
an initial pronounced germination pedkQPT) after 3.3 Tlmlng of germination after natural seed
around 20 days with daily averages above 5°C, Whichwedding
equal to a temperature sum of ca. 200°C. Most species
with a highly positive response to the cold wet stratifin experiment 3, in which the timing of germination
cation treatment under laboratory conditioS§RAT) after natural seed release was investigated the following
were found within this grougaliumboreale, Cnidium  major response types appeared (Fig. 3):
dubium, Sanguisorba officinalis, Selinumcarvifoliaand 1) Potential for complete germination within the sea
all Viola species showed slightly higher temperaturson of sheddij: Among the species used in this experi-
requirementsHOPT) with peak germination about two ment only the therophyteSardamine parviflora and
weeks later (around 30 days with averages > 5°C, te@erastium dubium belong to this response type. Seeds
perature sum > 300°C). of these species reached 100% of the final germination

3 Results

32 Multivariate analysis of germination traits
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Table 3. Correlation between factor axes of PCA ordinatio —

and germination traits. High correlations are given in bold (fc 1.0t
abbreviations of germination traits see chapter 2.5). STRAT
Factor 1 Factor 2 Factor 3  Factor 4

Eigenvalue 451 1.34 1.19 0.96 J
Variance (%) 40.99 12.16 10.81 8.71
LMAX -0.89 -0.26 0.26 -0.15 SPAN
GFAS -0.81 -0.38 0.14 -0.16 @
AMP -0.76 -0.50 0.06 -0.05 & ONSET
PEAK1 -0.64 0,26 -0.25 0.04 8
PEAK4 -0.73 0.47 -0.22 —-0.06
ALT -0.35 -0.24 0.05 -0.78 FoPT
STRAT -0.08 0,29 0.81 -0.25
FMAX -0.51 -0.28 -0.42 -0.29
ONSET 0.65 -0.36 0.08 -0.18
FOPT 0.59 -0.20 -0.34 -0.30
SPAN 0.62 -0.43 0.14 0.12

.0}

-1.0 0.5 0.0 05 1.0
Factor 1

rate within two months after shedding in late May. Whe
reas germination started directly after sowinGanda- g 1. Biplot displaying correlation structure of germination

mine parviflora the onset of germination i@erastium  traits along factor axis 1 and 3 in PCA-ordination (for abbre-
dubiumwas about 4 weeks later. viations of germination traits see chapter 2.5).

1) Potential for partial germination directly after
shedding in late summer with a second peak in
March/April of the following yee: All species belon-

ging to this response group germinated to a certafly cqyrelation between germination
degree directly after shedding. However, germination

stopped abruptly by the end of September at the latdsfiaracteristics and other species traits

when daily averages were usually still well above 10°C. . . . .
Spring germination, in contrast, started at the earliestf{¢cording to Spearman rank correlation species with
late February, with a significant peak in March at tensMall seed mass tended to germinate fasBéAg)
peratures considerably lower than those in early auturin= —0-51,p<0.001) and had a higher temperature
when germination stopped. Only inula salicina did @mplitude AMP) (r = —0.38,p < 0.05) and maximum

germination start as late as April, indicating significangd€rmination rate (MAX) (r = —0.44,p <0.01) under
ly higher temperature requirements. laboratory conditions. No further correlations be-

L . tween seed weight and germination characteristics were
[I) No germination in the year of shedding, bufg 4.

almost complete and rapid qermination_ in March/April Surprisingly, the tendency in species to build up long-
of the following yea: Most species of this group COM-(army persistent soil seed banks was positively correlated

prise Apiaceae with relatively late seed release (S€piih fast germination under laboratory conditions

tember), but species with a much earlier shedding EA = 0.40p = 0.02) and a high outd fa
also represented, such @alium boreale. Early spring agfn r?te(r(:MAX) % - 03%52 0?0439 outcoor germina

germination occurred very abruptly and was highly syn-gearman rank correlation also revealed a significant
chronised. OnlyCnidium dubium showed a slightly ¢ re|atively weak correlation € 0.36p = 0.02) bet-
extended germination period towards summer. ween the first factor axis in PCA ordination and Red List
IV) Delayed. slow germination over an extendedtatus. A similar relationship was found between Red
period, starting in the first summer after sheddilm List status and single germination traits suc. X
most species of this response type significant germin@= —0.43p = 0.006),GFAS(r = —0.32p = 0.04),FOPT
tion started no earlier than late April or May and contic0.43p = 0.03) andSPAN (r = 0.37p = 0.02), indicating
nued over the whole summer seasonCénex tomen-  a trend towards higher dormancy levels, increased tem-
tosa peak germination occurred only in the second, angrature requirements and asynchronous germination in
in Lathyrus palustris even in the third and fourth yearendangered species. In contrast, there was no relation-
(data not shown) after shedding. ship at all between germination traits and river corridor
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confinement or Central European range size. Identiggiadient in germination traits was found @¥ff et al.
results (not shown) were obtained in group compariso(it994) in the flora of Dutch wet meadows.
by the Mann-Whitney U-test. A high capacity for spontaneous germination direct-
ly after shedding is typical of many dominant Poaceae
in temperate grassland¥hompson & Grime 1979),
which could be confirmed in our study feestuca arun-
dinacea. The relatively low total germination rates com-
pared to other studie§ime et al. 1981) achieved in
4.1 Germination strategies in flood-meadowsome dominant grasses of flood-meadows, such as
Alopecurus pratensis, Elymus repens and Poa angusti-
In flood-meadows of the studied type the survival dblia, are probably partly due to heavy mildew infesta-
insufficiently developed seedlings will often be severeltion within the climate chamber treatments and/or low
hampered by frost damage and prolonged floodirguality of the seeds used.
during the winter season (e. Yoesenek & Blom According toGrime (2001) two major strategies can
1992). Equally, open patches with poor competition ale distinguished that enable seeds to delay germination
more likely to occur in spring after the retreat of floodintil the following spring and summer season: i) high
water, which often creates gaps in established vegetamperature requirements for germination, which are
tion. Consequently, it makes ecological sense that mangually not fulfilled during the autumn season, ii) a
of the flood-meadow species studied exhibited variowequirement for chilling to break dormancy. In accor-
levels of conditional or even strict dormancy in the yeatance witiVashitani & Masuda (1990), who studied
of shedding, while there were fewer species that gerngermination characteristics in a moist tall grassland
nated spontaneously at high rates over a wide tempecammunity in Japan, both strategy types could be found.
ture range including lower temperatures. However, our study clearly established that some spe-
The existing diversity of germination response typeses may combine both principal strategies for the avoi-
in flood-meadow species was clearly visible in PCAdance of harmful late autumn and winter germination.
ordination, which reflected a continuous gradient diVithin the year of shedding many of the studied species
increasing dormancy levels along the first factor axsuch asAllium angulosum, Arabis nemorenis, Cirsium
(Fig. 1) with Cardamine parvifolia (non dormant) and tuberosum, Pseudolysimachion longifolium and others
Carex tomentosa (highly dormant) as the most extremeshowed relatively high temperature requirements to
points of the spectrum (Fig. 2). An almost identical maireach significant germination rates, but came out of pri-

4 Discussion
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Fig. 3. Timing in germination of freshly shed seeds under outdoor conditions.

mary conditional dormancyB@skin & Baskin 2001) through established vegetation. Additionally, in some
after a period of cold wet stratification. This phenomespecies with high temperature requirements such as
non could be observed in the climate chamber trearabis nemorensis, Inula britannica and Sanguisorba
ments as well as under outdoor conditions. Ecologicalbfficinalis autumn germination is simply avoided by a
this means that germination will stop well before thetrongly delayed seed release.
onset of the cool season while the same species are ablBesides conditional dormancy enforced by high tem-
to exploit gaps at relatively low temperatures in earlgerature requirements prior to chilling, hardening of
spring. seed shells due to dry and warm weather conditions (or
Under natural habitat conditions in flood-meadowdry storage prior to laboratory experiments) may also be
dormancy after shedding will often also be enforced bygsponsible for poor germination in the year of shedding
environmental constraints such as drought or shadifg g.Otte 1996,Jensen 2001). This applies in parti-
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cular to species that lack a response to the stratificatioonditions. Consequently, in our study high tempera-
treatment in the climate chamber but have high earlyre requirements and/or delayed and asynchronous ger-
spring germination rates suchBerbarea stricta, Viola  mination were most common in perennial species with
elatior andV. pumila or those with strongly increaseda clear preference for the dampest parts of flood-mea-
outdoor germination rates such Aldéium angulosum, dows such a&uphorbia palustris, Lathyrus palustris,
Euphorbia palustris andGalium boreale. All these spe- Scutellaria hastifolia, Thalictrum flavum andViola per-

cies exhibit relatively hard and compact seed shells ttsitifolia. According toGrime et al. (1981) an@askin
obviously require softening in the course of prolongefl Baskin (2001) high temperature requirements and
outdoor stratification. In particulaEuphorbia palustris  dormancy levels are a common feature in temperate
showed a high initial germination rate only in seedwetland species.

sown directly after shedding. When seeds were dry sto-

red and sown in winter germination extended over a

much longer period. This phenomenon may be referrdd2 Germination characteristics and

to as secondary induced physical dormaaskin &  seed bank persistence

Baskin 2001).

As in other studies@rime et al. 1981;Patzelt In previous studiesHolzel & Otte 2001; 2003/4a)
1998) Apiaceae proved to exhibit a strict chilling requispecies, such arabis nemorensis, Cardamine parvi-
rement due to morphophysiological dormancy causdldra, Cerastium dubium, Lythrum salicaria, Pseudo-
by an underdeveloped embry®tokes 1952 ;Baskin  lysimachium longifolium, Potentilla reptans, Veronica
& Baskin 2001), which necessarily delays germinatiomperegrina, V. serpyllifoliawere revealed to build up lar-
until the spring season. ge long-term persistent seed banks. Surprisingly, with

In accordance witiMilberg & Andersson (1998) the exception oPotentilla reptans, all these species
we found that differences in conditional dormancy werexhibited relatively low dormancy levels and a high
largely compensated by cold stratification under oupotential for fast germination in light. Thus, the forma-
door conditions resulting in a highly synchronised getion of a long-term persistent soil seed bank is obvi-
mination peak in March and early April. Howeverpously completely due to dark dormancy. Typically, all
there was also a group of species in which high tempbese species have very small seeds, which according to
rature requirements did not disappear after chillklg. Grime (2001) almost generally show an obligatory light
thaea officinalis, Potentilla reptans, Thalictrum flavum  requirement for germination. There seems to be an in-
and Scutellaria hastifolia and the Carex-species teresting link between the higher probability of burial in
obviously require an obligatory extended period o$mall seedslthompson et al. 1993 Bekker et al. 1998)
warm moist incubation under outdoor conditions tand their capacity for fast and almost complete germi-
come out of dormancy. This confers with results reponation in light. Species with regeneration strategies
ted by other author8@skin & Baskin 2001 ;Patzelt involving a large persistent soil seed bank typically
1998;Schiutz 1997, 2000aZzZiron 2002). In most of exploit gaps in established vegetation caused by stocha-
these species, high temperature requirements go handtin, largely unpredictable disturbancdh@mpson &
hand with a strongly delayed and asynchronous gern@rime 1979;Grime 2001). Thus, the ability of sponta-
nation over the whole summer period. Conspicuouslygeous and rapid germination after exposure to light is an
species with the most delayed and asynchronous geregsential prerequisite for the successful exploitation of
nation have relatively large and compact seeds with fesuch temporary gaps. This strategy is of particular
tures of physical dormancy such as water-impermeabieportance in ephemeral annuals of flood-meadows like
testa Lathyrus palustris) or particularly thick and hard Cardamine parviflora, Cerastium dubium andVeronica
seed coatsCarex tomentosa, Iris spuria). After the peregrina. However, even among these annuals signifi-
breaking of physical dormancy, at leaathyruspalust-  cant differences could be found in the main period of
ris andlris spuria exhibited no particular temperaturegermination. Cerastium dubium exhibited a delayed
requirements for germination, as has been found in othrggrmination directly after shedding obviously due to a
studies for species of the same genBesKin & Bas- requirement for warm stratification to come out of dor-
kin 2001;Grime et al. 1981). mancy at high temperatures, which is typical of facul-

Asynchronous germination can be seen as a stratdgtive winter annuals (e. Baskin & Baskin 1983a). In
to minimise the risk of total failure of seed regeneratioseed bank experimentd@lzel & Otte 2001) this spe-
due to regularly occurring disruptive environmentaties showed a pronounced germination peak in late sum-
constraints such as drought, which is particularly relener and early autumn. Equally, mass occurrence of
vant in species with a delayed germination during surerastium dubium in the field coincides with years of
mer. Equally, this strategy seems to be a benefit iow winter flooding intensity i6lzel 1999). In con-
amphibious habitats with strongly fluctuating moisturérast,Veronica peregrinais preferably a summer annual
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due to its strong response to cold wet stratificatiomot usually diminish the viability of existing popula-
which was also found bgaskin & Baskin (1983b). tions, since most of the relevant species are long-lived
Some species exhibiting particularly high dormancgnd exhibit extensive clonal growth. In contrast, this
levels such a€arex tomentosa and Viola persicifolia  could become a serious problem in habitat restoration,
were also found to create long-term persistent soil sedwhich species re-establishment crucially depends on
banks Holzel & Otte 2003/4a). However, their den- regeneration by introduced seeds (Ratzelt 1998).
sities were usually much lower than in small seeded sga-a plant material transfer experiment aimed at recrea-
cies, which may be caused by a lower probability dfon of a species-rich flood-meadowdlzel & Otte
burial as well as a higher potential for germination i2003), we found poor establishment success after four
darkness Grime 2001). Our results suggest that onlyears in a number of species with delayed and asyn-
in relatively large seeded species dormancy levels eshronous germination behaviour, such laathyrus
ablished in germination experiments are a good predjgalustris, Scutellaria hastifolia, Thalictrum flavum and
tor for the capacity of a certain species to build up peatmost allCarex species. Especially iBarex species the
sistent seed banks. very specific and narrow germination requirements are
obviously a major constraint and may explain their noto-
riously low colonisation capacityGfime et al. 1988;
4.3 Germination characteristics and Budelsky & Galatowitsch 1999; Schitz 2000a).
rarification In most species with high germination temperature
requirements, successful regeneration by seeds is prob-
We did not find any single germination trait or a multi-2bly confined to certain years with particularly favour-
variate response type that corresponded with the cdiple moisture conditions and low competition by
finement of species to large river corridors. Theréstablished vegetation, as may occur in the course of
appears to be nothing really particular in the germin&rolonged early summer flooding and following draw-
tion behaviour of river corridor plants that could explaiglown Qutila 2001;H61zel & Otte 2003, 2003/4b).
their conspicuous habitat and range restriction in Cen-As demonstrated in this study the majority of flood-
tral Europe. A comparable set with similar variability inmeadow species are able to exploit the particular favour-
germination traits has been found in other temperate wale recruitment conditions (constant moisture supply,
grassland communitiesMashitani & Masuda 1990; Open vegetation structure) prevailing in early spring
Olff et al. 1994 Patzelt 1998;Jensen 2001). (March/early April). Management schemes that support
Equally, there were no significant differences in geithe creation of open vegetation structures and patches of
mination characteristics between species with small Bare soil at this time of the year — such as mowing and
large Central European range. Comparable results wéggnoval of plant litter, aftermath pasture or scarring of
obtained byrhompson et al. (1999) who found no rela- the sward —may actively enhance regeneration by seeds
tionship between germination traits and range size §.9.Kotorova & Leps 1999).
vascular plants in the British flora. Although there was
a significant albeit weak trend for higher dormancy
levels in endangered species, we found little evidengeck nowledgements
for the assumption made Bghtutz (2000b) that ger-
mination traits may play a prominent role in the causa¥e are grateful tartina Dehn, Christiane Lenz-Kuhl
understanding of rarity and decline. Regeneration chandJosef Scholz-vom Hofe for their help with in collecting
racteristics are obviously outweighed by other speci€§eds and performing germination experimenksbias
traits such as habitat specialism and the respective [{f@nath andLutz Eckstein provided helpful comments to
strategy in the established phase, which have proved; prmer version of this manuscript aRdd Snowdon po-

. e . -lished our English. The comments of two anonymous referees
be much better predictors of rarification processes in t Reatly improved the quality of this paper. Our work was part-

Western and Central European flofogneck et al. |y sypported by grants from the Federal German Agency for
1998;Thompson et al. 1999 Grime 2001). Nature Conservation (BfN).

4.4 Conclusions for restoration managemenheferenc%

In species with high temperature requirements causiggkker
dEIay.ed an_d asynchronous summer ggrmlnatlon, ration of ecological diversity in grassland and heathland.
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