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Abstract
Quantification of germination niches under salt stress, temperature, and their interaction using
population-based threshold models is important to predict seedling emergence patterns. Seeds of
Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici were treated with various temperatures
at different NaCl concentrations. Results indicated that the median base NaCl concentration was roughly
steady (0.68, 0.73, and 0.70M, respectively) at sub-optimal temperature, then decreased linearly at supra-
optimal temperature until the ceiling temperature (Tc). The estimated base, optimum and ceiling
temperatures, in water, were − 0.5, 15 and 29°C for Sarcocornia fruticosa, − 2.5, 11 and 24°C for
Sarcocornia alpini, and 9.5, 25 and 40°C for Salicornia emerici, respectively. At all species, the base
temperature has not changed with the salinity while both optimum and ceiling temperatures decreased.
Also, Salicornia emerici showed rapid and synchronized germination when salinity decreases during the
rainy season coinciding with favorable temperatures compared with other species.

Introduction
Salinization, which is constantly increasing due to climate change, is the most serious threat to the
Mediterranean basin in the world (Cuttelod et al. 2009). By 2050, rainfall will decrease between 4 and 30%
and temperature (T) will rise by 2–4°C (Panta et al. 2014). Concurrently, the Mediterranean basin will
exhibit an increase in the sea level of approximately 35 cm by 2100 (Rosa et al. 2012).These
environmental changes have increased the land cover marginalized lands that are usually typified by low
yield and reduced economic incomes or by severe restrictions for farming use. Marginalized lands are
generally frail and subject to high environmental risk. Currently, there is rising attention in worldwide
using halophytes that can tolerate harmful conditions and high salinity levels which are toxic to
conventional crops (Song and Wang 2015). Thus, successful germination is vital for the restoration and
rehabilitation of marginalized lands.

Germination is the preliminary and decisive phase in plants' life cycle and contributes to population
persistence, especially for those reproducing only by seeds (Keiffer and Ungar 1997). Seed population
germination rate (GR) and germination percentage (GP) are fundamental measures used to study
germination. They are affected by many abiotic factors such as temperature (T), salinity, water potential,
and oxygen concentration, etc. (Grime and Campbell 1991; Ungar 1995). In salt marshes, salinity is the
most important environmental factor conditioning the germination of halophytes. Indeed, halophytes are
able to germinate at salinities that 99% of non-halophyte seeds do not support, indicating that halophytes
are more tolerant to salt at the germination stage (Manousaki and Kalogerakis 2011). The GP of
glycophytes declines severely at small amounts of NaCl, and totally inhibited above 100 mM NaCl (Yuan
et al. 2019). Generally, most of the seeds of halophytic species germinate best under fresh water and
preserve somewhat high GP under saline conditions, which gradually decreases with increase of NaCl
concentrations (Gul et al. 2013).
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Changes in T under salt conditions affect differently the germination of halophytes (Khan and Gul 2006).
Cardinal temperatures are the range of T in which the seeds of a given species can germinate, including
the base temperature (Tb), which is the very low T below which no germination takes place; the optimum
temperature (To), which is the T at which germination is highest, and finally, the ceiling temperature (Tc)
which is the maximum T beyond which no germination occurs (Rowse and Finch-Savage 2003; Taghvaei
and Ghaedi 2010; Bradford and Bello 2022). The GR increases linearly with T (< To) and then decreases
linearly at T > To (Covell 1986; Hardegree et al. 2015; Bakhshandeh et al. 2017; Abdellaoui et al. 2019).
The damaging effects of salinity may not affect To (Bakhshandeh et al. 2020; Bakhshandehet al. 2021;
Bakhshandeh et al. 2022; Alinia et al. 2022) and/or may decrease To with a decrease in GP observed in
various species (Seal et al. 2018). A species may have different saline germination niches depending on
the time of year; this is the typical result of the interaction between T and salinity (Gul et al. 2013). During
the summer, the elevated T leads to a rapid evaporation of the water resulting in an increase in the
salinity of the soils where the halophytes grow (Khan and Ungar 1996; Khan and Gul 1998). Seed
germination of halophytes in semi-arid and arid regions usually takes place during a season with high
precipitation when soil salinity concentrations are decreased and water potentials are increased (Khan
1999).

Halophytes are very different in terms of their salt tolerance range (Ventura and Sagi 2013) among which
stem succulent halophytes are considered highly salt tolerant (Khan and Gul 2006). For example,
Salicornia europaea, Sarcocornia fruticosa, Salicornia bigelovii, Sarcocornia perennis, and Salicornia rubra
germinate above seawater salinities (800–1700 mM NaCl) (Khan and Gul 2006). Indeed, under high-
salinity conditions, seeds of halophytes exhibit extremely dedicated adaptations such as seed dormancy
and heteromorphism (Navarro and Guitian 2003; Gul et al. 2013; Guo et al. 2018).

Sarcocornia and Salicornia genera are important components of the halophytic pioneer vegetation of salt
marshes. They are halophytic herbs with articulated succulent stems belonging to the Chenopodiaceae
family (Davy et al. 2001). The genus Sarcocornia consists of perennial species with flowers roughly equal
in size and arranged in a horizontal row whereas; Salicornia sp involves annual species with unequal size
and triangularly arranged flowers (Kadereit et al. 2007; Zhu and Sanderson 2017). Annuals produce seeds
once in their life and develop dormancy mechanisms that maintain seed viability. On the other hand,
perennials have many reproductive events in their lifetime and use ramets to propagate clonally in
addition to seeds (Gul et al. 2013). Nevertheless, Khan and Gul (2006) indicated that plant tolerance,
during germination, to high salinity is rather independent of its life form. The interaction between T
regime and the salinity levels has a strong impact on the GR of Salicornia and Sarcocornia. For both
genera, the highest GP corresponds to the lowest concentrations of soil salts during winter and spring
(Davy et al. 2001, 2006). The germination limits for some species of Salicornia and Sarcocornia can
reach more than 2-fold of seawater concentration. For example, Salicornia herbacea seeds can germinate
at 1700 mM and Sarcocornia fruticosa seeds at 1030 mM (Khan and Gul 2006; Ventura et al. 2011).
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Seal et al. (2018) initially developed a halothermal time model (HaloTT) to predict the seed germination
response of the halophyte ‘Suaeda maritime’ to salt stress at sub-optimal temperatures. The model
generates constants (thermal time, halo time or halothermal time) that point out how the GR changes
with T or salinity (or a combination of both) over time, which are indicators of seed vigour. Since their
introduction, thermal, halo and halothermal time models have successfully quantified the germination of
wild species, crops, field emergence and dormancy loss (Seal et al. 2018; Bakhshandeh et al. 2020;
Bakhshandehet al. 2021; Bakhshandeh et al. 2022; Alinia et al. 2022). A benefit of these models is that
they characterize the full range of germination niche requirements making them predominantly helpful in
comparative studies among species and for predicting species responses to different climate change
scenarios (Seal et al. 2018). This model was then modified by Bakhshandeh et al. (2020) to quantify seed
germination response over both sub- and supra-optimal temperatures at various NaCl concentrations.
This HaloTT model allow for quantifying the combined effect of T and salt stress on the dynamics of
different crops seed germination (Bakhshandeh et al. 2021; Bakhshandeh et al. 2022).

Sarcocornia and Salicornia crops are characterized by great economic potential (Ventura and Sagi 2013).
Both are used as food, feed, medicinal compounds, soil phytoremediation, carbon sequestration, as well
as the convalescence of marginal saline soils and water (Rozema and Schat 2013; Panta et al. 2014).
They are a natural source of sodium carbonate for glass manufacture (Chevalier 1922; Cardenas-Pérez et
al. 2021) and also very adequate for bioethanol production due to their richness in suitable lignocellulosic
materials (Cardenas-Pérez et al. 2021; Custódio et al. 2021). Salicornia genus is commonly used as a
substitute bioenergy resource crop for NASA (Cardenas-Pérez et al. 2021). At the same time, it has been
used in the production of soap because of its high ash content (Davy et al. 2001; Ortuno et al. 2020).

Generally, seed germination performance of plants is depending on high GP within a more rapid and
uniform seed germination (Muscolo et al. 2014). Our hypothesis supposes that Salicornia emerici SG is
assumed to show rapid and synchronized germination under salt and temperature stresses than
Sarcocornia species.

Quantification of germination niche under salt stress, T, and their interaction is therefore important to
understand the different species' seed germination patterns using population-based threshold models. To
our knowledge, this is the first report dealing with seed germination modeling of Sarcocornia and
Salicornia genera. Therefore, this study aimed (i) to investigate the response of both genera seed
germination at different series of T and NaCl concentrations, individually, and simultaneously using the
HaloTT model, (ii) to establish the base NaCl concentration and, (iii) to estimate the cardinal
temperatures by the modeling approach.

Materials And Methods

Seed Collection
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Seeds of Sarcocornia fruticosa and Sarcocornia alpini were collected from Zarzis- El Alandaya
(33°25'49.4"N; 11°05'40.7"E) and Salicornia emerici seeds from Djerba- Sidi Jmour (33°51'59"N;
10°47'31"E) belonging to southern Tunisia in November and December 2021 for Sarcocornia alpini and
Sarcocornia fruticosa and Salicornia emerici, respectively. Both sites are characterized by a mild lower
arid climate with an average annual rainfall of 200–300 mm. Average monthly temperatures are around
10 to 12°C in winter, 18 at 25°C in spring, 30°C in summer and 20 to 22°C in autumn. The hottest months,
for both stations, are July and August (28 to 32°C), while the coldest month is January with a
temperature of around 10°C. The thermal amplitude is between 26 and 33°C (Atlas de la region
économique du Sud-Est Tunisien).

Species were authenticated by Dr. Mohamed Tarhouni, Lecturer at the Arid Regions Institute (IRA) of
Medenine, Tunisia. Besides, a molecular study was conducted and confirmed the presence of S. fruticosa
(L.) A.J. Scott and two newly recorded species (S. alpine (Lag.) Rivas Mart. and Sa. emerici Duval-Jouve)
in Tunisia (Hayder et al. 2022). The seeds are unprotected as they are located in a bract cavity so they fall
when reaching maturity. It is required to be on time when collecting the parts that have already ripened
the seeds and not to drop them during the cutting and bagging operations. At first, the seeds were
manually detached from the inflorescence segments. Then the empty seeds and impurities were removed
and mature seeds were stocked up in paper bags at 5°C until the start of the experiments.

Pretreatment And Germination Tests
Germination studies were conducted in January 2022 in a programmed incubator (Peltier-cooled
incubator IPP30, Memmert). Foremost, seeds were disinfected with 5% sodium hypochlorite for 10 min
and rinsed three times with distilled water to wash the remaining hypochlorite sodium (Leite et al. 2007).
The 1000-seed weight was 0.88 ± 0.05, 0.29 ± 0.02, and 0.49 ± 0.07 g for S. fruticosa, S. alpini, and Sa.
emerici, respectively. For the germination test, at each treatment, four sets of 25 seeds were used for each
species and placed in 8-cm glass Petri dishes containing two layers of filter paper (Whatman No. 1) and
conserved with adhesive tape (Parafilm™) to avoid water evaporation. Seeds were incubated in the dark
at different constant T (2, 5, 10, 15, 20, 25, 30, and 35°C, depending on the species) under different
concentrations of NaCl (0, 0.1, 0.2, 0.4, 0.6, and 0.8 Molar (M)). The salinity of the test solutions was
checked using a multi-pH meter (Benchtop pH/Conductivity Meter LAQUA PC1500; HORIBA). To each
Petri dish, 5 ml of distilled water (control treatment) or an aqueous solution of NaCl was added (Muñoz-
Rodríguez et al. 2017). The solution was renewed every two days to avoid salt accumulation in the
medium. Germination was recorded daily throughout the course of germination for 30 days and the
experiment was stopped when no seeds germinated after three consecutive days. The germinated seeds,
once the radicle protrusion is 2 mm, were counted and removed during the experiments.

Halotime And Halothermal Time Models



Page 6/26

A repeated probit regression analysis (Bradford 1995) was used to describe and quantify the
experimental data. Germination rate was also calculated as the inverse of the time to reach 50th
percentile of germination in the seed population (GR50 (h− 1) = 1/ t50).

The halotime model suggested by Bakhshandeh et al. (2020) was used to assess the germination time
courses in different levels of salinity (0-0.8 M, NaCl) at each studied T. This model is expressed as:

θ Halo = (NaClb(g) – NaCl) tg (1)

where θHalo is the halotime constant (M h); NaCl is the actual NaCl concentration in the medium (M);
NaClb(g) is the base value of NaCl concentration inhibiting radicle emergence of percentage g (M) and tg

is the actual time to germination of percentage g (h).

The HaloTT model was also fitted across all T and NaCl concentrations based on the method that is fully
described in Bakhshandeh et al. (2020).

At sub-optimal T range, the model can be written as:

θ HaloTT = (NaClb(g) − NaCl)(T − Tb) tg (2) or

Probit (g) = [NaCl + (θHaloTT/ (T – Tb) tg) – NaClb(g)] / σNaClb (3)

and at supra-optimal T range:

θ HaloTT = [NaClb(g) – (NaCl + kT(T – Td))](T – Tb) tg (4) or

Probit (g) = [(NaCl + kT(T – Td)) + (θHalo/ (T – Tb) tg) –NaClb(g)] / σNaClb (5)

where θHaloTT is the halothermal time constant (M °C h), σNaClb is the standard deviation of NaClb within

the seed population (M), kT is the slope of the relationship between NaClb(g)and T ≥ Td (M °C− 1) and Td is
the T at which NaClb(g) starts to change (°C) which can be equal and/or lower than To (Bakhshandeh and
Gholamhossieni 2019).

In addition, the base value of NaCl concentration (M) was converted to water potential (ψ, MPa)
according to the Van’t Hoff equation (Van’t Hoff 1887). The equation can be written as:

ψ = −RTCi /1000 (6)

where R is the gas constant (0.0083 L/atm/mol/K), T is the absolute T in degrees in Kelvin, C is the solute
concentration in mol L− 1, and i is the dissociation constant of the salt (NaCl = 1.8).

Statistical analysis
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The data were analyzed using the statistical analysis system ver. 9.4 (SAS Institute 2015). A two-way
ANOVA was realized to examine the effect of salinity, T, and their interaction on GR and maximum
germination percentage (previously arcsine transformed). Excel and Sigma Plot ver. 11 softwares were
used to draw the figures.

Results
Effect of salinity and temperature on GP and GR

Increasing salinity level in the medium had significantly (P < 0.05) decreased both GP and GR50 (Table 1).
Moreover, the interaction between T and salinity (T × NaCl) had also a significant effect (P < 0.05) on both
germination parameters (Table 1). Generally, the increase in T degree enhanced GP and GR50 of all three
studied species’ but both germination parameters decreased as T exceeds a certain limit. Under control
conditions (0 M NaCl), the highest GP was recorded at 15, 11, and 25°C for S. fruticosa (76.0%), S. alpini
(89.7%), and Sa. Emerici (92.2%), respectively (Fig. 1a, b, and c). When seeds were subjected to salt stress,
GP was highest under 0.1 M with 70.7, 85.5, and 88.6% at T ≈ To then decreased with increasing salinity
reaching 28.2, 34.8, and 37.8% at 0.8 M for S. fruticosa, S. alpini, and Sa. emerici, respectively. However,
they showed low GP at T > To i.e., 11.1% at 25°C, 1.00% at 20°C, and 2.02% at 35°C for S. fruticosa, S.
alpini, and Sa. emerici, respectively at 0.8 M (Fig. 1a, b, and c). Similarly, the GR50 showed the same
patterns as GP (Fig. 1d, e, and f). Taking into account simultaneously both stresses, GP and GR50

increased for T < 15, 11, and 25°C then decreased when exceeding these temperatures for S. fruticosa, S.
alpini, and S. emerici, respectively, under all studied salinity levels (Fig. 1d, e, and f).
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Table 1
Analysis of means comparison for maximum germination percentage (GPmax, previously arcsine

transformed) and median germination rate (GR50) of Sarcocornia fruticosa, Sarcocornia alpini, and
Salicornia emerici under the effect of both temperature (T) and NaCl concentrations.

Source of
variation

  Sarcocornia
fruticosa

  Sarcocornia alpini   Salicornia emerici

df GPmax GR50 df GPmax GR50 df GPmax GR50

Temperature
(T)

4 0.186** 0.0015** 4 0.808** 0.037** 5 0.834** 0.284
**

Error1 15 0.012 0.0016 15 0.014 0.004 18 0.038 0.005

NaCl 5 0.470** 0.0188** 5 1.536** 0.114** 5 3.060** 0.436**

T ×NaCl 20 0.245** 0.0016** 20 0.033** 0.020** 25 0.054** 0.054**

Error2 75 0.006 0.0011 75 0.012 0.003 90 0.028 0.002

df: Degrees of freedom. The number of total data in salt stress is n = 120 (T = 5, NaCl (mM) = 6 and
replication = 4).

** significant at 0.001 probability level.

Halotime Time Model
The halotime model fitted well with the germination data across all temperatures and NaCl
concentrations (Table 2). Actually, R2 ranged from 0.78 to 0.94 for S. fruticosa, from 0.86 to 0.93 for S.
alpini, and from 0.86 to 0.97 for Sa. emerici at different salinities and temperatures (Table 2). For the
three studied species, θHalo(M h) decreased non-linearly with increasing T, meaning that the values were
dropped from 340.4 to 57.7M h, from 238.8 to 40.6M h, and from 539.8 to 15.3 M h for S. fruticosa, S.
alpini, and Sa. emerici, respectively (Fig. 2a). Besides, Sa. emerici showed the highest θHalo (539.8 M h)
compared to S. fruticosa (162.3 M h) and S. alpini (94.7 M h) at the same studied T (i.e., 10°C) (Table 2).
Results also showed that the inverse of θHalo values (1/ θHalo) vs. T exhibited a linear regression and
intercepted the x-axis at − 0.5, − 2.5, and 9°C corresponding to Tb of S. fruticosa, S. alpini, and Sa. emerici,
respectively (Fig. 2b). The NaClb(50) values, in the contrary, were steady (from 0.65 to 0.71 for S. fruticosa,
from 0.73 to 0.75 for S. alpini, and from 0.69 to 0.71 for Sa. emerici) at T ≤ To then they were dropped off

linearly (kT= 0.034, = 0.047, and = 0.041 M °C− 1) for T > To reaching 0 M at Tc (i.e., 29, 24, and 40°C for S.
fruticosa, S. alpini, and Sa. emerici, respectively) (Fig. 2c). The Tc calculated by extrapolated from the
GR50 data at T above To (Fig. 2c).
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Table 2
Parameter values which were estimated by applying the halotime (Eq. 1) model for the description of

Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici seed germination with diverse seed lots
under various temperature (T) and concentration of NaCl: 0, 0.1, 0.2, 0.4, 0.6, and 0.8 M. R2 is the

coefficient of determination.
Seed lots T

(°C)
θHalo (M
h)

NaClb(50) (M) σNaClb
(M)

R2 GR50 Ψ
(MPa)*

Sarcocornia
fruticosa

5 340.4 0.71 0.78 0.78 0.0021 –2.96

  10 162.3 0.65 0.49 0.89 0.0039 –2.73

  15 109.2 0.44 0.58 0.92 0.0040 –1.89

  20 71.3 0.26 0.57 0.91 0.0036 –1.13

  25 57.7 0.15 0.60 0.94 0.0025 –0.64

  T
(°C)

θHalo (M
h)

NaClb(50)
(M)

σNaClb
(M)

R2 GR(50) Ψ
(MPa)

Sarcocornia alpini 2 238.8 0.73 0.52 0.91 0.0031 –3.00

  5 143.3 0.75 0.37 0.86 0.0052 –3.10

  10 94.7 0.74 0.32 0.89 0.0078 –3.11

  15 48.3 0.33 0.39 0.89 0.0068 –1.41

  20 40.6 0.22 0.34 0.93 0.0054 –0.96

  T
(°C)

θHalo (M
h)

NaClb(50)
(M)

σNaClb
(M)

R2 GR(50) Ψ
(MPa)

Salicornia emerici 10 539.8 0.69 0.56 0.86 0.0013 –2.93

  15 88.6 0.70 0.64 0.86 0.0079 –3.02

  20 36.1 0.71 0.40 0.97 0.0197 –3.12

  25 20.5 0.55 0.30 0.96 0.0267 –2.44

  30 17.1 0.42 0.29 0.93 0.0249 –1.92

  35 15.3 0.23 0.42 0.88 0.0151 –1.06

* Water potential (ψ) was calculated using the equation suggested by Van’t Hoff (1887).

T: Temperature; θHalo: Halotime constant; NaClb(50): The median base or threshold value of NaCl
concentration for the 50th percentile; σNaClb: Standard deviation of NaClb within the seed population;
ψb(50): The base ψ of the 50th percentile; GR50: median germination rate or germination rate of the
50th percentile.
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The NaClb(50) values at each studied T were converted to ψ (MPa) using the equation suggested by Van’t
Hoff (1887). Results showed that the ψ values were increased from − 2.96 to − 0.64 MPa when T varied
from 5 to 25°C for S. fruticosa. However, S. alpini revealed less negative ψ values with no significant
difference (i.e., − 3.00,–3.10,and − 3.11 MPa at 2, 5, and 10°C, respectively), then decreased significantly
at T > 10°C reaching less negative value (–0.96 MPa at 20°C). Moreover, Sa. emerici showed steady
values of ψ at T ≤ To (i.e., − 2.93,–3.02, and − 3.12 MPa at 10, 15, and 20°C, respectively). When T was
increased above To, ψ values increased significantly reaching its maximum (less negative, i.e., − 1.06
MPa) at 35°C for this species. It is to be noticed that at the same T (i.e., 10°C), S. alpini had shown the
less negative ψ value (–3.11 MPa) followed by Sa. emerici (– 2.93 MPa) and S. fruticosa (– 2.73 MPa)
(Table 2).

Halothermal Time Model
Results revealed that the HaloTT model predicted well the germination time courses of the three species
at all T and NaCl concentrations with high R2 values (R2 = 0.80, 0.81, and 0.88 for S. fruticosa, S. alpini,
and Sa. emerici, respectively) demonstrating a high correlation between predicted and observed
germination data for each set of T (Fig. 3; Table 3).The estimated θHaloTT, NaClb(50), and kT values were

1813 M °C h, 0.68 M and 0.034 M °C− 1, respectively for S. fruticosa, 1067 M °C h, 0.73 M, and 0.047 M
°C− 1 for S. alpine and 359 M °C h, 0.70 M, and 0.041 M °C− 1for Sa. emerici, respectively (Table 3).
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Table 3
Estimated values of the parameters by applying in the halothermal time model (Eqs. 2 and 4) for

describing Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici seed germination at different
temperatures (5, 10, 15, 20, and 25°C; 2, 5, 10, 15, and 20°C; 10, 15, 20, 25, 30, and 35°C, respectively)

under various concentration of NaC1 (0, 0.1, 0.2, 0.4, 0.6, and 0.8 M).
HaloTT parameters Sarcocornia fruticosa Sarcocornia alpini Salicornia emerici

NaClb(50) (M) 0.68 0.73 0.70

σNaClb (M) 0.62 0.48 0.46

θHaloTT(M °C h) 1813 1067 359

kT(M °C− 1) 0.034 0.047 0.041

Td(°C) 9 9 23

Cardinal Ts at 0 M      

Tb(°C) –0.5 –2.5 9.5

To(°C) 15 11 25

Tc(°C) 29 24 40

R2 0.80 0.81 0.88

Tc is calculated by extrapolation from the germination rate data at T above To. R2 is the coefficient of
determination.

NaClb(50): The median base or threshold value of NaCl concentration for the 50th percentile; σNaClb:
Standard deviation of NaClb within the seed population ; θHaloTT: the halothermal time constant (M °C
h or M °C d); kT:The slope of the relationship between NaClb(50) and T above To ; Td (°C): The
temperature at which NaClb(50) trend begins to change ; Tb(°C): base temperature; To (°C): optimum
temperature; Tc (°C): ceiling temperature.

Cardinal Temperatures
The relationship between GR50 vs.T was linear at T ≤ To under all NaCl concentrations and intercepted
the abscissa axis at a single point designated by Tb (Fig. 4). The Tb values were − 0.5, − 2.5, and 9°C for
S. fruticosa, S. alpini, and Sa. emerici, respectively. However, at T > To, GR50 decreased curvilinearly until it
became null at Tc which its value depends on the NaCl concentration (Fig. 4a, b, and c and Table 3).
Indeed, the Tc was estimated by extrapolating from the GR50 data at T above To (Fig. 2c).The results
showed that To values were 15, 11, and 25°C and Tc values were 29, 24, and 40°C for S. fruticosa, S.
alpini, and Sa. emerici, respectively, when the HaloTT model was fitted to the experimental data (Table 3;
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Fig. 3). Besides, this model demonstrated that Td value (the T at which NaClb(g) starts to change) is 9°C
for both Sarcocornia species. However, it is 23°C for Salicornia emerici (Table 3).

At To, the GR50 decreased linearly with increasing NaCl concentration from 0.004, 0.008, and 0.026 h–1 at
0 mM NaCl for S. fruticosa, S. alpini, and Sa. emerici, respectively to null values at concentrations of NaCl
corresponding to NaClb(50) values of 0.68, 0.73, and 0.70 M for these species, respectively (Fig. 5a). It is to
be noticed that Tc decreased linearly when salinity is increased, and reaching the Td value, where the
NaClb(g) starts to change (Fig. 5b). Besides, To dropped off linearly, then remained constant at 0.2 M for
S. alpini and Sa. emerici and at 0.3 M for S. fruticosa (Fig. 5c).

Discussion
The results illustrated no significant difference of GP under 0-0.2 M at To for S. alpini and Sa. emerici and
0-0.3 M for S. fruticosa, reflecting the behavior of true halophytes (Gul et al. 2013; Freitas and Costa
2014). Besides, GR50 presented the same pattern as GP. Exceeding these salinity levels, both germination
parameters (i.e., GP and GR50) decreased significantly. However, S. fruticosa (GP < 25%), S. alpine (GP < 
30%), and Sa. emerici (GP < 29%) seeds have kept germinating at 0.8 M following the extremophytes
behavior similarly to results on S. ambigua (Freitas and Costa 2014), Sa. stricta, Sa. ramosissima (Ungar
1995), S. fruticosa (Redondo-Goméz et al. 2004), and Sa. persica and S. fructicosa (Ventura and Sagi
2013). Moreover, the GP of Sa. europaea dimorphic seeds was high (90%) up to 342 mM NaCl for large
seeds then drastically decreased to 20% at 513 mM NaCl and was totally inhibited at 855 mM (5% NaCl).
Small seeds, however, showed low GP (< 10%) at 342 mM (2% NaCl) (Orlovsky et al. 2016).

Under hypersalinity coinciding with a dry season, seed quiescence or dormancy is imposed for
chenopodiaceae taxa (Singh et al. 2014; Muñoz-Rodríguez et al. 2017). In fact, by inhibiting germination
at high salinities, halophytes counteract salinity constraints by enduring quiescent or dormant seeds at
high salinity without affecting seed viability (Song et al. 2005). This also could be true for the seeds of
the three studied species, as they could rest in the soil seed bank during high salinity, especially
throughout the summer season coinciding with rare rainfall, high T and evaporation, and drought. The
results presented above support the fact that S. fruticosa, S. alpini, and Sa. emerici behavior is dependent
on the seasonal salinity profile of the Mediterranean salt marshes, where very high salinity predominates
during the dry season (summer–early autumn) and where low salinity is prevalent in late winter and early
spring (Muñoz-Rodríguez et al. 2017; Maaloul et al. 2021; Boughalleb et al. 2021). The seeds of S.
fruticosa, S. alpini, and Sa. emerici subsequently find the most favorable saline conditions for
germination in early spring. Actually, S. fruticosa and S. alpini are Mediterranean perennial halophytes
with multiple and erect branches, which colonize middle-high and high-intertidal salt marshes,
respectively dispersing their seeds during late autumn-early winter. However, Sa. emerici is a
Mediterranean annual halophyte with few and erect branches that colonize low salt marches that are
often flooded and its seed dissemination is in late autumn (Hayder et al. 2022). In their natural habitat,
plants are not only affected by salt stress but also by T fluctuation. Indeed, both GP and GR increased
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with increasing T until To then decreased when T > To. The To of the three studied species coincides with
early spring T of their biotope confirming results on S. fruticosa (Valdés 1987; Steffen et al., 2015) and S.
alpini (Valdés 1987; Castroviejo 1990). In addition to T, water is an essential constituent for seed
germination and its accessibility is a key factor affecting germination timing and seed dormancy. In
saline soils, plants are facing lower ψ due to the dissolved ions that decrease the osmotic potential of the
soil solution. S. fruticosa, S. alpini, and Sa. emerici can germinate at low ψ, and a HaloTT model can
exemplify their germination behavior in saline solutions. Our results showed that the θHalo decreased non-
linearly with increasing T for the three studied species corroborating with results on chicory, cucumber,
and green bean (Bakhshandeh et al. 2020, 2021, 2022), rapeseed (Bakhshandeh and Jamali 2021), and
maize (Alinia et al., 2022). Besides, the θHaloTT calculated for the 50th percentile of germination of Sa.
emerici (359 M °C h) was lower than that of S. fruticosa (1813 M °C h) and S. alpini (1067 M °C h)
indicating that Sa. emerici necessitates fewer time to accomplish 50th percentile of germination under
the same salt stress conditions compared to the two other species. However, the θHaloTT of these stem
succulent halophyte species are higher than glycophytes such as chicory (74.9 M °C h) (Bakhshandeh et
al. 2020), cucumber (108.1mM °C h) (Bakhshandeh et al. 2021), green bean (165.9 M °C h)
(Bakhshandeh et al. 2022), and maize (186.6 mM °C h for large seeds) (Alinia et al. 2022). Similarly,
Bradford (1990) remarked that halophytes are predisposed to have high θHTT and σψb values that resulted
in a greater extent of germination times at reduced ψ. By applying the halotime model, the NaClb(50)

values of the three species were relatively constant at T ≤ To, then decreased when T exceeded To similar
to other results (Nisar et al. 2019; Steiner et al. 2019; Alinia et al. 2022). On the contrary, Seal et al. (2018)
showed that the NaClb(50) varied at the sub-optimal T ranges. At sub-optimal T, NaClb(50) values are very
high (very low ψ (MPa)); consequently the seed germination is more rapid and uniform, whereas at supra-
optimal T the NaClb(50) values are low, and so the seed germination is postponed and more dispersed,
even at 0 mM. Accordingly, GR50 increased linearly at T ≤ To at all NaCl concentrations and then
decreased curvilinearly at T > To. The GR50 became null at two different T corresponding to Tb, which is a
single point and below which the seed germination is inhibited, and Tc, which depends on the NaCl
concentration and beyond which the seed germination is also inhibited. These results are contradictory to
Seal et al. (2018) study where they showed that Tb of Suaeda maritima depended on NaCl concentration
and became negative at ≥ 200 mM. Both Sarcocornia species presented very low Tb (–0.5 and–2.5°C for
S. fruticosa and S. alpini, respectively). However, Sa. emerici showed a high Tb (9.5°C). Gummerson
(1986), using the hydrotime model, found a single Tb value in sugar beet (Beta vulgaris subsp. vulgaris)
under different concentrations of NaCl. Most of the studies carried out on halophytes haven’t tested low
temperatures (< 5°C), i.e., Alonso et al. (2017) studied the seed germination of S. neei under salt stress at
20°C, Calone et al. (2020) tested the seed germination of Sa. europaea under different NaCl
concentrations at 24°C, and Muñoz-Rodríguez et al. (2017) studied seed germination of S. alpini and S.
fruticosa at 24/20°C day/night under five different concentrations of NaCl.

Our results showed that To values of S. fruticosa (15°C) and S. alpine (11°C) are lower than Sa. emerici To

(25°C). Khan et al. (2000) and Van Regteren et al. (2020) showed that seed germination of different
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Salicornia species was inhibited at low T. However, Muñoz-Rodríguez et al. (2017) found that GP of S.
alpini was < 42% at 24/20°C day/night. In addition, the Tc was 29, 24, and 40°C for S. fruticosa, S. alpini,
and Sa. emerici, respectively. Furthermore, the Td values were 9 and 23°C for both Sarcocornia species
and Sa. emerici, respectively.

From the present study, it can be concluded that there are no differences between the NaClb(50) of
perennial species (S. fruticosa and S. alpini) and the annual species Sa. emerici under saline conditions.
However, they showed differences in their θHaloTT and their cardinal temperatures. Also, the obtained
results contribute to reinforce the information on the susceptibility presented by Salicornia and
Sarcocornia spp. at high salinity levels (0.8 M) during their germination. However, salinity did not
completely inhibit their germination. These results support the fact that Sa. emerici, besides its tolerance
to salt stress, hypoxia due to flooding, and its annual growth cycle, show rapid and synchronized
germination when salinity decreases during the rainy season coinciding with favorable temperature. This
phenomenon helps Sa. emerici develop seedlings rapidly as much as necessary to protect them during
the dry season. All these features suggest that Sa. emerici could persist and spread under global warming
and climatic change since it is characterized by low θHaloTT and high Tb and To.

Accordingly, Salicornia cultivation could be considered a promising strategy to rehabilitation and
restoration of marginalized, degraded, and salinized lands, which are inadequate for traditional
agricultural purposes, with an economic income as food, feed, and medicinal uses.
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Figure 1

Effect of various temperatures on GP (a, c, and e) and GR50 (b, d, and f) under different concentrations of
NaCl for Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici, respectively.
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Figure 2

(a) Halotime constant (θHalo) and (c) base NaCl concentration (NaClb(50) according to temperature (T) for
Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici seed lots. In (b), the inverse of θHalo vs.T,
which will be linear below To (and extrapolated to Tb (–0.5, –2.5, and 9 °C, respectively) at the intercept



Page 24/26

on the x-axis. In (c), the predicted lines are for the 50th percentile intercepts NaClb(50) = 0 M at Tc (29, 24,
and 40 °C for Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici, respectively).

Figure 3

Linear regression of probit (g) as plotted vs. base NaCl concentrations (NaClb(g), M) and adjusted base
NaCl concentrations (–NaClb(g) + kT(T – To)) for each of the seed lots of Sarcocornia fruticosa,



Page 25/26

Sarcocornia alpini, and Salicornia emerici. Symbols represent the probit germination fraction observed
values at each T vs. the calculated base values for diverse germination fractions (g).

Figure 4

Effect of temperature (T) on the median germination rates (= 1/t50) of (a) Sarcocornia fruticosa, (b)
Sarcocornia alpini, and (c) Salicornia emerici seed lots at the different NaCl concentrations (M).The
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symbols represent the actual data and the lines drawn through these points are based on the parameters
of the halothermal time model (Table 3).

Figure 5

Effect of the different NaCl concentrations (M) on the median germination rate (= 1/t50) at To, the
Tc(50),and the To(50) of Sarcocornia fruticosa, Sarcocornia alpini, and Salicornia emerici seed lots.


