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• Background and Aims Hydroperiod drives plant community composition in wetlands, resulting in distinct 
zonation patterns. Here, we explored the role of seed germination traits in shaping wetland community assembly 
along a hydroperiod gradient. Specifically, we tested the hypothesis that seeds of reed, mudflat, swamp, shallow- 
and deep-water communities only germinate under a specific set of environmental factors characterized by the 
community-specific optimal conditions for seedling survival and growth.
• Methods In a three-factorial experiment, we tested the seed germination response of 50 species typical for tem-
perate wetlands of Europe to temperature fluctuations (constant vs. fluctuating temperature), illumination (light vs. 
darkness) and oxygen availability (aerobic vs. hypoxia). Phylogenetic principal component analysis, cluster ana-
lysis and phylogenetic linear regressions were used to confirm the community-specific seed germination niches.
• Key Results Our study revealed the presence of five distinct, community-specific seed germination niches 
that reflect adaptations made by the study communities to decreasing light intensity, temperature fluctuations and 
oxygen availability along the hydroperiod gradient. Light as a germination trigger was found to be important in 
mudflats, swamps and shallow water, whereas the seeds of reed and deep-water species were able to germinate 
in darkness. A fluctuating temperature is only required for seed germination in mudflat species. Germination of 
species in the communities at the higher end of the hydroperiod gradient (reed and mudflat) demonstrated a strict 
requirement for oxygen, whereas swamp, shallow- and deep-water species also germinated under hypoxia.
• Conclusions Our study supports the recent argument that the inclusion of seed germination traits in commu-
nity ecology adds significant insights to community response to the abiotic and biotic environment. Furthermore, 
the close relationship between seed germination adaptations and community assembly could help reach a better 
understanding of the existing patterns of wetland plant distribution at local scales and wetland vegetation dy-
namics, as well as facilitate nature conservation measures and aquatic habitat restoration.
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INTRODUCTION

Understanding plant community assembly rules, that are eco-
logical processes selecting for or against species from the re-
gional species pool and thus determining local community 
composition (Keddy, 1992), is one of the most challenging tasks 
of vegetation ecologists. Disentangling the different processes in-
volved in community assembly is not only important to explain 
current community compositions (both species occurrence and 
abundancy) along spatial and temporal gradients but is also cru-
cial for an understanding of how these communities will respond 
to future environmental changes (Götzenberger et al., 2012).

An adult plant cannot become a part of an established com-
munity if its seeds are not able to germinate and/or its seedlings 
cannot establish themselves. Thus, these two stages are im-
portant drivers of community assembly (Grubb, 1977; Poschlod 
et al., 2013). Despite the fact that seed germination and seedling 
traits are extremely sensitive to abiotic factors and represent a 

major bottleneck to species recruitment (Fenner and Thompson, 
2005), they are still overlooked when inferring community as-
sembly rules (Laughlin, 2014). Yet, some recent studies (though 
very scarce) clearly indicate that the inclusion of such traits 
in community ecology adds significant insights to commu-
nity response to the abiotic and biotic environment (Rosbakh 
and Poschlod, 2015; Tudela-Isanta et  al., 2018). Specifically, 
seed germination traits are powerful predictors of commu-
nity assembly at a regional scale (i.e. among different habi-
tats; Rosbakh and Poschlod, 2015; Tudela-Isanta et al., 2018). 
However, studies exploring the role of seed germination traits in 
community assembly at a local scale are still very scarce (e.g. 
Kos and Poschlod, 2007, 2010; Fernández-Pascual et al., 2017).

Wetlands are habitats that are inundated or saturated by 
water at a rate sufficient to support a prevalence of vegeta-
tion typically adapted for life in saturated soil conditions 
(Mitsch and Gosselink, 2015). The presence of numerous key 
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environmental gradients occurring at relatively small scales 
and the resulting high trait variation of plant species occurring 
along these gradients make wetlands a powerful ‘natural ex-
periment’ for examining the drivers of community assembly 
on a local scale (Shipley et al., 1989). Hydroperiod (duration, 
depth and frequency of flooding; Moor et  al., 2017) is the 
most fundamental driver of wetland plant community struc-
ture and composition (Keddy, 1992). In an idealized example 
(Sculthorpe, 1967; Spence, 1982; Fig. 1), permanently or 
long-term flooded parts of the hydroperiod gradient with large 
water tables (up to 10 m depth) are dominated by communities 
of floating-leaved, rooted nympheoids, such as Nuphar lutea 
or Nymphoides peltata occurring in shallow waters (Fig. 1) or 
permanently submerged hydrophytes (e.g. Potamogeton spp.), 
respectively, at deeper sites (‘deep water’ zone; Fig. 1). They 
are spatially succeeded by swamp communities occurring on 
exposed or submerged soils, where the water table is ≥50 cm 
beneath the soil surface to where the soil is covered by ≥150 cm 
of water. This ‘swamp’ zone is occupied by emergent hydro-
phytes or helophytes (e.g. Alisma lanceolata or Typha latifolia) 
well adapted to such ‘amphibian’ conditions, i.e. alternation be-
tween terrestrial and aquatic growing conditions. The ‘dry’ end 
of the hydroperiod gradient, the ‘reed’, where the water table 
lies below the soil surface during the growing season and rises 
for a short time during the wet season, is occupied by dense 
communities of tall helophytes – predominantly grasses and 
sedges, such as Phalaris arundinacea, Phragmites australis 
and Carex rostrata, or species-rich wet meadows. Additionally, 
pioneer ephemeral mudflat communities of annual dwarf rushes 
and herbs (e.g. Cyperus fuscus and Limosella aquatica) can ap-
pear in each of these zones during drawdowns, when the sub-
stratum is free of standing water and litter. Finally, in sheltered 
places, free-floating plants may also be present in any of the 
three first zones provided that the water table remains stable. 
Other environmental gradients including those of soil and water 
chemical composition (pH, type and concentration of available 

nutrients, and salinity), sediment type and flow velocity, as 
well as the terrain morphology and land use, can modify this 
zonation, resulting in the well-documented high variability of 
wetland communities (Hejný, 1960; Sculthorpe, 1967; Spence, 
1982; Santamaria, 2002; Chepinoga, 2015; Landucci et  al., 
2015; Moor et al., 2017). Despite the fact that these commu-
nities may coexist in various ways, they retain their distinct 
zonation pattern along the hydroperiod gradient and can occur 
independently elsewhere (Sculthorpe, 1967).

Although vegetative reproduction by the formation of 
clones and turions predominates among wetland plants, par-
ticularly in submerged and free-floating hydrophytes, seed re-
production plays an important role in wet habitats (Sculthorpe, 
1967; Hutchinson, 1975; Barrett et  al., 1993; Grace, 1993). 
Specifically, certain wetland species rely on seeds for popu-
lation persistence (e.g. seed banks; Poschlod and Rosbakh, 
2018), colonization of gaps in existing communities (Shipley 
et al., 1989) and long-distance dispersal (Charalambidou and 
Santamaría, 2002), due to their higher resistance to environ-
mental stress as compared with vegetative propagules (Hay 
et  al., 2000). Previous studies have suggested that wetland 
community structure and composition might be affected by 
the seed traits of corresponding species along the hydroperiod 
gradient. For instance, studies on seed dispersal in wetlands 
demonstrate that community occurrence along the hydrologic 
gradient is correlated with seed buoyancy. Specifically, buoy-
ancy was found to be lowest for floating-leaved hydrophytes 
(seed sunk immediately after dispersal) and increased towards 
the shoreline (seeds of some shoreline plants remained floating 
for several months) (van den Broek et al., 2005; Soons et al., 
2017). Soons et al. (2017) conclude that wetland plants produce 
seeds with adaptations to promote transportation and depos-
ition by water towards microsites along the hydroperiod gra-
dient where they germinate and become established. Similarly, 
the requirements for seed germination of some wetland spe-
cies demonstrate strong associations with corresponding 

Deep water Shallow water Swamp Mudflat Reed
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Fig. 1. Wetland vegetation zonation along a hydroperiod gradient. The arrows in the lower right corner indicate decreasing light availability, oxygen concen-
trations and temperature fluctuations, which are important environmental clues for seed germination, along the hydroperiod gradient. The dashed lines indicate 

different water levels in winter and summer.
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communities (reviewed by Baskin and Baskin, 2014). Data 
indicate that the majority of emergent species from reed and 
swamp, as well as species of mudflat communities, germinate 
primarily on exposed soils or sediments free of vegetation, 
whereas submerged, free-floating and floating-leaved aquatics 
produce seeds that germinate best under flooded substrate 
conditions (Sculthorpe, 1967; van der Valk and Davis, 1978; 
Shipley et al., 1989). The seeds of the former species usually 
require exposure to light and/or fluctuating temperatures, and 
germinate to low percentages under low oxygen conditions 
(Baskin and Baskin, 2014). In the latter case, seeds display 
high germination in shaded conditions, constant temperatures 
and hypoxia, or even strictly anaerobic conditions (Baskin and 
Baskin, 2014). Consequently, the intensity and duration of 
flood or drawdown are thought to shape wetland local com-
munity assembly by filtering species from the species pool ac-
cording to their ability to germinate under water (van der Valk, 
1981; Baskin and Baskin, 2014). However, this hypothesis has 
not been explicitly tested yet.

In the present study, we explore the role of seed germi-
nation traits in shaping wetland community assembly along the 
hydroperiod gradient. Given the high environmental variability 
among wetland plant communities along the hydroperiod gra-
dient, we hypothesized that seeds of the corresponding species 
should germinate under the set of specific environmental fac-
tors that indicate the onset of optimal conditions for seedling 
survival and growth (i.e. possess a narrow community-specific 
germination niche; Fenner and Thompson, 2005; Donohue 
et al., 2010; Fernandez-Pascual et al., 2017). Specifically, we 
suggest that species of reed, mudflat, swamp, shallow- and 
deep-water communities differ in their seed germination re-
quirements for light, temperature fluctuation and oxygen, since 
these factors are the most important determinants of plant re-
cruitment along the hydroperiod gradient (van der Valk, 1981; 
Galinato and van der Valk, 1986; Baskin and Baskin, 2014), 
and their interaction may serve as environmental cues for dor-
mancy break or germination, and for post-germination seedling 
establishment.

MATERIALS AND METHODS

Study system and species

Based on vegetation surveys (Hejný, 1960; Sculthorpe, 1967; 
Landucci et al., 2015) and the authors’ field observations car-
ried out in the temperate wetlands of Europe, we selected 50 
of the typical herbaceous plant species occurring in five dis-
tinct wetland plant communities along the hydroperiod gradient 
(Fig. 1): deep-water zone, shallow-water zone, swamps, reeds 
and mudflats (‘DW’, ‘SW’, ‘S’, ‘R’ and ‘M’, respectively; 
Table 1). At the local scale, the majority of these species are 
confined to one of these communities and demonstrate (with a 
few exceptions) a very high level of specialization to the par-
ticular water table level, flood/drought characteristics and the 
corresponding abiotic factors (Hejný, 1960; Sculthorpe, 1967; 
Spence, 1982; Chepinoga, 2015; Landucci et al., 2015). This 
study is restricted to species occurring in continental water-
bodies with standing or slow running waters of temperate 
Europe, and excludes saline habitats.

Seed germination experiments

Mature dispersal units (hereafter ‘seeds’) of the 50 study 
species were sourced from typical, natural populations of 
wetland species located across Germany, Croatia, Russia and 
Slovenia (Supplementary data Appendix S1). Seeds of some 
species were obtained from the University of Regensburg’s 
water basins or greenhouses by cultivating sediment sam-
ples for soil seed bank studies under natural or semi-natural 
conditions due to the rarity of fruiting naturally (Poschlod 
and Rosbakh, 2018). We collected the seeds from randomly 
chosen individuals (>50 individuals per species and thor-
oughly mixed). After collection, the seeds of non-aquatic 
species were air-dried for several days, cleaned and kept dry 
in a cold room under 4 °C until the beginning of the germi-
nation experiments, following recommendations by Baskin 
and Baskin (2014). The seeds of aquatic plants (e.g. Nuphar 
lutea, Potamogeton natans, Trapa natans, etc.) were stored 
wet in plastic containers at room temperature, to avoid their 
desiccation (Hay et al., 2000). Prior to the germination experi-
ments, the seeds of all the species were allowed to overwinter 
moist at 4 °C for 6–9 weeks, to meet winter chilling require-
ments necessary to overcome physiological dormancy, if any, 
in some of the target species (Baskin and Baskin, 2014). Due 
to the presence of their permeable but hard seed coat, seeds of 
Potamogeton spp. were mechanically scarified before the wet 
chilling to ease dormancy break and seed germination.

To reveal the requirements for optimal germination as an 
adaptation to environmental conditions in the study commu-
nities, we used a three-factorial experiment to test seed ger-
mination response to temperature fluctuations (constant vs. 
fluctuating temperature), illumination (light vs. darkness) and 
oxygen availability (aerobic vs. hypoxia). Previous research 
suggests that these three environmental factors are the most 
important seed germination triggers in wetlands (reviewed in 
Baskin and Baskin, 2014) and are assumed to represent the 
environments in wetland communities along the hydroperiod 
gradient that the seeds may encounter (Fig. 1; Table 2). For 
example, the quality and quantity of light (Silvertown, 1980; 
Vazquez-Yanes and Orozco-Segovia, 1987), daily tempera-
ture fluctuations (Thompson, 1974) and oxygen concen-
trations (Pons, 1989) were found to decrease with water 
depth. Therefore, seed germination of species inhabiting the 
‘deep-water’ zone is expected to be independent from light and 
triggered by constant temperatures and low oxygen concentra-
tions (Baskin and Baskin, 2014).

In each germination test, 20 seeds were placed on two layers 
of wet filter paper in a Petri dish; each treatment was replicated 
five times. All the experiments were conducted in RUMED 
1301 climatic chambers (Rubarth Apparate GmbH, Laatzen, 
Germany) at constant (22 °C; no temperature fluctuations) or 
diurnal fluctuating temperatures (22/14 °C; temperature fluctu-
ations) with 14 h of light supplied by white fluorescent tubes. To 
test the ability of the seeds to germinate under dark conditions, 
the Petri dishes were wrapped immediately with four layers of 
aluminium foil. Germination proportions for all dark treatments 
were recorded once, on the very last day of the experiment. For 
the light treatment, the Petri dishes remained unwrapped for the 
whole experiment. Oxygen availability had two levels: hypoxic 
and aerobic. To simulate hypoxic conditions, the Petri dishes 
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were supplied with vents to provide consistent gas exchange 
and then placed in a desiccator where the air was substituted 
with pure nitrogen. We repeated this procedure each time ger-
mination was scored. The treatments to which this treatment 
was not applied are referred to as aerobic.

The dishes were examined initially twice a week and later 
once a week for germination, and any seeds with a protruding 
radicle or evidence of cotyledons were classed as germinated; 
these were removed once the checks had been completed. After 
6 weeks, the experiments were terminated and the viability of 
non-germinated seeds was checked by inspection of embryos. 
Seeds with white and firm embryos were considered viable 
(Baskin and Baskin, 2014). The abbreviations used for the dif-
ferent seed incubation treatments through the text read as fol-
lows: L, light; D, dark conditions; C, constant, F, fluctuating 
temperatures; A, aerobic, H, hypoxia conditions.

Statistical analysis

T50 and seed germination niche width  Based on seeds that 
germinated in the treatments, we calculated germination speed 
under optimal environmental conditions (hereafter T50) and 
seed germination niche width. The T50 values are determined 
here as the number of days taken by 50 % of total germinated 
seeds under the most optimal conditions (i.e. an experimental 

treatment in which the germination rates were the highest). 
When two or more treatments produced similar final germin-
ation, the T50 values were calculated for all of them and the 
lowest value was considered in the analysis. To estimate the 
T50 values, a two-parameter log-logistic model was fitted to the 
data using the statistical method developed by Ritz et al. (2013) 
and Jensen et al. (2017). The curve fit as well as the estimation 
of T50 values were carried out with the help of the drc package 
(Ritz et al., 2015) for R software.

Seed germination niche width was estimated for each of 
the 50 species as Pielou’s evenness index (J; Thompson et al., 
1999; Fernández-Pascual et al., 2017), calculated with the final 
germination proportions in each of the eight experimental treat-
ments. Low J values indicate high sensitivity to one treatment 
(narrow germination niche) and values close to one indicate 
germination evenly distributed among the treatments (wide ger-
mination niche).

Phylogenetic signal in seed germination traits To estimate the 
extent to which seed germination traits are constrained by the 
relatedness between species, we first tested for a phylogenetic 
signal in each of our traits using Blomberg’s K (Blomberg et al., 
2003) in the phytools package of the statistical environment R 
(Revell, 2012). Briefly, low K values indicate a weak phylo-
genetic signal in the trait data, and values close to one indicate 
a strong phylogenetic signal. Calculations of the K values, as 
well as phylogenetic principal component analysis (pPCA; see 

Table 2. Seed germination conditions in the studied wetland communities and expected optimal seed germination conditions in the 
experiment

Wetland 
community

Hydroperiod Seedling establishment conditions in the field Expected optimal 
germination 
conditions in the 
experiment

Light Temperature Oxygen 
levels

Reed Water table during growing season lies below the soil 
surface and rises for a short time during the wet season

Dense vegetation, 
light available 
in open gaps 
only

Constant 
temperatures 
under dense 
plant cover, 
larger 
fluctuations in 
open gaps

Almost high, 
low when 
flooded

LFA, LCA, DFA, 
DCA

Mudflats Can appear at each part of the hydroperiod gradient, given 
that the sub-stratum is free of standing water and litter

Fully illuminated Large 
fluctuations

Almost high, 
low when 
flooded

LFA

Swamp High variation in duration, depth and frequency of flooding. 
Water table ranges from ≥ 50 cm beneath the soil surface 
to where the soil is covered by ≥150 more of water

Fully illuminated, 
but could be 
moderate or 
low when 
flooded

Both constant 
and 
fluctuating 
depending 
on the water 
table

Moderate, 
vary 
depending 
on water 
table

LFA, LCA, LCH, 
DCH

Shallow 
water 

Permanently or long-term flooded. Shallow water table From moderate to 
no illumination

Mainly constant, 
but can 
fluctuate 
when 
shallowly 
flooded

Low, usually 
hypoxic

LCH, LFH

Deep water Permanently or long-term flooded. Deep water table No light, 
especially 
when seeds 
are buried in 
sediments

Constant Very low, 
usually 
anoxic or 
hypoxic 
conditions

DCH

L, light; D, darkness; C and F, constant and fluctuating temperatures, respectively; A, aerobic conditions; H, hypoxia. See the Materials and Methods for further 
details.
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below) were based on a phylogeny of a large European flora 
(Durka and Michalski, 2012).

Community-specific seed germination niche and phylogenetic 
PCA To confirm the community-specific seed germination 
niches of the study species detected in the laboratory treatments 
(see above), we performed a cluster analysis on the species–trait 
matrix. We grouped the species into five clusters corresponding 
to the five target wetland communities by k-means clustering. To 
visualize the (dis)similarity in the seed germination traits within 
the target wetland communities and determine the dominant 
axes of trait variation, we conducted multivariate analysis on 
the species–trait matrix (Table 1). Given that we detected phylo-
genetic signals in almost all seed germination traits (Table 3), 
we conducted a pPCA, which accounts for non-independence 
among species (Revell, 2009). The results of the pPCA were 
plotted with the help of the ggord package (Beck, 2017) in R.

Differences in wetland communities in their response to 
the experimental treatments, seed germination speed and seed 
germination niche width were tested with the help of phylo-
genetic generalized linear models (pGLMs; method ‘Poisson 
GEE’), which account for phylogenetic relatedness among the 
study species (Paradis and Claude, 2002), implemented in the 
package phylolm (Ho et al., 2018). The pairwise comparisons 
were done by relevelling the baseline group; Bonferroni cor-
rection was applied to adjust for multiple testing. All statis-
tical analyses were conducted in R 3.4.3 (R Core Development 
Team, 2018).

RESULTS

Phylogenetic signal in seed germination traits

We detected a strong phylogenetic signal in seed germination 
response to all experimental treatments, as well as in seed 
germination speed under optimal environmental conditions  
(Table 3). Little phylogenetic signal was found in the seed germi-
nation niche width, as evidenced by low Blomberg’s K (K = 0.18, 
P = 0.51), indicating a lack of trait association with phylogeny.

Phylogenetic PCA

The ten seed traits studied could be summarized by two prin-
cipal components (PCs) with eigenvalues of 1.5, which together 
accounted for 52.2 % of the total variance. The third PC was not 
well supported and only accounted for an additional 13.5 % of 
total variation (Table 3). PC1 explained 34.9 % of the variance 
and loaded most heavily (Pearson’s r >0.37) and negatively on 
seed germination response to all dark treatments (DCA, DFA, 
DCH and DFH). Thus, PC1 separated the deep-water species 
characterized by a comparatively wide germination niche from 
species of the other four zones that required more specific con-
ditions for seed germination (Fig. 2). The second PC accounted 
for an additional 17.3 % of the variance and loaded most 
heavily on seed germination response to the LFA (r  =  –0.6) 
and LCH (r = 0.6) treatments. Therefore, PC2 separated reed 
and mudflat species requiring light, fluctuating temperatures 
and high oxygen supply, from the shallow-water communities 
which had seed germination optima under full illumination, 
constant temperatures and hypoxic conditions. Swamp species 
were ordinated on the PC2 between these two different groups 
of wetland communities (Fig. 2).

Community-specific seed germination traits

Seed germination requirements for temperature fluctuations, 
light and oxygen, as well as germination speed and seed ger-
mination niche width varied among the communities studied 
(Table 1; Figs 3 and 4). Trait values, as well as characteristic 
species of the clusters obtained by k-means clustering, are 
shown in Table 4. The results of pGLMs are presented in the 
Supplementary data Appendix S2.

Reeds

Seven species (e.g. Alopecurus aequalis and Phalaris 
arundinacea) were grouped into cluster ‘reed’ and demon-
strated the ability to germinate best under LFA, LCA, DFA and 
DCA treatments, indicating that while oxygen was crucial, nei-
ther light nor temperature fluctuations were an important pre-
requisite for seed germination in this community (Fig. 3). This 
relatively broad germination niche was also reflected by a com-
paratively high Pielou’s J index (0.72; Fig. 4B). On average, 
seeds of a species from this cluster only took 5 d to reach 50 % 
germination under the most optimal conditions, in this case 
with sufficient oxygen (Fig. 4A).

Mudflats

The majority of the mudflat species (n  =  21), such as 
Dichostylis micheliana and Limosella aquatica, demonstrated 
clear germination preferences that were reflected in compara-
tively low J values (0.38; Table 4; Fig. 4B). Their seeds required 
light, full oxygen supply and fluctuating temperature to achieve 
high germination (>50 %; Table 4; Fig. 3) and had compara-
tively low seed germination speed (T50 = 9.4 d). Moreover, the 
low seed germination response to the remaining experimental 
factors (just a few species were able to germinate under the 
LCA treatment) confirms the very specific nature of the seed 
germination niche in this community.

Table 3. Summary of phylogenetic principal components analysis 
(pPCA) on species–trait matrix of 50 study wetland species and 

Blomberg’s K test for phylogenetic signal in each trait

 PC1 PC2 PC3 Blomberg’s K

Eigenvalue 3.5 1.7 1.3
Proportion of variance 34.9 17.3 13.5
Cumulative proportion 34.9 52.2 65.7
LFA –0.2 –0.6 –0.1 0.74*
LCA –0.3 –0 0.56 0.39*
LFH –0.3 0.27 –0.3 0.73*
LCH –0.2 0.6 0.02 0.40*
DFA –0.4 –0.3 0.11 0.39*
DCA –0.4 –0.3 –0.2 0.66*
DFH –0.4 0.12 –0.3 0.88*
DCH –0.4 0.09 –0.3 0.62*
T50 0.08 0 –0 0.63*
J –0.3 0.09 0.61 0.18

For each axis, the eigenvalues and proportion of variance explained are pro-
vided, as well as loadings for the first three principal components. Asterisks in-
dicate a strong phylogenetic signal in the trait. For abbreviations refer to Table 1.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz139#supplementary-data


Rosbakh et al. — Seed germination along a hydroperiod gradient 73

Swamp

The seed germination pattern of the eight species belonging 
to the ‘swamp’ cluster (e.g. Alisma plantago-aquatica and 
Typha latifolia) included characteristics of terrestrial reed and 
mudflat communities and permanently or long-term flooded 
shallow-water communities. Seeds of swamp species germi-
nated well under both aerobic and hypoxic conditions under 
full illumination regardless of the temperature fluctuations (Fig. 
3), resulting in a broad seed germination niche width (Pielou’s 
J  =  0.68; Fig. 4B). Additionally, species belonging to this 
cluster demonstrated high seed germination speed; on average, 
50 % of a swamp species germinated within 4.9 d (Fig. 4A).

Shallow-water communities

In contrast to the reed and mudflat communities, seeds of 
eight species from the ‘shallow-water’ cluster were able to ger-
minate to high percentages only under hypoxia conditions and 
full illumination regardless of temperature fluctuations (Table 4;  

Fig. 3); the comparatively low J value (0.63; Fig. 4B) con-
firmed this specific germination behaviour. Several species of 
this cluster (e.g. Nuphar lutea and Sagittaria sagittfolia) also 
had substantial seed germination proportions in the DFH and 
DCH experimental treatments. Seeds of ‘shallow-water’ spe-
cies had the lowest seed germination speed (on average 15.1 d 
to reach 50 % seed germination; Fig. 4A) among the wetland 
communities studied.

Deep-water communities

We observed high similarity in seed germination responses 
to all experimental treatments among the species occurring in 
deep-water communities (Table 4; Fig. 3). Specifically, they 
germinated to high percentages (>90 %) and equally well 
under all treatments suggesting that these species possess a 
very wide germination niche, which was also confirmed by 
very high J values (0.99; Fig. 4B). The seeds of the deep-water 
species, such as Potamogeton pectinatus and Trapa natans, 
demonstrated a fast germination response to the most optimal 
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germination conditions; on average, it took seeds only 3.7 d to 
reach 50 % germination under optimal conditions (Fig. 4A).

DISCUSSION

The spatial and temporal variation in duration, depth and fre-
quency of flooding along the hydroperiod gradient turns wetlands 

into an extremely heterogeneous environment (Santamaria, 
2002; Moor et al., 2017). Thus, specific combinations of envir-
onmental factors at different parts of the hydroperiod gradient 
act as ‘sieves’, filtering out maladapted species and favouring 
species possessing traits best adapted to these conditions, re-
sulting in the clear pattern of wetland community structure and 
composition (Sculthorpe, 1967; Spence, 1982; Keddy, 1992). 
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As for seedling survival and growth, ecological theory suggests 
(Götzenberger et al., 2012; de Bello et al., 2013) that each of 
these communities should be characterized by the set of spe-
cific environmental factors that indicate the onset of optimal 
conditions for seed germination, permitting the establishment 
of only community-specific species (van der Valk, 1981). Our 
results confirm this theory to a large extent by demonstrating 
the presence of distinct, community-specific seed germination 
niches in wetlands. In accordance with our hypothesis, the ex-
isting diversity of germination response types in wetlands re-
flected adaptations to decreasing light intensity, temperature 
fluctuations and oxygen availability along the hydroperiod gra-
dient (Fig. 1; Table 2).

Reeds and mudflats

Reeds, plant communities located at the upper end of the 
hydroperiod gradient, are characterized by prolonged flooding 
with a comparatively low water table during winter and ex-
posed soil surfaces during growth periods when the water re-
cedes. The strict requirements for oxygen detected for the reed 
species reflect the adaptation of seed germination to these en-
vironmental conditions. In contrast to hydro- and helophytes 
occupying open waters and swamps (see below), the species of 
this group lack adaptations to permanent flooding and submer-
gence. Consequently, if seeds of a reed species germinate under 
hypoxic, submerged conditions (a water layer of a few centi-
metres over the soil considerably reduces oxygen concentration 
in water; Wetzel, 1983; Smits et al., 1990), the seedlings might 
not be able to grow to the surface and thus would die. Therefore, 
the requirement for oxygen will either prevent seedling emer-
gence under flooded conditions or will allow seeds to germinate 
in/on the bare, well-aerated soil. The rise of soil oxygen con-
centrations after a drawdown indicates, for the reed species, the 
onset of favourable conditions for seedling establishment that 
triggers very fast germination; on average, they reached 50 % 

germination within 5 d under optimal conditions. The fast ger-
mination speed in the reed community may be an adaptation 
to take early advantage of aerobic conditions prevailing soon 
after water drawdowns. In the case of a slow seed germination 
rate, an inundation may hamper seed germination and seedling 
establishment.

Apart from the sensitivity to oxygen, seeds of reed species 
were able to germinate equally well in both darkness and full 
illumination regardless of temperature fluctuations, indicating 
a comparatively broad germination niche (Pielou’s J = 0.72). 
This germination behaviour appears to be an adaptation to es-
tablishment within reed stands (van der Valk, 1981), often made 
up of communities of tall species with a thick litter cover. In 
such communities, dense vegetation reduces temperature fluc-
tuations and light availability at the soil surface (Thompson 
et al., 1977; Grime et al., 1981), thereby diminishing their role 
as reliable cues for the onset of favourable conditions for ger-
mination. Furthermore, the lack of sensitivity of seeds to tem-
perature fluctuations and light explains the fact that many reed 
species lack persistent seed banks (van den Broek et al., 2005); 
a seed bank can only be built if seeds are inhibited by darkness 
in the soil (Grime, 1989; Pons, 1991).

Compared with other wetland communities, the position of 
the mudflat community in the pPCA ordination was found to 
be very close to the reeds, indicating similarities in seed ger-
mination strategy, namely similar strict requirements of oxygen 
for germination. Like the reeds, the mudflat communities are 
mainly comprised of terrestrial species, whose seedling growth 
and development might be negatively affected by long-term 
flooding (Baskin et  al., 1993). Thus, to avoid high seedling 
mortality and optimize establishment, seed germination of 
mudflat species is triggered by high oxygen concentrations that 
are typical for exposed soil or sediment surfaces after the retreat 
of flood water (Coops and Velde, 1995). As for other environ-
mental factors tested, seeds of mudflat species were not able to 
germinate in darkness and germinate better in fluctuating than 
in constant temperatures that limit the seed germination niche 

Table 4. Seed germination characteristics of the five study wetland communities obtained by k-means clustering

Seed germination trait Wetland communities

Reed Mudflat Swamp Shallow water Deep water

n = 7 n = 21 n = 8 n = 8 n = 6

      
LFA, % 100.0 97.7 84.3 8.5 98.0
LCA, % 72.0 49.8 82.9 19.2 98.1
LFH, % 22.0 7.4 68.8 87.6 96.5
LCH, % 1.0 2.0 79.7 86.8 95.4
DFA, % 87.4 9.4 2.9 1.6 93.5
DCA, % 64.9 4.6 1.5 2.0 91.2
DFH, % 6.5 1.4 10.9 39.9 93.0
DCH, % 1.2 0.2 3.8 23.2 95.2
Seed germination niche width 

(Pielou’s J)
0.72 0.38 0.68 0.63 0.99

Seed germination speed (T50), d 5.0 9.4 4.9 15.1 3.7
Typical species Alopecurus aequalis Dichostylis micheliana Alisma plantago-aquatica Nuphar lutea Potamogeton pectinatus

Phalaris arundinacea Limosella aquatica Eleocharis palustris Nymphaea alba Schoenoplectus 
lacustris

Sparganium erectum Plantago intermedia Typha latifolia Sagittaria sagittifolia Trapa natans

For abbreviations refer to Table 1.
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to a comparatively narrow range (Pielou’s J = 0.38). This spe-
cific seed germination behaviour, to germinate at full illumin-
ation and fluctuating temperature, might have evolved as a gap 
detection mechanism (Thompson et  al., 1977), an adaptation 
to enhance mudflat seedling establishment in open patches and 
vegetation gaps. Since the majority of mudflat species are short 
in stature and shade intolerant, they cannot become established 
from seeds within stands of existing vegetation or under water, 
because the shading from the plant canopy or water column 
reduces temperature fluctuations and prevents the seeds from 
being exposed to direct sunlight (van der Valk, 1981). Thus, 
seed germination of mudflat species is inhibited when they are 
covered with soil or vegetation and is triggered in open gaps 
and litter-free patches (van der Valk, 1981; Baskin et al., 1993, 
2004).

Mudflats are unpredictable, unstable, ephemeral habitats that 
can appear at every part of the hydroperiod gradient, provided 
they are drained, open and free of litter. To bridge the long 
periods of temporarily unsuitable environmental conditions in 
this community, mudflat species are able to persist in seed banks 
for very long periods, at least 50 years in many cases (Poschlod 
and Rosbakh, 2018). The germination inhibition detected by 
darkness and constant temperatures explains this common 
characteristic of mudflat species (S. Rosbakh, pers. obs.); once 
flooded or covered with sediments and or litter, seed germi-
nation is inhibited until conditions become favourable for ger-
mination and seedling establishment. In its turn, the relatively 
fast seed germination speed (T50 = 9.4 d) explains how mudflat 
species tune their seedling establishment to the temporal nature 
of this community; germination is initiated once the open soil 
surface is exposed to full illumination and alternating tempera-
ture after the water receedes (Shipley and Parent, 1991).

Shallow- and deep-water communities

Like reeds and mudflats, the environment in open waters 
shapes the corresponding communities by selecting those 
species that are best adapted for each part of the hydroperiod 
gradient from the local species pool, in this case submerged 
conditions. Yet, the shallow- and deep-water species differed 
considerably in their germination strategies, putatively due to 
the water table depths at the parts of the hydroperiod gradient 
they occupy. As for the former, germination was mainly trig-
gered under hypoxia and full illumination, two environmental 
cues indicating optimal ecological conditions for growth and 
development under long-term or permanent shallow flooding 
(Smits et al., 1990; Ellenberg and Leuschner, 2010). In terms 
of adaptations, the inhibition of germination by oxygen en-
sures that the emergence of shallow-water species does not 
take place in drained soil (Pons and Schröder, 1986; Coops and 
Velde, 1995), because post-germination of such species largely 
depends on the aquatic environment and usually does not tol-
erate desiccation, even for short periods of time (Sculthorpe, 
1967; Hay et  al., 2000). Contrastingly, the low oxygen con-
centrations in water-saturated soils (Wetzel, 1983; Smits et al., 
1990) indicate the onset of favourable conditions for seedling 
establishment. Thus, along with the light requirement for seed 
germination and insensitivity to temperature fluctuations, which 
act as a depth-sensing mechanism [deep flooding considerably 

reduces light intensity (van der Valk, 1981) and temperature 
fluctuations (Thompson et al., 1977)], seedling emergence of 
shallow water species is restricted to waterlogged or shallowly 
flooded soils. The comparatively slow germination speed under 
such conditions (on average, it took a shallow water species 
15.1 d to reach 50 % germination) suggest that germination 
is triggered once the soil remains waterlogged or flooded for 
several days.

According to our hypothesis, we expected seeds of deep-water 
species to be adapted to germinate best under dark, hypoxic 
conditions with no temperature fluctuations (Table 1), since 
the seeds of deep-water species are known for their very poor 
floating ability (Smits et al., 1990; Boedeltje et al., 2003; van 
den Broek et al., 2005; Soons et al., 2017). However, they dem-
onstrated an extremely broad seed germination niche (Pielou’s 
J  =  0.99), germinating well irrespective of light or darkness, 
aerobic or hypoxic conditions (Figs 3 and 4). This opportu nistic 
behaviour indicates that the seedlings of these species can es-
tablish under almost all possible environmental (constant and 
fluctuating temperature, light and darkness, aerobic and hyp-
oxic) conditions in wetlands. There are several possible explan-
ations for this phenomenon. First, the majority of these species 
have a physical or physiological dormancy (Baskin and Baskin, 
2014) and require some kind of dormancy-breaking treatments. 
It is often noticed that soon after dormancy is broken via re-
sponses to specific environmental cues, non-dormant seeds in 
the majority of terrestrial and wetland species germinate under 
a wide range of environmental conditions, allowing species to 
exploit low resource competition and take advantage of early 
establishment (Baskin and Baskin, 2014) as seen in the seeds 
of Trapa natans (Phartyal et  al., 2018). This broad germi-
nation niche indicates that the establishment of the deep-water 
community is governed, primarily, through their dormancy-
breaking environmental cues rather than through seed germi-
nation cues. Secondly, the broad germination niche is probably 
a bet-hedging strategy that minimizes the risk of seed germi-
nation at a specific narrow environmental cue and improves the 
chances for survival and further establishment of the species at 
a local scale (Venable, 2007; Donohue et al., 2010). Thirdly, 
species with wide germination niches are more likely to have 
wide ecological niches and geographical distribution, although 
it is still difficult to draw generalizations, suggesting that a 
broader germination niche provides a greater opportunity for 
post-germination adaptation to a wide range of environmental 
conditions than a narrow germination niche (Donohue et  al., 
2010). It seems true to a large extent for our deep-water plant 
communities since some of them have a pan-continental distri-
bution under wide hydrological gradients from tropical to tem-
perate regions.

Swamp communities

Due to their intermediate position at the hydroperiod gra-
dient, swamp communities are regularly subjected to short- and 
long-term fluctuating water levels, resulting in alternation be-
tween terrestrial and aquatic growing conditions. Therefore, 
only species those seedlings are able to establish on both ex-
posed and shallowly flooded soils can occur in such commu-
nities. The results of our study confirm that seeds of swamp 
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species germinate equally well under the combination of ex-
perimental conditions typical for mudflat and reed species 
(LFA and LCA treatments), as well as shallow-water species 
(LFH and LCH treatments resulting in a broad seed germin-
ation niche; Pielou’s J = 0.68). The lack of germination under 
dark conditions suggests that seedling establishment is pre-
vented when water tables are too high.

CONCLUSIONS

The results of our study clearly demonstrate that seed ger-
mination traits can play an important structuring role in com-
munity assembly at the local scale, in our case in wetlands. This 
finding has two important implications for research in commu-
nity assembly in general, and wetland vegetation dynamics and 
restoration ecology in particular. As to the former, it confirms 
earlier suggestions that a species’ position along environmental 
gradients is determined by the characteristics of its regeneration 
niche (Grubb, 1977; Smits et al., 1990; Rosbakh and Poschlod, 
2015; Valdez et al., 2019) and that the formation of vegeta-
tion zonation along such gradients, particularly in wetlands, 
starts the very early stages of plant establishment (Spence, 
1982; Coops and Velde, 1995; Moor et al., 2017). Therefore, 
it endorses the recent argument by Larson and Funk (2016), 
Jiménez-Alfaro et al. (2016) and Saatkamp et al. (2019) that 
such traits should be included in studies on plant community 
composition in trait–filter assembly frameworks (Keddy, 1992), 
because they encompass functions that cannot be explained 
solely by adult plants (Jiménez-Alfaro et al., 2016).

Wetlands are a well-known ecosystem for the short- and 
long-term changes in vegetation structure and composition 
caused by various environmental factors, including distur-
bance, the physical or chemical conditions of the habitat, inter-
actions among plants or the invasion and establishment of new 
species (van der Valk, 1981; Keddy, 2010). Since the establish-
ment of a newcomer or re-establishment of already existing 
species (e.g. from the soil seed bank) from seeds in available 
gaps is controlled by the specific, and sometimes very narrow, 
seed germination niche, realistic predictions about changes in 
the composition of wetland vegetation can be made (van der 
Valk, 1981; Valdez et al., 2019).

As regards restoration ecology, the results obtained for 
seed germination requirements in wetland communities may 
help to improve restoration outcomes (Jiménez-Alfaro et  al., 
2016). Our main recommendation for practitioners is that 
seeds of wetland species should be germinated under known 
community-optimal conditions, to increase establishment suc-
cess in restoration areas or optimize production of greenhouse-
grown plants for transplantation into these areas. For example, 
we recommend bringing back natural drawdowns of river banks 
and lake/pond shorelines to create suitable sites for seedling 
establishment from seed banks of mudflat species, one of the 
most threatened wetland plant communities in Central Europe 
(Poschlod and Rosbakh, 2018).
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