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Abstract: As a consequence of climate change, temperature and rainfall regimes are being modified,
threatening the survival of the current gardening concept in many areas of the world. This situation
highlights the need to investigate the potential of other species, especially in more sensitive areas
such as the Mediterranean Basin. The aim of this research is to study the resilience of adapted
species to promote sustainable gardening. To achieve this, seven species belonging to three families
(Amaranthaceae, Lamiaceae and Asteraceae) used or potentially used as ornamentals were selected
to compare their tolerance at the germinative stage to different levels of temperature (10 °C to
35 °C) and water stress created by PEG 6000 (—0.10 MPa to —2.5 MPa). Germination percentage,
mean germination time, base temperature, thermal time, base water potential and hydrotime were
calculated. The results showed a good response to high temperature and low osmotic potential in
most of the species, and germination even increased under certain stress levels. Salsola oppositifolia
presented by far the best results in terms of germination under high-water-stress conditions and the
second best at high temperatures. The extraordinary response of Celosia argentea, an alien species,
highlighted the risk of it becoming an invasive species.

Keywords: xeriscaping; stress seed tolerance; water stress; thermal stress; climate change

1. Introduction

Human activities, principally through emissions of greenhouse gases, are unequivo-
cally causing global warming, with the global surface temperature reaching 1.1 °C above
the 1850-1900 average in 2011-2020 [1]. These effects are projected to be especially en-
hanced in the Mediterranean basin, where an average temperature increase of between
2 °C and 3 °C is expected by 2050, compared to between 1.3 °C and 1.8 °C, which is
expected globally [2,3]. The climate change associated involves other negative impacts
in this area such as water scarcity, extreme events (heat waves, drought periods, etc.),
displacement of the rainy season, and disturbances to environmental integrity (biodiversity
loss, desertification, etc.) [4].

The distribution of plants in natural ecosystems is closely related to environmental
conditions since they have specific temperature and humidity requirements to survive and
propagate. Therefore, their distribution range is changing depending on the environment
due to climate change [5,6]. These changes also affect agronomic species and those species
that are traditionally used in gardening.

Urban gardens can play an important role in mitigating climate change in cities by
reducing temperatures and creating thermally healthy spaces [7]. Traditionally, the cri-
teria for selecting species used in gardening have been influenced by social more than
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by ecological factors, remaining the dominant model inherited from the traditional “gar-
den a la francaise” [8]. Sauri et al. [9] identified in the metropolitan area of Barcelona
that the average water consumption in detached houses was consistently larger than in
higher-density residential buildings due to the water consumption of gardening and other
recreational activities. Furthermore, in recent years, the increase in temperatures and the
lower water availability have been compensated for with supplementary irrigation. Hence,
adapting gardening practices and species for future sustainability purposes is a challenge
for gardening today. The selection of species resistant to high temperatures, with lower
maintenance needs and that also fulfil other ecosystem services, is essential in a climate
change scenario.

In this sense, xeriscaping is a valuable method that emerged for developing water-
wise landscapes and encourages efficient landscape maintenance, reducing or eliminating
supplemental water for irrigation through different strategies such as drought-tolerant plant
selection [10]. This approach is based on thoughtful choices that balance aesthetic appeal
with water conservation and offer a sustainable alternative to traditional landscaping
practices, particularly in regions facing water scarcity challenges [11]. Therefore, the
environmental benefits of switching from traditional gardening to xeriscaping are diverse,
such as reduced water consumption, improved biodiversity, protection of soil health,
reduced use of chemicals, and promoting resilience to climate change, but also lower
maintenance costs [12-15].

Germination is one of the most sensitive stages of a plant’s life cycle and one of
the most susceptible to various types of stress. A plant resistant at this stage is more
likely to overcome the rest of the phases of its life cycle [16,17]. For this reason, the
aim of this research is to study the resilience of ornamental and potentially ornamental
species to conditions arising from climate change at the germination stage in order to
promote sustainable gardening. Mediterranean flora, especially plants living in the most
arid environments, are adapted to the characteristics of the Mediterranean climate and
should therefore be potentially more suitable for use in sustainable and environmentally
responsible gardening in harmony with current and future environmental conditions. To
achieve this objective, seven species belonging to three families (Amaranthaceae, Lamiaceae
and Asteraceae) were selected, three of them already used in gardening and four belonging
to the native flora. Their tolerance to different levels of temperature and water stress was
compared to select those species that are more resistant and adaptable to high temperatures
and lower water supply. Therefore, this study represents a valuable approach to the
selection of tolerant plants for xeriscaping.

2. Materials and Methods

Seven species belonging to three families (Amaranthaceae: Salsola oppositifolia Desf.,
Celosia argentea L.; Lamiaceae: Phlomis purpurea L., Thymbra capitata (L.) Cav., Salvia sclarea L.
and Asteraceae: Pallenis maritima (L.) Greuter, Leucanthemum vulgare Lam.) (Figure 1),
used or with potential use as ornamentals, were selected to compare their tolerance to
different levels of temperature and water stress. The assays were carried out in 2023 in
the Germplasm bank of the Valencian Botanical Garden (Universitat de Valéncia, Spain).
Most of the seeds were provided by two plant nurseries: Semillas Silvestres S.L. (Cordoba,
Spain) and Verdecora (Valencia, Spain), except for S. oppositifolia. Seeds of S. oppositifolia
were collected at the time of natural dispersal from the wild population (Alicante, Spain),
cleaned up and stored in paper bags at 20 °C and 40-50% RH, until used in the germination
tests. All plant debris was removed from these non-nursery seeds.
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(A) Salsola oppositifolia; (B) Leucanthemum vulgare;
(C) Celosia argentea; (D) Thymbra capitata; (E)
Phlomis purpurea; (F) Pallenis maritima; (G) Salvia
sclarea.

Figure 1. Distribution maps of the species studied. (A) Salsola oppositifolia; (B) Leucanthemum vulgare
(by Jamain, CC); (C) Celosia argentea (modified from Hedwig Storch, CC); (D) Thymbra capitata;
(E) Phlomis purpurea; (F) Pallenis maritima; (G) Salvia sclarea (by Pancrat, CC). Green shading on the
maps indicates the native range of the species; purple shading indicates the range where they have
been introduced. All the maps were extracted from Plants of the World Online (Kew, Royal Botanic
Gardens; https:/ /powo.science.kew.org, accessed on 4 April 2023).

2.1. Germination Assays

Seed germination assays were performed using four replications of 25 seeds per
treatment and species for different conditions of temperature and water stress. Tests were
conducted on 55 mm diameter Petri dishes in 0.6% agar (Scharlau Chemie S.A., Barcelona,
Spain) kept in temperature-controlled cabinets. Illumination was provided by daylight
fluorescent tubes with a 12 h photoperiod and a mean irradiance of 100 umol m~2s~!. The
germination process was evaluated for 30 days. Germinated seeds were counted daily.
None of the species in this study showed physiological dormancy, so no pre-treatment was
necessary. A temperature screening was carried out including six constant temperatures:
10, 15, 20, 25, 30 and 35 °C (MIR-154, Sanyo Electric Co. Ltd., Tokyo, Japan; Grow-600,
Climaslab S.L., Barcelona, Spain). As a result of the screening, the optimal condition, 20 °C,
was selected to perform the water stress experiments.

The effect of water stress on germination was studied by creating a low-osmotic-potential
environment with increasing concentrations of polyethylene glycol-6000 (PEG-6000; Scharlau
Chemie S.A., Barcelona, Spain). The osmotic potentials selected were —0.1, —0.2, —0.3, —04,
—0.6, —1, —1.6, —2 and —2.5 MPa. The concentrations of PEG were calculated following [18]
Michel and Kaufmann to obtain the specific osmotic potentials (¥) for tests at 20 °C. The seeds
were sown with two 4.6 mm diameter filter papers. To each plate, 2 mL of the corresponding
solution was added. The plates were stored in zippered plastic bags to prevent evaporation.

In order to know the influence of temperature and lack of water, germination percentage
and mean germination time (MTG) were calculated. MTG was determined according to the
formula MGT =) Dn/) n, where D represents the number of days from the beginning of
the germination test and n is the number of seeds newly germinated on day D [19]. To better
compare the behaviour of the different species regarding the influence of water stress in ger-
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mination, “change in germination percentage” was calculated as follows: CGP = —[1 — (N°
of germinated seeds in the salt treatment/N° of germinated seeds in the control)] x 100. CGP
is based on the reduction in germination percentage (RGP) proposed by El-Madidi et al. [20],
which only considers a negative effect of treatment.

2.2. Germination Modelling

To predict the germination rate under fluctuating environmental conditions, base tem-
perature (Ib), thermal time (S), base osmotic potential (¥b) and hydrotime (6H) were also
calculated. Base temperature (Tb) and thermal time (S) determine the relationship between
temperature, time and germination behaviour and compare thermal responses between
species [21,22]. The base temperature corresponds to the theoretical temperature in degrees
Celsius, below which germination is not possible, and the thermal time reflects the thermal
requirements in temperature per time to achieve germination. Both parameters were cal-
culated from linear regression on the graph of the inverse time to germination, expressed
as the mean germination time (1/TMG), as a function of temperature. The germination
time curves for the different PEG concentrations were analysed by applying the hydrotime
model, which determines the relationship between osmotic potential, rate and germination
response. The hydrotime model provides an approach to predict seed germination in soil
under water deficit conditions, according to the equation of Gummerson [23]. The base
water potential (¥b) was calculated by extrapolating the regression line on the graph of
the inverse of radicle emergence time, expressed as the mean germination time (1/MGT),
versus osmotic potential. Hydrotime (6H) was estimated as the inverse of the slope of
these regression lines [24,25]. The base values should be treated with caution because they
were obtained from extrapolation beyond the range of experimental conditions. These
calculated values were taken as theoretical figures for comparisons between species.

2.3. Statistical Analysis

All germination data for analysis of temperature and water stress effects were sta-
tistically assessed using the statistical software SPSS 28.0. The significance of the dif-
ferences among germination treatments was tested by applying a nonparametric test,
Kruskal-Wallis one-way ANOVA with a 95% confidence interval. One-way ANOVA is a
very robust method that provides good approximations for small samples when model
assumptions are not fully satisfied [26]; therefore, post hoc multiple-comparison tests
associated with the ANOVA analysis were conducted to estimate homogeneous groups.
Tukey’s test was used for multiple comparisons among temperature groups and Dunnet’s
t-test for PEG-treated groups, which were compared with the control.

3. Results
3.1. Temperature Assays

Most of the species revealed a good tolerance to high temperatures and reached high
levels of germination percentage even at 35 °C, especially C. argentea, P. maritima and
S. oppositifolia (Table S1). Nevertheless, all the species showed significant differences among
treatments (Kruskal-Wallis one-way ANOVA), although the germinative response tempera-
ture was different depending on the species (Figures 2 and A1l). The response in P. maritima
was around 90% in the range of 15-30 °C, being lower in the most extreme temperatures
tested, 10 and 35 °C, with 62% and 72% of germination, respectively. Salsola oppositifolia
yielded a high percentage of germination in all treatments, with the highest percentage
around 90% for 10 °C and 15 °C and the lowest 48% for 30 °C. In the case of C. argentea,
the germination was nearly 100% in most temperatures except at 10 °C, where only 5% of
seeds germinated. The other species that presented such low germination at 10 °C was
S. sclarea, for which the optimum was 20 °C (77%), and as temperatures moved away from
the optimum, the percentage decreased progressively: around 65% at 15 °C and 25 °C, 45%
at 30 °C, and 17% at 35 °C. This pattern was similar for P. purpurea but with less tolerance
to high temperatures: the maximum was at 15 °C with almost 85% of germination, the
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minimum at 30 °C with 6%, and no response to 35 °C. Thymbra capitata was the least tolerant
to high temperatures and also failed to germinate at 35 °C. In general, the germination for
this species was lower than for the rest, with values around 50% in the best cases (10 °C,
15 °C and 25 °C) and 2% in the worst.
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Figure 2. Germination response to temperature for all the species depicted as mean bars with the
standard deviation (+5SD). The same letters indicate homogenous intra-species groups (Tukey p < 0.05).

With regard to the velocity of germination, C. argentea, followed by S. oppositifolia, ger-
minated earlier at high temperatures, but all the species also showed significant differences
among treatments. Table 1 summarises the MGT for all the species and temperatures tested.
As a rule, velocity increased with temperature, although at 35 °C, S. sclarea decreased signif-
icantly and P. purpurea and T. capitata were unable to germinate. All the species presented
significant differences between the velocity at 10 °C and the rest of the temperatures, but
the velocity depended on the species and differences in terms of germination velocity were
found. These results are clearly shown in the representation of the inverse of the MGT val-
ues. Figure 3 represents the linear regression adjusted for the 1/MGT values for each of the
species to fit the linear regression for thermal time constant calculation. The regression line
of C. argentea is the upper one, showing that it was the most competitive species in terms of
germination velocity. Salsola oppositifolia occupied the second position as a competitor in
velocity. Thymbra capitata, S. sclarea and P. purpurea were the least competitive species at
the temperatures tested. Base temperature (Tb) and thermal time (S) were obtained from
regression lines (Table 2). These data numerically reflect the exposed results, although
these calculated values should be considered as theoretical figures. Celosia argentea and
S. oppositifolia were shown to require the least accumulation of heat units to germinate with
the lowest thermal times and therefore had the highest competitiveness (as shown by the
linear regressions).
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Table 1. Mean germination time (MGT) in days under the range of studied constant temperatures
(mean =+ s.d.) in a 12/12 h photoperiod. The same letters indicate homogeneous groups (Tukey
p < 0.05). When germination percentages were lower than 5%, MGT was not calculated. Over 5%
germination occurred on only one plate of C. argentea at 10 °C and of P. purpurea at 30 °C; therefore,
Tukey’s test cannot be performed for these treatments.

T (°C) P. maritima C. argentea L. vulgare P. purpurea S. oppositifolia S. sclarea T. capitata
10 10.349 (£0.912) a 5.000 (+0) 8.888 (£1.104)a  16.960 (+1.292) a 6191 (£1.134) a 21.250 (£1.061)a  14.038 (£2.457) a
15 6.696 (+0.840) b 4583 (£0.223) a 4130 (£0243)b  6.896 (+0.470) be 4382 (£1.181) b 5504 (£0458)bc 6321 (£2.228) b
20 5.600 (+1.275) b 1.693 (£0.155) b 2907 (£0.340)b  6.276 (+£0.788) b 3.207 (£0.424) be 6.095 (£0.893)bc  6.118 (£1.333) b
25 2914 (+£0.504) ¢ 1.857 (+0.319) b 3215(+0783)b 8548 (£1.228) c 3.010 (£0.487) be 2295 (+0248)d 4578 (£0.576) b
30 2422 (£1.017) ¢ 1.011 (£0.023) c 3.149 (£0.656) b 9.333 (£0) 2.706 (+0.281) cd 4256 (£1.021) cd
35 2274 (£0.247) ¢ 1.063 (£0.078) c 3.610 (£1.699) b 1.129 (£0.084) d 7.119 (£2.044) b

® P. maritima C. argenten L. vulgare P. purpurea  ® S. oppositifolia ~ ® S. sclarea @ T. capitata
1.2 1
1.0 ~ 0
[
0.8 - N
= y =0.0231x - 0.133
& .. R=0706"
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jaaaaeveese”
e R2=015
20 25 30 35 40
Temperature (°C)

Figure 3. Relationships between temperature and germination rate (1/MGT) for each of the species.
The regression lines are represented for the calculation of the thermal time requirements. Asterisks
indicate three levels of significance of R? (* p < 0.05, ** p < 0.01). The regression lines that are above
correspond to the most competitive population in a range of temperatures.

Table 2. Theoretical base temperature (Tb) and thermal time (S) calculated for each species.

P. maritima C.argentea  L.vulgare  P. purpurea S. oppositifolia S. sclarea T. capitata
Tb (°C)
—0.04 —0.09 —1.10 —64.79 —0.15 —3.86 —1.10
S (°C x day)
12.20 5.84 22.57 714.29 8.66 35.84 22.57

3.2. Water Stress Assays

Under the water stress conditions generated by the different concentrations of PEG,
S. oppositifolia presented the highest tolerance to hydric stress, reaching high germina-
tion percentages at all osmotic potentials (Table S52). Nevertheless, all the species, except
C. argentea, showed significant differences among treatments (Kruskal-Wallis one-way
ANOVA) and all, except L. vulgare, presented a positive CGP at least at —0.1 Mpa. How-
ever, a high variability in the germinative response was found depending on the species
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(Figures 4 and A2, Table 3). Salsola oppositifolia reached a 74% rate of germination even
in the —2.5 Mpa treatment, whereas most species did not germinate beyond —0.4 Mpa.
Furthermore, although there were significant differences among all treatments in this
species, no significant differences were found between each of the treatments and the
control, and the CGP increased until —0.6 MPa. Celosia argentea and S. sclarea presented
similar responses when comparing between treatments with CGP increases in some of
them, but S. sclarea obtained a significantly higher response at —0.1 and —0.2 Mpa. Phlomis
purpurea reached the maximum of germination at —0.1 MPa and, although the following
treatments yielded decreases in the germination percentage, the CGP with respect to the
control was still positive at —0.2 Mpa. This decreasing pattern was repeated, but from the
control, by L. vulgare and T. capitata with significant differences as water stress increased.
The former species presented the lowest germination percentages (maximum around 25%)
and did not germinate at —0.4 Mpa, although CGP was positive at —0.1 Mpa.

W A. maritimus

m C. argentea

T *% T
60 T [ . W L. vulgare
P. purpurea
W S. oppositifolia
40 T ** pRostt
T W T. capitata
W S. sclarea
20
¥ x
]
0
0 -0.1 -0.3 -0.4 -0.6 -1 -1.6 -2 -25
Osmotic potential (Mpa)
Figure 4. Germination response to ascending concentrations of PEG for all the species, depicted as
mean bars with standard deviations. Asterisks indicate three levels of significance with respect to
the control (Dunnett: * p < 0.05, *** p < 0.001). Over 5% germination occurred on only one plate of
S. sclarea at —0.6 Mpa; therefore, Dunnett’s t-test cannot be performed.
Table 3. Change in germination percentage (CGP) under the range of PEG concentrations ina 12/12 h
photoperiod with respect to the control mean. Positive values indicate an increase in germination
and negative values indicate a decrease.
Y (MPa) P. maritima C. argentea L. vulgare P. purpurea S. oppositifolia S. sclarea T. capitata
-0.1 9.53 (£—12.23) 2.17 (£-2.51) ~3.03 (+—6.16) 40.18 (£—28.04) 9.3 (£-6) 25 (£—2.94) 9.72 (£—33.45)
-02 —13.75 (+£—32.88) 6.52 (£—2.51) ~13.96 (£—-845)  13.89 (+—23.16) 9.3 (£-6) 19.12 (£-7.4) —45.83 (£—25)
-0.3 —39.93 (+—-27.17) —1.09 (£-12.49) —40.44 (+-10.5) —31.66 (+—10.51) 12.79 (£—6.98) 10.29 (£—-16.2) —91.67 (£—16.67)
—04 —45.04 (+—16.37) 543 (£—2.17) —62.5 (£—2.55)  —87.73 (+—14.45) 10.47 (+£—5.85) —13.24 (£ —15.47)
-0.6 4.65 (£—2.69) ~97.06 (£—0)
-1 0 (£—5.79)
~16 ~13.79 (£—11.49)
-2 —11.49 (£—4.4)
-25 9.3 (£-6)

Concerning germination velocity in water stress assays, S. oppositifolia also showed the
highest velocities at all osmotic potentials tested. The rest of the species revealed significant
differences among treatments and velocity decreased as water potential decreased (Table 4).
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Pallenis maritima was the species that showed significant differences in velocity compared to the
control at higher water potential (—0.1 Mpa), followed by T. capitata and C. argentea (—0.2 Mpa),
then by S. sclarea (—0.3 Mpa), and L. vulgare and P. purpurea (—0.4 Mpa). Using the velocity data,
the hydrotime model was applied to predict the germination of species under reduced water
potentials and to determine the more drought-tolerant of them. Figure 5 shows the inverse of
the MTG values obtained at the different osmotic potentials tested. The purpose of this figure
is to fit the linear regression for the calculation of the hydrotime, constant for each species. In
this sense, the most competitive species in drought conditions was S. oppositifolia, followed by
C. argentea, which demonstrated a decreasing pattern of germination. Pallenis maritima and
T. capitata were the least competitive, although P. purpurea took longer to germinate in control
conditions. Base water potential (¥},) and hydrotime (6H) were obtained from regression
lines (Table 5) and numerically reflect these results: S. oppositifolia was by far the most tolerant
to water stress conditions with the lowest theoretical base water potential (—28.26 MPa) and
hydrotime (30.40 MPa x day). It was followed by P. purpurea, with a base water potential
of —1.10 MPa and a hydrotime of 5.52 MPa x day. On the other hand, T. capitata showed less
competitive values (Yb = —0.53 MPa; 6 = 2.32 MPa).

Table 4. Mean germination time (MGT) in days under the range of PEG concentrations ina 12/12 h
photoperiod. Asterisks indicate three levels of significance with respect to the control (Dunnett:
*p <0.05,*p<0.01, ** p < 0.001). When germination percentages were lower than 5%, the MGT was
not calculated. Over 5% germination occurred on only one plate of T. capitata at 0.3 MPa; therefore,
Dunnett’s test could not be performed for these treatments.

S

Y (MPa) P. maritima C. argentea L. vulgare P. purpurea opposit"i folia S. sclarea T. capitata

0 4.08 (+0.78) 1.85(£040)  3.13(£0.199)  5.38 (+0.82) 1.02 (£0.04) 2.86 (40.89) 426 (+0.70)
—0.1 6.70* (£0.81) 217 (£030)  3.94 (£0.499) 5.8 (+£0.46) 1.09 (£0.14) 3.94 (£0.80) 5.66 (£1.01)
-02 9.66 *** (£1.10) 2.70 * (£0.17) 3.33 (£0.419) 6.48 (£1.67) 1.00 (+0.00) 3.62 (£0.17) 8.68 ** (£1.09)
—03 1215 (£1.91)  3.08* (+£040) 534 (£1.719)  6.28 (+0.57) 1.01 (£0.02)  5.52 ** (£0.68) 8.50 (£0.00)
—0.4 12.51 ***(+0.68)  3.77 *** (£0.58)  8.83*(£4.939) 8.88 ** (£1.24) 1.05 (+0.04) 6.11 *** (£0.39)
—06 1.61 ** (£0.39)

-1 1.10 (+0.05)
16 1.26 (+0.10)

-2 1.15 (£0.17)
25 1.09 (£0.11)

Table 5. Base water potential (¥},) and hydrotime (6H) calculated for each population through the
linear regressions.

P. maritima C. argentea L. vulgare P. purpurea S. oppositifolia S. sclarea T. capitata
b (Mpa)
—0.53 —0.76 —0.81 -1.10 —28.26 —0.85 —0.53
©H (Mpa x day)
244 1.41 2.49 5.52 30.40 2.55 2.32
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Figure 5. Relationships between PEG concentration and germination rate (1/MGT) for each of
the species: (A) all the species; (B) all the species except S. oppositifolia. The regression lines are
represented for the calculation of the hydrotime requirements. Asterisks indicate three levels of
significance of R? (* p < 0.05, ** p < 0.01). The regression lines that are above correspond to the most
competitive population in a range of osmotic potentials.

4. Discussion

Changes in environmental conditions have especially affected the Mediterranean basin
in recent decades as one of the most vulnerable territories, characterised by a long, hot and
dry summer period. This area is expected to remain among the most affected regions, with
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a significant increase in temperature and the duration of heat waves, as well as a decrease
in the amount of precipitation and a change in rainfall distribution patterns [27-29]. It
is not only wild plants that are affected by these changing environmental conditions but
also the design of gardening and urban landscapes, and challenges are posed to plants in
adapting to them [30]. This aspect occurs simultaneously with a trend towards increasing
green areas in cities, which would imply a growth in water needs for irrigation [31].

This situation requires, in Mediterranean climate zones, the choice of plants resistant
to high temperatures and water stress. In this sense, xeriscaping, based on the use of
plants with greater resistance and better efficiency in the use of water resources, is a good
option due to its environmental and economic benefits. Native plants from arid and saline
areas of the Mediterranean basin represent an important source of resources for research,
since they can potentially be used as ornamentals due to their ability to overcome adverse
environmental conditions through the development of diverse adaptation mechanisms
including morphological, physiological and biochemical modification patterns [13-15].

This study focuses on the proposal of alternative species to those traditionally used as
ornamentals, based on their germination response. Germination is a crucial stage in the life
of a plant since the survival of the new seedlings depends on their precision and adaptation
to environmental conditions. Furthermore, in many cases, the germination response is
related to the behaviour during the juvenile and adult stages of the plant [16,17], being
a good predictor for selecting plants at the first level. This study evidences considerable
differences in germination response under thermal and water stress among the seven
studied species.

Temperature and water potential are key factors in controlling germination and
seedling success [32,33] in unpredictable environments such as Mediterranean territo-
ries. Germination depends directly on temperature because it controls the water absorption
of seeds and the biochemical pathways involved in the metabolism of the germination
process [34]. The analysis of temperature tolerance showed some differences between the
species studied, with the Amarantaceae being the most tolerant and Lamiaceae the least.
In this sense, T. capitata was the most sensitive species since it barely germinated above
25 °C. This species was also studied for its potential use in xeriscaping [35], finding high
germination percentages (80%) in laboratory experiments, but only 20% in greenhouse
conditions and null results in hydroseeding experiments. On the contrary, Celosia argentea
is a not frost-tolerant warm-season species [36], affected by low temperatures [37], es-
pecially in the germination period. However, this is the most tolerant species, reaching
higher percentages than the rest of the species at the highest temperatures experienced
and overcoming the germination percentages obtained by other authors in some of the
conditions tested [34,38]. Generally, almost all species reached germination percentages
above 50% in a wide range of temperatures, and some of them even reached values that
exceeded 80% at the lowest temperatures tested. These results agree with those of other
wild and ornamental species from arid zones, proving that temperature is not a limiting
factor for germination but rather water availability [39-41]. The ability to germinate in a
wide range of temperatures is important for plants with potential ornamental use because
it allows germination and seedling establishment at any time of the year, as long as water is
available [42] and helps them succeed in environments with fluctuating temperatures [43].
The capacity to germinate at low temperatures was also demonstrated in Hypericum eri-
coides, a wild plant with ornamental potential growing in Mediterranean areas. It has been
postulated as an adaptive mechanism to avoid the adverse conditions of hot summers and
germinate in autumn or spring when soil moisture conditions are most suitable for seedling
survival [44].

When comparing competitiveness according to germination rate, the most competitive
species at almost all the temperatures tested was C. argentea followed by S. oppositifolia at
15 °C and above. The species with the lowest Tb, P. purpurea, is the most sensitive to an
increase in temperature due to global warming. As evidenced for other species, an inverse
correlation between Tb and thermal time means that adaptation to a higher Tb corresponds
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to lower thermal time and more efficient germination [43]. As these authors highlighted
when comparing different groups of species, the lowest thermal times were recorded for
ornamental and other species living in harsh habitats.

Concerning drought tolerance, when seeds were subjected to decreasing values of
water potential, most of the plants in this study were equally or more sensitive to water
stress at the germination stage than other ornamental and invasive species [41,44,45]. None
of the species, except S. oppositifolia, were able to germinate at osmotic potentials lower
than —0.4 MPa. This species germinates at the lowest potentials tested, with results that
equal or exceed those obtained in the control, above the percentages of some species of
the same genus [46] and even those of some of the most tolerant halophytes [47]. These
results were evidenced in other species of the same genus living in desert areas under saline
soils that also germinate at —2.4 Mpa, although with percentages lower than 15% [48].
This capacity was also confirmed by the lower ¥Yb values of S. oppositifolia, as proof of
a high resistance to drought in the germination phase that allows adaptation to harsh
environments [49]. Furthermore, when competitiveness, based on germination speed, was
evaluated, this species was by far the most competitive of all the species, while the most
sensitive and the least competitive at low potentials were P. maritima and T. capitata.

The CGP values demonstrate that most of the species studied improve germination
when subjected to low levels of stress. This is of interest not only because it allows its
use in sustainable gardens, reducing water consumption, but also in plant propagation in
nurseries for ornamental purposes.

In light of the results achieved, C. argentea and S. oppositifolia are the two species with
the best results to be proposed as ornamental, as the most competitive species concerning
temperature and water stress tolerance.

Celosia argentea, the species most tolerant to an increase in temperature, is the second
most competitive at the highest osmotic potentials, but this competitiveness decreases when
the osmotic potential values are low. This behaviour, typical of a species with a tropical
distribution, makes it unsuitable for cultivation in water-scarce areas. Likewise, the use of
a non-native species tolerant to heat and drought conditions and the rapid germination
observed in this species are predictors of invasiveness that make it problematic because of
its invasive potential and ability to alter natural environments [50-52].

The germination percentage of S. oppositifolia did not show differences between the
control and the lowest potentials tested. Native species tolerant to water and thermal stress,
such as the one mentioned above, constitute an important resource for use in sustainable
gardening projects [53]. Furthermore, the selection of species tolerant to desiccation in
climates such as the Mediterranean, with significant summer aridity, reduces irrigation
needs during a significant part of the year [31]. This allows us to respond to the current
challenge of the limited water availability for irrigating gardens during periods of drought.
In any case, once its tolerance in the germination stage has been demonstrated as a first
screening level, further studies confirming these results in the growth phase are being
carried out in order to endorse its suitability.

5. Conclusions

Salsola oppositifolia proved to be the best candidate for sustainable xeriscaping in the
face of climate change in the Mediterranean area due to its high resilience to water stress
and high temperatures. C. argentea also demonstrated an excellent response, but it is a
non-native organism in the Mediterranean area, making it a potential invasive species if
not sufficiently controlled. However, P. maritima, S. sclarea and L. vulgare may also be used
in sustainable gardening, where water stress is maintained at low to medium levels. Finally,
the use of P. purpurea and T. capitata in xeriscaping should be considered on a case-by-case
basis due to their limited germination at high temperatures. Nevertheless, it is important to
note that these findings are drawn from the results of the germination phase and, although
this stage is crucial in the life cycle of the plant, further experiments in the growth phase
are underway to confirm them.
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