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ABSTRACT

Aims: Regeneration by seed is regarded as a key stage to understand plant community processes and vegetation patterns. In this
study, we tested the hypothesis that the seed regeneration niche exhibits differentiation along the small-scale plant zonation that
characterizes the ephemeral vegetation of Mediterranean temporary ponds (MTPs).

Location: MTPs of Sicily, Italy, southern Europe.

Methods: Seeds of 13 MTPs species were collected along the zonation. Experiments were conducted to measure seed germina-
tion responses to different levels of temperature (constant and alternating), light, and after-ripening. Cardinal temperatures for
germination (base T,, optimal T, ceiling T ) were calculated following a thermal-time approach. Analyses were applied to (1) test
germination responses as a function of the zonation and (2) describe the shape of the germination niche across zones.

Results: Germination temperatures significantly varied along the zonation, with species from the outer belt having higher T,
(>24.5°C) and T, (> 30°C) than species from flooded areas. Species from the long-lasting flooded area showed the highest germi-
nation in darkness (> 75% in some cases). Alternating temperatures and after-ripening had a general positive effect across zones.
Ordination analysis indicated a high variability of light and alternating temperature preferences in species from short-lasting
flooded areas.

Conclusions: Our results support the hypothesis that temperature and light preference for germination vary across a small-
scale plant zonation in MTPs. This allows species from the outer belt to be among the first to germinate, whereas species from
long-lasting flooded areas can germinate even under turbid water. The different light and alternating temperature preferences of
species from short-term flooded areas may be an adaptation to cope with water fluctuations. This study confirms the importance
of considering seed germination traits in the effort to understand the ecological dynamics of plant communities.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Regeneration traits determine the colonization capacity of
ephemeral herbs and the ecological niche in which they can suc-
cessfully establish (Grubb 1977). Indeed, early stages of a plant's
life cycle (germination and seedling establishment) are very sen-
sitive to environmental factors such as temperature, light, and
water availability (Longo et al. 2021). These and other factors
act as “filters”, selecting the species within a habitat according
to the functional traits they possess (Keddy 1992). Nevertheless,
efforts to understand plant community assembly are mainly fo-
cused on traits related to adult plants (such as vegetative growth,
survival, and resource acquisition), and less attention is given
to regeneration traits, including germination traits (Jiménez-
Alfaro et al. 2016; Larson and Funk 2016). Accordingly, in-
vestigating and integrating seed traits into plant ecology is
now identified as a priority to achieve a better understanding
of ecological niches, population dynamics, and community
assembly (Saatkamp et al. 2019). To confirm this, a growing
number of studies are highlighting the key role of seed traits
in explaining species occurrence and coexistence within com-
munities (Poschlod et al. 2013; Fernandez-Pascual et al. 2017;
Tudela-Isanta et al. 2018; Rosbakh et al. 2020, 2022; Del Vecchio
et al. 2021).

Wetlands have long attracted the scientific interest of vegeta-
tion and community ecologists because they are characterized
by strong gradients of environmental factors such as tempera-
ture, light, and hydroperiod (duration, frequency, and depth of
flooding), which vary in small spatial scales (across the habitat
zonation) and across time (during seasonal changes in the water
table). These properties make them an ideal “natural labora-
tory” to test trait-based theories (Moor et al. 2017). Especially in
temporary wetlands, water and temperature fluctuations have
stronger selective effects on plant communities than in other
wetland types. In temporary wetlands, the aboveground plant
cover is seasonal, and the habitat is water-saturated for only a
part of the year (Deil 2005). Being ephemeral, small, endan-
gered, and rich in specialist species, temporary pools represent
a priority system for testing ecological theories of vegetation sci-
ence (Blaustein and Schwartz 2001).

Mediterranean temporary ponds (MTPs) are shallow water bod-
ies, heterogeneous in size, shape, depth, and elevation, typical
of Mediterranean climates. Across the year, they are character-
ized by the alternation of a flooded phase, which starts with the
autumn rains, followed by a dry phase, leading to the complete
desiccation of the ponds during the Mediterranean dry summer
season (Grillas et al. 2004). Being highly dependent on rain-
fall, MTPs are severely threatened by global change (Dimitriou
et al. 2009; Grillas et al. 2021; Parra et al. 2021) and are con-
sidered a priority habitat for conservation in Europe (Council
Directive 92/43/CEE, code 3170%*). During the flooded phase,
MTPs usually exhibit small-scale zonation, related to hydro-
period and the microtopography of the ponds: (1) long-lasting
flooded areas (LL) in the deepest and central part of the ponds;
(2) short-lasting flooded areas (SL) surrounding the LL; and
(3) outer belts (OB) at the edge of the pond, which are never or
seldom inundated (Caria et al. 2015). MTPs host a highly spe-
cialized flora which is distributed along this small-scale environ-
mental zonation (Bauder 2000; Rocarpin et al. 2016; Lanfranco

et al. 2020). In such stochastic habitats, trait responses to water
fluctuations play a major role in the distribution of plant species
along the zonation (Brock and Casanova 1997).

A common adaptive trait of MTPs plants is their annual life
cycle, which enables them to survive summer drought in the soil
seed bank (Médail et al. 1998). Building a large soil seed bank
is a shared strategy to cope with unfavorable seasons or distur-
bance (Aponte et al. 2010). Although seeds play a key role in the
survival and regeneration of MTPs' ephemeral vegetation, inves-
tigations about the plant ecology of this habitat have mainly fo-
cused on species composition (Minissale and Sciandrello 2016;
Sciandrello et al. 2016; Lanfranco et al. 2020; Tomaselli
et al. 2022). Only a few works have analyzed seed dormancy and
germination in MTPs, generally focusing on species-level re-
sponses (Carta et al. 2012, 2013; Camilleri and Lanfranco 2013;
Puglia et al. 2018; Di Stefano, Blandino, et al. 2025). A literature
review by Carta (2016) proposed a common regeneration strat-
egy of MTPs plants. This study indicated that the germination
of these plants is generally characterized by the requirement for
light and cool temperatures (<15°C), and that dry after-ripening
alleviates primary dormancy in many species (if present).
However, such species-level studies provide limited insight into
how regeneration traits scale up to shape communities across
the microtopographic and hydrological gradients of MTPs. This
lack of a community-level perspective leaves a gap in our un-
derstanding of how regeneration traits vary across the different
environmental conditions that characterize the spatial gradients
of this highly dynamic habitat.

Previous studies on the germination ecology of wetland plants
outside the Mediterranean pointed out that species adapted
to deep waters can germinate with high percentages in dark-
ness, under constant temperatures, broadening their germina-
tion niche when physiological dormancy is broken (Rosbakh
et al. 2020). In contrast, a preference for light was observed
in species that experience stronger water fluctuations, typ-
ical of short-lasting flooded areas (Baskin et al. 1993; Tuckett
et al. 2010; “true mudflat species” in Phartyal et al. 2020). These
small-sized species also germinate better under fluctuating tem-
perature regimes (Rosbakh et al. 2020), as this acts as a low-
water level and an open-patch detection mechanism (Thompson
et al. 1977). Furthermore, a preference for temperatures <20°C
was found in MTPs species that colonize long-lasting and short-
lasting flooded areas (Carta 2016). In the more terrestrial plant
species that characterize the outer belts of wetlands, a broader
germination niche width was observed, including high germi-
nation in darkness together with an insensitivity to temperature
regimes (constant vs. alternating) (“facultative mudflat species”
in Phartyal et al. 2020).

The main aim of this study was to analyze the germination traits
of species inhabiting different zones of MTPs from a functional
ecology perspective, to test the hypothesis that there is a differ-
entiation of the seed regeneration niche along a small-scale plant
zonation. In particular, we predicted the presence of specific ger-
mination adaptations to cope with the environmental variability
along the small-scale zonation (Table 1). Using seeds of 13 MTPs
specialist plant species, we conducted laboratory germination
experiments to measure the seed germination niche of each spe-
cies (concerning constant and alternating temperatures, light
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TABLE 1 | Predicted optimal seed germination conditions across the MTPs small-scale plant zonation, based on studies conducted in other

wetland habitats.

MTPs small-scale plant zonation

Environmental Long-lasting flooded Short-lasting Outer Ecological
cues area (LL) flooded area (SL) belt (OB) significance
Temperature <20°C <20°C Wide range Perceiving seasonality,
timing germination
early or late in the rainy
season (Finch-Savage and
Leubner-Metzger 2006)
Alternating Constant Alternating Indifferent Inhibit or stimulate
temperature germination under
flooding (Thompson
et al. 1977)
Light High germination High germination High Detecting seed position
in darkness in light germination in the soil and the

After-ripening Positive effect

in darkness presence of water
turbidity due to flooding

(Bewley et al. 2013)

Delay germination in
a season unfavorable
for seedling survival

and after-ripening). Subsequently, we addressed two research
objectives: (1) to test germination responses as a function of
the zone; and (2) to describe the shape of the germination niche
across zones.

2 | Methods
2.1 | Study System

For 2years (from 2022 to 2024), floristic surveys were carried
out during different seasons in several MTPs of Sicily, Italy (see
Appendix S1 for details of the sites). Being the plant commu-
nities of MTPs characterized by seasonal successions (Bagella
et al. 2009), and the different morphotypes changing over sea-
sons (Fernandez-Zamudio et al. 2021), surveys were carried
out from autumn to summer to sample whole plant diversity.
Additionally, in the different ponds, it was possible to recog-
nize three microtopographic situations that characterize the
MTPs' small-scale plant zonation (Figure 1). During the flow-
ering season of each monitoring year, plant specimens were col-
lected, and species were identified at the Germplasm Bank of the
University of Catania (BGs-CT) following Pignatti et al. (2019).
The identified species were classified in functional groups ac-
cording to their morphological response to temporary flooding
sensu Brock and Casanova (1997). Four functional groups of
plants were identified: fluctuation-responder species with het-
erophylly; fluctuation-responder species with floating leaves;
small-sized fluctuation-tolerator species; and terrestrial species
of damp places. Species were then assigned to a zone according
to their functional group and growth place observed during the
surveys. Based on the information collected, 13 typical MTPs

species occurring across the plant zonation of the surveyed
ponds were selected (Figure 1 and Appendix S1).

2.2 | Seed Collection

Mature fruits or seeds (hereafter, “seeds”) of the 13 selected spe-
cies were collected at the time of natural seed dispersal (dates
in Appendix S1) following international standards for wild seed
collection (ENSCONET 2009). Maturity was assessed based on
seed color (yellow or brown) and on the ease of detachment from
the mother plant. Seeds were harvested from over 200 randomly
selected plants. For Callitriche brutia and Ranunculus sanicu-
lifolius, due to their staggered dispersal that can start in water,
it was necessary to collect all the mother plants together with
the soil. Plants of these two species were then transferred to
BGs-CT, where they completed their life cycle allowing for seed
collection. To limit spatial pseudoreplication, seed collection
of species from the same area involved different pond systems.
Seeds were cleaned and germination tests were started within
2weeks. Seed dry mass was measured as the mean of four repli-
cates of 200 seeds (Appendix S1).

2.3 | Seed Germination Experiments

Germination experiments were performed following a factorial de-
sign using temperature (constant and alternating), light, and after-
ripening as factors. The effect of temperature and temperature
regime was studied by incubating seeds at seven constant tempera-
tures (2°C, 5°C, 10°C, 15°C, 20°C, 25°C, 30°C) and four alternating
temperatures (15/5°C, 20/10°C, 25/15°C, 30/20°C). For Pulicaria
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FIGURE1 | Plant zonation and functional groups of plants of the surveyed MTPs. Seeds of 13 species were collected along the three areas that

characterize the zonation: long-lasting flooded area, short-lasting flooded area, outer belt of the pond. Nomenclature followed Pignatti et al. (2019).

vulgaris, germination was also tested at 35°C due to the high and
fast germination achieved at 30°C, even with fresh seeds. The re-
sults obtained for this species at 35°C were used only to calculate
cardinal temperatures for germination (see below). Fluctuating
temperature regimes were selected to mimic the temperature ex-
perienced by the seeds near the soil surface during the assumed
germination season (autumn). Constant temperatures were used
to simulate seed germination in flooded conditions, a situation in
which the thermal oscillation between day and night is strongly
buffered (Carta 2016; Rosbakh et al. 2020). To test the effect of
light on germination response, each thermal condition was tested
both in continuous darkness (D) and in alternating light/dark con-
ditions (L/D) with a 12/12h photoperiod, simulating seeds being
below or above the soil surface. In the alternating temperature

regimes, the exposure to light coincided with the highest tempera-
ture. The effect of after-ripening on germination was evaluated
by testing both fresh and after-ripened seeds. The after-ripening
treatment was applied by storing dried seeds in darkness at 20°C
in the presence of 50% relative humidity for 5months.

Germination experiments were performed by sowing four
batches of 25 seeds in 6cm Petri dishes filled with 1% agar for
each treatment (i.e., combination of constant and alternating
temperatures, light, and after-ripening). For C. brutia and R.
saniculifolius, two batches were used due to limited seed avail-
ability. Petri dishes were placed in germination chambers (MLR-
351H; Sanyo—model. Tokyo, Japan), equipped with cool white
fluorescent tubes (40 SS W/37; Osram FL, Miinchen, Germany).
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For treatments in darkness, Petri dishes were wrapped in two
layers of aluminum foil. Petri dishes were sealed with Parafilm
M (Bemis Company Inc., Neenah, WI, USA) to prevent mois-
ture loss. To ensure no effect due to the positioning within the
growth chamber, Petri dish position was randomized every day.

Seeds incubated in light were counted daily, and germinated seeds
were discarded, whereas dark-incubated seeds were counted only
once at the end of the test to avoid any exposure to light. A seed
was considered germinated when the radicle was longer than half
the seed length. Germination tests lasted for 34days, a week after
the last germination was observed. At the end of the experiment,
seed viability was evaluated by a cut test; seeds with a turgid and
white embryo were considered viable. The final germination per-
centage (FGP) was calculated based on the total number of viable
seeds. The percentages of nonviable seeds out of the total number
of sown seeds were always <16.7%.

2.4 | Germination Responses as a Function
of the Zone

We analyzed the data by fitting generalized mixed models
with Bayesian estimation (Markov chain Monte Carlo general-
ized linear mixed models, MCMCglmms) using the R package
MCMCglmm (Hadfield 2010), following the approach previously
used in related studies (Carta et al. 2022). The final germination
proportion of each germination test was the response variable in
all the models (family =multinomial2). The fixed factors were
experimental treatments, zone, and seed mass (scaled). A first
model was fitted including the germination cues together with
their interaction with zone and seed mass. A second model ex-
plored the main effect of zone and seed mass on germination
proportion. The interaction between experimental treatments
and zones provided a test of the first question, i.e., if MTPs' zo-
nation shapes different germination niches. The reference level
for the factor “zone” was set to “outer belt.” The interaction be-
tween experimental treatments and seed mass was included to
account for the potential effect of seed mass on germination re-
sponses and species ecologies. To account for the shared phylog-
eny of the study species, the models included as a random factor
a reconstructed phylogenetic tree created by pruning Smith and
Brown's (2018) updated mega-tree of the seed plants, using the R
package U.PhyloMaker (Jin and Qian 2023). Weakly informative
priors were used in the model, with parameter-expanded priors
for the random effect. Models were run for 500,000 MCMC
steps, with an initial burn-in phase of 50,000 and a thinning
interval of 50, resulting, on average, in 9000 posterior distribu-
tions (de Villemereuil and Nakagawa 2014). From the resulting
posterior distributions, we calculated mean parameter estimates
and 95% highest posterior density and credible intervals (CIs).
We interpreted the significance of model parameters by examin-
ing CIs, considering parameters with CIs overlapping with zero
as nonsignificant.

2.5 | Shape of the Germination Niche Across Zones
To explore variation in the observed germination traits, that is,

the shape of the germination niche, we performed an ordination
analysis (principal components analysis; PCA), with species as

objects and seed traits as variables. We considered the following
seed traits: cardinal temperatures for germination, germination
rate, the effect of constant and alternating temperature, light
and after-ripening on germination, and seed mass. Cardinal
temperatures for germination are defined as a set of three tem-
peratures that describe the germination thermal window, as
germination can take place only above a base temperature (T,)
and below a ceiling temperature (T ), with the highest germi-
nation rate achieved at the optimal temperatures (T,; Garcia-
Huidobro et al. 1982). Cardinal temperatures for germination
of after-ripened seeds were calculated following a thermal-time
approach (Rowse and Finch-Savage 2003) using the “GRT.RFb”
function of the “drcte” package in R (Onofri et al. 2022). To as-
sess the role of temperature regime (constant and alternating),
light, and after-ripening on seed germination, three odds ratios
(ORs) were calculated: OR 1, OR;,and OR , ;. Germination rates
(GR,) were calculated under the best conditions, following the
approach used by Fernandez-Pascual et al. (2017). The calcu-
lation of the seed traits is described in detail in Appendix S2.
Before performing the PCA, all variables were centered and
scaled. All analyses in this article were performed in the R sta-
tistical environment (R Core Team 2025).

3 | Results

3.1 | Germination Responses as a Function
of the Zone

FGPs of each species at each treatment are shown in
Appendix S3. Across plant zones, species show a similar pattern
of response to the germination treatments, generally preferring
warmer and alternating temperatures, light, and after-ripening.
However, there were differences between zones in the size of
the responses. While species from LL and SL germinated well
at cold to mild temperatures (between 5°C and 15°C), species
from OB were able to germinate well also at warm temperatures
(>20°C). Alternating temperature regimes, light, and after-
ripening generally stimulated the germination in species from
all the zones, but species from LL germinated the most in dark-
ness (Figure 2a).

This was confirmed by the MCMC models (Figure 2b): tempera-
ture, alternating temperature regime, light, and after-ripening
all had a positive main effect on seed germination (p<0.001,
Appendix S4). But, compared with OB, the effect of temperature
was negative in LL and SL (effect size of —0.356 and —0.344,
respectively), which confirms the preference for colder tempera-
tures in these species. Despite species from all zones germinating
better under alternating regimes, a higher effect of alternating
temperatures was found in species from LL (p <0.05) compared
to SL and OB (p=0.833). Also, the interaction between light and
zone highlights the fact that, despite light increasing germina-
tion in species from all zones, species from LL and SL showed
a comparatively lower increase (i.e., a negative effect size) than
in OB (p<0.001 and p<0.05, respectively). The positive effect
of after-ripening was, on the other hand, similar across zones
(p=0.478 for LL and p=0.828 for SL). Seed mass had a non-
significant main effect on germination (Appendix S4); a non-
significant interaction with alternating temperature (p=0.12);
a negative interaction with light and temperature (p<0.001
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FIGURE2 | Effectof different factors on the germination response of MTPs plants from different zones. (a) Final germination percentage (FGP +

SE) of species from each zone (LL: long-lasting flooded area; SL: short-lasting flooded area; OB: outer belt) at different constant temperatures (2°C,

5°C, 10°C, 15°C, 20°C, 25°C, 30°C) and under alternating temperature (C

: constant; A: alternating), light (L/D: photo-period 12/12h; D: full dark-

ness) and after-ripening (AR). (b) Main (regular font) and interaction effects (italic) of the fixed factors on germination proportion according to the
MCMC models. Dots indicate the posterior mean of the effect size, and horizontal bars its 95% credible interval. Dashed vertical lines indicate the

zero effect. For interactions with zones, OB (outer belt) was set as a referenc

e. For example, significantly negative effect sizes in temperature for “Zone

LL” and “Zone SL” mean that species from these two zones required significantly lower temperatures to germinate compared to OB.

in both cases); and a positive interaction with after-ripening
(p<0.001). This indicates that seed mass does not influence ger-
mination directly but instead shapes species' sensitivity to spe-
cific environmental cues: larger seeds tended to germinate better
at lower temperatures, had a lower requirement for light, and a
higher requirement for after-ripening. Species from LL generally
germinated more than species from OB (p=0.02), whereas no
differences were found between germination in SL compared to
OB (p=0.299). An intermediate level of phylogenetic signal was
found in the seed germination across zones, as pointed out by a
Pagel's lambda (2) value of 0.55, indicating an intermediate ger-
mination association with phylogeny.

3.2 | Shape of the Germination Niche Across Zones

The species-traits matrix used for PCA is presentin Appendix S5,
while germination rates and cardinal temperatures for germi-
nation of each species are present in Appendices S6-S8. The
PCA was used solely as an exploratory visualization tool to ex-
plore variation in the shape of the germination niches, as sta-
tistical inference regarding species’ responses was based on the
fitted MCMC models. The first PCA axis explained 37% of the
total variation in the seed germination niche (PC1, Figure 3).
The quantitative variables with the largest contribution to this

axis were T, T , GR,,, and OR|, the last one with a negative

correlation with the axis (Pearson's r=—0.63). This horizontal
axis separated species with lower values of both optimal and
ceiling temperatures and more sensitive to light, including five
small-sized species from SL (B. vaillantii, L. hyssopifolia, M. bo-
rystenicha, J. bufonius, J. capitatus); from OB terrestrial species
with higher optimal and ceiling temperatures (P. vulgaris and R.
sardous). Intermediate between these species were the four spe-
cies from LL (C. brutia, R. lateriflorus, R. ophioglossifolius, and
R. saniculifolius) that showed higher T, and T, than species from
SL but lower than OB. The second PCA axis (PC2, Figure 3) ex-
plained 30% of the total variation. The main contribution to this
axis was given by Ty, OR 1 and seed mass, with the first posi-
tively correlated with the axis (Pearson's r=0.82). So, this axis
separated species that possess a clear preference for alternating
temperature, with bigger seeds and lower T, (negative values of
PC2, Figure 3), from those species with smaller seeds, insen-
sible to alternating temperatures, and with higher T, (positive
values of PC2, Figure 3). Moreover, this axis separated species
from SL in two groups: species with higher germination in al-
ternating regimes (Antinoria insularis and Myosotis sicula) that
showed negative values for this axis, and species insensitive to
alternating temperatures (L. hyssopifolia, M. borystenicha, J. bu-
fonius, J. capitatus) or with a preference for constant tempera-
tures (B. vaillantii) that, on the other hand, had positive values
(Figure 3). Overall, the broad dispersion of SL species along both
PCA axes indicates that this zone encompasses a wide range of
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FIGURE 3 | PCA of the species-traits matrix of the 13 studied MTPs species across the small-scale plant zonation. Arrows indicate the direction

and contribution of each trait to the axes, and these have been multiplied by 5 for easier visualization. T,, T,;, and T are the cardinal temperatures

for germination of after-ripened seeds, calculated according to equation 1 of Appendix S2. OR

A OR;, and OR, ; are the odds ratios for the effect of

alternating temperature, light, and after-ripening, respectively, on germination, calculated according to equations 2-4 of Appendix S2. GR, is the

germination rate for the 50th percentile at the optimal condition.

germination strategies, mainly in relation to response to light
(PCA1) and preference for alternating temperature (PCA?2).

4 | Discussion

Our study confirmed the hypothesis that there is a differentia-
tion of the seed regeneration niche along the small-scale plant
zonation of MTPs. This differentiation confirms some of our
initial predictions (Table 1). In particular, species from flooded
areas (both long-lasting and short-lasting flooded areas) gener-
ally germinated at lower temperatures and had lower base and
ceiling germination temperatures than species from drier areas
(outer belts). This highlights an adaptation of flood-adapted
species to germinate late in the winter rainy season, when
temperatures are colder and precipitation is well established.
In contrast, species of the outer belt clearly prefer higher tem-
peratures for germination (Table 2). This preference ensures
that these species are ready to germinate at the end of summer,
soon after the first rains start. This feature gives an advantage
to the fast colonization of vacant spots in the outer belts of MTPs
(Bonis et al. 1996). In this sense, being among the first to ger-
minate also gives a chance to colonize the most depressed areas
of the ponds in years in which these are poorly flooded, as it
is observed during dry years (Fernandez-Zamudio et al. 2018;
Caria et al. 2021). In contrast, when rain fills the pond, flooding

will filter these species out of the long-lasting and short-lasting
flooded areas (Casanova and Brock 2000). In temporary ponds
under a Mediterranean climate, flooding indeed allows amphib-
ious species to escape the competition of the more generalist ter-
restrial species (Bliss and Zedler 1997).

Regarding temperature preference, it should also be noted that
species from the short-lasting flooded area generally had the
highest base and lowest ceiling temperatures, resulting in a nar-
row temperature range for germination, highlighting the spe-
cialization of their regeneration niche. Due to their small size
and rapid life cycle, germination of short-lasting flooded area
species is hypothetically possible in two temporal windows:
during autumn, when the ponds are filling, and in spring, when
the water recedes. Whether the triggering of a secondary dor-
mancy could prevent spring germination through dormancy
cycling has yet to be studied (Batlla and Benech-Arnold 2010;
Finch-Savage and Footitt 2017). In contrast, the higher ceil-
ing and optimal temperatures of species from the long-lasting
flooded area compared to the short-lasting flooded area suggest
a wider temperature range and regeneration niche. But it should
be noted that this wide temperature range was only achieved
after the release of physiological dormancy by after-ripening.
After-ripening not only resulted in a forward shift of those
two cardinal temperatures but also led to a general increase in
germination rates. This can represent an adaptation to avoid
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TABLE 2 | Optimal germination conditions found across the MTPs small-scale plant zonation and ecological conclusions.

MTPs small-scale plant zonation

Short-lasting

Long-lasting flooded
Environmental cues flooded area (LL) area (SL) Outer belt (OB) Ecological conclusion
Temperature <20°C <20°C Wide range Main correlation with
plant zonation; perceiving
the rainy season
Alternating temperature Alternating Species-specific Alternating Detecting the water table
Light Germination possible Species-specific Light stimulated Sensing turbidity of the water

in darkness

After-ripening Positive effect

Positive effect

and seed position in the soil;
highly dependent on seed mass

Positive effect Common adaptation to the

summer drying of the habitat

out-of-season germination: in years with longer hydroperiods,
these species can indeed disperse during the flooded phase of
the habitat (Fernandez-Zamudio et al. 2021), and a low ceiling
temperature in fresh seeds would prevent them from germinat-
ing too soon after dispersal (and therefore be exposed to summer
drought). On the other hand, the temperature range for germi-
nation could be wider than observed if a residual dormancy
sensu Batlla and Benech-Arnold (2015) persists following after-
ripening. Conversely, in seeds only weakly affected by after-
ripening, physiological dormancy could (1) not be present or (2)
may still remain, requiring other pretreatments to be broken,
such as warm or cold stratification. In this latter case, however,
our results indicate that some seeds would nonetheless germi-
nate rapidly at the end of summer, if precipitation arrives and soil
temperatures fall within the species-specific thermal window
for germination. Light significantly stimulated germination in
species across the zonation. Despite this, species from the long-
lasting flooded area showed the highest germination in dark-
ness, confirming the prediction that species from deeper water
are less sensitive to light. Also, in the pond specialist Ranunculus
baudotii, a fluctuation-responder species with heterophylly
that colonizes the long-lasting flooded area, high germination
in darkness was scored (Carta et al. 2012). Light response was
furthermore negatively correlated with seed mass, as these two
traits may have co-evolved (Milberg et al. 2000). The adaptation
to germinate in darkness ensures that seedling emergence can
occur even under flooding or in the presence of water turbidity
in wetland species (Baskin and Baskin 2014). In this sense, a
recent study confirms that germination in darkness is possible
even under hypoxia in several species from MTPs, including
the ones inhabiting the long-lasting flooded areas (Di Stefano,
Dominguez, et al. 2025). But the germination response of MTPs
species to biogenic ethylene, typically produced by decomposed
wetland sediment in flooded conditions (Phartyal et al. 2022),
needs to be investigated. Nevertheless, this trait, together with
a wide temperature range for germination, widens even more
the germination niches of species from the long-lasting flooded
area, after the release of physiological dormancy with summer
after-ripening. A broad germination niche was also observed
by Rosbakh et al. (2020) in species from deep waters, and this
was interpreted as an opportunistic behavior that allows spe-
cies to take advantage of early establishment. Considering the

high unpredictability of precipitation in the Mediterranean area,
these germination traits can represent useful tools to cope with
the high interannual environmental variability typical of MTPs.

Alternating temperatures and after-ripening had a general pos-
itive effect throughout the zonation. This rejects the prediction
that in MTPs, the preference for a specific temperature regime
(constant or alternating) can change from the center to the
edge of the ponds (Table 1). Furthermore, the preference for
alternating temperatures is unrelated to seed mass, as seen in
other European species (Carta et al. 2022), confirming that this
trait has a poor explanatory ability when taken alone (Larson
and Funk 2016). Despite the general enhancing effect of after-
ripening, in the short-lasting flooded zone coexist species with
a clear preference for alternating regimes (A. insularis and M.
sicula), constant temperatures (B. vaillantii), and, on the other
hand, species insensitive to alternating temperatures (L. hysso-
pifolia, M. borystenicha, J. bufonius, and J. capitatus). The prefer-
ence of B. vaillantii germination for constant temperatures was
also confirmed by Carta et al. (2013). These different tempera-
ture regime preferences can be an adaptation to water fluctua-
tions, which are stronger here than in the other zones. The high
environmental variability in terms of light and temperature re-
gime typical of this zone could have indeed selected different
sets of germination traits. In the same line, the response to light
at the species level also varied in this zone, as the germination
of A. insularis and M. sicula was possible in darkness, whereas
light was a strict requirement for the germination of the other
species from the short-lasting flooded area. Moreover, the com-
mon positive effect of after-ripening, together with the prefer-
ence for alternating regimes, can be interpreted as a common
adaptation to cope with the same two abiotic stresses that char-
acterize MTPs: the extreme summer drying and the subsequent
severe autumn flooding. During the dry months after the dis-
semination in late spring, seeds can indeed experience a general
increase in germination rate across zones and, in some species, a
notable forward shift in ceiling temperatures, as pointed out by
the thermal time models. At the onset of precipitation, the seeds
are thus ready to germinate rapidly and with high percentages,
especially near the soil, where fluctuating temperatures are per-
ceived. The general preference for light, furthermore, allows un-
germinated seeds above the soil surface to build up a large seed
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soil bank. This was identified as a common adaptation to over-
come periods with unfavorable weather conditions, allowing
the long-term survival of the MTPs plant communities (Aponte
et al. 2010).

Climate change is expected to substantially reshape the hydro-
logical and thermal regimes of MTPs (Dimitriou et al. 2009;
Grillas et al. 2021; Parra et al. 2021), with possible consequences
for the recruitment strategies of annual wetland plants. Our re-
sults indicated that the three areas of the MTPs plant zonation
differ in the shape of their germination niches, which may trans-
late into contrasting levels of resilience. Species from the outer
belt, which prefer higher temperatures for germination, may be
able to exploit occasional summer rainfall events and maintain
recruitment even under more erratic precipitation regimes and
soil temperature increase, both consequences of climate change.
Conversely, the short-lasting flooded areas host species with the
widest diversity of germination responses, suggesting an eco-
logical strategy that may buffer erratic precipitation patterns.
Furthermore, the ability of these short-sized species to rapidly
complete their life cycle could assure seed dispersal even in
case of premature soil desiccation, due to out-of-season drought.
Finally, species from the long-lasting flooded zone acquire,
following after-ripening, a wide germination range, which
may allow them to germinate rapidly once suitable conditions
eventually occur, even under delayed autumn-winter flooding.
Together, these patterns highlight that germination traits may
contribute to differential climate change resilience across belts.
But they also underline the need for future studies on different
stages of the regeneration niche (Grubb 1977), such as seedling
establishment and early survival. These studies would increase
our knowledge of the impact of climate change on the annual
regeneration of MTPs plant communities.

5 | Conclusion

In conclusion, this study (1) confirmed the hypothesis that ger-
mination preference for temperature and light varies across a
small-scale vegetation zonation in MTPs; (2) refuted the hypoth-
esis that species from the long-lasting flooded area germinate
better at constant temperatures; and (3) pointed out that a general
positive effect of after-ripening can be interpreted as a common
adaptation to the habitat (Tables 1 and 2). These results can help
practitioners to develop conservation and restoration programs
in these highly threatened habitats, applying seed-based actions
that are based on a sound knowledge of the species’ seed biology
(Ladouceur et al. 2018). In particular, sowing after-ripened seeds
before the onset of the rainy season, ensuring topsoil move-
ments that favor light-requiring species reaching the surface,
and using the germination data of this study to develop prop-
agation protocols may improve the success of conservation and
restoration actions. Results support the role of the germination
niche to explain species occurrence and coexistence in stochas-
tic habitats (Grubb 1977), highlighting the importance of taking
into account seed germination traits in the effort to understand
the ecological dynamics of plant communities (Jiménez-Alfaro
et al. 2016; Saatkamp et al. 2019). Although these results allowed
us to define the germination adaptations of MTPs plant species
along the zonation, future research should formulate and test

explicit hypotheses linking germination traits of small species
from short-lasting flooded areas to microenvironmental vari-
ation. By combining seed-trait databases (Fernandez-Pascual
et al. 2023; Cruz-Tejada et al. 2024) with in situ measurements
(soil moisture, temperature, and flooding duration), we would
have a more mechanistic understanding of how the contrasting
germination niches found in these species correspond to distinct
microtopographic or hydrological conditions.

Author Contributions

M.D.S., G.D.P, C.B.,, and A.C. conceived the study. M.D.S. performed
the seed germination experiments. M.D.S. and E.F.-P. analyzed the
data. M.D.S. led the writing process. G.D.P. and A.C. supervised the re-
search. A.C. acquired the funds. All authors helped in critically revising
the manuscript and gave final approval for publication.

Acknowledgments

‘We thank Paola Frazzetto, Antonio Alecci, Davide Vitale, and all the
students who helped in seed collection and cleaning. We also thank Dr.
Giancarlo Perrotta, manager of the “Servizio 16” of the “Dipartimento
Regionale dello Sviluppo Rurale e Territoriale - Assessorato dell'Ag-
ricoltura, dello Sviluppo Rurale e della Pesca Mediterranea — Regione
Siciliana” for granting permission to access the study sites for pond
monitoring and seed collection. Open access publishing facilitated by
Universita degli Studi di Catania, as part of the Wiley - CRUI-CARE
agreement.

Funding

This work was supported by the “Piano di incentivi per la ricerca di
Ateneo 2024/2026 (Pia.ce.ri.), University of Catania”, line 1, collabo-
rative research project “BioEcoMulti” under grant no. 22722132189.
MDS was supported by a PhD fellowship D.M. 351/2022 (Italian
Ministry of University and Research, PNRR). EFP was supported by
grant “Laboratorio de Vegetacion y Biodiversidad” (IDE/2024/000720,
Principality of Asturias-Sekuens-EU-FEDER).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings of this study are available in the sup-
porting information of this article. Raw germination data are available
on request from the corresponding author.

References

Aponte, C., G. Kazakis, D. Ghosn, and V. P. Papanastasis. 2010.
“Characteristics of the Soil Seed Bank in Mediterranean Temporary
Ponds and Its Role in Ecosystem Dynamics.” Wetlands Ecology
and Management 18, no. 3: 243-253. https://doi.org/10.1007/s1127
3-009-9163-5.

Bagella, S., M. C. Caria, E. Farris, and R. Filigheddu. 2009.
“Phytosociological Analysis in Sardinian Mediterranean Temporary
Wet Habitats.” Fitosociologia 46, no. 1: 11-26.

Baskin, C. C., and J. M. Baskin. 2014. Seeds: Ecology, Biogeography, and
Evolution of Dormancy and Germination. Second Edi ed. Elsevier.

Baskin, C. C.,J. M. Baskin, and E. W. Chester. 1993. “Seed Germination
Ecophysiology of Four Summer Annual Mudflat Species of Cyperaceae.”
Aquatic Botany 45, no. 1: 41-52. https://doi.org/10.1016/0304-3770(93)
90051-W.

Journal of Vegetation Science, 2026

9o0f12

85U8017 SUOWILLOD BATe81D 3(dfed!dde ayy Aq pausenob a1e ssppiie O 8sn JO s3I0} ArIqi]8UIIUO A1\ UO (SUONIPUOD-PUe-SLLIBY/WIOD"AB | 1M AsRIq 1 BUI[UO//SdNLY) SUORIPUOD PUe SWB | 8L 88S *[9202/€0/70] U0 Aleiq7aulluo A8|IM ‘BILeID A BISAIUN - 0URJRIS IA 0L AQ Z2TOL SATTTT 0T/I0p/wW0d A8 imAriq Ul jUO//SdNY WO1) pepeolumoa ‘Z ‘9202 ‘S0TTYS9T


https://doi.org/10.1007/s11273-009-9163-5
https://doi.org/10.1007/s11273-009-9163-5
https://doi.org/10.1016/0304-3770(93)90051-W
https://doi.org/10.1016/0304-3770(93)90051-W

Batlla, D., and R. L. Benech-Arnold. 2010. “Predicting Changes in
Dormancy Level in Natural Seed Soil Banks.” Plant Molecular Biology
73, no. 1-2: 3-13. https://doi.org/10.1007/s11103-010-9601-z.

Batlla, D., and R. L. Benech-Arnold. 2015. “A Framework for the
Interpretation of Temperature Effects on Dormancy and Germination
in Seed Populations Showing Dormancy.” Seed Science Research 25, no.
2:147-158. https://doi.org/10.1017/S0960258514000452.

Bauder, E. T. 2000. “Inundation Effects on Small-Scale Plant
Distributions in San Diego, California Vernal Pools.” Aquatic Ecology
34,mo0. 1: 43-61. https://doi.org/10.1023/A:1009916202321.

Bewley, J. D., K. J. Bradford, H. W. M. Hilhorst, and H. Nonogaki. 2013.
“Environmental Regulation of Dormancy and Germination.” In Seeds:
Physiology of Development, Germination and Dormancy, 3rd ed., 299-
339. Springer. https://doi.org/10.1007/978-1-4614-4693-4_7.

Blaustein, L., and S. S. Schwartz. 2001. “Why Study Ecology in
Temporary Pools?” Israel Journal of Zoology 47, no. 4: 303-312. https://
doi.org/10.1092/CKMU-Q2PM-HTGC-P9CS8.

Bliss, S. A., and P. H. Zedler. 1997. “The Germination Process in
Vernal Pools: Sensitivity to Environmental Conditions and Effects on
Community Structure.” Oecologia 113, no. 1: 67-73. https://doi.org/10.
1007/s004420050354.

Bonis, A., J. Lepart, A. Bonis, and F. Laloé. 1996. “Effet de La
Température Sur l'installation et La Croissance Des Plantes Annuelles
de Marais Temporaires Méditerranéens.” Canadian Journal of Botany
74, no. 7: 1086-1094. https://doi.org/10.1139/b96-133.

Brock, M. A., and M. T. Casanova. 1997. “Plant Life at the Edge of
Wetlands: Ecological Responses to Wetting and Drying Patterns.”
Frontiers in Ecology 1997: 181-192. https://doi.org/10.13140/2.1.
2761.5367.

Camilleri, J., and S. Lanfranco. 2013. “Germination Responses in
Callitriche truncata Gussone.” Journal of Malta Chamber of Scientists 1,
no. 1: 27-33. http://dx.medra.org/10.7423/XJENZA.2013.1.04.

Caria, M. C., G. F. Capra, A. Buondonno, G. Seddaiu, S. Vacca, and
S. Bagella. 2015. “Small-Scale Patterns of Plant Functional Types
and Soil Features Within Mediterranean Temporary Ponds.” Plant
Biosystems 149, no. 2: 384-394. https://doi.org/10.1080/11263504.
2013.821097.

Caria, M. C., P. Grillas, G. Rivieccio, and S. Bagella. 2021. “Effect of
Inter-Annual Meteorological Fluctuations and Wild Boar Disturbance
on the Vegetation of Mediterranean Temporary Ponds.” Applied
Vegetation Science 24, no. 4: 1-12. https://doi.org/10.1111/avsc.12624.

Carta, A.2016. “Seed Regeneration in Mediterranean Temporary Ponds:
Germination Ecophysiology and Vegetation Processes.” Hydrobiologia
782, no. 1: 23-35. https://doi.org/10.1007/s10750-016-2808-5.

Carta, A., G. Bedini, B. Foggi, and R. J. Probert. 2012. “Laboratory
Germination and Seed Bank Storage of Ranunculus peltatus Subsp. bau-
dotii Seeds From the Tuscan Archipelago.” Seed Science and Technology
40, no. 1: 11-20. https://doi.org/10.15258/sst.2012.40.1.02.

Carta, A., G. Bedini, J. V. Miiller, and R. J. Probert. 2013. “Comparative
Seed Dormancy and Germination of Eight Annual Species of Ephemeral
Wetland Vegetation in a Mediterranean Climate.” Plant Ecology 214, no.
2:339-349. https://doi.org/10.1007/s11258-013-0174-1.

Carta, A., E. Ferndndez-Pascual, M. Gioria, et al. 2022. “Climate Shapes
the Seed Germination Niche of Temperate Flowering Plants: A Meta-
Analysis of European Seed Conservation Data.” Annals of Botany 129,
no. 7: 775-786. https://doi.org/10.1093/aob/mcac037.

Casanova, M. T., and M. A. Brock. 2000. “How Do Depth, Duration and
Frequency of Flooding Influence the Establishment of Wetland Plant
Communities?” Plant Ecology 147, no. 2: 237-250. https://doi.org/10.
1023/A:1009875226637.

Cruz-Tejada, D. M., E. Ferndndez-Pascual, A. Mo, E. Mattana, and
A. Carta. 2024. “MedGermDB: A Seed Germination Database for

Characteristic Species of Mediterranean Habitats.” Applied Vegetation
Science 27, no. 2: 1-8. https://doi.org/10.1111/avsc.12771.

de Villemereuil, P., and S. Nakagawa. 2014. “General Quantitative
Genetic Methods for Comparative Biology.” In Modern Phylogenetic
Comparative Methods and Their Application in Evolutionary Biology:
Concepts and Practice, edited by L. Z. Garamszegi, 287-303. Springer.
https://doi.org/10.1007/978-3-662-43550-2_11.

Deil, U. 2005. “A Review on Habitats, Plant Traits and Vegetation of
Ephemeral Wetlands - a Global Perspective.” Phytocoenologia 35, no.
2-3: 533-705. https://doi.org/10.1127/0340-269X/2005/0035-0533.

Del Vecchio, S., E. Mattana, T. Ulian, and G. Buffa. 2021. “Functional
Seed Traits and Germination Patterns Predict Species Coexistence in
Northeast Mediterranean Foredune Communities.” Annals of Botany
127, no. 3: 361-370. https://doi.org/10.1093/aob/mcaal86.

Di Stefano, M., C. Blandino, G. D. Puglia, A. Onofri, and A. Cristaudo. 2025.
“Dormancy Classes and Seed Germination Niches in Two Ranunculus
Species From Mediterranean Temporary Ponds.” Hydrobiologia 852:
5041-5057. https://doi.org/10.1007/s10750-025-05898-y.

Di Stefano, M., C. P. Dominguez, D. Batlla, G. D. Puglia, and A.
Cristaudo. 2025. “Starving for Oxygen: The Effect of Hypoxia on Seed
Germination and Secondary Dormancy Induction in Mediterranean
Temporary Ponds Plant Species.” Plant Biology 28: 432-440. https://doi.
org/10.1111/plb.70148.

Dimitriou, E., E. Moussoulis, F. Stamati, and N. Nikolaidis. 2009.
“Modelling Hydrological Characteristics of Mediterranean Temporary
Ponds and Potential Impacts From Climate Change.” Hydrobiologia
634, no. 1: 195-208. https://doi.org/10.1007/s10750-009-9898-2.

ENSCONET. 2009. “ENSCONET Seed Collecting Manual for Wild
Species.” Royal Botanic Gardens, Kew & Universidad Politécnica de
Madrid (Spain).

Fernindez-Pascual, E., A. Carta, S. Rosbakh, et al. 2023. “SeedArc, a
Global Archive of Primary Seed Germination Data.” New Phytologist
240, no. 2: 466-470. https://doi.org/10.1111/nph.19143.

Fernindez-Pascual, E., A. Pérez-Arcoiza, J. Alberto Prieto, and T. E.
Diaz. 2017. “Environmental Filtering Drives the Shape and Breadth of
the Seed Germination Niche in Coastal Plant Communities.” Annals of
Botany 119, no. 7: 1169-1177. https://doi.org/10.1093/aob/mcx005.

Ferndndez-Zamudio, R., P. Garcia-Murillo, and C. Diaz-Paniagua.
2018. “Effect of the Filling Season on Aquatic Plants in Mediterranean
Temporary Ponds.” Journal of Plant Ecology 11, no. 3: 502-510. https://
doi.org/10.1093/jpe/rtx026.

Ferndndez-Zamudio, R., P. Garcia-Murillo, and C. Diaz-Paniagua. 2021.
“Terrestrial Morphotypes of Aquatic Plants Display Improved Seed
Germination to Deal With Dry or Low-Rainfall Periods.” Plants 10, no.
4:1-13. https://doi.org/10.3390/plants10040741.

Finch-Savage, W. E., and S. Footitt. 2017. “Seed Dormancy Cycling
and the Regulation of Dormancy Mechanisms to Time Germination in
Variable Field Environments.” Journal of Experimental Botany 68, no. 4:
843-856. https://doi.org/10.1093/jxb/erw477.

Finch-Savage, W. E., and G. Leubner-Metzger. 2006. “Seed Dormancy
and the Control of Germination.” New Phytologist 171, no. 3: 501-523.
https://doi.org/10.1111/j.1469-8137.2006.01787.x.

Garcia-Huidobro, J., J. L. Monteith, and G. R. Squire. 1982. “Time,
Temperature and Germination of Pearl Millet (Pennisetum typhoides S.
& H.).” Journal of Experimental Botany 33, no. 133: 288-296.

Grillas, P., P. Gauthier, N. Yavercovski, and C. Perennou. 2004.
Mediterranean Temporary Pools. Vol. 1 Issues Relating to Conservation,
Functioning and Management. Station biologique de la Tour du Valat.

Grillas, P., L. Rhazi, G. Lefebvre, M. El Madihi, and B. Poulin. 2021.
“Foreseen Impact of Climate Change on Temporary Ponds Located
Along a Latitudinal Gradient in Morocco.” Inland Waters 11, no. 4: 492-
507. https://doi.org/10.1080/20442041.2021.1962688.

10 of 12

Journal of Vegetation Science, 2026

85U8017 SUOWILLOD BATe81D 3(dfed!dde ayy Aq pausenob a1e ssppiie O 8sn JO s3I0} ArIqi]8UIIUO A1\ UO (SUONIPUOD-PUe-SLLIBY/WIOD"AB | 1M AsRIq 1 BUI[UO//SdNLY) SUORIPUOD PUe SWB | 8L 88S *[9202/€0/70] U0 Aleiq7aulluo A8|IM ‘BILeID A BISAIUN - 0URJRIS IA 0L AQ Z2TOL SATTTT 0T/I0p/wW0d A8 imAriq Ul jUO//SdNY WO1) pepeolumoa ‘Z ‘9202 ‘S0TTYS9T


https://doi.org/10.1007/s11103-010-9601-z
https://doi.org/10.1017/S0960258514000452
https://doi.org/10.1023/A:1009916202321
https://doi.org/10.1007/978-1-4614-4693-4_7
https://doi.org/10.1092/CKMU-Q2PM-HTGC-P9C8
https://doi.org/10.1092/CKMU-Q2PM-HTGC-P9C8
https://doi.org/10.1007/s004420050354
https://doi.org/10.1007/s004420050354
https://doi.org/10.1139/b96-133
https://doi.org/10.13140/2.1.2761.5367
https://doi.org/10.13140/2.1.2761.5367
http://dx.medra.org/10.7423/XJENZA.2013.1.04
https://doi.org/10.1080/11263504.2013.821097
https://doi.org/10.1080/11263504.2013.821097
https://doi.org/10.1111/avsc.12624
https://doi.org/10.1007/s10750-016-2808-5
https://doi.org/10.15258/sst.2012.40.1.02
https://doi.org/10.1007/s11258-013-0174-1
https://doi.org/10.1093/aob/mcac037
https://doi.org/10.1023/A:1009875226637
https://doi.org/10.1023/A:1009875226637
https://doi.org/10.1111/avsc.12771
https://doi.org/10.1007/978-3-662-43550-2_11
https://doi.org/10.1127/0340-269X/2005/0035-0533
https://doi.org/10.1093/aob/mcaa186
https://doi.org/10.1007/s10750-025-05898-y
https://doi.org/10.1111/plb.70148
https://doi.org/10.1111/plb.70148
https://doi.org/10.1007/s10750-009-9898-2
https://doi.org/10.1111/nph.19143
https://doi.org/10.1093/aob/mcx005
https://doi.org/10.1093/jpe/rtx026
https://doi.org/10.1093/jpe/rtx026
https://doi.org/10.3390/plants10040741
https://doi.org/10.1093/jxb/erw477
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1080/20442041.2021.1962688

Grubb, P. J. 1977. “The Maintenance of Species-Richness in Plant
Communities: The Importance of Regeneration Niche.” Biological
Reviews 52: 107-145.

Hadfield,J. D. 2010. “MCMCglmm: MCMC Methods for Multi-Response
GLMMs in R.” Journal of Statistical Software 33, no. 2: 1-22. https://
www.jstatsoft.org/v33/i02/.

Jiménez-Alfaro, B., F. A. O. Silveira, A. Fidelis, P. Poschlod, and L. E.
Commander. 2016. “Seed Germination Traits Can Contribute Better
to Plant Community Ecology.” Journal of Vegetation Science 27, no. 3:
637-645. https://doi.org/10.1111/jvs.12375.

Jin, Y., and H. Qian. 2023. “U.PhyloMaker: An R Package That can
Generate Large Phylogenetic Trees for Plants and Animals.” Plant
Diversity 45, no. 3: 347-352. https://doi.org/10.1016/j.pld.2022.12.007.

Keddy, P. A. 1992. “Assembly and Response Rules: Two Goals for
Predictive Community Ecology.” Journal of Vegetation Science 3, no. 2:
157-164. https://doi.org/10.2307/3235676.

Ladouceur, E., B. Jiménez-Alfaro, M. Marin, et al. 2018. “Native Seed
Supply and the Restoration Species Pool.” Conservation Letters 11, no. 2:
1-9. https://doi.org/10.1111/conl.12381.

Lanfranco, S., A. F. Bellia, and P. Cuschieri. 2020. “Influence of
Morphometric and Geographic Factors on Plant Community Composition
of Temporary Freshwater Rockpools in the Maltese Islands.” Inland
Waters 10, no. 4: 468-479. https://doi.org/10.1080/20442041.2019.1704152.

Larson, J. E., and J. L. Funk. 2016. “Regeneration: An Overlooked
Aspect of Trait-Based Plant Community Assembly Models.” Journal of
Ecology 104, no. 5: 1284-1298. https://doi.org/10.1111/1365-2745.12613.

Longo, C., S. Holness, V. De Angelis, et al. 2021. “From the Outside
to the Inside: New Insights on the Main Factors That Guide Seed
Dormancy and Germination.” Genes 12, no. 1: 1-17. https://doi.org/10.
3390/genes12010052.

Médail, F., H. Michaud, J. Molina, G. Paradis, and R. Loisel. 1998.
“Conservation de La Flore et de La Végétation Des Mares Temporaires
Dulcaquicoles et Oligotrophes de France Méditerranéenne.” Ecologia
Mediterranea 24, no. 2: 119-134. https://doi.org/10.3406/ecmed.
1998.1856.

Milberg, P., L. Andersson, and K. Thompson. 2000. “Large-Seeded
Species Are Less Dependent on Light for Germination Than Small-
Seeded Ones.” Seed Science Research 10, no. 1: 99-104. https://doi.org/
10.1017/s0960258500000118.

Minissale, P., and S. Sciandrello. 2016. “Ecological Features Affect
Patterns of Plant Communities in Mediterranean Temporary Rock
Pools.” Plant Biosystems 150, no. 1: 171-179. https://doi.org/10.1080/
11263504.2014.986248.

Moor, H., H. Rydin, K. Hylander, M. B. Nilsson, R. Lindborg, and J.
Norberg. 2017. “Towards a Trait-Based Ecology of Wetland Vegetation.”
Journal of Ecology 105, no. 6: 1623-1635. https://doi.org/10.1111/1365-
2745.12734.

Onofri, A., M. B. Mesgaran, and C. Ritz. 2022. “A Unified Framework
for the Analysis of Germination, Emergence, and Other Time-To-Event
Data in Weed Science.” Weed Science 70, no. 3: 259-271. https://doi.org/
10.1017/wsc.2022.8.

Parra, G., F. Guerrero, J. Armengol, et al. 2021. “The Future of
Temporary Wetlands in Drylands Under Global Change.” Inland Waters
11, no. 4: 445-456. https://doi.org/10.1080/20442041.2021.1936865.

Phartyal, S. S., S. Rosbakh, M. Gruber, and P. Poschlod. 2022. “The
Sweet and Musky Scent of Home: Biogenic Ethylene Fine-Tunes Seed
Germination in Wetlands.” Plant Biology 24, no. 2: 278-285. https://doi.
org/10.1111/plb.13385.

Phartyal, S. S., S. Rosbakh, C. Ritz, and P. Poschlod. 2020. “Ready for
Change: Seed Traits Contribute to the High Adaptability of Mudflat
Species to Their Unpredictable Habitat.” Journal of Vegetation Science
31, no. 2: 331-342. https://doi.org/10.1111/jvs.12841.

Pignatti, S., R. Guarino, and M. La Rosa. 2019. Flora dTtalia. 2nd ed.
Edagricole di New Business Media.

Poschlod, P., M. Abedi, M. Bartelheimer, J. Drobnik, S. Rosbakh,
and A. Saatkamp. 2013. “Seed Ecology and Assembly Rules in Plant
Communities.” In Vegetation Ecology, Second ed. Wiley. https://doi.org/
10.1002/9781118452592.ch6.

Puglia, G. D., A. Carta, R. Bizzoca, P. Toorop, G. Spampinato, and S.
A. Raccuia. 2018. “Seed Dormancy and Control of Germination in
Sisymbrella dentata (L.) O.E. Schulz (Brassicaceae).” Plant Biology 20,
no. 5: 879-885. https://doi.org/10.1111/plb.12862.

R Core Team. 2025. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.r-
project.org/.

Rocarpin, P., S. Gachet, K. Metzner, and A. Saatkamp. 2016. “Moisture
and Soil Parameters Drive Plant Community Assembly in Mediterranean
Temporary Pools.” Hydrobiologia 781, no. 1: 55-66. https://doi.org/10.
1007/s10750-015-2604-7.

Rosbakh, S., L. Chalmandrier, S. Phartyal, and P. Poschlod. 2022.
“Inferring Community Assembly Processes From Functional Seed
Trait Variation Along Elevation Gradient.” Journal of Ecology 110, no.
10: 2374-2387. https://doi.org/10.1111/1365-2745.13955.

Rosbakh, S., S. S. Phartyal, and P. Poschlod. 2020. “Seed Germination
Traits Shape Community Assembly Along a Hydroperiod Gradient.”
Annals of Botany 125, no. 1: 67-78. https://doi.org/10.1093/aob/mcz139.

Rowse, H. R., and W. E. Finch-Savage. 2003. “Hydrothermal Threshold
Models Can Describe the Germination Response of Carrot (Daucus
carota) and Onion (Allium cepa) Seed Populations Across Both Sub-
and Supra-Optimal Temperatures.” New Phytologist 158, no. 1: 101-108.
https://doi.org/10.1046/j.1469-8137.2003.00707.X.

Saatkamp, A., A. Cochrane, L. Commander, et al. 2019. “A Research
Agenda for Seed-Trait Functional Ecology.” New Phytologist 221, no. 4:
1764-1775. https://doi.org/10.1111/nph.15502.

Sciandrello, S., M. Privitera, M. Puglisi, and P. Minissale. 2016.
“Diversity and Spatial Patterns of Plant Communities in Volcanic
Temporary Ponds of Sicily (Italy).” Biologia 71, no. 7: 793-803. https://
doi.org/10.1515/biolog-2016-0096.

Smith, S. A., and J. W. Brown. 2018. “Constructing a Broadly Inclusive
Seed Plant Phylogeny.” American Journal of Botany 105, no. 3: 302-314.
https://doi.org/10.1002/ajb2.1019.

Thompson, K., J. P. Grime, and G. Mason. 1977. “Seed Germination in
Response to Diurnal Fluctuations of Temperature.” Nature 267: 147-
149. https://doi.org/10.1038/267147a0.

Tomaselli, V., L. Beccarisi, S. Cambria, et al. 2022. “Validation of
Associations for the Temporary Ponds of the Class Isoeto-Nanojuncetea
in Puglia (Southern Italy).” Mediterranean Botany 43: €80627. https://
doi.org/10.5209/mbot.80627.

Tuckett, R. E., D. J. Merritt, F. R. Hay, S. D. Hopper, and K. W. Dixon.
2010. “Dormancy, Germination and Seed Bank Storage: A Study
in Support of Ex Situ Conservation of Macrophytes of Southwest
Australian Temporary Pools.” Freshwater Biology 55, no. 5: 1118-1129.
https://doi.org/10.1111/j.1365-2427.2010.02386.x.

Tudela-Isanta, M., E. Ladouceur, M. Wijayasinghe, H. W. Pritchard,
and A. Mondoni. 2018. “The Seed Germination Niche Limits the
Distribution of Some Plant Species in Calcareous or Siliceous Alpine
Bedrocks.” Alpine Botany 128, no. 1: 83-95. https://doi.org/10.1007/
s00035-018-0199-0.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Appendix S1: List of the 13 selected and col-
lected species. Appendix S2: Seed trait calculation. Appendix S3:
Final germination percentages (FGP, + SE) of the 13 studied

Journal of Vegetation Science, 2026

11 of 12

85U8017 SUOWILLOD BATe81D 3(dfed!dde ayy Aq pausenob a1e ssppiie O 8sn JO s3I0} ArIqi]8UIIUO A1\ UO (SUONIPUOD-PUe-SLLIBY/WIOD"AB | 1M AsRIq 1 BUI[UO//SdNLY) SUORIPUOD PUe SWB | 8L 88S *[9202/€0/70] U0 Aleiq7aulluo A8|IM ‘BILeID A BISAIUN - 0URJRIS IA 0L AQ Z2TOL SATTTT 0T/I0p/wW0d A8 imAriq Ul jUO//SdNY WO1) pepeolumoa ‘Z ‘9202 ‘S0TTYS9T


https://www.jstatsoft.org/v33/i02/
https://www.jstatsoft.org/v33/i02/
https://doi.org/10.1111/jvs.12375
https://doi.org/10.1016/j.pld.2022.12.007
https://doi.org/10.2307/3235676
https://doi.org/10.1111/conl.12381
https://doi.org/10.1080/20442041.2019.1704152
https://doi.org/10.1111/1365-2745.12613
https://doi.org/10.3390/genes12010052
https://doi.org/10.3390/genes12010052
https://doi.org/10.3406/ecmed.1998.1856
https://doi.org/10.3406/ecmed.1998.1856
https://doi.org/10.1017/s0960258500000118
https://doi.org/10.1017/s0960258500000118
https://doi.org/10.1080/11263504.2014.986248
https://doi.org/10.1080/11263504.2014.986248
https://doi.org/10.1111/1365-2745.12734
https://doi.org/10.1111/1365-2745.12734
https://doi.org/10.1017/wsc.2022.8
https://doi.org/10.1017/wsc.2022.8
https://doi.org/10.1080/20442041.2021.1936865
https://doi.org/10.1111/plb.13385
https://doi.org/10.1111/plb.13385
https://doi.org/10.1111/jvs.12841
https://doi.org/10.1002/9781118452592.ch6
https://doi.org/10.1002/9781118452592.ch6
https://doi.org/10.1111/plb.12862
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s10750-015-2604-7
https://doi.org/10.1007/s10750-015-2604-7
https://doi.org/10.1111/1365-2745.13955
https://doi.org/10.1093/aob/mcz139
https://doi.org/10.1046/j.1469-8137.2003.00707.x
https://doi.org/10.1111/nph.15502
https://doi.org/10.1515/biolog-2016-0096
https://doi.org/10.1515/biolog-2016-0096
https://doi.org/10.1002/ajb2.1019
https://doi.org/10.1038/267147a0
https://doi.org/10.5209/mbot.80627
https://doi.org/10.5209/mbot.80627
https://doi.org/10.1111/j.1365-2427.2010.02386.x
https://doi.org/10.1007/s00035-018-0199-0
https://doi.org/10.1007/s00035-018-0199-0

species from three different zones of MTPs. Appendix S4: Summary
of the phylogenetic generalized mixed models with Bayesian estimation
(MCMCglmms). Appendix S5: Matrix of the seed traits of the 13 stud-
ied species. Appendix S6: Germination rates at constant temperatures
and fitted thermal-time models of the 13 studied species. Appendix
S7: Germination rates at alternating temperatures of the 13 studied
species. Appendix S8: Cardinal temperatures for germination of the 13
studied species.

12 of 12

Journal of Vegetation Science, 2026

85U8017 SUOWILLOD BATe81D 3(dfed!dde ayy Aq pausenob a1e ssppiie O 8sn JO s3I0} ArIqi]8UIIUO A1\ UO (SUONIPUOD-PUe-SLLIBY/WIOD"AB | 1M AsRIq 1 BUI[UO//SdNLY) SUORIPUOD PUe SWB | 8L 88S *[9202/€0/70] U0 Aleiq7aulluo A8|IM ‘BILeID A BISAIUN - 0URJRIS IA 0L AQ Z2TOL SATTTT 0T/I0p/wW0d A8 imAriq Ul jUO//SdNY WO1) pepeolumoa ‘Z ‘9202 ‘S0TTYS9T



	Differentiation of the Seed Regeneration Niche Along a Small-Scale Plant Zonation in Mediterranean Temporary Ponds
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study System
	2.2   |   Seed Collection
	2.3   |   Seed Germination Experiments
	2.4   |   Germination Responses as a Function of the Zone
	2.5   |   Shape of the Germination Niche Across Zones

	3   |   Results
	3.1   |   Germination Responses as a Function of the Zone
	3.2   |   Shape of the Germination Niche Across Zones

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


