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Abstract  In temporary ponds, the re-establishment 
of aquatic plant assemblages after desiccation mainly 
depends on seed germination. We analysed the seed 
germination dynamics of common aquatic plants 
in Mediterranean temporary ponds to evaluate how 
the ponds’ dry phase could affect the persistence of 
plant populations. We collected seeds of Callitriche 
brutia Petagna, Ranunculus peltatus Schrank, and 
Myriophyllum alterniflorum DC. For each species, 
one half of the seeds were used in germination tri-
als one day after collection, and the other half were 
kept in a dry after ripening treatment for two months 
before being used in germination trials. We placed the 
seeds in inundated wells kept at 20 °C and 12L:12D; 
we recorded the number of germinated seeds per 
well and the time to germination. For C. brutia, both 
treatments led to a high percentage of germination. 
For R. peltatus and M. alterniflorum, only the dry 
after ripening treatment led to a high percentage of 
germination. Most C. brutia seeds are non-dormant; 
thus, only its late-produced seeds would germinate 
in subsequent germination cycles. In contrast, most 

R. peltatus and M. alterniflorum seeds seem to go 
through a dormancy period, which is broken during 
the dry phase, allowing germination during future 
inundation cycles.
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Introduction

Macrophytes play an important role in aquatic eco-
systems where they provide food and complex habi-
tat structures for aquatic organisms and help improve 
water quality by releasing oxygen and removing 
excessive nutrients (Lesiv et  al., 2020). Temporary 
ponds are singular aquatic ecosystems that experi-
ence recurrent dry phases. As a result, they tend to 
harbour specialised aquatic flora (and fauna) that have 
developed different strategies for coping with desic-
cation (Grillas et  al., 2004). While plants in perma-
nent aquatic habitats mainly reproduce via vegetative 
propagules, plants in temporary aquatic habitats usu-
ally decay at the end of the annual inundation cycle 
and therefore rely on seeds to re-establish their pop-
ulations after intense dry periods (Cronk & Fenessi, 
2001; Deil, 2005). Seeds may germinate during the 
following inundation cycle, or they may persist in the 
soil seed bank for long periods, germinating during 
later pond flooding events (Brock et al., 2003; Aponte 
et al., 2010; Brock, 2011; Cross et al., 2015).
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In temporary ponds, aquatic plants do not germi-
nate during the dry period; instead, during each new 
inundation cycle, some fraction of the soil seed bank 
will germinate (Brock et al., 2003), a process that is 
triggered by favourable environmental cues. Some 
aquatic plant species produce non-dormant seeds, 
which can germinate under a wide range of environ-
mental conditions after dispersal from the mother 
plant. However, many aquatic plant species produce 
dormant seeds, whose germination remains blocked 
even under conditions that favour seedling emer-
gence and survival (Baskin & Baskin, 1998, 2004). 
There are several types of seed dormancy: morpho-
logical, physiological, and physical, or a combina-
tion of these, such as morphophysiological dormancy 
(Baskin & Baskin, 1998; Fenner & Thompson, 2005). 
Furthermore, dormant seeds may experience both pri-
mary and secondary dormancy. Primary dormancy 
occurs when the seeds are still on the mother plant 
and is broken if the seeds undergo certain physical or 
chemical processes (after ripening), which may coin-
cide with the dry period. Seeds may enter into sec-
ondary dormancy if they do not experience suitable 
conditions for germination after primary dormancy 
is broken (Baskin & Baskin, 2004; Finch-Savage & 
Leubner-Metzger, 2006).

In this study, we describe the germination dynam-
ics of common aquatic plants in Mediterranean tem-
porary ponds. Usually small and shallow, these ponds 
contain a distinctive form of biodiversity and host a 
large number of rare, endemic, or threatened plant 
and animal species (Grillas et al., 2004; Ruiz, 2008). 
Additionally, Mediterranean temporary ponds expe-
rience pronounced variability in the annual timing 
of pond inundation; in some years, it happens in the 
autumn, and in other years, it happens in the winter 
or spring, resulting in broad differences in the ponds’ 
initial aquatic conditions (Fernandez-Zamudio et al., 
2018). Inundation is the key trigger of seed germi-
nation for the most common aquatic plant species in 
Mediterranean temporary ponds (Fernández-Zamudio 
et  al., 2018). Furthermore, environmental conditions 
at the time of seed germination will influence seed-
ling survival as well as plant growth and the prob-
ability of successful reproduction (Donohue et  al., 
2010). Thus, interannual differences in the timing 
of pond inundation can influence seed germination, 
seedling survival, and seedling growth. When ponds 
are filled in the autumn, water turbidity, pH, and 

conductivity are lower than when ponds are filled in 
the winter or spring. While water temperatures gradu-
ally decrease in autumn, they increase in ponds that 
fill in the winter and spring (Florencio et al., 2020). 
Most Mediterranean temporary ponds are dry in the 
summer, making it an unfavourable period for aquatic 
plant persistence and seed germination. To persist 
under unsuitable environmental conditions (e.g. dry 
periods or cold temperatures during winter inunda-
tion), aquatic plants may utilise different reproductive 
strategies, including different germination responses. 
It may be crucial to understand the germination ecol-
ogy and characteristics of macrophyte seeds when 
reintroducing plants as part of pond restoration efforts 
(Prausova et al., 2022; Verhoeven et al., 2024).

We examined the differences in seed germination 
dynamics among three common plant species found 
in Mediterranean temporary ponds. The objective 
was to assess whether the plants had different repro-
ductive strategies for persisting in the ponds and for 
re-establishing their populations across inundation 
cycles. Specifically, we analysed how seeds from the 
three species responded to experiencing a dry phase, 
with a view to evaluating the role of the dry phase on 
long-term plant persistence. To this end, we compared 
the germination of fresh seeds (which had always 
remained submerged) with the germination of seeds 
that had been stored under dry conditions. Overall, 
our hypothesis was that the three plant species would 
produce seeds that could survive the ponds’ dry 
phase, whose germination can be improved by a dry 
after ripening period.

Materials and methods

Study area

In this study, we examined the seed germination 
dynamics of three common aquatic plant species 
found in the temporary ponds of Doñana National 
Park (36,991 N/  6.443 W). This protected area of 
approximately 54,300  ha is located in southwest-
ern Spain, between the mouth of the Guadalquivir 
River and the Atlantic coast. The park includes 
two distinct areas: an extensive marsh on clay sub-
strate and a sandy area with stable and moving 
dunes. The climate is Mediterranean with an Atlan-
tic influence, characterised by mild winters (mean 
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winter temperature: 10.9  °C), hot dry summers 
(mean summer temperature: 23.5  °C), and a mean 
annual rainfall of around 550L/m2. In the sandy 
area of the park, there is a large pond network in 
which more than 3,000 Mediterranean temporary 
ponds may be filled in very wet years (Díaz-Pania-
gua et  al., 2015). These ponds are groundwater 
dependent; they fill with accumulated rainfall as 
groundwater levels rise above the bottom of the 
pond. Pond inundation commonly occurs when 
heavy rains start falling in the autumn, winter, 
or spring—timing varies across years. Ponds are 
commonly dry during the summer (Díaz-Paniagua 
et al., 2010, 2015).

The plant species found in Doñana’s ponds 
have been extensively described (García-Murillo 
& Fernández-Zamudio, 2015; Fernández-Zamu-
dio et  al., 2016). In the ponds’ inner zones, the 
predominant plants are annual species that com-
monly develop aquatic morphs during the ponds’ 
wet phase; however, they may develop terrestrial 
morphs during the ponds’ dry phase (Fernández-
Zamudio et al., 2021). The most abundant of these 
annual species are Ranunculus peltatus Schrank, 
Myriophyllum alterniflorum DC, several Callitriche 
species (Callitriche brutia Petagna, Callitriche 
stagnalis Scopoli, and Callitriche obtusangula 
Le Gall), and Juncus heterophyllus  Dufour. At the 
edge of the ponds, helophytes may form a dense 
vegetated zone, where Juncus maritimus Lam. and 
Scirpoides holoschoenus (L.) Soják are common 
(García-Murillo & Fernández-Zamudio, 2015).

Study species

For this study, we selected three of the most com-
mon species in Doñana’s temporary ponds (Fernán-
dez-Zamudio et al., 2016, 2018). The three species 
have different reproductive characteristics. Cal-
litriche brutia and Ranunculus peltatus start pro-
ducing flowers and fruits around two months after 
germination, generally from February onwards 
(Fernández Zamudio et  al., 2018). Myriophyllum 
alterniflorum produces flowers and fruits about 
2–3 months later than the other two species (reach-
ing maximum flower number in May), closer to 
the end of the inundation phase (Pinero-Rodríguez 
et  al., 2021). Callitriche brutia and R. peltatus 

seeds produced early in the annual inundation cycle 
could germinate during that same cycle. However, 
most M. alterniflorum seeds germinate during sub-
sequent inundation cycles, as do the later produced 
seeds of the other two species.

Seed collection and germination trials

During the spring of 2017, we transplanted rooted 
plants of the three species, moving them from the 
temporary ponds to 55L tanks located outdoors 
and exposed to the natural conditions of the park’s 
research facilities. The tanks contained a layer of 
sand, pond sediment, and well water. The plants were 
left to grow under natural ambient conditions. We 
placed plastic containers at the bottom of the tanks 
that served as seed traps, from which we collected the 
mature seeds that had fallen from the plants. We col-
lected a total of 480 seeds from C. brutia, 1082 seeds 
from R. peltatus, and 430 seeds from M. alterniflo-
rum. We then created two approximately equal-sized 
groups of seeds for each species. One group (i.e. the 
fresh seeds) was immediately used in germination tri-
als (start date: 13 July 2017); the germination trials 
began the day after the seeds were collected from the 
tanks, meaning that the seeds did not experience dry-
ing. These conditions simulated a scenario in which 
seed production and germination took place within 
the same inundation cycle. The other group of seeds 
(i.e. the dry after ripening treatment) were wrapped 
in filter paper and stored under dry conditions at 
room temperature (mean temperature: 29.1 °C, range: 
25–33 °C) for two months; after this dry period (i.e. 
the after ripening period), the seeds were used in ger-
mination trials (start date: 12 September 2017). These 
conditions simulated a scenario in which germination 
took place during subsequent inundation cycles (fol-
lowing the summer dry phase).

During both sets of germination trials, we placed 
10–12 seeds in the wells of 24-well polystyrene 
plates; the wells were filled with dechlorinated tap 
water. For each species, we considered that the 
seeds in each well were replicates. In the case of the 
dry seeds, for R. peltatus, there were 41 wells with 
12 seeds each and 1 well with 10 seeds; for C. bru-
tia, there were 30 wells with 10 seeds; and for M. 
alterniflorum, there were 23 wells with 10 seeds. In 
the case of the fresh seeds, for R. peltatus, there were 
58 wells with 10 seeds; for C. brutia, there were 18 
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wells with 10 seeds; and for M. alterniflorum, there 
were 20 wells with 10 seeds. The plates were then 
placed in germination chambers (20  °C, 12L:12D). 
We observed the seeds every day until we detected 
the first seedling. Then, we monitored the seeds 
twice a week to remove and count all the seedlings; 
we interrupted the experiment when two or three 
weeks passed without recording any new germina-
tion. We considered that a seed had germinated when 
we observed that its radicle had emerged from its 
seed coat. Once detected, seedlings (and their remain-
ing seed coats) were removed to make it easier to see 
newly germinated seeds.

Data analyses

We carried out our analyses in R (v. 4.5.0; R core 
team, 2025). We used generalised linear models 
(GLMs) to compare germination levels among spe-
cies and seed groups (fresh or dry seeds). The models 
had a quasibinomial error distribution (due to overd-
ispersion). The response variable was the number of 
germinated versus ungerminated seeds in each well, 
and the explanatory variables were species and treat-
ments (i.e. fresh vs dry after ripening). We also tested 
the interaction of the variables (species:treatment).

We similarly used GLMs to examine time to ger-
mination. The models had either a Poisson or quasi-
Poisson error distribution, depending on the presence 
of overdispersion. The response variable was the day 
of germination (measured from the beginning of the 
trial), and the explanatory variables were species 
and seed treatments, testing also the interaction of 
these variables. For GLM estimation and diagnostics, 
we used the R packages MASS (Venables & Ripley, 
2002) and car (Fox & Weisberg, 2019). When we 
observed a significant interaction among the vari-
ables, Tukey’s tests were employed to conduct post 
hoc comparisons; we utilised the multcomp R pack-
age (Hothorn et al., 2008).

We counted the number of seeds that germinated 
and determined the day of germination for each seed 
in each well. We used these values to calculate the 
mean (± standard error) percentage of germinated 
seeds and time to germination for each species and 
treatment.

Results

We observed differences in the percent-
age of germinated seeds among species 
(P2,  185 = 152.01,  P < 0.00005) and between treat-
ments (P1, 185 = 175.80,  P < 0.00005). The species-
by-seed treatment interaction was also significant 
(P2, 185 = 18.66, P < 0.00005) (Fig. 1).

The seeds of C. brutia had similarly high ger-
mination levels in both seed treatments (fresh: 
95.5 ± 2.02%, dry: 92.3 ± 1.49%; Tukey’s test, 
P = 0.952), which were significantly different from 
the germination levels of the other two species 
(P < 0.0005 for both comparisons). For R. pelta-
tus and M. alterniflorum, the percentage of ger-
minated seeds was very low for the fresh seeds but 
considerably higher for the dry seeds (Fig. 1). In the 
case of R. peltatus, the percentage of germinated 
seeds was almost sevenfold higher for the dry seeds 
(45.2 ± 2.65%) than for fresh seeds (6.21 ± 2.33%) 
(Tukey’s test: P < 0.0001). This difference was simi-
larly large for M. alterniflorum (dry: 88.7 ± 2.13%, 
fresh: 12.5 ± 1.76%; Tukey’s test: P = 0.0001).

Overall, time to germination significantly dif-
fered among species (F2, 937 = 4.98, P = 0.005) and 
between treatments (F1,937 = 1394.13, P < 0.00005). 
The species-by-seed treatment interaction was again 
significant (F2,937 = 14.68, P < 0.00005). For the dry 
seeds, there were no differences in time to germina-
tion among species (Tukey test: P > 0.08 in all cases). 
For the fresh seeds, all the paired comparisons were 

Fig. 1   Percentage of germinated seeds for the three aquatic 
plant species. Fresh seeds were used in germination trials after 
their collection, meaning that they remained wet; dry seeds 
experienced two months of dry storage before being used in 
germination trials
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significantly different (P < 0.0005), except for the 
comparison between C. brutia and R. peltatus, which 
was not (P > 0.08). Fresh seeds generally germinated 
across a long period during the first month of the ger-
mination trial, with a few seeds germinating during 
the second month or even later (Fig. 2). There were 
two different germination peaks for C. brutia and R. 
peltatus. For the fresh seeds, the mean time to ger-
mination was 13.5 ± 1.55  d for M. alterniflorum, 

22.4 ± 3.50 d for R. peltatus, and 19.6 ± 0.67 d for C. 
brutia. For the dry seeds, germination occurred rap-
idly once the trial began, mostly within the first week. 
Their mean time to germination was 6.01 ± 0.01  d 
for C. brutia, 6.33 ± 0.08 d for M. alterniflorum, and 
6.24 ± 0.07 d for R. peltatus.

Fig. 2   Cumulative curve of the percentage of dry after ripening seeds (A) and fresh seeds (B) that germinated over time for the three 
plant species
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Discussion

In this study, we examined the germination dynam-
ics of newly produced seeds. The three aquatic plant 
species produce seeds that can survive the dry phase 
of the ponds but differed in their percentages of seed 
germination. For C. brutia, germination levels were 
high, regardless of whether seeds were exposed to dry 
conditions. In contrast, germination levels were only 
high for M. alterniflorum and R. peltatus seeds that 
had experienced drying.

The fact that C. brutia seeds displayed high ger-
mination levels in our germination trials while their 
parent plants were still alive suggests that the species 
produces non-dormant seeds that do not require spe-
cial conditions to germinate. Most of the fresh C. bru-
tia seeds germinated. Under real-life conditions, the 
result would have been new plants emerging within 
the ongoing inundation cycle, which would have con-
tributed to increased plant density and continuous 
plant renewal in temporary ponds. The aquatic form 
of C. brutia has thin stems, with little to no branch-
ing, but the species is the earliest to produce fruits 
and seeds in the Mediterranean temporary ponds of 
Doñana, a process that continues uninterrupted until 
the end of the plant’s life cycle (Fernández Zamudio 
et al., 2018) in late spring. Thus, seeds are responsible 
for the plant’s continuous and dense presence in the 
ponds throughout the spring, and the absence of seed 
dormancy may allow seedlings to emerge while con-
ditions are favourable for plant growth and reproduc-
tion. The high percentage of seed germination that we 
observed here implies that C. brutia makes a limited 
contribution to the seed bank. However, the re-estab-
lishment of C. brutia populations during the sub-
sequent inundation cycles must draw upon a source 
of seeds, notably the small fraction of ungerminated 
seeds remaining in the pond basin. These seeds may 
have been produced at the end of the season, when 
increased temperatures or drier conditions are not 
favourable to germination. Our data do not allow us 
to determine whether these ungerminated seeds were 
non-viable, dormant, or whether they were seeds that 
did not experience conditions suitable to germination 
by the end of the inundation cycle in which they were 
produced. After the dry phase, these seeds may ger-
minate in the newly filled ponds at around the same 
time as seeds of the other two species, resulting in 
C. brutia re-colonising the ponds just after they have 

filled. At the same time, C. brutia is known to use 
other strategies to survive unfavourable periods (i.e. 
drought), allowing its long-term persistence. Under 
dry conditions, the species may develop terrestrial 
forms whose seeds have higher germination rates than 
the seeds of aquatic forms, and these terrestrial forms 
play an essential role in ensuring the persistence of 
the populations after severe dry periods (Fernández-
Zamudio et al., 2021).

In the case of M. alterniflorum and R. peltatus, 
the percentage of germination was low for fresh 
seeds: they appeared to enter a dormant phase that 
prevented seedling emergence within the same inun-
dation cycle. Myriophyllum alterniflorum is a com-
mon plant and tends to have the largest amount of 
biomass in Mediterranean temporary ponds (Fernán-
dez-Zamudio et  al., 2018). It produces flowers and 
fruits in late spring or early summer (Pinero-Rod-
ríguez et  al., 2021), when environmental conditions 
are likely unsuitable for seedling survival and plant 
growth. Under these conditions, delaying germina-
tion to subsequent inundation cycles may increase 
the probability of the successful reproduction and 
persistence of the population. During the ponds’ 
dry phase, seed dormancy may be broken, and ger-
mination may be triggered by pond refilling. This 
hypothesis is supported by the fact that the fresh M. 
alterniflorum seeds displayed low levels of germina-
tion whereas the seeds which underwent a dry after 
ripening period had high levels of germination. Like 
C. brutia, M. alterniflorum had a low percentage of 
ungerminated seeds that could be stored in the seed 
bank for later inundation cycles. This low contribu-
tion to the seed bank may be due to the species’ great 
capacity to regenerate from rhizomes or vegetative 
propagules, which may play a more important role 
than seeds in the long-term persistence of popula-
tions (Schulthorpe, 1967). Therefore, in M. alterni-
florum, population re-establishment is not exclusively 
dependent on seeds; however, seeds may be essential 
when conditions are extremely unfavourable, such as 
during periods of severe drought, because seeds may 
survive when vegetative propagules do not.

In this study, most R. peltatus seeds did not germi-
nate during the inundation cycle, which suggests they 
might enter a dormancy stage after being released 
by their mother plant. In R. peltatus, dispersed seeds 
contain underdeveloped embryos (Carta et al., 2012). 
They therefore must complete embryo development 
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before they can germinate, which may explain the 
absence of germination after seed dispersal. Even 
though embryo development may be completed 
within 30 d (Carta et al., 2012), we observed a longer 
absence of germination for the fresh R. peltatus seeds. 
Therefore, although Carta et al. (2012) classified the 
seeds of R. p. baudotii as non-dormant, our study 
suggests that the seeds of R. peltatus were dormant 
and may have also undergone an additional period of 
physiological dormancy before or after the embryos 
completed development.

Pond drying is a factor that can help break dor-
mancy (Tuckett et al., 2010), which means that seeds 
are ready to germinate when favourable conditions 
appear after pond refilling. Pond inundation deter-
mines the timing of seed germination and synchro-
nises the emergence of most seedlings, restoring the 
plant assemblage (Fernández-Zamudio et  al., 2018). 
In this study, we observed two different germination 
strategies used by three submerged aquatic plants in 
temporary ponds.

The first strategy is producing seeds with a dor-
mancy period that is broken during the dry phase; 
these seeds can then respond to favourable conditions 
after the pond refills, and their synchronised germina-
tion and early growth occur rapidly after the begin-
ning of the new inundation cycle. In this study, we 
observed that only a fraction of R. peltatus seeds ger-
minated during the trials; around 50% of seeds may 
remain in the seed bank and germinate during future 
inundation cycles (Fernández-Zamudio et al., 2021), 
increasing population resilience. The second strategy 
is producing seeds that germinate within the same 
inundation cycle, before the dry phase. Although we 
observed that seeds of all three species germinated 
even if they did not experience dry conditions, only 
C. brutia produced a large percentage of these non-
dormant seeds. This species starts to produce flowers 
and seeds early in the inundation cycle (Fernández-
Zamudio et al., 2018) and, because these seeds then 
germinate, the plants can continuously produce new 
individuals throughout the cycle, increasing their 
abundance and total number of seeds produced per 
year. At the end of the inundation phase, the final 
seeds produced are unlikely to encounter suitable 
conditions for germination and plant growth. As a 
result, they must make it through the dry phase and 
await the occurrence of favourable conditions during 

the next inundation cycle, at which point the percent-
age of seed germination is again high.

Both strategies ensure that the species can re-
establish themselves during future inundation cycles, 
but they differ in their patterns of greatest investment: 
C. brutia produces seeds constantly during a given 
inundation cycle and only its late-produced seeds will 
germinate in the next inundation cycle; M. alterni-
florum produces all its seeds at the end of the inun-
dation phase, leaving their germination for the next 
inundation cycle; and R. peltatus uses a conserva-
tive strategy, where seed germination occurs over 
several subsequent inundation cycles as it makes a 
large contribution to the seed bank that can help pro-
mote its long-term persistence. Nevertheless, these 
results must be interpreted with caution as they were 
obtained using an experimental approach and have 
not been validated by germination data from the field. 
Also, the Mediterranean is one of the global regions 
most affected by climate change: annual precipita-
tion has declined and temperatures have increased 
(Lionello & Scarascia, 2018). Climate change has 
especially affected the dynamics of Mediterranean 
temporary ponds, including the dates of pond inunda-
tion and drying as well as pond water characteristics 
such as temperature, conductivity, and pH, shifts that 
we have recently observed in our study area. Medi-
terranean temporary ponds have also been affected 
by declines in groundwater level, which have reduced 
the extent of pond inundation and shortened pond 
hydroperiod (de Felipe et  al., 2023, 2026). These 
changes may have severe impacts on seed germina-
tion and seedling viability, which will, in turn, nega-
tively influence the persistence of plant communities 
in these aquatic habitats. It is necessary to conduct 
complementary studies focused on these species’ 
seed germination dynamics in the field, which could 
help reveal whether their germination strategies mean 
that they could benefit from population conservation 
efforts.

Conclusion

In temporary ponds, the re-establishment of aquatic 
plant populations during each new inundation cycle 
is mostly dependent on the plants’ seeds. Our study 
species appear to utilise different strategies for per-
sisting in temporary ponds. Two species, R. peltatus 
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and M. alterniflorum, produced dormant seeds with 
low germination levels post dispersal, but their seeds 
displayed higher germination levels when they had 
experienced a dry (i.e. after ripening) period prior to 
a new period of inundation. Furthermore, a certain 
fraction of their seeds remained ungerminated—in 
nature, these seeds would remain in the seed bank and 
allow longer population persistence. The third spe-
cies, C. brutia, produced non-dormant seeds, which 
would allow for continuous seedling emergence dur-
ing a given inundation cycle (Fernández-Zamudio 
et al., 2018). The dry period did not promote germi-
nation of the species’ seeds. However, its later pro-
duced seeds, which would be more likely to face the 
unfavourable conditions in drying ponds, would likely 
withstand drying and delay germination until the sub-
sequent inundation cycle.
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