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A B S T R A C T

The comprehension of plant biology and the response to the environment is fundamental to achieve the optimal
skills to manage and conserve the fine equilibrium between biotic and abiotic parameters regulating natural
biodiversity in salt marshes. The behaviour of annuals living in these stressful conditions is poorly understood
and constitutes a good model for a better understanding of this relationship. We thus identified the determinant
environmental factors involved in population survival of Halopeplis amplexicaulis, a threatened annual species
inhabiting salt marshes. To achieve this objective, maternal climatic parameters were analyzed in seeds collected
in different years, and correlated to seed dimensions (length, width and length/width ratio) and mass, and also
to germination responses of the next generation. Our results proved a direct correlation between seed factors and
the maternal environment determining the hydroperiod length, particularly autumn and winter temperatures,
responsible of life cycle extent. Population survival is ensured by a narrow adaptation to climatic conditions
through a natural halopriming of seeds. The combination of the two complementary germination strategies
verified (opportunistic vs. bet-hedging) depending on the climatic conditions of the ripening year, is revealed as
a density regulation mechanism controlling seed bank dynamics.

1. Introduction

Salt marshes show a fine equilibrium between biotic and abiotic
parameters regulating natural biodiversity (Mudd and Fagherazzi,
2016). These habitats are subjected to strong fluctuations on species
composition depending to environment (Noto and Shurin, 2017). Hy-
droperiod regime, depending to the specific precipitation and eva-
poration patterns, is one of the main environmental factors regulating
the creation of niches in wetland plants (Foti et al., 2012). The potential
effects of climate change on vegetation changes have renewed the at-
tention to the effects of environmental parameters on alteration in
biodiversity and plant reproductive output (Del Cacho et al., 2013),
particularly in wetlands.

Knowledge of reproductive biology, particularly phenology, seed
features and germination response to environmental conditions, is a
crucial point to understand post-germinative behaviour (Baskin and
Baskin, 1998; Donohue et al., 2010) affecting the survival of future
generations, and therefore the maintenance of the natural population.
Long et al. (2015) compiled data about the abiotic and biotic factors

that influence seed behaviour within a range of environments, and
pointed out the necessity of future research to identify which traits
drive seed persistence. Indeed, maternal effects, seed dormancy pat-
terns, longevity of seeds in the soil seed bank, and survival of seedlings
after germination become relevant issues to understand and model
population dynamics, especially for endangered plants (Fenner, 2000;
Iriondo et al., 2009). This fact has been particularly remarked in an-
nuals and other short-lived species of dry habitats, often chosen as an
example of bet-hedging strategies (Philippi, 1993a,b).

For this study, we have chosen Halopeplis amplexicaulis (Vahl) Ung.-
Sternb., the only European and Mediterranean representative of this
genus, as a model, which inhabits salty habitats (endorheic ponds),
throughout the Mediterranean region, with a Mediterranean-
Iranoturanian connection from Portugal to Turkey through the Near
East (Aellen, 1967; Jalas and Suominen, 1980; Blanché, 1990). This
annual pioneer plant grows in territories with ombrotypes that range
from dry (in some Spanish populations) to ultra-hyperarid (in some
regions of Jordan), colonizing soils rich in salts and showing low
competitiveness with other species, mainly perennials (Tremblin, 2000;
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Tremblin and Binet, 1984). Due to the extreme rareness and severe
fluctuations in population size, this species has been listed as Vulner-
able on the Spanish Red List of Vascular Plants (Suárez et al., 2007),
and strictly protected at regional level (Aguilella et al., 2010; Laguna
et al., 2013). At the European level, Habitats Directive 92/43/EEC
(European Commission, 2013) considers the habitats of this species,
'Mediterranean salt steppes' (*1510) and 'Salicornia and other annuals
colonising mud and sand' (1310), to be of interest for conservation.

The ecophysiological traits and seed germination of some Halopeplis
species have been focus of study (Tremblin and Binet, 1982; Mahmoud
et al., 1983; Khan and Weber, 2008). Diverse authors provided detailed
observations of H. amplexicaulis life cycle and phenology, stating sub-
stantial divergences (Suárez et al., 2007; Tremblin, 2000). Additionally,
several studies indicated conflicting behaviour regarding seed dor-
mancy level of this species (Albert et al., 2002; Ferrer-Gallego et al.,
2013; Santo, 2013). Hence, neither the germination strategy of this
species nor regulatory factors are clearly defined.

All the above considerations led us to undertake a study of the
morphological variability and the differences in germination responses
in seeds of H. amplexicaulis among different accessions with an initial
hypothesis aimed to reveal inter-annual variability and check potential
causes. Therefore, the main objective of this study was to provide a
clear answer to the following questions:

1) Is the germinative behaviour a characteristic of the species or
does it depend on the accession?

2) Are seed features and germination pattern affected by the en-
vironment?

2a) Are the specific climatology of the ripening year (maternal en-
vironment) potentially correlated to the different seed parameters and
behaviour?

2b) Does seed germination be affected by other environmental
factors than climate, such as salinity or light in natural environments?

3) Does seed age be a key parameter for seed germination of this
species?

To address the above questions, we have analysed the specific cli-
mate pattern of the ripening years of each used accessions, and also all
the seed features, both morphological characters and germination re-
sponse under diverse conditions. Furthermore, the potential causes of
the detected divergences have been discussed taking into account the
specific climate conditions.

2. Material and methods

2.1. Plant material

Four seed accessions from different years were used, all of which
were collected from the only known Valencian population (the Natural
Park El Hondo, Alicante, Spain, UTM 30SXH9428). Mature and ap-
parently viable seeds were timely harvested on the dates specified in
Table 1. From our own field observations, we found that the fruiting
period lasted until August and dispersion of mature seeds occurred in
August and September. Accessions were maintained under laboratory
conditions (20 °C; 40% relative humidity on average) until experiments
started, except the sample collected in 2013, which was tested im-
mediately after collecting. Storage time was detailed in Table 1.

Different accessions were selected and then used in the diverse tests
carried out according to seed availability.

2.2. Climatic characterisation of the study area

The studied locality where this species grows, with a mean annual
temperature of 18.3 °C and precipitation of 291mm (Catral, Alicante,
Spain), corresponds to a Mediterranean xeric-oceanic bioclimate
(Rivas-Martínez and Rivas-Saenz, 1996-2009). The aridity index (Ia) in
this locality had a mean value of 0.31, and was thus categorized as a
semiarid zone (UNEP, 1997). Annual temperatures and precipitation
averages for a 31-year period (1982–2012) were provided by climate-
data.org (http://en.climate-data.org/location/177181/). The meteor-
ological station network of the IVIA (Valencian Institute of Agronomical
Research) provided specific data for the period corresponding to ma-
ternal environment (monthly averages) from which seeds were col-
lected of each studied accession. Data available on web page: http://
riegos.ivia.es/datos-meteorologicos. The analysed periods were Oc-
tober 2002 – September 2003, October 2009 – September 2010, Oc-
tober 2010 – September 2011 and October 2012 – September 2013.
With this specific data of temperature and precipitation, diverse cli-
matic parameters, potentially associated to hydroperiod length, were
calculated to characterize the environment and check the potential
correlation with seed responses. All the parameters considered in this
study are compiled in Appendix A.

Water balance graphs for each period were also plotted using the
diagnosis tool provided by the Phytosociological Research Center
(Rivas-Martínez and Rivas-Saenz, 1996-2009). This graph type re-
presents lines of precipitation (supply of water) and potential evapo-
transpiration (natural demand for water) and provides information of
water budget at the station. It is an easy manner to identify the water
saturation or deficit periods. When the water balance graphs were
analysed, we observed that the imbibition season there begins with
autumn rains, usually around mid-November, while the water deficit
starts at the end of February.

A hierarchical cluster analysis was carried out to classify the dif-
ferent climatic groups that corresponded to the studied periods.
Monthly temperature and precipitation data and other climate para-
meters, calculated from them, were considered. Dissimilarities are de-
fined by Squared Euclidean distance and the combination of clusters is
based on Ward’s Method.

2.3. Seed characterisation

To detect inter-annual variation and correlate seed morphology to
climatic conditions, seed dimensions (length, width and length/width
ratio) were measured on 100 seeds by the ImageJ, image analysis
software (Rasband, 1997–2014) and seed mass was calculated using an
Orion Cahn C-33 microbalance.

2.4. Seed germination tests

Seeds were sown in 5.5 cm Petri dishes, with a solution of 0.6% agar
in four replications per assay of 20–25 seeds per plate, according to seed
availability. Tests were carried out in Sanyo incubators with

Table 1
Seed collecting dates, storage time- (St) and seed features for the studied accessions.

Accession Coll. date St
(years)

Length
(mm)

Width
(mm)

L/W Seed mass
(g)

A 17/09/2003 9 0.85 ± 0.05a 0.68 ± 0.04a 1.25 ± 0.07b 0.13 ± 0.02a
B 16/08/2010 3 0.79 ± 0.06b 0.61 ± 0.05b 1.31 ± 0.07a 0.11 ± 0.02b
C 04/08/2011 0.5 0.71 ± 0.08c 0.55 ± 0.05c 1.30 ± 0.09a 0.08 ± 0.02c
D 29/09/2013 0 0.80 ± 0.07b 0.61 ± 0.06b 1.31 ± 0.13a 0.10 ± 0.08b

Within the same variable, the same letters indicate no significant differences.
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temperatures controlled within± 1 °C. Illumination was provided with
daylight fluorescent tubes (60–150 μmolm−2 s-1). The germination
criterion was radicle emergence, and germinated seeds were discarded
from dishes. The span of the test varied from 30 to 120 days until
germination was stabilized and no further germination was observed.
The seed response was expressed as final percentages of germination,
and the T50 values (time required for 50% of the final germination
percentage) were calculated according to Thanos and Doussi (1995).

The response to temperature was analysed for all the studied ac-
cessions (A, B, C and D) in an alternating temperature regime (25/
15 °C) and its corresponding constant regime (20 °C) with a 12-h pho-
toperiod. Additionally, the effect of different temperature (15, 20, 20/
10, 25/15, 25/20 °C) and light regimes (darkness and a 12-hour daily
photoperiod) were analysed with two of the four accessions (A and C).
The germination done under dark conditions was recorded under safe
light, provided by two green luminescent lamps (Philips TL-D 18W/17)
supplemented with a green filter (Roscolux ref. no. 90), with a max-
imum transmission percentage at wavelengths from 500 to 540 nm.

In addition to the germination percentage and velocity, relative
light germination (RLG) and relative alternating temperature germi-
nation (RATG) were also calculated to a better comprehension of seed
behaviour under temperature and illumination variations. The RLG
index which states the light requirement for seed germination was
calculated by dividing the germination percentage recorded in the light
(12 h light/12 h dark cycle) by the sum of the germination percentages
observed in light and in darkness. The values vary from 0 (germination
only in darkness condition) to 1 (germination only in light). Milberg
et al. (2000) proposed this index, according to the formula:

RLG=Gl/(Gd+Gl)

where Gl is the germination percentage in light, and Gd is the germi-
nation percentage in darkness.

The RATG index, which measures the requirement for alternating
temperature, was calculated according to Aud and Ferraz (2012), by
dividing the percentage of germination under constant temperature
(20 °C) by the sum of the germination percentages at constant tem-
perature (20 °C) and alternating temperatures (25/15 °C). The values
vary from 0 (germination only at alternating temperature) to 1 (ger-
mination only at constant temperature).

A halopriming treatment was also performed in seeds that showed a
slower germination (accessions B and C) to check the potential stimu-
lating effect on germination. Two samples of seeds were pretreated in
5.5 cm Petri dishes with 500mM NaCl on filter paper and incubated at
two different temperatures, 25/15 and 20 °C, under dark conditions.
After 7 days, the solution was drained and seeds were allowed to dry
slowly under ambient conditions to simulate the natural process after
short rain events. After 14 days of dry storage under room conditions,
seeds were sown in agar, as described previously, and were incubated
according to the same temperature regime, 25/15 and 20 °C respec-
tively, with a 12/12 h photoperiod.

2.5. Data analysis

All the results were expressed as mean ± SD. The data were sta-
tistically analysed using SPSS Version 15.0 for Windows. Descriptive
statistics were graphically outlined through box plots.

Analysis of variance (ANOVA) was used to assess the significance of
the observed effects (P < 0.05) (Khan and Rayner, 2003). Percentages
were arcsine-transformed before the statistical analysis to ensure
homogeneity of variance. One-way ANOVA and Tukey’s HSD tests were
run to compare the differences among treatments. A three-way ANOVA
was applied to check the possible interactions, between seed accession,
temperature regime and light conditions.

The analysed aspects, both morphological (length, width and mass)
and germinative (germination, percentage and velocity, at 20 and 25/
15 °C, and RATG), from seeds collected in different years were statis-
tically correlated with the specific climatic parameters (Appendix A)
measured during the plant growing and seed maturation period. To
check this potential relationship a Spearman’s correlation was applied
to seed and climatic parameters.

3. Results

3.1. Seed characterisation

Seeds show an elliptic to obovate outline, with a smooth and
translucent light brown seed coat that reveals a bent embryo in a per-
ipheral position that surrounds a colourless perisperm. After examina-
tion under a binocular microscope, papillate ornamentation on the
outer edge on the embryo was observed.

When comparing the morphological parameters of the different
populations studied we found that Accession A had the highest length
and width and correspondingly the heaviest seeds. On the other hand,
accession C showed the lowest values for these same parameters
(Table 1). The length/width ratio value was the lowest in accession A,
which indicates that this seeds are more rounded than the others.

3.2. Seed germination

The germination percentages with alternating temperature (25/
15 °C) reached values over 90% in all the samples (Table 2). No sta-
tistical differences were observed between compared accessions. The
T50 values were low for accessions A and D, which reflects quite a rapid
response. Accessions B and C germinated more slowly, with higher T50

values (Table 2). Significant differences in germination velocity were
observed between these two groups, although all of them reached si-
milar final germination percentages. These results reflect the fact that
seed age, and thus storage time, did not seem to influence germination
response (Table 1).

The germination percentages at constant temperature (20 °C) were
significantly lower, and statistical differences were observed among
accessions, with values from 4.0 to 31.8%. Higher percentages of ger-
mination at constant temperatures were obtained for the recently

Table 2
Germination response, percentage (G%) and velocity (T50) at 25/15 and 20 °C with a 12/12 h photoperiod and relative alternating temperature germination (RATG)
values for the tested accessions.

Condition Parameter Accession

A B C D

25/15 °C G % 99.0 ± 2.0 93.0 ± 5.0 95.0 ± 7.1 93.0 ± 3.8
T50 4.6 ± 0.1a 17.0 ± 3.7b 17.6 ± 4.6b 4.0 ± 0.5a

20 °C G % 4.0 ± 3.3a 15.0 ± 4.1ab 17.5 ± 5.0b 31.8 ± 8.0c
T50 2.8 ± 2.9a 2.9 ± 0.4a 3.0 ± 0.5a 10.1 ± 7.1b

RATG 0.04 ± 0.03c 0.14 ± 0.04b 0.15 ± 0.04b 0.25 ± 0.05a

Within the same variable, the same letters indicate no significant differences.
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collected seeds (Table 2). Germination velocity was similar in acces-
sions A, B and C, and was significantly slower for accession D, which
reached T50 after a considerable delay.

The RATG values showed a significant increase in the alternating
temperature requirement related with seed age (Table 2). This index
had lower values, which indicates stricter requirements for alternating
temperatures in the oldest seeds collected 9 years before tests started.

The behaviour under a wider temperature range and different light
conditions was also variable for accessions A and C (Fig. 1). The clear
preference for alternating temperature was confirmed. Higher percen-
tages were obtained at 20/10, 25/15 and 25/20 °C. In accession A, no
statistical differences were found between these temperature regimes
(Fig. 1a). However, in sample C when the average temperature of the
applied alternating condition increased, the germination percentage
was higher (Fig. 1b).

The effect of the illumination regime was significant only at con-
stant temperatures in the seeds collected in 2003 (Fig. 1a). However,
the observed responses were opposite at each temperature (15 and
20 °C) and the effect of light regime on germination percentage was,
therefore, inconsistent; no clear requirement were detected. The RLG
calculated for accessions A and C (Table 3) also demonstrate no clear
preference for either condition as 0 corresponds to germination only
under darkness, and 1 to germination only under the light condition.

The germination velocity, expressed by the T50 parameter, under
different light regimes at the tested temperatures is reflected in Fig. 2.
Statistical differences between light and darkness were found at tem-
peratures 20, 20/10, 25/15 and 25/20 °C in accession A (Fig. 2a); faster
germination was observed in the light tests with the exception of 25/
20 °C. In accession C (Fig. 2b) the higher dispersion of the data de-
termines no statistical differences between light regimes.

The results of the three way ANOVA showed a significant interac-
tion between seed sample and temperature for both germination
parameters, percentage and T50 (F=18.6, P<0.001 / F=9.4,
P<0.001, respectively). The germination response related to tem-
perature conditions was dependent on the accession studied (Figs. 1 and
2), especially for germination percentages, as indicated by the higher F
value. The observed variation between the constant and alternating
temperature regimes was strong or gradual depending on the tested

accession. No other strong interactions took place among the con-
sidered factors.

A stimulation of germination velocity was observed in the seeds
exposed to the tested salt concentration.This halopriming effect was
evident only at alternating temperatures (Table 4).

In order to check seed viability, the non-germinated seeds in the
plates kept at a constant temperature were transferred to 25/15 °C, and
total germination was reached after 2–3 days.

3.3. Climatic data measured in the ripening year and their correlation with
seed parameters

Our study revealed a wide variation in the amount and distribution
of rains between collecting years of the different accessions (Fig. 3).
There were years with periods of absolute deficit in the growing season,
versus each other with available water during almost the whole life
cycle of this annual plant.

The specific climate data in autumn and winter, from October to
March (period of maximum rain), in 2003 and 2013 corresponded to a
semiarid ombrotype according to Ia values (Table 5). The same period
in 2010 and 2011 could be classified as humid and dry-subhumid, re-
spectively; the drought season was shorter and water deficit appeared
and lasted only 3 to 4 months at the end of the plants’ life cycle.

The correlation analysis led us to interpret that the fundamental
climatic parameters, in the case of H. amplexicaulis, are those re-
sponsible of hydroperiod length. The cluster analysis result allowed the
four considered periods to be grouped into two conglomerates (Fig. 4)
based on different environmental factors. Cluster I corresponds to those
years with a more extended aridity period, whereas cluster II to those
with lower water deficit along the year. T12 to T3 and P10 to P3 had a
significant effect on the separation of groups, especially the precipita-
tion of March.

A very strong relationship between some morphological seed fea-
tures (length, width and mass) and climatic parameters was observed
(Table 6). Indeed, T, Tp, autumn and winter temperatures (T10, T11,
T12 and T1) were the most directly connected parameters; the higher
the temperatures, the larger seed size. A strong inverse correlation can
be seen between seed characteristics and DF8, especially with weight.

Fig. 1. Box plot of the germination percentages obtained under different temperature and light regimes for the studied H. amplexicaulis accessions. a. Accession A
(2003); b. Accession C (2011). The same letters indicate homogeneous groups (P < 0.05).

Table 3
Relative light germination (RLG) values for accessions A and C at the different temperatures tested.

Accession 15 °C 20 °C 25/20 °C 20/10 °C 25/15 °C

A 0.8 ± 0.1a 0.1 ± 0.1c 0.5 ± 0.0b 0.5 ± 0.0b 0.5 ± 0.0b
C 0.7 ± 0.3ab 0.8 ± 0.1a 0.5 ± 0.0b 0.5 ± 0.1ab 0.6 ± 0.1ab

Within the same variable, the same letters indicate no significant differences.
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Concerning the germinative variables analysed, only germination
velocity (T50) at 25/15 °C was correlated with the climatic parameters
considered. Table 6 shows a negative relationship of T50 at 25/15 °C
with winter temperatures (T1, T2 and T3), water deficit during the
period from germination to fruiting (DF3, DF6 and DF2-7) and the
number of months with water deficit (NmDF). A positive correlation of
precipitation (P10-3) and the aridity index (Ia10-3) from October to
March, with time to 50% germination was observed (Table 6). No
correlation between morphological and germinative parameters was
detected.

4. Discussion

The species that inhabit in variable and unpredictable environments
develop specific strategies to take advantage of available resources, and
thereby ensure long-term population survival. In salt affected habitats,
especially in dry environments, climatic conditions are driving factors
for growing season length and plant responses (Gutterman, 1994,
2000). In this sense, Debieu et al. (2013) established evidences for co-
variation among the life history traits of a taxon and the nature of the
environmental gradient within its natural distribution range. This as-
sociation has already been stablished between the inter-annual varia-
tion in precipitation and the seed density or species richness in diverse
habitats (Santos et al., 2013).

The present research evidences the association between inter-an-
nual variation of climatic conditions and seed features and responses in
Mediterranean semi-arid salt marshes. The correlation analysis carried
out (Table 6) led us to interpret that the fundamental climatic para-
meters in the case of annual plants inhabiting salt marshes, like H.
amplexicaulis, are those responsible of hydroperiod lenght and, thus, the
starting and success of the annual plant’s life cycle (germination timing,
seedling establishment, flowering and seed set). Otherwise, Foti et al.

(2012) suggested that the relative abundance of species is decisively
dependent on the hydroperiod regime in wetlands. Our findings support
and provide logical explanation to this assertion.

The variation observed in morphological seed parameters (size and
weight) in H. amplexicaulis (Table 1) did not correlate with the different
germination responses of the studied accessions. However, a clear re-
lationship with some of the considered climatic parameters has been
proved (Table 6). Our data, which are slightly above those indicated in
the literature (Blanché and Molero, 1987), evidenced an increase in
seed size and mass with higher temperatures in autumn and winter.
This fact entails a longer vegetative period and thus great photo-
synthetic activity with the development of larger plants and many more
resources to be allocated in the reproduction stage. The literature has
provided significant reports about the influence of environmental pre-
and post-fertilisation conditions on plant, seed set and even seed size
(D’Antraccoli et al., 2018; Wei et al., 2018). Schimpf (1977) showed the
association of larger seeds with drier environments, but Leishman et al.
(2000) indicated that this association is quite limited. Villellas and
García (2013) evidenced a positive correlation between seed size and
water stress, as a result of the combination between precipitation and
temperature values.

Regarding the germination response of the tested accessions, sig-
nificant differences were observed, even for the percentage and velo-
city, under the studied conditions. In accordance with diverse authors
(Albert et al., 2002; Ferrer-Gallego et al., 2013; Santo, 2013), absolute
preference for alternating temperature was found in this study (Fig. 1;
Table 2). Conversely, De Martis et al. (1988), who studied the same
population as Santo (2013), indicated high germination percentages at
constant temperature (20 °C), although the results showed high varia-
bility depending on the sowing month, thus this data seems to be
contradictory and not conclusive. Otherwise, a clear effect of light on
seed germination has not yet been demonstrated for H. amplexicaulis
(Figs. 1 and 2; Table 3) in contrast to the behaviour observed in other
species of the same genus (Rasool et al., 2017). In the same way, the
impermeability of the seed coat indicated by Albert et al. (2002) has not
been confirmed either.

Our study links the preference by the alternating temperature re-
gime to the fact that germination in periodically flooded habitats with
irregular water incomes is usually controlled by daily temperature
variation as a sensing mechanism, which indicates the end of the
flooding period (Estrelles et al., 2015). This explanation is coherent
with the field observations made by Tremblin (2000) about onset of
germination.

Additionally, the increase of the proportion of seeds with require-
ment to alternating temperatures with age was evidenced by RATG
values (Table 2). This response observed in old seeds favours the

Fig. 2. Box plot of the T50 values obtained under different temperature and light regimes for the studied H. amplexicaulis accessions. a. Accession A (2003); b.
Accession C (2011). Asterisks indicate significant differences between the light regimes used (P < 0.05).

Table 4
Effects of salt priming on the germination percentage and T50.

Accession Temperature (ºC) Control Priming P

G % B 25/15 93.0 ± 5.0 96.2 ± 2.5 0.307
20 15.0 ± 4.1 14.9 ± 3.5 0.970

C 25/15 95.0 ± 7.1 93.9 ± 0.5 0.779
20 17.5 ± 5.0 27.1 ± 6.3 0.056

T50 B 25/15 17.0 ± 3.7 4.3 ± 0.5 0.006
20 2.9 ± 0.4 2.7 ± 0.4 0.518

C 25/15 17.6 ± 4.6 3.3 ± 0.6 0.008
20 3.0 ± 0.5 2.7 ± 0.4 0.484

P values of t-test are also given.
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establishment of a long-term seed bank through seeds that are not
immediately germinated and are more demanding by specific en-
vironmental conditions with age. This strategy seems to be crucial to
ensure the survival of an annual plant population.

The major inter-accession differences in germination velocity, re-
corded in the conducted tests (Fig. 2; Table 2), permitted us to char-
acterize two types of behaviour, a rapid response (represented by the
accessions A and D) opposite to a slow germination (exhibited by the
accessions B and C). These divergent responses could be described as
opportunistic vs. bet-hedging strategies respectively, possibly

conditioned by the maternal plant environment, as we initially hy-
pothesized.

From the cluster analysis results (Fig. 4), we also identified two
climatic groups that corresponded to these two different germinative
responses. Maternal environmental effect can be observed from the
correlation analysis of the annual climatic data (Fig. 3; Table 5) with
the specific germination behaviour for seeds collected during each
particular year (Table 6). Specially, temperature and rainfall during the
period that corresponds to the end of the winter and the start of spring
had a huge impact on phenological timing and the population dynamics

Fig. 3. Water balance graphs for the year that corresponds to the maternal environment for each studied accession (from October of the previous year of seed
collecting, to September of the ripening year). T: yearly average temperature, m: yearly average temperature of minimum temperatures, M: yearly average tem-
perature of maximum temperatures, Tp: Positive annual temperature, Itc: compensated thermicity index, P: annual precipitation and PE: potential evapo-
transpiration.

Table 5
Climate data recorded for the Halopeplis amplexicaulis population.

Period T (ºC) P (mm) Ps (mm) P3 (mm) P6 (mm) Ic Io Ia
10-3

NmDF

1982-2012 18.3 291 76 20 14 15.4 1.3 0.8 –
2002-2003 18.3 236 123 9 2 17.2 1.1 0.5 7
2009-2010 17.6 285 79 39 36 16.2 1.4 0.9 2
2010-2011 17.5 182 104 68 5 16.8 0.9 0.6 5
2012-2013 17.6 111 0 0 2 15.5 0.5 0.3 7

The abbreviations used are detailed in Appendix A. T: Average temperature; P: Annual precipitation; Ps: Precipitation of the spring quarter; P3: Precipitation of
March; P6: Precipitation of June; Ic: Continentality index; Io: Ombrothermic index; Ia: Aridity index; NmDF: Number of months with water deficit.
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of H. amplexicaulis. These statements justify the divergences on the
cycle length and phenology, depending of the climatic conditions,
previously indicated by diverse authors. For some Spanish populations,
Suárez et al. (2007) indicated a cycle length of 3–4 months, depending
on drought severity. Tremblin (2000) observed that the cycle was in-
itiated in mid or late winter, and completed in 8–9 months for Algerian
populations, depending on the rainfall period and temperature average.
He also pointed out that seedlings began to appear on the edges of salt
lagoons when temperature increased and the water level fell due to
evaporation, and can continue several months until the centre of the
small depressions become dry.

Water availability during the potential period for seedling estab-
lishment and fruit set is strongly correlated with the different germi-
nation strategies observed in the next generation. This behaviour sug-
gested that the climate parameters in the precedent growing season
could control the proportion of dormant and non-dormant seeds in the
soil seed bank.

Previous research on this question proposed various key maternal
factors in controlling the germination response and dormancy level
(Gutterman, 2000; Chen et al., 2014). Germain and Gilbert (2014)
found a greater seed dormancy when the maternal plant was raised in a
wet environment. This finding about reduced dormancy in drier en-
vironments is in accordance with the behaviour of H. amplexicaulis, and
that might be associated with a survival advantage for this species.

A possible explanation for the survival advantage achieved with this
strategy could be the avoidance of sibling competition. Salt marshes are
frequently refuges for less competitive species with diverse mechanisms
of tolerance to high NaCl concentrations (Soriano et al., 2014), but
sibling competition is frequent in this habitat, especially for annual
plants. Higher resource availability (mainly water in arid territories)
during the growth season lead to a higher seedling survival, higher
plant density and therefore, higher seed set, with larger soil seed banks
(Sotomayor and Gutiérrez, 2015). Consequently, a potentially higher
number of individuals will compete for the resources available in the
following year. Future studies should focus on the correlation of the
exposed germinative behaviour with demography data in natural po-
pulations.

Köchy (2006) highlighted the essential role of a density regulation
mechanism to avoid massive germination after heavy rainfall and, thus,
excessive competition among plants, especially in semiarid environ-
ments. He signalled density-dependant germination as an adaptive be-
haviour in soil seed banks and an evolutionary stable strategy for an-
nual species in Mediterranean sites. Delayed germination can act to
avoid risk due to the combination of unpredictable abiotic conditions
and variable density (Tielbörger and Valleriani, 2005; Gremer and
Venable, 2014). The occasional presence of bet-hedging strategy in
correlation with weather may be better understood under the wider
vision provided by Volis and Bohrer (2013).

Our study proved the increase of seed germination velocity after salt
exposition for the accessions with slow germination, even though the
requirement of alternating temperature remains (Table 4). The natural
osmopriming was evidenced as a post-dispersion control factor of seed
germination, stimulating the response of 'slow seeds'. Natural priming
may be promoted after successive dry periods when the soil seed bank is
exposed to high salt concentrations during short rain events.

Our observations also support a heterogeneous seed bank model,
where seed germination probability is variable according to the ma-
ternal and post-dispersal environment.

After considering this species’ adaptations, we agree with
Springthorpe and Penfield (2015) that future research should be con-
ducted to analyse the potential climate change effect on the life history
strategy of annual plants on natural populations, especially the seasonal
displacement of rainfall. Indeed, changes in rainfall distribution could
be more important than a decrease of total precipitation, and could
have a key role in population dynamics of threatened species and in
their locally extinction (Pugnaire et al., 2004).

Fig. 4. Dendrogram for the cluster analysis conducted with 24 climatic vari-
ables (Ti and Pi). Dissimilarities are defined by Squared Euclidean distance and
the combination of clusters is based on Ward’s method.

Table 6
The Spearman coefficient (r) and associated P-values obtained in the correlation analysis of seed morphology and germinative response of H. amplexicaulis with those
climatic variables (Cv showing a strong correlation (values> 0.8).

Seed morphology Germinative response

Mass Length Width T50 25/15 °C

Cv r P r P r P Cv r P

T10 0.800 <0.001 0.400 0.125 0.632 0.009 T1 −0.886 <0.001
T11 1.000 0.800 < 0.001 0.949 < 0.001 T2 −0.862 <0.001
T12 0.800 <0.001 1.000 0.949 < 0.001 T3 −0.862 <0.001
T1 0.400 0.125 0.800 < 0.001 0.632 0.009 P10-3 −0.886 <0.001
T 0.800 <0.001 1.000 0.949 < 0.001 Ia10-3 −0.862 <0.001
m −1.000 −0.800 < 0.001 −0.949 < 0.001 DF3 −0.921 <0.001
Tp 0.800 <0.001 1.000 0.949 < 0.001 DF6 −0.921 <0.001
RE10 −0.775 <0.001 −0.775 < 0.001 −0.816 < 0.001 DF2-7 −0.862 <0.001
DF10 0.800 <0.001 0.400 0.125 0.632 0.009 R3 0.806 <0.001
DF8 −1.000 −0.800 < 0.001 −0.949 < 0.001 NmDF −0.806 <0.001

The abbreviations used are detailed in Appendix A. T: Average temperature; m: Average minimum temperature of the coldest month; Tp: Positive annual tem-
perature; RE: Real evapotranspiration; DF: Soil water deficit; P: Precipitation; Ia: Aridity index; R: Soil water reserve; NmDF: Number of months with water deficit.
Numbers following variable name indicate the corresponding month or period of months for each value (e.g. 1 correspond to January).
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5. Conclusions

The variation in the germination response in H. amplexicaulis is
dependent on the maternal environment determining life cycle extent.
Two different germination strategies, opportunistic vs. bet-hedging,
were observed as a density regulation mechanism and soil seed bank
control. The narrow adaptation of germination strategies to climatic
conditions is a fundamental mechanism to avoid risks in unpredictable
environments. Also, natural halopriming has been revealed as key
factor controlling seed bank dynamics in halophytes. These aspects
should be taken into account to better understand the reproductive
biology of this species, and also when an effective germination protocol
is needed to optimize germplasm ex situ collections and for planning
nursery cultivation for recovery programmes. Our results are poten-
tially applicable for the conservation and management of salt marshes
ecosystems inhabited by the threatened annual species studied.
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Appendix A. List of abbreviations used to name the different
climatic parameters considered in this study

DFi: Soil water deficit for every month of the year.
Ia: Aridity index of Martonne [P/(T+ 10)].
Iai: Aridity index of Martonne for every month of the year. [Pi/

(Ti+ 10)].
Ic: Continentality Index (yearly thermic interval). Ic= Tmax –

Tmin. In degrees Celsius, the number expressing the range between the
average temperatures of the warmest (Tmax) and coldest (Tmin)
months of the year.

Io: Ombrothermic Index. Io= (Pp/Tp) 10. Ten times the quotient
resulting value between the yearly positive precipitation in mm (Pp)
and the yearly positive temperature (Tp) (see 'Pp' and 'Tp' above).

Ioi: Ombrothermic Index for every month of the year.
Ios1: Ombrothermic index of the warmest month of the summer

quarter.
Ios2: Ombrothermic index of the warmest bimonth of the summer

quarter. [(Pps2/Tps2) 10].
Ios3: Ombrothermic index of the three months of the summer

quarter. [(Pps3/Tps3) 10].
Ios4: Ombrothermic index of the three months of the summer

quarter and the previous month (May, June, July, Aug.). [(Pps4/Tps4)
10].

It: Thermicity Index. It= (T+m+M) 10. Ten times the sum of T
(yearly average temperature), m (average minimum temperature of the
coldest month of the year), M (average maximum temperature of the
coldest month of the year). Coldest month of the year: the one that has
the lowest monthly average temperature (Tmin).

M: Average maximum temperature of the coldest month of the year.
m: Average minimum temperature of the coldest month of the year
NmDF: Number of months of with water deficit.
P: Yearly average precipitation in mm.
Pa: Total precipitation in mm of the autumn quarter (Sept., Oct.,

Nov., in the Northern Hemisphere).
Pi: Average precipitation any month of the year.
Pp: Yearly Positive Precipitation. In mm, total average precipitation

of those months whose average temperature is higher than 0 ºC.
Ps: Total precipitation in mm of the spring quarter (Mar., Apr. and

May, in the Northern Hemisphere).
Psm: Total precipitation in mm of the summer quarter (June, July,

Aug., in the Northern Hemisphere).
Pw: Total precipitation in mm of the winter quarter (Dec., Jan.,

Feb., in the Northern Hemisphere).
REi: Real evapotranspiration for every month of the year.
Ri: Soil water reserve for every month of the year.
T: Yearly average temperature in centigrade degrees (Celsius).
Ti: Average temperature for every month of the year.
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