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Abstract: Germination timing is highly regulated in short-lived plant species since it strongly influences
recruitment success of vegetation. In deserts, the spatiotemporal distribution of plant-available water is
highly episodic and unpredictable, making winter months more favorable for seed germination when other
abiotic conditions co-occur. We hypothesized that changes in photoperiod and thermoperiod would
impact germination more in seeds that had undergone iz situ storage. We assessed 21 annual and
short-lived perennial species in the Arabian Desert to find (1) if seeds were dormant at maturity, (2) if ir
sitn seed storage increased germination percentage compared with no storage, (3) if photoperiod and
thermoperiod germination requirements were influenced by 7 sitn storage, and (4) if a phylogenetic
association in seed germination could be observed. Seeds of each species collected in early 2017 were
divided into two batches. One was tested for germination within one week (fresh seeds). The other was
stored iz situ at the maternal location (stored seeds) until October 2017 and tested for seed germination in
the first week of November. Seed germination was conducted in incubators at two thermoperiods
(15°C/20°C and 20°C/30°C; 12 h/12 h), and two photopetiods (12 and O h light per day). Results
indicated that seed germination percentages of 13 species were significantly enhanced by 7 situ storage. A
thermoperiod response was exhibited by stored, but not fresh seeds. Light exposure increased germination
of fresh seeds but had only a minimal effect on stored seeds. Germination traits exhibited no phylogenetic
correlation. This result indicated that selection pressure for germination strategy was stronger than that
for taxonomic traits of these desert species.
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1 Introduction

Seed dormancy at time of maturation is common in plant species generally. Dormancy enables the
delay of germination until conditions are more suitable for recruitment success (Clauss and
Venable, 2000; Liu et al., 2013). Arabian Desert has harsh environments characterized by high
summer temperatures (May to October) and extremely low and unpredictable precipitation (<200
mm/a) occurring mostly in winter (November to April; B&er, 1997; Harel et al., 2011; Almazroui
et al., 2012). Spatiotemporal distribution of precipitation in deserts is highly episodic and
unpredictable (Terradas, 1991). Plant growth in deserts occurs in winter when moisture is
available, producing seeds before the onset of summer (Petrie, 2007). Seeds remain dormant until
the following winter when temperature drops, and the chance of multiple precipitation events is
greater in winter (Bhatt and P&ez-Garc &, 2016).

Seed dormancy occurs in more than 80% of desert species worldwide (Baskin and Baskin,
2014), but varies in both mechanism and degree, hereafter referred to as germination strategy.
Evolutionary pressure on germination strategy acts to maximize recruitment success for current
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environmental conditions (Finch-Savage and Leubner-Metzger, 2006; Carta et al., 2014). Climate
is the primary environmental factor to influence germination strategy (Fenner and Thompson,
2005). Climate includes seasonal and daily changes in temperature and precipitation, affecting
both the quantity and reliability of plant-available water within a season. Water is the main limiter
of seedling survival in the Arabian Desert since annual precipitation is low and highly variable
(El-Keblawy, 2017). The important strategy of most plant species in the Arabian Desert is to
germinate after precipitation in early- to mid-winter for maintaining the establishment of
community.

Germination timing is highly responsive to environmental conditions (Donohue, 2002). Proper
timing reduces seedling mortality and correlates with seedling growth potential (Evans and Cabin,
1995). Many species can adjust seasonal timing of germination by recognizing other
environmental cues (Gutterman, 1972; Donohue et al., 2010; Barua et al., 2012). For example,
dispersed seeds in desert are often exposed to a microenvironment of extreme diurnal temperature
variation at the soil surface, which might trigger dormancy alleviation pathways (Baskin and
Baskin, 1988; Jordan and Haferkamp, 1989). Germination studies conducted ex situ can easily
miss these microenvironmental conditions, resulting in an inaccurate understanding of dormancy
alleviation (Mira et al., 2011). In situ germination studies are more difficult, but sometimes
necessary to understand the regulation of seed germination in natural settings.

Temperature and light play significant roles in the germination strategy of many desert species
(El-Keblawy et al., 2011; Menon et al., 2014; Bhatt and P&ez-Garc &, 2016; Bhatt et al., 20164, b,
¢; Bhatt and Santo, 2017). The relationship between light exposure and germination in a species
can be positive, negative or neutral, and indicates a preference against, for, or ambivalence toward
seed burial (Baskin and Baskin, 2014). Seeds can be covered by leaf litter, transported
underground by granivores, or buried by shifting sand. A preference for germinating in darkness
indicates the species is adapted to one of these events (Fenner and Thompson, 2005).

Germination strategy could exhibit phylogenetic trends, in which closely related species exhibit
similar germination behavior regardless of climate (Burns and Strauss, 2011). Alternatively, a
distinctive climate could homogenize germination strategies (Wang et al., 2009). These
countering selection pressures could leave weak but significant phylogenetic traces among related
species (Seglias et al., 2018). The responses of seed germination to thermoperiod, photoperiod
and storage are strongly heritable, and therefore become good indicators of genotypic
preservation among climates (Liu et al., 2018; Seglias et al., 2018; Tudela-Isanta et al., 2018).

Duration of physiological dormancy can be influenced by seed storage conditions. Climatic
regulation to reduce dormancy during storage is termed after-ripening (Holdsworth et al., 2008),
and is important for efficient artificial propagation of many arid zone species (Commander et al.,
2009; Baskin and Baskin, 2014; Erickson, 2015; Bhatt and Pé&ez-Garc &, 2016; Zhang et al.,
2016). Seeds stored ex situ at room temperature can maintain dormancy from several months to a
year (Schiiz et al., 2002; Baker et al., 2005). We hypothesized that seeds stored in situ would
exhibit dormancy release, and that a change in photoperiod and thermoperiod would have greater
impact on germination, compared with unstored seeds. We examined for each species: (1) if seeds
were dormant at maturity; (2) if in situ seed storage alleviates dormancy; (3) if photoperiod and
thermoperiod germination requirements were influenced by in situ storage; and (4) if germination
strategy could be linked to phylogeny.

2 Materials and methods

2.1 Seed collection

We selected 21 species (14 annual and 7 perennial) in the Arabian Desert on the basis of being
relatively common, and for having ecological or economic importance (Table 1). Most are
preferred fodder species for sheep, goats and camels (Omar et al., 2007; Norton et al., 2009).
Seeds from selected species were collected between March and June 2017 from coast, inland and
peri-urban Kuwait at the time of their natural dispersal (Table 1). Seeds were collected from at
least 25 plants along a 150-180-m transect through a population, leaving a minimum of 2 m
between plants.
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Table 1 Species collected, and date and location of seeds collection

Family/species Lifeform Mohth  Location Latitude Longitude
Amaranthaceae
Suaeda vermiculata Forssk. Ex J.F.Gmel. Perennial  April Coast 2854'19"N 48<13'22"E
Asteraceae
Calendula arvensis L. Annual April  Peri-urban 2909'47"N 4741'28"E
Boraginaceae
Moltkiopsis ciliata (Forsk.) I. M. Johnst. Perennial May Peri-urban 29909'31"N 47<38'09"E
Brassicaceae
Horwoodia dicksoniae Turrill Annual May  Peri-urban 29909'29"N 47<38'11"E
Savignya parviflora (Delile) Webb Annual March  Peri-urban 2909'46"N 4741'28"E
Brassica tournefortii Gouan Annual April  Peri-urban 2909'41"N 4741'35"E
Caryophyllaceae
Gypsophila capillaris (Forsk.) C. Chr. Annual May  Peri-urban 2909'44"N 4741'26"E
Silene arabica Boiss. Annual March  Peri-urban 2909'47"N 47941'28"E
Silene villosa Forsk. Annual May  Peri-urban 29909'35"N 4741'32"E
Cistaceae
Helianthemum lippii (L.) Dum. Courset Perennial ~ April  Peri-urban 2909'51"N 4741'43"E
Liliaceae
Asphodelus tenuifolius Cav. Annual March  Peri-urban 2909'45"N 4741'34"E
Malvaceae
Malva parviflora L. Annual May  Peri-urban 2909'34"N 47941'34"E
Poaceae
Eragrostis curvula (Schrad.) Nees Perennial May Inland 2909'26"N 4709'26"E
Panicum acuminatum Sw. Perennial May  Peri-urban 2909'46"N 47<36"28"E
Polypogon monspeliensis (L.) Desf. Annual May Peri-urban 29909'46"N 47<386'37"E
Digitaria sanguinalis (L.) Scop. Annual May  Peri-urban 2909'51"N 4741'32"E
Eragrostis barrelieri Daveau Annual May Coast 28%56'23"N 48<11'35"E
Polygonaceae
Rumex vesicarius L. Annual May  Peri-urban 2909'50"N 4741'32"E
Resedaceae
Reseda arabica Boiss. Annual March  Peri-urban 29°09'46"N 4741'28"E
Rutaceae
Haplophyllum tuberculatum (Forsk.) Ad. Juss.  Perennial May Coast 28%52'31"N 48<17'30"E
Zygophyllaceae
Peganum harmala L. Perennial June Peri-urban 2909'50"N 4741'05"E

Freshly collected seeds were cleaned and divided into two batches. One was tested for seed
germination within one week (fresh seeds). The other was stored outside (in situ) in a nylon bag
(mesh size 0.2 mm) and placed on the soil surface until October 2017 (stored seeds). Whenever
rain was forecast, seeds of the natural storage were removed and returned back shortly after
improvement of the weather. In the first week of November (at the time of onset of rain in Kuwait),
the stored seeds were retrieved for each species and tested for germination again. The climate in
Kuwait is characterized by a long, dry and hot summer with daytime temperatures occasionally
exceeding 50<C, and cooler winters with extreme lows below 4 <C. Precipitation is scarce, with
less than 114 mm annually and mostly occurring during winter between October and March
(Omar et al., 2007).
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2.2 Seed germination

Seed germination was conducted in incubators at two temperatures (15<C/20<C and 20<C/30<C;
12 h/12 h) and two light regimes (12 and 0 h light per day) that termed light and dark treatments.
Light was provided by a 50-W white fluorescent lamp with the light period coinciding with the
high temperature. Germination was conducted in 9-cm tight-fitting Petri dishes containing one
disk of Whatman No. 1 filter paper, wetted with 10 mL of distilled water using 4 replicates of 25
seeds each. In dark treatment, Petri dishes were wrapped in aluminum foil. Seed germination was
defined as emergence of the radicle (>2 mm) and was assessed daily for light-exposed seeds.
Seeds incubated in continuous darkness were counted after 26 d when experiments were
terminated. At termination, viability of non-germinated seeds was tested to identify damage from
treatments. This analysis was performed by seed dissection and visual determination of the
embryo status using a binocular microscope, in which white and turgid indicated alive and
brownish indicated dead.

2.3 Statistical analysis

All analyses were performed with R software. We analyzed final germination using a generalized
linear mixed model, and the germination rate using a time-to-event analysis (also known as
survival analysis). These analyses were selected for their power to account for random effects
(Onofri et al., 2010; Sileshi, 2012). The model was binomial error distributed with logit link
function (Ime4 package) (Bates et al., 2014) with species as a random effect. The model selection
used the Akaike Information Criterion (AIC), over dispersal and normality of the residuals (Zuur
et al., 2009). We tested the fixed effects of storage (in situ stored seeds vs. unstored seeds),
thermal environment (15<C/20C and 20C/30<C) and light (12 and 0 h per day) on seed
germination and their interaction. The interaction of thermal and light was then excluded from the
model as it was not significant. For the random component of the full model, species were nested
to the replicate Petri dishes as components of random intercept and the storage effect slopes. The
model coefficients (5) were analyzed by multiple pairwise Z-test comparison via least-square
means (multcomp package (Hothorn et al., 2008) and Ismeans package (Lenth, 2016)). The model
was run with all species included, and then for each species separately.

We built the germination behavior matrix using the following species' germination:
Gtresh 15€/20€, Gtresh 20€/30€, Gstored 15€/20€, Gstored 20€/30<€, Gresh dark, Gresh light, Gstored dark and Gstored
light, coefficients from the random intercept (species) and random slopes of the full model
(storage). A dissimilarity matrix using Euclidian distance (vegan package; Oksanen et al., 2019)
was used to make a hierarchical clustering analysis to group species into seed germination
behavior and a principal component analysis (PCA) to summarize them into scores.

Time-to-event analysis was used for germination rate modelling (survival package; Therneau
and Grambsch, 2000; Onofri et al., 2010) for the species P. acuminatum, P. hamala and S.
vermiculata that did not exhibit dormancy. Germination times (d) of individual seeds were used to
calculate the probability that one seed may germinate after a specific time t once the assay began.
Parametric accelerated failure/time modelling was run with log-logistic distribution, the best AIC
score and the most appropriate in relation to the non-parametric Kaplan-Meyer estimator. This
analysis was done to detect variation in seed germination behavior of low dormancy species. The
model included effects of storage, thermal response, species and the interaction of treatments as
fixed factors, with all variables being significance tested (Onofri et al., 2010; Déye et al., 2013).
When ready, the final model was Z-tested for factor effects on the germination curve coefficients
via multiple comparison with Bonferroni P-value adjustment.

2.4 Phylogenetic analysis

For detection of a phylogenetic trace on seed germination behavior scored from the PCA
(94.77%), we built a phylogenetic tree with the zanne2014 stored tree (Webb and Donoghue,
2005; Zanne et al., 2014). We evaluated species' behavior via Abouheif's Cmean to detect
phylogenetic autocorrelation in the germination behavior traits (adephylo package; Jombart and
Dray, 2008) and Pangel's 1 to detect the phylogenetic signal based on the Brownian motion
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evolution model (phytools package; Ravell, 2012). Both methods were evaluated via Monte-Carlo
simulation tests within 1000 repetitions.

3 Results

Most species exhibited dormancy alleviation in response to in situ storage (Tables 2 and 3),
though the extent of the effect varied. Exceptions were A. tenuifolius and R. arabica that
exhibited deep dormancy, and M. parviflora that exhibited no dormancy. Dormancy was strongly
alleviated (>10% increase in seed germination) in 12 species and weakly alleviated (<10%) in 5
species (Table 3). S. parviflora, P. harmala and S. vermiculata exhibited a low alleviation due to
the high germination of fresh seed, but the effect of storage was observed on specific
thermoperiod and photoperiod.

Table 2 Coefficients of generalized linear mixed model of in situ storage, thermoperiod, photoperiod and their
interactions

Factor Treatment Estimate Standard error P
Intercept Fresh, dark, 15<C/20C -6.213 1.129 <0.001
Storage Stored 5.305 0.887 <0.001

Thermoperiod 20C/30<C, 12 h/12 h —-0.064 0.136 0.638
Photoperiod 12 h light per day 0.660 0.137 <0.001
Interaction Stored>20<C/30C -0.759 0.172 <0.001
Interaction Stored>Light -0.430 0.172 0.013

In situ stored seeds exhibited a response to thermoperiod requirement ($=0.82 (#0.10), z=7.81,
P<0.001), but fresh seeds did not ($=0.06 (20.14), z=0.47, P=0.64). In addition, both
thermoperiod conditions presented a significant increase of seed germination after in situ storage,
but there was also a tendency toward a higher germination at 15<C/20<C than at 20C/30C (=
-5.09 (#0.88), z= -5.77, P<0.001; p= -4.33 (0.88), z= —4.89, P<0.001, respectively). As an
example, stored C. avensis, H. dicksoniae, M. ciliata, P. harmala, S. arabica and S. villosa seeds
presented higher germination percentages under colder than hotter temperatures (Table 3).
However, for D. sanguinalis and H. tuberculatum, the hotter temperature induced a higher
germination percentage.

Effect of photoperiod on germination was highly significant (Table 2). Exposure to 12 h/12 h
photoperiod increased germination of fresh seeds (f= —0.66 (#0.14), z= —4.81, P<0.001), but had
a minimal effect on stored seeds (= —0.23 (30.10), z= —-2.18, P=0.030).

Five groups of species were identified through hierarchical clustering, divided primarily on
germination percentage before and after in situ storage (Fig. 1). Although Group | did not exhibit
dormancy, the time of seed germination was reduced by in situ storage by an average of 6 h
(Fig. 2; p=0.28 (40.14), z=2.05, P=0.04). Time of seed germination of this group was reduced by
34 h under the 15C/20<C temperature, compared with the 20C/30<C temperature (5=0.53
(29.14), z=3.64, P<0.001). The phylogenetic signal was observed for PCAL scores (seed behavior
summary; Fig. 3). The species germination presented a non-significant effect from both tests
Abouheif's Crmeans (K=0.08, P=0.270) and Pangel's 1 (1=6.61"°, P=1.000), meaning that individual

germination responses were not phylogenetically linked.
Table 3 Seed germination percentage for each species, ordered by clustered groups

Fresh seeds (%) In situ stored seeds (%)

Group and

- 15<C/20<C 20C/30C 15<C/20<C 20<C/30<C
species

12hlight  Ohlight ~ 12hlight  Ohlight  12hlight  Ohlight ~ 12hlight  Ohlight

Group |
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P. acuminatum 89432 76440 9322 83432 95422 95422 94422 95422
P. harmala 9022 8532 61440 50450 9022 83432 6244° 45340
S. vermiculata 71440 4944° 82432 64440 6744° 6444° 78+3P 76430
Group Il
G. capillaris 4+1° b 441° oP 42442 37442 42442 3842
H. dicksoniae 153° 12420 284420 24432 62442 57442 1743° 15430
H. lippi 2143¢ 6419 28+4° 9424 88422 6444° 84432 564>
H. tuberculatum 72°¢ 542¢ 442°¢ 3¢ 1843P 14430 45442 3842
M. ciliata 5420 6420 10420 1243P 29442 31442 1343P 14430
M. parviflora 4422 5422 32 4422 12432 12432 9422 8422
R. vesicarius 29440 10+42¢ 1242d 3¢ 57442 2643¢ 31440 10+42¢
Group I
R. arabica 0 0 0 0 0 0 0 0
Group IV
A. tenuifolius 0? 0? 0? 0? 0? 0? 7428 3428
D. sanguinalis ov ob oP oP 1410 1410 15432 9432
E. barrelieri 02 02 02 02 142 3422 142 1+
S. parviflora 02 02 02 02 9432 8432 02 02
Group V
C. arvensis 0° 0° 0° 0° 5302 40452 9420 6420
B. tournefortii 0° 0° v ob 510° 31447 4+1b 28442
E. curvula 0° 0° 0° 0° 18+0P 51452 1H° 7420
P. monspeliensit oP oP o° o° 8802 7842 82432 6942
S. arabica 0° 0° 0° 0° 752402 72442 2644° 22440
S. villosa 1+° 0° 1H° 0° 75402 67442 2340 17430

Note: Different lowercase letters within the same column indicate significances in germination percentages among different species at P<0.05
level. Mean#SE.

4 Discussion and conclusions

Seed germination in 13 of the 21 studied species was significantly increased by in situ storage.
Stored seeds exhibited a thermoperiod response in germination. Conversely, fresh seeds exhibited
a greater germination percentage under light, while stored seeds were only minimally affected. No
phylogenetic correlation could be identified by the study, indicating that selection pressure for
germination strategy is stronger than for taxonomic traits.

Understanding the mechanism for regulating dormancy provides insight into the ecological
adaptation and regeneration of plants in natural environments. Most species in the Arabian Desert
disperse their seeds just before the onset of summer (Capon and van Asdall, 1967; Gutterman,
2012), and thus being exposed to heat and moisture stresses. In the present study, only 4 of the 21
species exhibited germinability and dispersal in March 2017. For 11 species, fresh seeds remained
dormant and 5 species exhibited less than 10% seed germination. An innate physiological
dormancy has been previously reported for D. sanguinalis, E. curvula and S. villosa (Moigt and
Tischler, 1997; Gallart et al., 2008; El-Keblawy and Gairola, 2017), but previous reports for A.
tenuifolius, C. arvensis, D. tenuifolia and M. parviflora indicated no seed dormancy (Ruiz de
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Fig. 1 Classification of species using clustering of seed germination under different seed storage (fresh and in
situ stored seeds) and germination conditions of light (12 and 0 h per day) and temperature (15<C/20<C and

20C/30C)
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Fig. 2 Number of days to 50% germination of fresh and in situ stored seeds under 15<C/20<C and 20C/30C
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Fig. 3 Principal component analysis (PCA) of germination parameters of the species under different seed
storage (fresh and in situ stored seeds) and germination conditions of light (12 and 0O h per day) and temperature
(15<C/20C and 20C/30<C). Group results of plant species can be found in Figure 1.

Clavijo, 2005; Khan et al., 2006; Michael et al., 2006; Sakcali and Serin, 2009). These differing
observations may be related to environmental conditions at the maternal location. Seed
germination of E. barrelieri and P. monspeliensis presented no dormancy, and the behavior could
be attributed to after-ripening (Atia et al., 2011; El-Keblawy, 2017). Germination of fresh seeds
was present but low (10%-20%) for three species, indicating a cautious germination strategy
(Gutterman, 2002; Bhatt et al., 2016a). However, germination of 3 species was high (>50%),
indicating a readiness to germinate throughout the year if water is available. This opportunistic
germination strategy has been reported for some other desert species (Gutterman, 2002; Bhatt et
al., 2016d, e; EI-Keblawy, 2017; Bhatt and Santo, 2018). All the 3 species are perennial and thus
produce multiple batches of seeds within a life cycle, hence there is less risk to the population of a
failed germination season. Germination behavior of species is normally correlated with the
climatic conditions of the species origin (Baskin and Baskin, 2014). However, plant life cycle has
played an important role in determining germination behavior of arid desert species (Schiiz and
Milberg, 1997), as found in the present case.

Germination percentages for 13 species significantly enhanced by in situ storage for groups II,
IV and V. These desert species exhibit physiological dormancy and thus require a stimulus to
trigger germination, along with 80% of all desert species. Almost all species in groups 1V and V
were annuals, but group Il contained a mix of annuals and perennials. The storage in dry
conditions at room temperature has been effective in alleviating physiological dormancy (Baskin
and Baskin, 2004; Holdsworth et al., 2008). Most species in the current study have seeds with
physiological dormancy at their maturity. Field conditions can enhance the after-ripening process
and thus facilitate a higher germination when environmental conditions become favorable.
Previous studies also concluded that field temperatures alleviated dormancy (Murdoch and Ellis,
2000; Adondakis and Venable, 2004; Commander et al., 2009). In the present study, R. arabica
(group 1) was alone in having no germinated seed after in situ storage, despite 92% seed



Arvind BHATT et al.: Germination strategies of annual and short-lived perennial species in...

viability at the end of the trial. This indicates that seeds might have deep physiological dormancy
(Baskin and Baskin, 2004) that requires a longer period of after-ripening or different
environmental conditions to alleviate.

For group I, the final germination was unaffected by storage, but time to germination was
reduced, suggesting that seeds might be more ready to germinate under marginally favourable
conditions. Seeds became responsive to the thermal conditions after dormancy alleviation. This
result is at least partially attributable to the low germination of fresh seeds. On the basis of
temperature response for germination of the in situ stored seeds, we can categorize the study
species into 3 groups in which: (a) germination is promoted by the cooler temperature of
15<C/20<C (C. arvensis, E. curvula, H. dicksoniae, M. ciliata, P. harmala, R. vesicarius, S.
arabica, S. parviflora and S. villosa); (b) germination is promoted by the higher temperature of
20C/30<C (D. sanguinalis and H. tuberculatum); and (c) germination is temperature-independent
(P. acuminatum, S. vermiculata, G. capillaris, H. lippi, M. parviflora, E. barrelieri, B. tournefortii
and P. monspeliensis). Temperature requirements indicate a natural germination season of group
(a) from late January to early March, and group (b) in late November or late March to April, and
group (c) at any time.

Light responses of seeds during germination increase likelihood of germination in favorable
conditions (Baskin and Baskin, 2014). Light was required for germination of fresh but not stored
seeds. Two group Il species: H. lippi and R. vesicarius, exhibited a higher germination percentage
when exposed to light, indicating a requirement for non-burial (Pons, 2000). Similar results were
obtained for other species in the Arabian Desert (El-Keblawy et al., 2013; Bhatt et al., 2016b).
Two group 1V species: B. tournefortii and E. curvula, exhibited a higher germination percentage
under darkness, which may be a strategy to avoid the desert environment. Sixteen species (A.
tenuifolius, C. arvensis, D. sanguinalis, E. barrelieri, G. capillaris, H. dicksoniae, H.
tuberculatum, M. parviflora, M. ciliata, P. acuminatum, P. harmala, P. monspeliensis, S.
parviflora, S. arabica, S. vermiculata and S. villosa) were light stimuli independent. In sandy
desert habitats, seed burial under sand is common after high winds. Neutral photoelasticity may be
a response to this variable habitat (Lai et al., 2016), though seeds buried too deep may have
difficulty to emerge after germination (Bhatt and Santo, 2018). Small seeds usually require light
for germination since the seed contains fewer resources for pre-emergent seedling growth
(Milberg et al., 2000; Pons, 2000), but in the present study only a few species reflected this pattern.

Seed storage resulted in reduced germination time for P. acuminatum, P. harmala and S.
vermiculata. Germination timing is usually correlated with dormancy alleviation (Mclvor and
Howden, 2000; Silva and Fernandes, 2014). Low germination timing may represent a desert
adaptive strategy, where germination occurs rapidly after a rainfall event (Rthl et al., 2016).

Germination traits exhibited no correlation to phylogenetic signal, indicating that
environmental selection is more important. As an example, seed behavior of E. barrelieri was
distinct from E. curvula, despite being from the same genus. Wang et al. (2009) observed that
germination patterns were similar among the plants from the same environment conditions rather
than their phylogenetic relations. Also, some specific plant traits may be linked to the seed
germination behavior in response to the environmental pressure as reported by Liu et al. (2018).
We expect that under harsh environmental pressures of the desert, evolutionary pressure causes
plant species to present specific germination behavior despite phylogenetic relationship. Further
analysis is needed to verify if environmental features could explain the germination behavior
patterns found in this work.

This study has enabled a better understanding of dormancy release and germination for the
desert species under field conditions. Seed storage in situ for most studied species can increase
the germination percentage and reduce time to germination. This confirms that most tested
species have dormancy when seeds are fresh, which can be released under environmental cues
that rain events occurs. We did not find any relationship of the germination behavior to the
phylogenetic relation among the studied species.
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