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Summary
 
Germination requirements and suitability for ex situ conservation were investigated for seeds from the only 
population of Ranunculus peltatus Schrank subsp. baudotii (Godron) Meikle ex C.D.K. Cook (Ranunculaceae) 
from the Tuscan Archipelago (Italy). A 2 ! 2 ! 3 factorial experiment investigated the interactive effects of 
light, alternating temperatures and mean temperature on the germination of seeds sown on agar. Logistic 
regression analysis showed significant effects of both temperature (P < 0.0001) and light (P < 0.05). Alternating 
temperatures improved germination but only at mean temperatures of 20 and 15°C. The results indicate that 
seeds of R. baudotii exhibit morphological dormancy and a phenological adaptation to seasonal ponds. Drying 
led to a significant reduction in germination in seeds collected in both 2009 and 2010 (P < 0.05); the reduction 
was larger for 2009. The better quality of the 2010 seed was probably due to a post-harvest treatment that 
enabled continued maturation of the seeds. Storage of seeds for one year under seed bank conditions (-20°C) did 
not reduce viability. Seeds of R. baudotii possess orthodox storage behaviour and are therefore suited to ex situ 
conservation in seed banks; however, further research is needed to confirm their long term storage prospects.

Introduction

Biodiversity declines are far greater in fresh waters than in terrestrial ecosystems (Sala 
et al., 2000). As a consequence, in many countries, aquatic plants are among the most 
threatened groups of organisms (Preston and Croft, 2001). Ex situ conservation through 
seed banks will play an important role in safeguarding aquatic species (UNEP, 1992), thus 
an understanding of seed germination requirements is essential for designing propagation 
protocols and appropriate restoration techniques (Bowes, 1999). 

Ranunculus peltatus Schrank subsp. baudotii (Godron) Meikle ex C.D.K. Cook 
(Ranunculaceae; hereafter R. baudotii) is a hydrophyte widely distributed throughout 
West and South Europe (Tutin et al., 1993), where it grows in shallow water bodies 
(Passarge, 1992) characterised by alternate flooding and drying (Hartog and Segal, 
1964). The habitat where it grows is of conservation interest in the European Community 
(Habitats Directive 92/43/CEE). 
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The only population in the Tuscan Archipelago (Italy) became extinct in the wild in 
2010 due to habitat loss after the invasion of the pond by tall helophytes. An integrated 
in situ / ex situ conservation project, supported by the Tuscan Archipelago National Park 
and launched in 2001 (Foggi et al., 2001), allowed for restoration of the pond and the ex 
situ conservation of the plant (Carta et al., 2009).

Seeds of numerous Ranunculaceae have underdeveloped embryos (Martin, 1946; 
Engell, 1995). In seeds with an underdeveloped embryo, the embryo has to grow to a 
critical length before visible germination can occur; this lag period is often referred to as 
“morphological dormancy” (Baskin and Baskin, 1998). In some Ranunculaceae species 
there is no additional mechanism preventing embryo growth and seed germination (Baskin 
and Baskin, 1998). However, in seeds of other Ranunculaceae, an additional physiological 
mechanism delays embryo growth (Mondoni et al., 2008).

Detailed studies related to the seed germination and ex situ conservation of this taxon 
are still lacking, although low temperature requirements for seedling establishment have 
been reported (Bonis et al., 1996) as has seed desiccation tolerance (Hay et al., 2000).

Mediterranean ponds are characterised by periods of inundation during winter and 
spring and exposure to dry conditions in summer (Keeley and Zelder, 1998). Moreover, 
seeds of aquatic plant species tend to be sensitive to light and require specific temperatures 
for germination (Baskin and Baskin, 1998). Consequently, we hypothesise a positive 
germination response of R. baudotii to decreasing temperatures and to light conditions.

In this study, embryo elongation and the effects of light, temperature and temperature 
regime on the germination of R. baudotii seeds were investigated using laboratory 
experiments. Also, seed germination following one year of cold, dry storage under seed 
bank conditions was tested. The results are discussed from an ecological and conservation 
perspective.

Materials and methods

Field site and population characteristics
The “Stagnone”, located on Capraia Island at 321 m a.s.l., is the only natural pond in 
the Tuscan Archipelago. It is fed by freshwater and is approximately 100 m in length 
and 50 m in width. Before the invasion of tall helophytes such as Typha angustifolia L.,
T. latifolia L. and Phragmites australis (Cav.) Trin. ex Steud. it was covered by 
rhizophytic floating vegetation, dominated by R. baudotii and Myriophyllum alterniflorum 
DC. (Lastrucci et al., 2009).

Recordings of water temperatures are not available for the Stagnone, however water 
depth rarely exceeds 1 m and therefore water temperature probably fluctuates through the 
year following the trend of monthly average air temperatures. The temperature regime 
on the Island is typically Mediterranean, characterized by mild winters and hot summers 
(average temperature of 10 and 26°C respectively). Pinna (1991) observed that autumn 
and winter rainfall predominate (62% of annual rainfall) and during the summer, marked 
aridity coupled with high summer temperatures may lead to water scarcity in the pond. 
Thus, the pond shows a semi-permanent hydrology (Keeley and Zelder, 1998).
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Seed collection and processing
The ex situ conservation phase of the project was planned and implemented before the 
start of the restoration activities. During May 2009, 10 plants of R. baudotii, at least 5 
m apart from one another, were sampled from the in situ population at the late flowering 
stage, and taken to the Botanical Garden of Florence, where they were grown in a pool. 
Collections of achenes (hereafter referred to as seeds) were made from these plants in June 
2009 just before the time of natural dispersal, when the achenes were about to be shed 
from the parental plants, by gently shaking the fruit heads (Baskin and Baskin, 1998). 
Seeds were then taken to the Pisa Botanical Garden Seed Bank (table 1), where they were 
rapidly dried to a low moisture content in a controlled environment room (15°C, 15% RH) 
or tested for viability immediately by means of a germination test. A water activity station 
(Rotronic) was used to check whether seeds had equilibrated to the room conditions. 
Dried seeds were then hermetically sealed in a single laminated aluminium foil bag and 
maintained at -20°C. Seedlings from the initial germination test were grown to establish 
a second ex situ living collection at the Botanic Garden of Pisa.

In May 2010, seeds were collected from these plants (table 1). The seed lot was 
subjected to the following treatment, mimicking natural post-dispersal conditions: (1) 
seeds were kept for 2 weeks in water held in polythene boxes (c. 25/15°C), where the 
seeds initially floated then sank; (2) these seeds were then either directly placed in a dry 
room (15°C, 15% RH) or subjected to drying conditions chosen so that the rate of water 
loss matched the rate that would occur during maturation drying in situ (seeds  maintained 
in the laboratory at average conditions of approximately 20°C and 50% RH). Experiments 
with fresh seeds collected in 2010 were started within 1 month of harvesting.

In this study a standard sample size of 50 seeds for germination experiments was 
allowed due to the small number of seeds available from the small population studied. 

Temperature requirements for embryo growth
An experiment in controlled conditions was performed to study the effect of low and 
high temperatures on embryo elongation. Dried seeds collected in 2010 (Pisa BG) were 
germinated in Petri dishes containing 1% distilled water-agar, incubated at a constant 
temperature of either 10 or 20°C with 12 h photoperiod. 

Table 1. Details of R. baudotii material used in the investigations: seed collections, year of collection, post-
harvest treatment, weight of seeds and number of seeds used in each experiment. A = embryo growth; B = effect 
of temperature and light on germination; C = effect of stratification on germination; D = effect of drying and 
storage on germination.

Collection
Year of

collection
Post-harvest
treatment1

100 seed dry
weight (g)

Experiment2

(number of seeds)

A B C D

Pisa BG 2010 Yes 0.071 200 600 100 150

Florence BG 2009 No 0.060 100   0   0 150

1Seeds placed in water held in polythene boxes after collection; 2experiments B and C conducted using fresh 
seeds.
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The average embryo length to seed length ratio (E:S ratio) was determined following 
the method of Forbis et al. (2002). Observations on embryo growth were made at 5 day 
intervals on samples of 10 seeds with intact seed coat. Using a binocular microscope to 
aid dissection, embryo and seed length was determined using an ocular micrometer. The 
critical E:S ratio was computed as the average E:S ratio of 10 seeds with split seed coats 
and no radicle protrusion.

An additional test to measure E:S ratio was performed using dried seeds collected in 
2009 (Florence BG) placed at constant temperature of 10°C and exposed to a 12 h daily 
photoperiod.

Effect of temperature and light on germination
A 2 ! 2 ! 3 factorial design was used to test the interactive effects of light, alternating 
temperatures and mean temperature on germination. Each treatment consisted of two 
samples of 25 fresh seeds collected in 2010. All experiments were carried out in 90 
mm diameter Petri dishes containing 1% distilled water agar. For dark treatments, Petri 
dishes were wrapped in aluminium foil. Seeds to be exposed to light were left unwrapped. 
Samples were maintained in temperature (±1°C) and light controlled incubators using
12 h daily photoperiod and thermoperiod (for alternating temperatures). Seeds were 
exposed to temperature conditions simulating seasonal temperatures in Capraia Island: 
constant temperatures (10, 15 and 20°C) simulating germination under flooded conditions, 
and diurnal alternating temperatures (5/15, 10/20 and 15/25°C) simulating wet conditions 
of the pond margins. The experiment lasted for 50 days, during which germinated seeds 
were counted and removed every two days. Germination was recorded when the radicle 
had emerged from the pericarp by at least 1 mm.

Effect of stratification on germination
R. baudotii seeds are dispersed during spring, suggesting that a period at high temperatures 
might be required to break dormancy. Therefore, we examined the effect of moist storage 
at high temperature on subsequent germination at lower temperatures. Seeds were sown 
in Petri dishes containing agar and placed at 20°C in the dark for 1 month, before 
being transferred to 10 and 15°C in the light. After transferring to lower temperatures, 
germinated seeds were counted and discarded every two days.

Effect of drying and storage on germination
To test seed germination following exposure to seed banking conditions, seeds from both 
collections (Florence BG and Pisa BG) were tested for germination after drying (15°C, 
15% RH) and storage (-20°C) for 1 year. Germination tests were carried out with two 
replicates of 25 seeds at 10°C in the light; germinated seeds were counted and removed 
every two days.

Data analysis
Seed germination data were analysed using a generalized linear model in R (R 
Development Core Team, 2011), with a logit link function and a binomial error structure, 
followed by a likelihood test. For each experiment, a full model including all main factors 
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and interactions was fitted. In addition, 2 test were carried out to compare the final 
proportions of fresh germinated seeds from both collection. At the end of the experiment 
a cut test was performed to determine the number of ungerminated viable seeds; defective 
seeds (i.e. empty or damaged) were excluded from the experiments.

Results

Temperature requirements for embryo growth
Ripe seeds of R. baudotii collected in 2010 (Pisa BG) had an initial E:S ratio of 0.4 
± 0.02 (mean ± SE). Growth of the embryo started immediately in seeds incubated at 
10°C in the light. After 10 days, 80% of the seeds had reached the critical E:S ratio and 
had germinated (figure 1). The small standard error during the course of the experiment 
indicated that the embryo elongated at a similar rate in all seeds. None of the seeds that 
were incubated at 20°C in the light had reached the critical E:S ratio (0.8 ± 0.01) after
45 days of incubation. The average E:S ratio at the end of the incubation period was
0.4 ± 0.02. Seeds of R. baudotii collected in 2009 (Florence BG) had an initial E:S ratio 
of 0.3 ± 0.02 (mean ± SE). Growth of the embryos started immediately; however, due to 
their shorter length, they required one more week to reach the critical E:S ratio compared 
with seeds collected in 2010 (Pisa BG). The smaller embryo size suggested they may 
have been less mature. The difference in time taken for embryos to reach critical length is 
matched by greater variation in seed size in the 2009 seed lot (higher SE).

Interactive effects of light, alternating temperature and temperature on germination
There was high germination (> 75%) in most germination treatments (figure 2). Logistic 
regression analysis showed that the main effects of temperature range and light were 
significant (P < 0.0001 and P < 0.05 respectively) and there was a highly significant first 
order interaction effect of temperature regime and mean temperature (P < 0.001). That 
is to say the effect of alternating temperatures depended on the mean temperature, with 
a marked effect at warm temperatures (mean 20°C) but no effect at cool temperatures 
(mean 10°C ). 

Figure 1. Embryo growth of R. baudotii seeds collected at Pisa BG (closed squares) and at Florence BG (closed 
circles) incubated at 10°C in the light. Embryo growth for seeds collected at Pisa BG incubated at 20°C in the 
light (open squares). Vertical bars represent SE; n =10.
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Highest germination occurred at 10°C and 15°C in the light, and at 20/10°C, in 
the light and dark with no significant differences between these conditions (P > 0.05). 
However, seeds germinated fastest at 10°C, where germination started after 8 days and up 
to 80% of the seeds had germinated by 10 days (figure 3).

Figure 2. Germination percentage (±95% binomial confidence intervals) of fresh seeds incubated in the light  

(open columns) or in the dark (closed columns). 

Figure 3. Germination time course for fresh seeds of R. baudotii at 10°C in the light (open circles), at 20/10°C 
in the light (open triangles) and at 20/10°C dark (closed triangles).

Effect of stratification on germination
Pre-treating the seeds at 20°C (dark) for 1 month did not enhance germination rather the 
final germination percentage in the light was reduced from 96% to 86%.

Effect of drying and storage on germination
Drying and storage led to a significant reduction in germination in seeds collected in 2010 
at Pisa Botanic Garden (P < 0.05) and to a highly significant reduction (P < 0.001) in 
seeds collected in 2009 at Florence BG (figure 4).

Germination levels for each corresponding treatment were lower in 2009 compared 
with 2010. For example, the germination of fresh seeds in 2009 (82%) was significantly 
lower than the germination of fresh seeds in 2010 (96%) (P < 0.05). For both collections, 
storage of dried seed for one year had no effect on germination (P > 0.05).
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Discussion

As is the case for other Ranunculaceae species (Engell, 1995), this study has shown 
that embryos of R. baudotii are underdeveloped at the time of natural dispersal. After 
completion of embryo elongation, seeds germinated quickly, within 30 days without any 
pre-treatment. Warm stratification actually reduced final germination percentage, as in 
other Ranunculaceae (Young et al., 1992; Vandelook et al., 2009). Therefore according to 
the classification of seed dormancy (Baskin and Baskin, 1998; 2004) seeds of R. baudotii 
can be described as having morphological dormancy (MD). However, recent reports on the 
germination phenology of other species where embryo development continues seamlessly 
under natural condition until radicle emergence have argued that such seeds should be 
regarded as non-dormant (Mondoni et al., 2008; Carasso et al., 2011). Ranunculus L. 
species adapted to the aquatic environment have been recognised as a taxonomic entity 
ascribed to Subgen. I. Batrachium (DC) A. Gray. (Johansson, 1998) and are considered 
as the most advanced group within the genus (Diosdado et al., 1993). However, the 
underdeveloped embryos of seeds in R. baudotii suggest that the species has maintained 
at least one ancestral character (Forbis et al., 2002; Baskin and Baskin, 2004).

For aquatic plants worldwide, temperature preferences for germination below 15°C are 
uncommon (Baskin and Baskin, 1998). The present investigation found that a temperature 
around 10°C appears to be optimal for germination and this is in agreement with the 
results of Bonis et al. (1996) obtained from soil sample experiments. At this temperature, 
seeds are insensitive to diurnal variation in temperature (figure 1) indicating that in the 
winter seeds could germinate equally well when fully submersed or on the pond margins 
where diurnal variation in temperature would be experienced. At higher temperatures and 
particularly when the mean temperature was 20°C germination was strongly influenced by 
alternating temperatures suggesting that germination would only occur in late summer or 
autumn if seeds were not fully immersed. It is speculated that this could be an adaptation 
to prevent germination during periods when oxygen levels in the water are low which 
would result in seedling death before establishment could take place. Overall, as with 
other species occurring in habitats characterised by alternate inundation and drying under 

Figure 4. Germination percentage (±95% binomial confidence intervals) at 10°C in the light of fresh (dark), 
dried (gray) and stored (white) seeds of R. baudotii collected in 2010 (Pisa BG) and 2009 (Florence, BG). 
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a mediterranean climate (Tuckett et al., 2010), a requirement of cool temperatures for 
germination are preferred but not essential, suggesting that germination may occur in any 
of the months from late autumn to early spring.

The seeds of R. baudotii studied here were comparatively insensitive to light; although 
seeds consistently germinated better in the light (figure 1), relatively high germination 
levels were possible in the dark. Although other populations may respond differently to 
light, the ability to germinate under low light levels suggests that seeds of R. baudotii of 
Capraia are unlikely to form a persistent soil seed bank (Fenner and Thompson, 2005). 
Considering the frequency of R. baudotii in temporary pools in the Mediterranean and 
the very large fluctuations in environmental conditions between years in these habitats 
(Grillas et al., 1993), it is surprising that the only protection detected in this study 
preventing germination of fresh seeds at the wrong time is low germination at high 
constant temperatures. Summer drought and high temperature may induce a change in the 
physiological behavior of seeds (Probert, 2000); for example, a reduction in responsiveness 
to light (Pons, 1991) could prevent germination and cause the accumulation of the seeds 
in the soil.

Although seeds of R. baudotii are suited to ex situ conservation in seed banks, it 
is possible that R. baudotii seeds are relatively short-lived. The closest related wetland 
species for which viability constants are available is Ranunculus sceleratus L. Using the 
Ellis-Roberts viability equations (Ellis and Roberts, 1980), seeds of this species would 
be predicted to survive under seed bank conditions operating to international standards 
(drying to 15% RH at 15°C and storage at -20°C) for several decades. Evidence from 
unpublished viability monitoring data at Kew’s Millennium Seed Bank revealed that a 
collection of seeds of R. baudotii from England showed no significant decline in viability 
(P > 0.05) after 10 years of storage under seed bank conditions. 

Whilst this is promising and suggests that seeds of R. baudotii may survive at least as 
well as R. sceleratus, detailed controlled ageing experiments are needed to confirm this. 

Embryo length and growth suggest that the 2009 collection was less mature and 
of lower quality compared with the 2010 collection. Placing seeds in boxes filled with 
water will allow seed collectors to harvest seeds prior to natural dispersal with no loss of 
quality. Supporting a general view that seeds of wild plants often benefit from slow or 
delayed drying treatments that encourage seed ripening after harvest (Probert et al., 2007), 
this treatment will improve the general quality of R. baudotii conservation collections and 
probably those of many other aquatic plants. 

The results of this study are encouraging for both the ex situ and in situ conservation 
of R. baudotii from the Tuscan Archipelago. The species does not exhibit physiological 
dormancy and the seeds germinate readily over a broad range of conditions. It will 
therefore be relatively easy to establish plants from stored seeds for re-introduction to 
the wild. Subject to confirmation by further research, it is likely that loss of the natural 
population can be insured against by ex situ conservation of seed collections in seed 
banks.
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