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Summary

To survive to adverse factors that characterizesteab&nvironments, plant species often require
special physiological or metabolic adaptationsweroome environmental stresses. Stress may be
physical (e.g. temperature) or chemical (e.g. gg)inMany communities comprise highly
specialized species, which have comparatively iotstt geographical distributions. The coastal
species investigated in this Ph.D. program weresehocaccordingly to their habitaPhleum
sardoum (Hackel) Hackel andRouya polygama (Desf.) Coincy for sandy dune$rassica
insularis Moris andLavatera triloba L. ssp.pallescens (Moris) Nyman for coastal cliffd,avatera
triloba L. ssp triloba andHalopeplis amplexicaulis (Vahl) Ces., Pass. & Gibelli for ultra-saline
environments. Moreover, seed germination ecology. efrigentina Tineo, a species growing in
clayey-chalky plains of South Italy, was also istgated for a comparative study within the
Lavatera genus.

For all the studied species, light and temperategeirements for seed germination were
evaluated; their germination responses to salsstfidaCl) and their germination recovery. Inter-
population variability on germination patterns waso evaluated foR. polygama, B. insularis
andL. triloba ssp.triloba. Salt spray tolerance on the vegetative growthlaathass production
during the early seedling developmental stages evatuated forB. insularis, L. triloba ssp.
pallescens, L. triloba ssp.triloba andH. amplexicaulis.

Light did not affect germination percentages in afythe studied species enabling seed
germination also under soil surface and highlightthat seeds were not photo-inhibited for
germination. Seed germination Bf sardoum andR. polygama, as well as that df. agrigentina,

L. triloba ssp.pallescens andL. triloba ssp.triloba, reflected the optimal range of temperatures of

“typical” Mediterranean species, suggesting gertmma in autumn-winter, when water



availability, soil moisture and rainfalls are higind temperatures are not excessively prohibitive
for germination and consequent seedlings estabéshm. insularis differed from other “typical”
Mediterranean plants, for which germination at ltemperatures is a widely extended trait,
demonstrating that germination of this species m@yur in a wide time window during the year.
H. amplexicaulis seed germination was highly promoted by the ddilgtuation of temperatures,
while germination at constant temperatures wasitsigriewer.

Salinity tests showed higher germination percergdgethe non-saline conditions, with
seed mortality increasing proportionally with NaCbncentrations and temperatures. Salt
tolerance limits varied among species, from a mimmof 100 mM NacCl foP. sardoum to 600
mM for H. amplexicaulis andL. triloba ssp.pallescens, without a clear habitat related pattern.

The species for which salt spray experiments werelgcted showed different responses
on seedling growth to salt aerosol tolerance, Wigtse differences being related to the habitat of
each species and their distance from the sea. &amd of B. insularis and L. triloba ssp.
pallescens, growing in coastal cliffs highly influenced by wirathd salt spray, showed the lowest
seedling mortality. High inter-population variabyliin salt spray tolerance was detected Bor
insularis, between a coastal and an inland population, thighlatter resulting not adapted to this
abiotic environmental factor. Seedling survivaltieé two inland specied (triloba ssp.triloba
and H. amplexicaulis) was inversely proportional to the increase of ulightion frequency,
demonstrating a low adaptation to salt spray, Yikkle to their distance from the sea coast and/or
to interposed vegetation that may determine a lompact of marine aerosol.

The results of this study lead to a better knowdedqg the autoecology of the investigated species

and to their limits of tolerance to abiotic factstech as temperature, soil salinity and salt spray.



General introduction

Seed biology

A seed is the product of the ripened ovule of Gyspeomae and Angiospermae (Spermatophyta)
which occurs after fertilization and some growththivi the mother plant (Longo, 1997). The
formation of the seed completes the process obdemtion in seed plants (which started with the
development of flowers and pollination), with thelayo developed from the zygote and the seed
coat from the integuments of the ovule. Seeds Hzeen an important development in the
reproduction and spread of Spermatophyta, respectare primitive plants such as Bryophyta,
Pteridophyta and Hepaticae, which do not have sesub use other means to propagate
themselves (Strasburger, 1992). This evolutionacgass lead seed plants to dominate biological
niches both in hot and cold climates (Strasburty@®2; Baskin & Baskin, 1998).

A typical seed includes three basic parts: an emkaysupply of nutrients for the embryo,
and a seed coat (Longo, 1997; Figure 1). The emhagoone cotyledon in monocotyledons, two
cotyledons in almost all dicotyledons and two orenim gymnosperms (Salisbury & Ross, 1994).
The radicle is the embryonic root, while the pluenid the embryonic shoot. The embryonic stem
above the point of attachment of the cotyledorgghe epicotyl while the embryonic stem below
the point of attachment is the hypocotyl. The egyicwill grow into the shoot, the radicle into the
primary root, the hypocotyl connects the epicohel the radicle, the cotyledons form the seed
leaves (Fenner & Thompson, 2005). Seeds of monlecttiys have also other structures, such as
a coleoptile that forms the first leaf and connéotghe coleorhiza which connects to the primary
root and adventitious roots form from the sidesthili the seed, there usually is a store of
nutrients for the seedling that will grow from tambryo. In angiosperms, the stored food begins

as a tissue called endosperm, which is derived tlmrparent plant via double fertilization. The



usually triploid endosperm is rich in oils and gias. The seed coat (testa) will develop from the
tissue, the integument, originally surrounding ¢tele (Baskin & Baskin, 1998). The seed coat in
the mature seed can be a paper-thin layer or somgatiore substantial and it protect the embryo
from mechanical injury and from drying out. A s@so may remain on the seed coat, called
hilum, where the seed was attached to the ovarlylwyahe funiculus (Strasburger, 1992; Fenner

& Thompson, 2005).

Endosperm Micropylar

endosperm

Radicle

Testa

(seed coat) Embryo Cotyledons

Figure 1 - Lepidium sativum seed structure (from Leubner, 2008).

Seed germination

Seed germination is the process by which a seedyentgvelops into a seedling and it involves
the reactivation of the metabolic pathways that leagrowth and the emergence of the radicle
and plumule (Fenner & Thompson, 2005). The emergehthe seedling above the soil surface is
the next phase of the plant's growth and it isedaeedling establishment (Black & Halmer,
2006). Three fundamental conditions must exist t@efpermination can occur: (1) the embryo

must be alive; (2) any dormancy requirements thaatgnt germination must be overcome; (3) the

10



proper environmental conditions must exist for geation. Seed viability is the ability of the
embryo to germinate and is affected by a numbeiliftdrent conditions. Predators and pathogens
can damage or kill the seed while it is still i tinuit or after it is dispersg@enner & Thompson,
2005). Environmental conditions like flooding oedt can kill the seed before or during
germination (Bewley, 1994). The age of the seedc#dfits health and germination ability: since
the seed has a living embryo, over time cells did @annot be replaced. Some seeds can live for a
long time before germination, while others can oslyvive for a short period after dispersal
before they die (Baskin & Baskin, 1998). Seed vigoa measure of the quality of seed, and
involves the viability of the seed, the germinatercentage, germination rate and the strength of
the seedlings produced. The germination percensate proportion of seeds that germinate from
all seeds subject to the right conditions for glowthe germination rate is the length of time it
takes for the seeds to germinate (Bewley, 1997)m@ation percentages and rate are affected by
seed viability, dormancy and environmental effab&t impact on the seed and seedling. Three
distinct phases of seed germination occur. watdgibition; lag phase; and radicle emergence
(Figure 2). Germination commences with the uptakevater by imbibition by the dry seed,
followed by embryo expansion. The uptake of watar i(nbibition) is tri-phasic with a rapid
initial uptake (phase 1) followed by a plateau ghgshase II). A further increase in water uptake
(phase 1l1) occurs as the embryo axis elongatedagaks through the covering layers to complete
germination. Cell elongation is necessary and isegdly accepted to be sufficient for the
completion of radical protrusion (visible germimet). With few exceptions, radical extension
through the structures surrounding the embryoeasetient that terminates germination and marks
the commencement of seedling growth (Bewley, 1897¢h-Savage & Leubner-Metzger, 2006).

Many factors influence germination process, sucteaperature, light and water availability.

11
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Figure 2 - Time course of major events associateditiv germination and subsequent post-germination gravth.
The time for events to be completed varies from seval hours to many weeks, depending on the plant spies

and the germination conditions (from Bewley, 1997).

Temperature
Temperature has important effects on germinatioisebasonal climates, temperature is of course a
good indicator of the time of year and it is therefimplicated strongly in determining the timing
of germination (Bewley, 1997). The low temperatlingt for seed germination is unknown, but
germination in many species may be prevented only fieezing. Because temperature
requirements for germination are connected so atetg with germination timing, it is rarely
possible to detect habitat specific effects. In aeseof studies on geographical variation in
germination temperature in Europe, P. A. Thompsited in Probert, 2000) concluded that both
minimum and maximum temperatures for germinatiorniedaconsistently along a north-south
gradient; both were lower iMediterranean species compared with those fromhaort Europe
(Fenner & Thompson, 2005).

Indeed, some studies have investigated germinafidediterranean coastal species and a
key feature of which is a rather low optimal tengteres for germination (Thanas al., 1989,

1995). At the opposite extreme, arctic species égiter temperatures for germination (Baskin &
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Baskin, 1998). Species of wide geographical digtiim generally show the same intra-specific
trend as that found between species. The reasothi®slightly surprising trend is the gradual
replacement of cold by drought as the main hazardséedlings as we move south in Europe
(Fenner & Thompson, 2005). In the Mediterranearfabyhe least dangerous season for seedlings
is the damp, cool but mostly frost-free winter. northern Europe, the priority is to avoid
germinating during or immediately before the sevesater, which often seems to be best
arranged by needing relatively high temperaturegémination. In many species, germination is
reduced, or does not occur at all, at constant ¢eatpres, while may frequently to be increased
by both the number and the amplitude of temperadliegnations, and a response to temperature
alternations seems to depend on the presence se#teof at least a low level of the active form
of phytochrome (Probert, 2000). The interactionweein a requirement for light and for
temperature alternations varies between speciesietBoes light can substitute entirely for
alternating temperatures, while in other casesffext of light is merely to reduce the amplitude
of alternation necessary to stimulate germinatiBew(ey, 1997). A survey of germination
responses to alternating temperatures revealedstimatlation of germination by alternating
temperatures in the light is strongly habitat-dejeem. Diurnal temperature alternations are known
to decline with depth in soil and also to be muolwdr beneath an established canopy of
insulating vegetation. Seeds that had been buresplyg responded to alternating temperature

inexactly the same way as those from near thesi(f@ahersat al., 1992).

Light
The responses of seeds to light are important fevemting the occurrence of germination in

places and at times that are unfavourable to sepdbtablishment. The ability to detect different

aspects of the light environment enables the sedthve at least some control over where and
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when germination takes place (Fenner & Thompsom)5R0The chances of successful
establishment may be determined by whether theigatimg seed is buried in the soil or is on the
surface. If it is buried, then the precise depthrigcial for emergence. If it is on the surfacenh
the degree of shade (especially from surroundirggtagion) can be decisive. In some cases, day
length plays a part in determining the timing ofrrgmation (Densmore, 1997). In all these
situations, the ability to detect the intensityalijty or periodicity of the light provides the seed
with information it requires about its environméRenner & Thompson, 2005). If a seed that is
lying in darkness below the soil surface germinatiesn its shoot may not be able to reach the
surface. This hazard is greatest for small seed#)es ability to detect light (or its absence) is o
great survival value. Near the surface, the amotihight received diminishes rapidly with depth.
Measurable quantities of light seldom penetrateertban a few millimetres (Bliss & Smith,
1985; Tester & Morris, 1987), though the presenica bigh proportion of translucent particles
such as quartz grains in sand may transmit lighttla deeper. Not surprisingly, many small-
seeded species are positively photoblastic (reqliglet for germination) or are inhibited
significantly by darkness. In a survey of 271 speci&rimeet al. (1981) found that species with
seeds weighing less than 0.1 mg were largely kghtiring, and that the incidence of light-
dependence declined with increasing seed size. HAawthere is a phylogenetic component to the
occurrence of photoblastism. Certain families sashhe Fabaceae and Poaceae tend to germinate
readily in the dark regardless of seed size, wéaleds of Cyperaceae and Asteraceae are mostly
light-requiring (Fenner & Thompson, 2005). In aduhtto the ability to detect the quantity and
quality of light, the seeds of some species arsigea to the photoperiod, i.e. the relative lersgth
of the light and dark periods corresponding to dag night (Isikawa, 1954; Cumming, 1963).
Day-length detection is often highly dependent ba temperature regime, especially chilling

(Black & Wareing, 1955; Stearns & Olsen, 1958). teperiod sensitivity is likely to increase in
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importance with latitude because of the large seals@riation in day length. Few wild species
have been tested for sensitivity to day length, idccurrence may be more widespread than the
sparse literature would suggest. The publishedrerpeats do not always distinguish between the
effects of total quantity of light received and tecific effect of the photoperiod. Some studies
seem to indicate that elements of both light qinaaind photoperiod are involved at the same time

(Baskin & Baskin, 1976).

Water availability

Most seeds can maintain viability with a very lowisture content. In fact, the longevity of these
“orthodox” seeds can be increased by desiccatiamyirstorage. In contrast, species with so called
“recalcitrant” seeds require a high level of maistto retain viability (Murdoch & Ellis, 2000). In

a survey of 6919 species, 7.4% were classified eacirant (Honget al., 1996). The latter
continue to metabolize actively and accumulaterveseright up to the point of shedding, after
which they remain in a hydrated state and germistitight away (Kermode & Finch-Savage,
2002). Seed-desiccation sensitivity is most freguennon-pioneer evergreen rainforest trees,
though even among these a large proportion areagin-tolerant (Tweddlet al., 2003) or
have seeds in which partial dehydration may notagéwbe fatal (Rodrigueet al., 2000). In a
continuously warm wet climate, rapid germinationynraduce predation risk. In addition to
having a critical water content for the maintenaateiability, each species is thought to have a
critical water content (or water potential) requient for germination (Hunter & Erickson, 1952).
The rate of imbibition is controlled by the permiiiap of the seed coat, the area of contact
between the seed and the substrate, and the eetlifference in water potential between the soil
water and the seed (Bradford, 1995). A seed magrbedully imbibed but remain ungerminated

indefinitely if its dormancy-breaking or germinatiorducing requirements are not met. The seeds
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that form persistent seed banks may survive forynyaars in soils where they may be maintained
(at least intermittently) in a fully imbibed stafehompson, 2000). Germination may take many
days or weeks, during which time the seed is likelgncounter a number of wet and dry periods.
Numerous experiments have been carried out tordeterthe effect of cycles of hydration and
dehydration on germination and the response vavitbsspecies. The length of the dry period has
been found to reduce viability and germination sp&® annual pasture legumesrifolium
species; Jansen, 1994), but in other cases itittlasor no effect (Vincent & Cavers, 1978). The
response of the seeds of different species toalterp of rainfall at the time of germination may
determine which species will establish. A fast oese to rain may be advantageous providing
that the wet period is sufficiently long to allovetkeedlings to grow to a size that enables them to
withstand the subsequent dry period. A slow responis which germination can occur
cumulatively even if interrupted by periods of dgbti can be of advantage where the rain events

are of short duration (Fenner & Thompson, 2005).

Seed dormancy

Seed dormancy is an innate seed property thatedethre environmental conditions in which the
seed is able to germinate (Baskin & Baskin, 1988% determined by genetics with a substantial
environmental influence which is mediated, at leagpart, by the plant hormones abscisic acid
and gibberellins (Fenner & Thompson, 2005). Tharagorcy status is not only influenced by the
seed maturation environment, but also continuoasnging with time following shedding in a
manner determined by the environment (Bewley, 198%)dormancy is present throughout the
higher plants in all major climatic regions, adaipta has resulted in divergent responses to the

environment (Baskin & Baskin, 2003; Fenner & Thoomps2005). Through this adaptation,
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germination is timed to avoid unfavourable weatf@ar subsequent plant establishment and
reproductive growth (Finch-Savage & Leubner-Metzgé€06).

A dormant seed is one that will not germinate uratgey combination of normal physical
environmental factors (temperature, light/dark, .)etthat otherwise is favourable for its
germination, after the seed becomes non-dormannh@te& Thompson, 2005). A freshly-matured
dormant seed is said to have primary dormancy (Ba&kBaskin, 2003). A completely non-
dormant seed has the capability to germinate oher widest range of normal physical
environmental factors possible for the genotypeskBa & Baskin, 1998, 2004). The seed will
germinate when the appropriate combination of emwvirental conditions is within its range of
requirements for radicle emergence, providing & hat entered secondary (Baskin & Baskin,
2003).

There are three fundamentally different types efisdormancy, at least two of which have
evolved on several separate occasions (Baskin &iBad4998). These dormancy types are
morphological, physical and physiological. Moreoweorpho-physiological and combinational

dormancy are known.

Morphological dormancy (MD)

In seeds with MD, the embryo is either small (uddeeloped) and undifferentiated or
underdeveloped and differentiated, i.e., cotyledpafd hypocotyl-radicle can be distinguished.
In seeds with non-dormant, underdeveloped, diffeatad embryos, the embryos simply need
time to grow to full size and then germinate (ratligrotrusion). The dormancy period is the time
required for completion of embryo growth, after ahithe radicle emerges (Baskin & Baskin,

2003). Arbitrary cut-off time for assigning seedsMD is about 30 days. Thus, seeds that take
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significantly longer than 30 days to germinate @esidered to have MPD (Fenner & Thompson,

2005).

Physiological dormancy (PD)

Following Nikolaeva (1977), three levels of PD ageognized: deep, intermediate, and non-deep.
PD is the most abundant form and is found in seédymnosperms and all major plants. PD can
be divided into three levels: deep, intermediateé @on-deep (Baskin & Baskin, 2004). Based on
patterns of change in physiological responses ngpégature, five types of non-deep PD can be
distinguished (Figure 3). Most seeds belong to typer 2, in which the temperature range at
which seed germination can occur increases graduhlling the progression of non-deep
dormancy release from low to higher or from higHawer temperature (type 2). In addition, the
sensitivity of the seeds to light and GA increaaeson-deep PD is progressively released. In type
3, a dormant seed germinate only at average temopesaand after dormancy release its
germination can occur from low to high temperatumghile in type 4 and 5, after dormancy

release the seed can germinate only at high tempesatype 4) or low temperatures (type 5).

PD non-deep Type 1 FD non-deep Type 2 PD non-deep Type 3 PD non-deep
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Figure 3 - Five types of non-deep physiological s@ormancy (PD) according to Baskin and Baskin (209,

(from Leubner, 2008).
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Morpho-physiological dormancy (MPD)
Seeds with this kind of dormancy have an underdg@ezl embryo (MD) that has also a

physiological component of dormancy. There are tekglown levels of the MPD class based on
the protocol for seed dormancy break and germinggee Baskin & Baskin, 1998). These seeds
therefore require a dormancy-breaking treatment,ef@ample a defined combination of warm

and/or cold stratification which in some cases lsameplaced by GA application.

Physical dormancy (PY)

Physical dormancy is caused by (a) water-imperneckyler(s) of palisade or palisade-like cells
in the seed or fruit coat (Bask&nhal., 2000). Dormancy-break in seeds with PY undeh Inattural
and artificial conditions typically has been assdnte involve the formation of an opening
(“water gap”) in a specialized anatomical structoinethe seed (or fruit) coat through which water

moves to the embryo (Baskehal., 2000; Baskin & Baskin, 2003; Fenner & Thomps2005).

Combinational dormancy (PY + PD)

Combinational dormancy (PY + PD) is observablededs whose seed coat is water-impermeable
and the embryo is physiologically dormant. The phiggical component appears to be at the
non-deep level in all examples with which we amifear (Baskin and Baskin, 1998). Embryos of
freshly matured seeds of sota&a of winter annuals have a low amount of conditicsh@mancy
and will come out of dormancy (after-ripening) iry gtorage, or in the field, within a few weeks
after seed maturity, even while the seed coat msnempermeable to water (Finch-Savage &
Leubner-Metzger, 2006). Embryos in such gener&asis and Ceanothus are more deeply
dormant (but still non-deep), and thus the seedaime a few weeks of cold stratification, i.e.,

after PY is broken and seeds imbibe water, befuag will germinate (Baskin & Baskin, 1998).
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Germination patterns under the Mediterranean climate

The typical climate of the Mediterranean Basin igaaticular variety of that temperate and it is
commonly named “Mediterranean climate”; it is cledegsized by warm to hot, dry summers and
mild to cool, wet winters (Doussi & Thanos, 2002)his climate is characterized by a
considerable unpredictability of temperature andcipitations (Thanost al., 1995). Water
availability, in particular, is extremely variableoth within a single growing season and among
consecutive years. Therefore, lower germinatioe eatid the requirement of a narrow range of
cool temperatures, typically 5-15°C, as highlighted Thanoset al. (1989, 1995), suggest that
field germination of Mediterranean coastal spedgesuned to take place well into the rainy
season, in early winter, and provided that a geitgthy, uninterrupted water supply is ensured
(Doussi & Thanos, 2002). This pattern is generdhown as “Mediterranean germination
syndrome” and such a “delay mechanism” is oftensmmred an advantageous ecological
adaptation towards the unpredictable rainfall patthuring the start of the rainy period under the
pluviseasonal Mediterranean climate (Thanes al., 1995). In Mediterranean coastal
environments, as reported by Bell al. (1995), light generally inhibits germination (pbo
inhibition), highlighting a surface avoiding meclsn and especially so in small seeded species,
germination on the surface of a rapidly drying swmiight be especially detrimental for the

seedlings of small-seeded species (Thahak, 1991, 1994, 1995).

Sardinia

Sardinia is situated in the Western Mediterraneasirband it is the second largest island in the
Mediterranean after Sicily. It features a surfa¢e2®,821 kmz2 (24,089 km?2 together with the
minor islands administratively belonging to the ddaian region; Bacchettat al., 2009).

According to Rivas-Martinez (2008), the Sardiniamcbhmate can be described as oceanic on the
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basis of the continentality index and principaky s the semi hyperoceanic, the euoceanic and in
the semicontinental subtype, while concerning lbimate the most representative is the
Mediterranean pluviseasonal oceanic (MPO). Threenbtypes characterize the MPO, the upper
Thermomediterranean, the lower and upper Mesomegltean and the lower
Supramediterranean. At the end, concerning the atyyi¢, in Sardinia there are at least the upper
and lower dry, the lower and upper subhumid andatver humid ones (Bacchethal. 2009).

The Checklist of the Italian Vascular Flora (Costial., 2005; 2007) ascribes to the
Sardinian flora 2,494axa while, after the latest floristic researches, lnenber oftaxa has raised
approximately up to 3,000 (Bacchettaal., personal coomunication). Bacchedtal. (2005) have
listed 347 endemidaxa (including narrow endemics, Sardinian endemicsys@&ardinian
endemics, Corso-Sardinian-Balearic endemics).sldation and high geological diversity have
created a wide range of habitats, with high lee¢lendemism, especially on its mountain massifs,
where there are conditions of ecological insula§édail & Quézel, 1997). Many natural
habitats that characterize the Sardinian territorgl its important plant areas (IPAs) are still not
under protection. Among them, the sandy coastaksluthe halophithyc marshes, the coastal
cliffs, the orofitic habitats, the grasslands o Thero-Brachypodietea class, the Mediterranean
temporary ponds, the mining environments and tiparian woods are those which better
characterize the richness of the Sardinian flofa.t&now 34 IPAs have been pinpointed in the
Sardinian territory, covering approximately 18%tloé regional area and 10% of the total Italian
surface that has been considered remarkable fant ptanservation (Blasiet al. 2010).
Notwithstanding, many of these IPAs currently ao¢ uinder any kind of protection or, at least,
not for the entirety of their area but they are emslevere threat due to the overexploitation of

natural resources, grazing and tourism.
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Figure 4 - The west part of the Mediterranean Basinwith Sardinia in red square.

Coastal environments and factors influencing seed germination and

plant growth

Understanding the processes and products of iikemaicn coastal environments is rarely simple.
Most physical coastal changes are associated \wghntovement of sediments. Interactions
between organisms and their environment may beeaetliat a number of hierarchical levels of
which populations, communities and ecosystemslareniost relevant. Many coastal communities
are species-poor, e.g. coastal wetlands are ckawmed by relatively few plant species. To

survive to adverse factors that characterize cbastaronments, organisms often require special
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physiological, metabolic or behavioral adaptatiddsovercome environmental stress. Stresses
may be physical (e.g. wave forces, temperatura] tidindation, etc.) or chemical (e.g. salinity,
deoxigenation, etc.). Many communities comprisehlyigspecialized species, which have
comparatively restricted geographical distributi¢@arter, 1988).

The soil water content is one of the most importaniting factors in plant growth. Sandy
soils have high porosity and after a rain mostha water is drained away from the habitat
because of the large interstitial spaces betweérpadicles and the low capability of sand to
retain water (Figure 5). Evaporation in open duystesns also removes substantial quantities of
water (Maun, 2009). Major problems faced by seedssand accretion and soil salinity, both of
which have positive and negative effects on seethigation. Burial to an appropriate depth is
beneficial for seed germination because it providémate soil contact, maintains high humidity
around the seed, improves imbibition of moistunatgcts it from surface predation, decreases
evaporative seed surface and reduces chances iotatemn from heat and light (Maun, 2009).
Even if seeds germinate on the sand surface thamaes of seedling establishment are very low
because their radicles are unable to affect sppedgtration of the sand surface and anchor the
seedlings. To penetrate the soil the roots mugst gxeater pressure than the resistance offered by
the soil. Most of these seedlings die of desicoaéind exposure to high light intensity. In sandy
dunes, seed germination is strongly related tolavia moisture. Very small seeds produced high
germination at shallow depths of only 0.5 cm beeabtsgy require small amounts of moisture for
imbibition (Stairs, 1986; Maun & Perumal, 1999; Ma009). In contrasts large seeds exhibited
lowest germination at shallow depths of 2 cm beeal®y require prolonged hydration and

greater amounts of moisture for imbibition.
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Figure 5 - Coastal sandy dunes of Su Giudeu with psmmophytes (S - Sardinia)

Soil salinity above a certain level also has amgjroegative effect on seed germination (Maun,
2009). Seedling emergence is related to the ermrgtained in the endosperm or cotyledons of a
seed rather than the embryo. As soon as soil tanpes rise to the optimum for seed
germination of a species, seedlings start to eme®guilarly, seedling emergence in autumn
coincides with a decrease in temperatures and aserén rainfalls. The establishment of the
seedling is probably the most hazardous periodsirife history. The timing of germination is
synchronizedvith the best period of emergence and growth (M2009). In sandy dune systems,
the survivorship, establishment and growth of segdlis influenced by a number of physical and
abiotic factors such as predation, disease, degocaompetition, salt spray, nutrient deficiency,
high soil surface temperatures and burial by sdeliq, 2009). Warming up of surface layers has
both useful and deleterious effects. In early gprthe sand surface warms up faster thus allowing
a rise in temperature to the optimum for seed gsation of plant species. Seedling emergence

period coincides with the highest available soilishoe levels. Salt spray and soil salinity may,
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under certain environmental conditions, exert aflu@mce on seed germination, seedling
emergence and their establishment (Maun, 2009).

Rupestrian habitats as coastal cliffs are chanaegby harsh conditions, such as high sun
exposition, strong winds, daily thermal variatiof@iulietti et al. 1997; Ribeiro & Fernandes,
2000) and strong water deficit during dry monthév@ra Silveiraet al., 2012). Moreover, high
guantities of marine aerosol as well as the diwentes splashing invest halophytic plant species,
resulting inevitable abiotic factors, often limigiplant growth in these habitats (Figure 6). With
the high insolation and temperatures typical of s@mperiod, the considerable water quantity
present in these habitats tends to become saltscomsthe rocks, reaching salinity values even

higher than sea water (ca. 35-37 %o) (Ungar, 19895}

Figure 6 - Coastal cliffs of Planu Sartu - Buggerr(SW - Sardinia).
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Salt marshes in the Mediterranean area are impgdadambiodiversity conservation but have been
severely degraded due to human pressure (Cos&inah, 1997). Coastal salt marshes are
characterized by fine sediments and halophytic tegige and are formed through a combination
of physical (i.e., sediment deposition/erosion) biadogical (i.e. vegetation) processes (Figure 7).
The existence of spatial-temporal gradients of sallnity and moisture traditionally has been
considered one of the most important physical facio the plant zonation of salt marshes
(Chapman, 1974). These soil-plant relationshipspanicularly interesting in a Mediterranean
climate, where the areas farthest from the coastnat always those with the lowest soil salt
concentration (Callawagt al., 1990). Alternating periods of rainfall, duringhiwh salts are

leached towards the deepest soil horizons, andgsewf drought when they are brought to the
surface horizons, bring about an important vanmatiosalinity, both in regard to the quantity and
type of salt (Chapman, 1974, Alvarez Rogehl., 1997). Because of the relationship between
salinity and electrical conductivity (Richards, #9,7the latter is commonly used to estimate the

concentration of salts across edaphic gradientsgBtaal., 1980).

Effect of soil salinity in coastal environments

Substrate salinity can act as a major selectiveefan seed germination and seedling emergence.
In spring, seeds of annual and perennial specigsb@axposed to different levels of soil salinity
because of salt spray deposition and periodic iatiod by seawater during winter months. For
these reasons, plants growing in habitats withgh mfluence of salinity have evolved specific

mechanisms of resistance of plants to saline enmemts.

Several traits of avoidance and tolerance are peeian strand species, such as (Maun, 1998,

2009):

26



1) hypertrophy: the abnormal enlargements of c&ls, common occurrence in some annual and
perennial species of seashores by which they melyigh ion uptake to maintain cell turgor under
conditions of low water potential. These plant®ascumulate salt in their vacuoles and keep the

concentration of Naand Clin the cytoplasm at low levels;

2) annual habit: some annual species although ptisleeto injury from salt spray thrive because
they complete their short life cycles between s&rane able to survive in protected habitats, have

higher relative growth rates, reproduce prolifigahd have high phenotypic plasticity;

3) prostrate growth habit: several species of saats, although they rate low to extremely low in
salt resistance, occur regularly in the high spitag zone. They grow at an elevation where the
amount of salt spray is below their level of tolera and is only a fraction of what is received by a

species with an erectile canopy (Maun, 2004, 2009);

4) reduced uptake: some grass species respon@hoshlt spray concentrations by limiting the
influx of ions into the leaves because of low wejtiproperties of cuticular surfaces, through
beading especially during rain and then rolling seawater droplets off the plant leaves. The
presence of sclerenchyma surrounding the parenclymiesses may also reduce the amount of

chlorides reaching the parenchyma cells;

5) loss of salt from roots: some species movefgatt the shoots to the roots and then leach it into

the soil;

6) shedding of old leaves: salt resistance is aeduby sequestering of salt into old leaves and

then shedding them.
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Figure 7 - Salt marsh at “Molentargius Saline” (S -Sardinia).

Salt spray and its influence on coastal vegetation

Salt spray is an important abiotic stress thatctdfgolant and other biotic communities in the
proximity of sea coasts. The salt crystals actaglensation nuclei in the air and damage plants
by abrasion during wind storms. However salt spreay also be beneficial because it improves
plant growth by providing some essential nutrieffistee factors, wind speed, wave amplitude
and wind direction, influence the formation of sgitay (Maun, 2009). Along seashores salt spray
acts as a strong environmental stress on plantsadtal sandy dunes. High waves also inundate
part of the seashore, thus increasing the salufitite soil. Salt spray is formed by the burstifg o
bubbles that eject droplets of seawater into thehich are carried inland by wind. Because of a
marked relief in sand dunes, salt deposition vaategifferent elevations above the sand surface
and different distances from the sea coasts (Boy®84). Usually dune ridges receive higher

amounts of salt spray than low-lying areas sucth@slacks. Seawater is a weak nutrient solution
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that contains salts of NaCa™, K*, Mg, CI and S with only minute quantities of all other
essential elements (Maun, 1994, 2009). Symptomssatif spray injury to plants manifest
themselves as necrosis that begins on leaf tipsgresses to upper margins of leaves and
eventually develops into an inverted V-shaped patt€rees and shrubs on sea coasts exhibit
asymmetric growth forms because the seaward twigkiled by salt spray while leeward twigs
grow normally (Cheplick & Demetri, 1999). Some gttaspecies respond to salt spray by
completing their growth during periods of low salpray storms or by making metabolic
adjustments to either avoid or tolerate salt strd@syce, 1954). In laboratory, salt spray
experiments are usually realized through two waye first method consists in the nebulization
of different solutions with the same frequencyrg®orted by Sanchez-Blanebal. (2003), while
through the second method the same solution islizeduwith different frequencies on seedlings
(Cheplick & Demetri, 1999; Griffiths & Orians, 20P3n both cases, the control condition is
realized through a no spray treatment. In thisystue applied the same method used by Cheplick
and Demetri (1999), which, in our opinion, can &etieproduce in laboratory the natural spray
episodes along coastal environments. Thereforeggppéed on seedlings of the investigataxh,

a salt spray solution (35%., i.e. 600 mM) to mimieaswater, with three different weekly

frequencies (one, two and three days/week) fotad éxperiment duration of two months.

Species selection

The coastal species investigated during this Pbr@gram were chosen according to their habitat:
Phleum sardoum (Hackel) Hackel an&ouya polygama (Desf.) Coincy for sandy duneBrassica
insularis Moris andLavatera triloba L. ssp.pallescens (Moris) Nyman for coastal cliffs; while
Lavatera triloba L. ssp triloba and Halopeplis amplexicaulis (Vahl) Ces., Pass. & Gibelli for

environments with high salt concentrations in thbstrate. Moreover, seed germination ecology
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of L. agrigentina Tineo, a species growing in clayey-chalky plaind distributed in South Italy

(Sicily and Calabria) was investigated for a comapiae study within thé.avatera genus.

Plan of the work

The present study was structured in five chapteash of which examining the germination
ecology of one of the investigated species (extmhe chapter four, which included togheter the
threeLavatera taxa). Therefore, the first chapter was abButeum sardoum, while the second on
seed ecology ofRouya polygama and in both chapter the salt stress tolerance heket
psammophylous species were investigated. Moreavéhnge third chapter the germination ecology
and salt stress response in seed germination ofuftestrian specieBrassica insularis and its
tolerance to salt spray on seedling developmene wealuated. In the fourth chaptegvatera
triloba ssp.pallescens seed germination requirements and salt stresgatmle were compared
with those ofL. triloba ssp. triloba and L. agrigentina. In the fifth chapter,Halopeplis
amplexicaulis seed germination and salt stress response wegstigated. In a conclusive chapter
the comparison among the different investigdted were evaluated, in order to identify specific

patterns related to their habitat.
The aims of this Ph.D. research program were to:

- investigate seed germination ecology and to proviéev data for these previously
unstudied or poorly studied species;

- evaluate the effects of several NaCl concentrati¢®s100, 200, 300, 400, 500, 600 mM)
on seed germination of these species, with paaiicdbcus on the interaction

temperature/salinity;
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- evaluate the effects of salt spray on the vegetagrowth and biomass production during

the early seedling developmental stages.
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Chapter | - Light, temperature, dry after-ripening and
salt stress effects on seed germination olPhleum
sardoum (Hackel) Hackel

Abstract

Phleum sardoum is an endemic psammophylous species of Sardim@yigg exclusively on
coastal sandy dunes. The effect of glumes on seeahiigation, germination requirements at
constant (5-25°C) and alternating (25/10°C) temipees, both in the light (12/12 h) and in the
dark were evaluated, as well as the effect of aafbgr-ripening period (90 days at 25°C), the salt
stress effect (0-600 mM NaCl) and its recovery eadsgermination. The presence of glumes
reduced final germination percentages. For fre#edaeeds, high germination percentages were
observed at 10°C. Dry after-ripening increased gextion rate at low temperatures, but did not
affect final germination percentages. NaCl detesdia secondary salt-induced dormancy which
recovery interrupted only partially. Our resultghlighted that this species has its optimum of
germination during autumn-winter when, under a Nerdainean climate, water availability is

highest and soil salinity levels are minimal.

Keywords: dry after-ripening; glumes; NaCl; psammophylouscégs; recovery.
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Introduction

High temperatures on soil surface characterizetabaandy dunes habitats, particularly under the
Mediterranean climate, and a delay of germinatioearly winter is considered an advantageous
ecological adaptation towards an unpredictablefalipattern (Thanot al., 1991). Moreover,
photo-inhibition of seed germination has been regubrfor several species growing in
Mediterranean sea coasts (Tharebsal., 1989), acting as a surface-avoiding mechanism fo
seedling establishment (Thanesal., 1991). Seed drying under warm temperatures &fter-
ripening) is a natural mechanism that controls doroy in dry climates (Finch-Savage al.,
2007) and coastal plants are exposed to frequentutitions of salinity levels in relation to
seasons, also depending on their distance frorsghgWeber & D’Antonio, 1999). An increase
in salinity stress can induce physiological secopdrmancy, determining a delay in the onset
of the germination process and a reduction in tbeegntage of germinating seeds (Baskin &
Baskin, 1998). When salinity stress is reducedigan complete germination recovery has been
observed for various species (Khan, 2003).

Phleum sardoum (Hackel) Hackel (Poaceae) is a psammophylous epesndemic to
Sardinia (Camarda, 1980). The only data availahlse®ed germination of this species is reported
in the Seed Information Database, which reporté Igigrmination percentages (> 90%) at 15°C
and 20°C, with 8 h of irradiance per day, after ogimg seed covering structures (Royal Botanic
Gardens Kew, 2008). However, no factorial germoragxperiments were carried out on seeds of
this species to determine the key factors in sttmd) germination. Seeds Bhleum L. species,
as well as of many other Poaceae, are reportedve & basal lateral embryo (Martin, 1946) and
Finch-Savage and Leubner-Metzger (2006) describedssof Poaceae as non dormant (ND) or

physiologically dormant (PD).

40



The aims of this study were (1) to characterized sgermination ofP. sardoum, by
investigating the effect of the removal of coverstguctures (lemma and palea, hereafter glumes),
identifying its germination requirements in ternigight and temperature, to evaluate the effect of

(2) a dry after-ripening period and (3) NaCl onséed germination.

Materials and methods

Study species

Phleum sardoum (Hackel) Hackel (Poaceae) is an endemic caespit@sephyte, 10-50 mm high
(Figure 1), flowering from April to May and fruitgnin May and June (Camarda, 1980). It grows
exclusively in Sardinia in only two populations Asenas - Arbus, South-West Sardinia and Rena
Majore - Aglientu, North Sardinia), with a disjogat distribution area (Camarda, 1980). It has
been found on coastal sandy dunes in gagareperus oxycedrus L. subspmacrocarpa (Sibth.et

Sm.) woods and in the back dunes.

Figure 1 - Phleum sardoum (Hackel) Hackel on sandy substrate.
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Seed |ot detail

Infructescences d?. sardoum were collected in the sandy dune system of Is Asemarbus at 1-
15 m a.s.l. (Figure 2 and Figure 3). Seeds welnele@ through sieves and a seed mass of 0.24 +

0.01 mg (mean * 1 standard deviation) calculatediéighing ten replicates of 50 seeds each.

Figure 2 - Psammophylous vegetation on sandy dungstems of Is Arenas - Arbus.

Germination tests

The effect of light, temperature and dry after-nipg on germination was evaluated on seeds
collected in May 2010, on 1% water agar substratelastic Petri dishes of 60 mm diameter
(Figure 4). For all the experiments, the criterfon germination was visible radical protrusion.
When no additional germination occurred for two smxutive weeks, the viability of any
remaining seeds was checked by a cut-test andnhlegermination percentage calculated on the

basis of the total number of filled seeds. All $estre started in two weeks after collecting.
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A preliminary test was carried out to evaluate eéffect of the presence of glumes on seed
germination, by incubating three replicates of Atadct and three of 20 naked seeds (without
glumes) at 10°C with an irradiance of 12 h per ddyee replicates of 20 naked seeds each were
incubated in a range of constant temperatures {&32&nd at an alternating temperature regime
(25/10°C), both in the light (12 h of irradiance pay) and in the dark. Darkness was achieved by
wrapping dishes in two aluminium foils. Seeds irateld in the light were scored daily and
germinated seeds discarded, while dark-incubatedsserere scored only once at the end of the

test to avoid any exposure to irradiance.

Figure 3 - Sonfe sardoum individuals in “Is Arenas - Arbus” dunes.

Dry after ripening
A sub-lot of freshly collected seeds was subjetbea period of dry after-ripening, by putting it in

a sealed polyethylene envelope, together with twavahags containing silica gel (0.5 g each) and

incubated in a growth chamber at constant 25°GHi@e months, with an irradiance of 12 h per

43



day. The envelope was stored in a hermetic 200Qlask jar, with granular brown silica gel, to
maintain low level of humidity. After three montlseeds were moved to germination conditions,

and incubated as above specified.

NaCl stress and recovery on seed germination

To evaluate the effect of salt stress, three raf@s of 20 naked seeds each, collected in the same
natural population in May 2011, were sown in 1% ewadgar substrate, with different NacCl
concentrations (0, 100, 200, 300, 400, 500, 600 nakkl incubated in a range of constant
temperatures (5-15 °C), with an irradiance of 1@eh day (Figure 5). After two weeks without
additional germination under control conditions QV@ mM), non-germinated seeds were washed
with distilled water and then sown in new Petrih@is containing 1% water agar substrate
(recovery phase).

The low number of replicates (3) and of seeds pplicate (20) used in all experiments
were due to a limited seed availability, resultifgm this species being rare with small

populations and were choosen in order to allowrtgst wide range of germination conditions.

Figure 4 - Germination tests orPhleum sardoum seeds.
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Data analysis
Final germination percentage at each temperature eedculated as the mean of the three

replicates (z 1SD). The rate of germination wasnested by using a modified Timson’s index
(T1) of germination velocity: TI = G/t, whereG is the percentage of seed germination at two-
days intervals antis the total germination period (using this indeigher the value more rapid is
the germination; Khan & Ungar, 1984). For NaCl expents, the recovery percentages (RP)
were calculated according to the following equatiB® ={[(a-b)/(c-b)] x 100}, wherea is the
total number of seeds germinated after being teared to distilled watel) is the total number of
seeds germinated in the saline substratecasithe total number of seeds (Khan & Ungar, 1984).
When ANOVA assumptions were satisfied for originalarcsin-transformed germination
percentages, one- or two-way ANOVA, with subsequsiher's LSDpost hoc test, were used to
evaluate the effect of temperature, light and pegtment. When these assumptions were not
satisfied, the non-parametric Kruskal-Wallis tesssvearried out. Tl were calculated for both fresh
and dry after-ripened (hereafter DAR) seeds, oatyskeds germinated in the light and analysed
by non-parametric Kruskal-Wallis and Mann-Whitneytest. All the analyses were carried out

using R v. 2.15.1 (R Development Core Team 2011).

Results

The glumes removal increased the final germinapercentage (91.6 = 2.8 %, mean = 1SD)
compared to that of intact seeds (68.3 + 2.8% ydltBfferences were statistically significant, with
p < 0.001 by one-way-ANOVA. Naked seeds also geabenh significantly (p < 0.05 by Mann-

WhitneyU-test ) faster (TI: 4.16 £ 0.13) than intact ones (T.4£2+ 0.10).
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Figure 5 - Inside of a growth chamber with NaCl gemination tests ofPhleum sardoum.

For fresh seeds, the Kruskal-Wallis test showeg@fecant effect of temperature (T; p < 0.0001)
but not for light (L; p > 0.05) on germination. Tlhetimum germination temperature for fresh
seeds was 10°C (96.7 + 2.8% and 100 + 0%, for-light dark-incubated seeds, respectively).
Germination percentages decreased at 5°C (46.7524land 83.3 + 5.77%, for light- and dark-
incubated seeds, respectively) and at 15°C (40300% and 30.0 + 0.0%, for light- and dark-
incubated seeds, respectively) while at higher sratpres, germination percentages were lower
than 35%, both in the light and in the darknesgnicant differences (p < 0.01) were detected
among TI at different temperatures, with a sigaifity (p < 0.05) most rapid germination velocity
detected at 10°C (TI: 3.2 £ 0.1).

For DAR seeds, the two-way ANOVA showed that terapee (T) significantly affected
germination (p < 0.001), but not light (L; p > 0)0%vhereas their interaction (T x L) was
significant (p < 0.001). DAR seeds showed highengeation percentages at 5°C and 10°C in the
light (80.0 £ 5.0 % and 98.3 = 2.9 %, respectivellgan in darkness (60.0 + 21.8 % and 85.0 £ 8.7
%, respectively). Also at 15°C germination showgghhvalues, but less in the light than in the

darkness (13.3 £ 12.6 % and 78.3 + 11.5 %, respg}i Germination decreased, both in the light
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and in the dark, at 20°C (5.0 £ 5.0%, in both ctods) and 25°C ( 1.7 = 2.9% and 3.3 £ 5.8%,
for light- and dark-incubated seeds, respectiveéd@eds incubated at the alternating temperature
regime (25/10°C) reached 46.7 + 15.2% and 25.00£%.germination, in the light and in the
darkness, respectively. Significant differences<(j0.05) were detected among TI at different
temperatures, with Tl being significantly higher<@.05) at 10°C (TI: 3.5 £+ 0.1 and 6.1 £ 0.2,
respectively).

Considering the not statistically significant etfed the light detected for both fresh and
DAR seeds, a two-way ANOVA was carried out for figearmination percentages of fresh and
DAR seeds sown in the light, in order to detectefiect of the DAR pretreatment (Figure 6). The
two-way ANOVA showed a not significant effect ofetlpretreatment (P) on germination (p >
0.05), while temperature (T; p < 0.001) and thetetaction (P x T; p < 0.01) were highly
significant. The DAR pre-treatment determined acreéase of germination (p < 0.05) at 5 and

10°C, whereas proved to be indifferent (p > 0.0%amer temperatures (Figure 6).
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Figure 6 - Final germination percentage and Timsors index (TI) at each temperature regime for fresh ad dry
after-ripened (DAR) seeds in the light. Pretreatmen(P): p > 0.05, temperature (T): p < 0.001 and (R T): p <
0.01, by two-way ANOVA. Bars with the same letterare not significantly different at p < 0.05 (bypost hoc
Fisher's LSD test). * indicates significant differeces (p < 0.05) between Tl at the same temperatuoé the two

treatments, by Mann-Withney U-test. Data, are the means (x 1 SD) of three replicatefar each treatment.

A one-way ANOVA was conducted in order to detece teffect of temperature among
germination percentages under control conditiom{@ NaCl) in the salt stress experiment. The
maximum germination percentage was detected at 100G.0 + 0.0%) while in the other two
tested temperatures it was always lower than 553%@3 (% 5.8 and 50.0 + 8.7% at 5 and 15°C,
respectively). These differences were statisticsiliyificant at p = 0.057 by Kruskal-Wallis test.
NacCl totally inhibited germination of this specisthe tested temperatures, although 1.7 + 2.9%
of germinated seeds was observed at 100 mM, 10ifguird-7). At the end of the experiments,
independently of the tested NaCl concentrationsiiooe than 20% of died seeds were observed

(data not shown) and ungerminated viable seeds meved to the recovery phase.
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NaCl Recovery
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Figure 7 - Cumulative germination percentages undedifferent conditions (5-15°C and 0-600 mM NaCl) ad

following transfer to distilled water (recovery, indicated by the shaded area in the graph). Each pdin

represents the mean (+ 1 SD) of three replicates.

No effect of temperature and NaCl concentratiofiR&was detected by the Kruskal-Wallis test (p
> 0.05). At 5°C RP were not higher than 3.3 £ 289200 mM (Figure 7 and Table 1). At 10°C
RP reached the highest value (48.3 + 7.7%) at 600respect to those of all the other salinities
(ranging from ca. 3 to 20%; Table 1). At 15°C, thghest value of RP was detected at 100 mM
(28.3 £ 5.8%) respect to those at 200, 300, 4006860dmM (21.7 £ 7.7%, 21.7 £ 10.4%, 15.0 +

0.0 and 25.0 + 21.8%, respectively), except fot &&00 mM (11.66 + 2.88%; Table 1).
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Table 1 - Germination and recovery (RP) percentagest different conditions (5-15°C and 0-600 mM NaCl)A
Kruskal-Wallis test was conducted in order to detetthe effect of temperature among germination peragtages

at 0 mM (p = 0.057) and the effect of temperaturerad NaCl concentration on RP (p > 0.05). Data are th

means (+ 1 SD) of 3 replicates

Temperature Percentage NaCl concentration (mM)

0 (%)
0 100 200 300 400 500 600

Germination 53.3+5.8

Recovery (RP) - 16729 3.33£29 0.00 £0.00 1.7+ 29 1.7+ 29 0.0+0.0
Germination 100.0+0.0 16629
10 Recovery (RP) - 20.5+10.7 11.7+2.88 83%29 18.3+10.4 33%29 48.3+7.6
Germination 50.0 +8.7
15 Recovery (RP) - 28.3+£5.8 21.7+£7.6 21.7+10.4 15.0+0.0 11.7x29 25.0x218
Discussion

The glumes may constitute a physical barrier fa dptimal imbibition of seeds and various
studies showed the presence of substances in l@ndpalea of Poaceae that inhibit germination
(Huarte & Garcia, 2009). The positive effect of treemoval of covering structures on seed
germination reported by Royal Botanic Gardens K@08), was confirmed in this study by a
considerable increase of Tl and an increase of igatran percentage.

The optimum germination temperature of 10°C, Rirsardoum and the significant
decrease of germination at higher temperaturesC(20fd 25°C) reflects the optimal range of
temperatures of Mediterranean species, betweermbdd5°C (Thanost al., 1989).

Phleum sardoum seeds achieved high germination percentages bdtteilight and in the
dark, therefore they are not photo-inhibited forng@ation, contrary to other Mediterranean
maritime plants (Thanost al., 1989, 1991), enabling seed germination also wtige harsh

conditions of the soil surface (Figure 8). Prol{¢92) suggested that responding to alternating
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temperatures represents an adaptation of smaledesplecies which ensure that germination
occurs only close to the soil surface. The indédfere ofP. sardoum seeds to germinate both in
the light and in the dark, and the lack of an aliéing temperature requirement highlighted their
capability to germinate also when deeply buriedenrghnd surface and, therefore, suggest the
lack of a permanent soil seed bank. In additiormh & maximum depth for seedling emergence of
only ca. 15 mm (according to the allometric cotiela between maximum depth of seedling
emergence and seed mass, elaborated by Boad, 1999) germination in the dark may allow
seeds to germinate even when they are buried tep otethe soil, leading to the death of the

seedlings (Figure 9).

Figure 8 - Particular of a naked seed ofPhleum sardoum germinated (few hours after seed

germination).

The range of optimal temperatures for germinati@s wot widened after the application of the

dry after-ripening treatment, as reported for on@nual species (Schigzal., 2002). Therefore,
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according to Baskin and Baskin (2004), seeds af shiecies are non dormant (ND), as reported
for other Poaceae (Finch Savage & Leubner-MetZ§46).

The presence of NaCl in the substrate, highly itéibgermination ofP. sardoum and
induced a secondary salt-induced dormancy whichovesy interrupted only partially,
highlighting a physiological secondary dormancygBa & Baskin, 1998). Seeds did not show
the same recovery at all tested temperatures, riicplar, the recovery performance was highly
inhibited at 5°C. Various studies demonstrated these variations in recovery responses may be
related to the difference in the temperature regionehich seeds are exposed, especially to the

lowest and highest temperatures (Khan & Ungar, 1999

Figure 9 - Ten days seedlings d*hleum sardoum, transplanted from seed germination tests.

The results of this study highlighted that whilevleemperatures have a significant effect on seed
germination of this species, light and dry aftgening did not affect final germination
percentages. In addition, although seed viabilidg wot affected by NaCl, salt induced secondary

dormancy. These findings are coherent with a deldigd germination in early winter, when
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temperatures and salinity concentrations in thé @@ low and moisture in the soil is high,
representing an advantageous ecological adaptabards the unpredictable Mediterranean

rainfall pattern (Thanost al., 1989, 1991).
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Chapter Il - Variability in seed germination and sdt
stress response dRouya polygama (Desf.) Coincy

Abstract

Rouya polygama is an endangered Mediterranean species of gregtoge@ographical and
ecological interest, growing on coastal sandy du@Esmination requirements at constant (5-
25°C) and alternating (25/10°C) temperatures, m light (12/12 h) were evaluated among six
populations from Sardinia and Corsica. The sadtssteffect (0-600 mM NaCl) and its recovery on
seed germination and inter-population variabilityNaCl tolerance were also investigated. Seeds
were non-dormant and germinated with high percestafra. 80%) in a wide range of
temperatures (10-20°C), similarly to other Medéeean coastal speciés.polygama showed the
capability to germinate up to concentration of 208 NaCl, while higher salinities totally
inhibited germination. Salt affected seed viabilityd recovery response decreased, proportionally
with salinity increase and temperature. Inter-papah variability and highest sensitivity for both
Corse populations to NaCl was detected. Our resudisate the capability of seeds to germinate
in autumn, when water availability is high and sarghlt concentration level is low. The
significantly different germination behavior andethighest sensibility in salt stress response of
Corse populations respect to Sardinian ones, magnpetable to their shorter distance from the
sea and to their peripheral position in areal dftriiution and to independent evolutionary

divergence processes.

Keywords: Apiaceae, Mediterranean flora, NaCl, psammophsgegvery, sandy dunes.
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Introduction

Coastal dune environments are complex, vulnerab® eharacterized by close interactions
between abiotic and biotic components and they lhaes recognized as stressful and frequently
disturbed habitats, especially in the Mediterranasra (Del Vecchiat al., 2012; Fenuet al.,
2012). Coastal sandy dunes have been identifiedbeisg particularly susceptible to
destabilization through visitor pressure, which imeseased dramatically in the last 50 years (Curr
et al., 2000; Acostat al., 2007). Coastal plant communities play an impurtale in dune system
maintenance since they create an efficient pratedvarrier for backdune vegetation and for
human infrastructures (Daviesal., 1995; Jolicoeur & O’Carrol, 2007; Maun, 2009;| Mecchio
etal., 2012).

In the Mediterranean sea, Sardinia and Corsicacansidered part of the Thyrrenian
hotspot (Medail & Quezel, 1999). In both islandsastal sandy dunes are threatened by tourism,
urbanization and reduction of habitat (Blasial., 2007). In these ecosystems occRmlya
polygama (Desf.) Coincy (Apiaceae), an endangered speciegreat phytogeographical and
ecological interest distributed in Sardinia, Caasi€unisia and Algeria (Bacchetta, 2001).

Under the Mediterranean climate, many adverse ifadimr plant survival characterize
these ecosystems, such as high temperatures ausgiaite, low soil moisture, nutrition and water
deficiency, salinity of substrate and salt spraytamt surface (Thanaa al., 1991, 1994). Several
key factors are known to influence seed germinatioaluding light, temperature and salinity
(Khan & Ungar, 1984; Baskin & Baskin, 1998). Lighlays a crucial role in optimizing the time
of seed germination (Baskin & Baskin, 1998; Framkéi Whitelam, 2005). Absence of light
inhibits the seed germination either completelynBanutiet al., 2004), or partially (Zia & Khan,
2004), or may have no effect (Zheegal., 2005; Weiet al., 2008). Temperature can also interact

with light and other parameters and modify the gimity of seeds to light (Sugahara & Takaki,
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2004). In psammophylous habitats, sand burial plag an important role in seed germination,
and it is probably one of the most important phgisgtress in these ecosystems, because burial
imposes a strong stress on production by alterarghal growth conditions and exposing plants to
extreme physiological limits of tolerance (Maunp2p

Salt tolerance to salinity is another importanittfar species of coastal environments
(Necajeva & levinsh, 2008), with higher salinitwéds usually reducing or delaying germination
of many species (Ungar, 1995; Tagal., 2008). Salinity tolerance during germination elegs on
temperature, being higher at low temperatures (K&aldngar, 1996; Gulzaet al, 2001; EIl-
Keblawyet al., 2007; El-Keblawy & Al-Shamsi, 2008). For seelattare unable to germinate at
high salinity levels, it is essential to surviveridg exposure and maintain the ability to germinate
later (recovery), when salinity may decrease duevaoous environmental events (Baskin &
Baskin, 1998; Zia & Khan, 2004; Necajeva & levin€008). The ability of seeds to still remain
viable would give ecological advantage in harsimatic conditions like the playa habitat due to
considerable variability of environmental factokhéan & Gul, 2006). Seeds of several species
treated with high salinity levels recovered the#rrgination following transfer to distilled water,
but variations in recovery percentages was ateibwd differences in the temperature regime to
which they were exposed (Badger & Ungar, 1989; Pdjal., 2000; Gulzaret al, 2001; El-
Keblawy et al., 2007). Greater ability to recover germinatiors lieeen reported only at cold
temperatures (15°C) fdalsola imbricata (ElI-Keblawy et al., 2007) andHaloxylon salicornicum
(El-Keblawy & Al-Shamsi, 2008) and only at warm feenatures (25°C) fokimonium stocksii
(Zia & Khan, 2004, 2008), while ifanicum turgidum, optimum recovery of germination was
observed at moderate temperatures (20°C) and deded both lower and higher temperatures
(15°C and 40°C, respectively; El-Keblawtyal., 2010). Several studies highlighted the presence

of intra-specific variation (inter-population vabifity) in germination and dormancy (Neuffer &
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Hurka, 1988; Pérez-Garcit al., 1995; Gonzalez-Meleret al., 1997; Andersson & Milberg,
1998; Baskin & Baskin, 1998; Christet al., 1998; Keller & Kollman, 1999; Qaderi & Cavers,
2000a, b, c). The inter-population variability irergination can be due to environmental
differences or to genetic variations (Fenner, 19aitterman, 1992; Kigel, 1995; Wulf, 1995;
Degreefet al., 2002) while inter-population variability in seddrmancy can serve as an adaptive
strategy in unpredictable environments (Cohen, 19681z et al., 2003). Various studies
investigated also inter-population variability imltstolerance for coastal species (Baskin &
Baskin, 1998; Megdichet al., 2007; Atiaet al., 2011; Del Vecchi@t al., 2012a) demonstrating
that factors as provenance, seed size, distanee $®a, local adaptations and climate may
influence intra-specific differences in salt toleca in some species.

Seeds of Apiaceae are reported to have orthodadssgtonget al., 1998) and Martin
(1946) described three typologies of embryo fos tfamily: rudimentary, spatulate and linear
axile, with an endosperm usually firm but watemsfly. Vandeloolet al. (2012) investigated the
factors driving the evolution of the relative embrgngth in Apiaceae and indicated that it may
have evolved as an adaptation to habitat and yitdec whereas dormancy was mainly related to
temperature at the sampling sites. Finch-SavagelLantiner-Metzger (2006) reported seeds of
Apiaceae as morphologically dormant (MD) or morggysiologically dormant (MPD).
However, no information is available abdRbuya polygama seed germination and on the key
factors stimulating germination, the response tbnisa and recovery and inter-population
variability for this species.

The aims of this study were (1) to characterizel gggmination oR. polygama, by identifying its
germination requirements in terms of light and temagure, (2) to evaluate the effect of NaCl and
recovery on its seed germination and interactidrssalnity with temperature, (3) investigating

inter-population variability in seed germinatiordan salt stress tolerance.
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Materials and Methods

Study species

Rouya polygama is a psammophylous and heliophylous species, gigpwn coastal sandy dunes
of Sardinia, Corsica, Algeria and Tunisia and itinserted in the “Washington Convention”
(CITES), in the Annex | of the “Berna Conventionidain the Annex Il of the “Habitat Directive
92/43/EEC” (Bacchetta, 2001). It is a scapous hemtophyte, 15-30(50) cm high, with
ascending and flexuous stems. Lower leaves aretwmate, with 3-fid or pinnatepartite segments
of second order, 5-10 mm long, acute, hairlessppeusurface. Umbels have 10-20 rays; bracts
are numerous, often 3-fid and downward; petals veinge (Figure 1). Fruit is a schizocarp
(consisting of 2 mericarps) of 8-9-mm, with undelatings 2 mm long, (Pignatti, 1982; Tugh

al., 1993; Pozzo di Borgo & Paradis, 2000; Bacche&ttd)1l; Gamisans & Jeanmonod, 2007).
Flowering occurs from June to July while fruitingusgs in September (Pignatti, 1982; Tudtral.,

1993; Bacchetta, 2001).

Figure 1 - R polygama inflorescence (a) and progressive fruiting stagegb and c) (photos from

www.malachia.it).
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Seed |ot details

Schizocarps (hereafter seeds) were collected idir8arand Corsica, in their natural populations

(Figure 2 and Table 1), at the time of natural eispl (Table 2). Seeds collections in Sardinia

were carried out after obtaining permits from tiMiristero dellAmbiente e della Tutela del

Territorio e del Mare”, as required by the Europeaad national laws for the species listed in the

appendices of the Habitat Directive 92/43 EEC,olelhg articles 9 and 10 of DPR 357/97

modified by DPR 120/03, while seed material fromr<iza was provided from “Conservatoire

Botanique National de Corse”, institution authodiz®y the Office de I'Environment de la Corse

and the Ministry of the Environments of France.3ewere selected by hand through sieves (5

mm). A mean seed mass value (£ 1SD) for each ptpuolavas calculated by weighing 10

replicates of 20 seeds each (Table 2).

Table 1 - Population data.

Altitude Slope Distance
Locality Island Code Coordinates ,,p Aspect from
(ma.s.l) °)
the sea (m)
- 39°12'N
Portoscuso (Cl) Sardinia SA1 08°23' E 1 5 570-1260
Is Solinas - Masainas (Cl) Sardinia SA2 39,01, N 2-4 10-40 S 120-310
08°34'E
. - 39°56' N
Porto di Arbatax (OG) Sardinia SA3 09°41' E 1 5-20 NE 42
. . N - 39°54'N
Lido di Orri (OG) Sardinia SA4 09°40' E 0.5 0-5 E 50
) . 41°35'N
Port de Portovecchio Corsica co1 09°17' E 1 0 80
. . 41°36' N
Punta di Benedetto Corsica co2 09°19' E 1 5 20
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Table 2 - Seed lot details. In the column “Experimetal trials” the different experiments carried out for each

population are reported (L = Light; T = Temperature; NaCl = Salinity tests).

Code Data of collection ?rizdingﬁ)s Experimental trials
SA1 30/09/2010 7.91+0.95 T, NaCl
SA2 30/09/2010 7.55 1 0.63 L, T, NaCl
SA3 23/10/2010 8.4510.72 T, NaCl
SA4 23/10/2010 7.13%0.35 T, NaCl
co1 20/10/2010 8.330.46 T, NaCl
c0o2 20/10/2010 7.60 £ 0.69 T, NaCl

b J 50 km

Figure 2 - Seed provenances of the six accessiaisR. polygama investigated in this study in Sardinia and

Corsica. See Table 1 for the explanation of the paofation codes.
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Germination tests

Seeds were sown on 1% water agar substrate, wihashdpd a solid, non-sterile medium for
germination, in plastic Petri dishes of 90 mm ditan@nd then incubated in growth chambers
(SANYO MLR-351) at different temperatures regimesthbin the light and in the dark as
specified below for the different experiments. Each condition, 3 replicates of 20 seeds each
were used. The low number of replicates and of sged replicate used in all experiments were
due to a limited seed availability, resulting frohis species being endangered and rare and were
chosen in order to allow testing a wide range ofhgeation conditions. The criterion for
germination was visible radical protrusion. When amiditional germination occurred for two

consecutive weeks, tests were stopped and thdityadfiany remaining seeds was checked.

Effect of light

A preliminary test was carried out in order to exk the effect of light on seed germination for
seed IotSA2 due seed availability (see Table 2). Threeicafds of 20 seeds each were incubated
in the light (12 h of irradiance per day) and ire tdark at 10°C, 15°C and 20°C. These
temperatures were chosen because under the Madiam climate many coastal species have
their range of optimum germinatiopetween 5°C and 20°C (Thanetsal., 1989, 1995; Doussi &
Thanos, 2002). Darkness was achieved by wrappisgedi in two aluminum foils. Seeds
incubated in the light were scored daily and geatdd seeds discarded, while seeds incubated in
the dark were scored only at the end of the teavtdd any exposure to irradiance (Baséiral.,
2006). When no additional germination occurrechim light for two consecutive weeks, tests were

stopped both in the light and in the dark and tlabéility of any remaining seeds checked.
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Effect of temperature

Germination tests were started in May 2011 on sé&eqs each population (see Table 2). Three
replicates of 20 seeds each were incubated ingerahconstant temperatures (5, 10, 15, 20 and
25°C) and at an alternating temperature regimel(P®) in the light (12 h of irradiance per day)
in growth chambersin the alternating temperature regime, the highemperature period

coincided with the light period (Basketal., 2006).

Effect of NaCl on seed germination and recovery

To evaluate the effect of salt stress on seed gation, seeds from population Sfgee Table 2)
were sown with different NaCl concentrations (0,01@00, 300, 400, 500, 600 mM) and
incubated at a range of constant temperatures 180,20°C), in the light. To evaluate the
variability in salt stress response among poputatigermination with these NaCl concentrations
(0, 200, 400, 600 mM) was also tested at 15°Cdeds from each population (Table 2 and Figure
3).

After two consecutive weeks without additional geration under control conditions (O
mM NacCl), non-germinated seeds were washed wittilldds water and then sown in new Petri
dishes containing 1% water agar substrate for @it 30 days (recovery phase) at the same

incubation temperatures (Figure 4).
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Figure 3 - Petri dishes with NaCl at different conentrations to test salinity response oR. polygama seeds.

Data analysis

Final germination percentages were calculated esitierage of the three replicates (+ 1 standard
deviation) on the basis of filled seeds. The rdtgasmination was estimated by using a modified

Timson’s index (TI) of germination velocity:
TI=% Glt,

whereG is the percentage of seed germination at two-dd@gsvals and is the total germination
period (Khan & Ungar, 1984). Using this index, heglthe value, more rapid is the germination.

For NaCl experiments, the recovery percentages (R®#¢ calculated according to the
following equation (Khan & Ungar, 1984):

RP = {[(a-b)/(c-b)] x 100},

wherea is the total number of seeds germinated in sdlitisos plus those that recovered to
germination in the fresh watdy,is the total number of seeds germinated in saatetions, ana
is the total number of seeds.
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Germination percentages were analysed by non-paiant&uskal-Wallis test, followed by a
Mann-Whitney U-test. All the analyses were carried out using the saféwvStatistica 8.0 for

Windows.

Figure 4 - Progressive phases of recovery experimerseed washing with distilled water (a) and conseggnt

sown in new Petri dishes with 1% agar substrate (and c).

Results

Germination tests

Effect of light
Light did not affect seed germination at each testenperature (p > 0.05). At 10°C, 65.0 + 10.0%

of seeds germinated in the light and 76.7 + 14.4A%e dark; at 15°C, germination percentages
were 81.5 + 16.1% and 76.7 + 16.1% for light anckdacubated seeds, respectively, while at
20°C, 75.0 £ 5.0% of seeds germinated in the lagid 73.3 £ 10.4% in the dark. Therefore all

subsequent germination tests were conducted ilgtme(12/12 h).
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Effect of temperature

At 5°C final germination differed among populatipna particular the higher germination
percentages were detected for SAL1, SA2 and SAZ 66.6%, 70.0 + 10.0% and 58.3 = 16.1%,
respectively) and these values were significaniffeent (p < 0.05) from that of all other
populations, with the exception of SA4, whose valugre statistically similar (p > 0.05) to that
of SA3 (30.0 £ 15.0%). Low germination percentagese detected for CO1 and CO2 (16.7 %
12.6% and 10.0 £ 13.2%, respectively) and thesgegadlid not differ only with the SA3 (Fig. 5).
At 10°C, no differences (p > 0.05) were detectesrgnpopulations, with percentages ranging
from 55.0 + 5.0% (CO2) to 78.3 + 11.5% (SA4,; Fig. At 15°C, the four Sardinian populations
(SA1l: 70.0 = 5.0%; SA2: 81.5 £ 7.3%; SA3: 75.0 0%, SA4: 78.3 = 2.9%) differed
significantly (p < 0.05) from the two Corse popudas (CO1: 58.3 + 7.6%; CO2: 28.3 + 10.4%;
Fig. 5). At 20°C, differences among populations e higher germination percentages were
detected for SA4 (78.3 + 5.8%), whose values wéagssically similar (p > 0.05) with that of
SAl and SA2 (73.3 £ 2.9% and 75.0 + 5.0%, respelgt)y while the lower germination
percentages were detected for CO2 (38.3 £ 12.6Hixhwdid not show significant differences (p
> 0.05) only with SA3 and CO1, with 60.0 + 8.7% &®I3 + 12.6%, respectively. Germination
percentages of CO1 were also statistically sinfpar 0.05) to that of SA1 and SA2 (Fig. 5).

At 25°C, germination percentages of the four Saadipopulations were not statistically different
(p > 0.05) among themselves (ranging from 61.7 H£%2to 75.0 £ 5.0% for SA3 and SA4,
respectively). CO1 showed statistically similarued (p > 0.05) only with SA3 (ca. 50.0 %),
while significantly lower germination percentagesrevdetected for CO2 (18.3 + 2.9%; Fig. 5). At
the alternating temperature regime of 25/10°C, Shéwed significantly higher germination
percentages (83.3 £ 7.6%) than all the other poipuisexcept for SAL (71.7 £ 7.6%). The lowest

values were detected for CO2 and CO1 (26.7 + 12&48.3 + 10.4%, respectively; Fig. 5).
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For the four Sardinian populations and the Corsd ,G® significant differences were detected
among germination percentages at the different ¢éeatpres. For CO2, the highest germination
percentages were detected at 10°C (55.0 + 5.0%pand (38.3 + 12.6%), whereas the lowest

were observed at 5°C (10.0 + 13.2%) and 25°C (283%; Fig. 5).
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Figure 5 - Germination percentages in the light (112 h) at constant (5-25°C) and alternating tempetare
regime (25/10°C) for the six populations oR. polygama investigated in this study. Kruskal-Wallis tests wee
conducted to detect the effect of different populadns at the same temperature (capital letters, by f&inn
Whitney U-test) and that of different temperatures for the same ppulation (lower-case letters, by Mann
Whitney U-test). Values with different letters were used to indiate significant differences at p < 0.05 (Mann

Whitney U-test). Data, are the means (x 1 SD) of three replicateSee Table 1 for the explanation of the

population codes.
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NaCl stress and recovery on seed germination

Effect of temperature

Under control condition (0 mM NaCl) no difference®gre detected among temperatures, with
percentages ranging from 65.0 + 13.2% (15°C) t@ #55.0% (20°C; Table 3 and Figure 6). At
all tested NaCl concentrations (from 100 to 600 midinperature did not influence significantly
(p > 0.05) germination percentages (see Table B)1QRC, final germination differed among
concentrations, although values at 0 mM and 100wk statistically similar (p > 0.05) between
themselves (66.7 = 12.6% and 45.0 + 10.0%, respdg}i and germination at NacCl
concentrations higher than 100 mM was totally irtkib (see Table 3). At 15°C, differences were
detected among germination percentages, althowglststally similar (p > 0.05) germination
percentages were reached at 0 mM and 100 mM (da26/@ee Table 3). Germination at 200 mM
(10.0 £ 10.0%) showed significant differences (p.85) from that at NaCl concentrations lower
than 100 mM, whereas at concentrations above 20Q gavinination resulted totally inhibited
(see Table 3). At 20°C, germination percentageferdii among concentrations and values at 0
mM and 100 mM NaCl were significantly different<€p.05) from that detected at concentrations
above 100 mM, but not among themselves (ca. 65s@#:Table 3). At 200 mM, only 3.3 £ 2.9%
of germinated seeds were observed, while at Na@ierrations above 200 mM germination was
totally inhibited (Table 3).

No differences were detected among RP at 100, 40®,500 mM NacCl, with exceptions
of 300 and 600 mM NacCl (Table 3). In particular380 mM, RP at 10°C (53.3 + 10.4%) differed
significantly (p < 0.05) from that at 15°C and 20¢1D.0 £ 0.0% and 6.7 + 2.9%, respectively),
while at 600 mM, all RP values differed significlgnt0°C: 45.0 £ 8.7%; 15°C: 10.0 £ 0%; 20°C:
1.7 £ 2.9%; Table 3). At 10°C, RP values differedoag NaCl concentrations, with the higher
values at 200 and 300 mM (71.7 + 10.4% and 53.8.4%, respectively), being significantly (p <

0.05) different from all other values (see Tablea@hough values at 300 mM were statistically
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similar (p > 0.05) with that at 600 mM (45.0 £ 8.Y9RP values detected at 100, 400, 500 and 600
mM were without statistical differences (p > 0.@Mong themselves, ranging from 16.7 + 14.4%
(400 mM) to 45.0 £ 8.7% (600 mM). At 15°C, no siigant differences were detected among RP,
ranging from 3.3 £ 5.8% (400 mM) to 66.8 £ 1.9% @ 2aM). At 20°C, RP differed among NaCl
concentrations, and the higher values were detedt&80 and 200 mM (47.6 + 26.9% and 64.6 +
12.7%, respectively), while RP were significantbyver (p < 0.05) at NaCl concentrations higher

than 200 mM, ranging from 0.0 % (400 mM) to 6.7.2% (300 mM, see Table 3).
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Figure 6 - Cumulative germination percentages at th tested temperatures (10-20°C), under different #a
concentrations (0-600 mM NacCl) and following transér to distilled water (recovery, indicated by the baded

area in the graph) for R. polygama (population SA2). Each point represents the meant(1 SD) of three

replicates.
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Table 3 - Germination and recovery (RP) percentageat the tested temperatures (10-20°C), at differergaline
concentrations (0-600 mM NacCl) forR. polygama (population SA2). Kruskal-Wallis tests were conduied to
detect the effect of the same temperature on gernation percentages and RP and that of the same satiyon
germination percentages and RP; [p values were cadsred not significant (p > 0.05, ns) and signifiaat (p <
0.05, *; p < 0.01, **), by Kruskal-Wallis test]. Capital letters in columns are related to the same daity, while
lower-case letters in rows to the same temperatureValues with different letters were used to indicat
significant differences at p < 0.05 (by Mann Whitng U-test). Data are the means (+ 1 SD) of three replicates.

See Table 1 for the explanation of the populationode.

NaCl concentration (mM)

Temperature Percentage
Q) (%)
0 100 200 300 400 500 600
Germination  66.7+12.8 450+ 10.0 o° o° o° o o ok
10 Recovery (RP) - 33.7+89 71.7+104 53.3:104* 1671484 183:1424 45087 *
Germination 65.0+132 783+7.86  10.0x10.8 o° o° o o *x
o Recovery (RP) - 16.7 +28.9 66.8+1.9 100 +6.0 3.3%58 83+58 100+¢0 ns
Germination ~ 75.0+56  56.7+27.8 3329 o o o o *
20 Recovery (RP) - 476269 646+127 6.7+29° o° 33+58 1.7 £2.9¢ *
Germination ns ns ns ns sn ns ns
Recovery (RP) - ns ns * ns ns *
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Seed Mortality

Figure 7 shows the estimate of the relationshipvéeh NaCl concentration and seed mortality
percentages at different temperatures. At 10°C 20UC, the regression lines showed the
significant increase (p < 0.05 and p < 0.001, retpely) of seed mortality with increasing NacCl
concentrations  (with?rvalues of 0.63 and 0.95, respectively), while &¢C, despite seed
mortality increased with NaCl concentration, regir@s was not significant (p > 0.05), and the p
value detected may be due of the anomalous merfaitcentages at 300 mM at this temperature,
probably due to the low number of seeds and rekcahich were used. At 20°C the increase of
seed mortality velocity was much greater than thetected at 10°C (with angular coefficient

values of straight line of 0.12 and 0.06, for 2@t 10°C, respectively; Fig. 7).

100
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Figure 7 - Mortality of seeds of R polygama at the tested NaCl concentrations (0-600 mM) andiffierent
temperatures (10, 15, 20°C). Black lines indicatenlear regressions for each temperature. Each symbads the

mean of three replicates.
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I nter-population variability

Under control condition (0 mM NacCl), final germirat differed among populations and the four
Sardinian populations showed statistically simjfapr 0.05) values among themselves (ca. 65.0%,
see Table 4), but significantly different from bakte two Corsican populations (55.0 = 5.0% and
33.3 £ 17.5%, for CO1 and CO2, respectively). Ghwed also statistically similar (p > 0.05)
values with that of populations SA2 and SA3 (seéldal). At 200 mM NaCl, germination
percentages considerably decreased, if compardd @QvinM and differed among populations
(Table 4). Germination percentages of Sardiniarufasjons did not differ significantly (p > 0.05)
among themselves, ranging from 10.0 + 10.0% (SAR2)16.7 = 2.9% (SA4), but were
significantly (p < 0.05) different from that of theo Corsican populations (1.7 = 2.9% and 0.0%
for CO1 and CO2, respectively; Table 4), with tlxeeption of SA2, which showed statistically
similar (p > 0.05) values with all populations (T@ad). CO1 did not show significant differences
with populations SA1 and SA2. Germination was tgtalhibited at NaCl concentrations above
200 mM, for both Sardinian and Corsican populati@reble 4).

RP values were higher at 200 mM than at higher NaGtentrations and these differences were
statistically significant for each population, egtdor populations SA1 and SA3, for which no
difference was observed among RP at different Nafficentrations (Table 4). At 200 mM,
differences were detected among RP values andvté€orsican populations showed the lowest
values (20.0 £ 5.0% and 15.0 + 5.0%, for CO1 and® QO®@spectively), which were statistically
similar (p > 0.05) only with that of SA1 (37.2 £.680; Table 4). The highest RP values were
found for SA2 and SA4 (66.8 £ 1.9% and 70.5 £ 2Q.28¢pectively; p > 0.05) and these values
were significantly (p < 0.05) different from allhatrs. At 400 mM, no differences were detected
among RP of Sardinian populations, ranging from83%8% (SA2 and SA4) to 15.0 £ 15.0%

(SA1) and recovery was totally inhibited for botbr€e populations. At 600 mM, the highest RP
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values were detected for SA1 (26.7 + 5.8%) ancedsfi significantly (p < 0.05) from all other
values (Table 4). The remaining three Sardinianuf@mns showed similar RP values among
themselves (ca. 15.0%), while both Corsican pomriatdid not have recovery at this NaCl

concentration (see Table 4).

Table 4 - Inter-population variability of R. polygama in response to NaCl for germination and recovery
percentages (RP) at 15°C. Kruskal-Wallis tests wereonducted to detect the effect of the same popuian on
germination percentages and RP and that of the samgalinity on germination percentages and RP; [p vales
were considered not significant (p > 0.05, ns), sigicant (p < 0.05, *; p < 0.01, **) and highly sigificant (p <
0.001, ***), by Kruskal-Wallis test]. Data are themeans (+ 1 SD) of three replicates. Capital letterim columns
are related to the same salinity, while lower-cadetters in rows to the same temperature. Values whitdifferent
letters were used to indicate significant differenes at p < 0.05 (Mann WhitneyU-test). See Table 1 for the

explanation of the population codes.

Population Percentage NacCl concentration (mM)
code (%)
0 200 400 600
Germination 75.0+8.7 10.0 + 5.8°¢ o o *
SA1
Recovery (RP) - 37.2+18.6° 15.0 + 15.0 26.7 +58 ns
Germination 65.0 + 13.2°® 10.0 + 10.8/%¢ o o *
SA2
Recovery (RP) - 66.8 +1.9° 3358 10.0 + 6® *
Germination 61.7 +5.8" 13.3+5.8° o o *
SA3
Recovery (RP) - 42.4+8% 21.7+2.9 15.0 + 877 ns
Germination 70.0+5.06" 16.7 +2.8° o o *
SA4
Recovery (RP) - 70.5 +20.2° 33x58 16.7 £ 7.8%® *
Germination 55.0 £ 5.6%¢ 1.7 £2.9%° o° o° *
Co1
Recovery (RP) - 20.0 +5.6" o e *
Germination 33.3+17.5° 0" o° o° *
CO2
Recovery (RP) - 15.0 + 5.8 o e *
Germination * * ns ns
Recovery (RP) - * ns *
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Discussion

The capability ofR. polygama seeds to germinate at high percentages in a wadger of
temperatures suggest that they are non-dorneensu( Baskin & Basin, 2004) (Fig. 8). The
highest germination percentages in the range 10-28hd decrease of germination at higher
temperatures (25°C) reflects the optimal rangeeaiperatures typical of Mediterranean coastal
species (Thanost al., 1989, 1995; Doussi & Thanos, 2002; Kadis & Géarg, 2010). This
pattern suggests germination in autumn-winter, wheter availability, sand moisture and
rainfalls are high, and temperatures are not eRadgs prohibitive for germination and
consequent seedlings establishment (Thahak, 1995; Maun, 2009; Kadis & Georghiou, 2010)
(Fig. 9). In sandy dune systems, the survivorskgiablishment and growth of seedlings are
influenced by a number of physical and biotic fagteuch as predation, disease, desiccation,
competition, salt spray, nutrient deficiency, highil surface temperatures and burial by sand,
therefore germination in these particular habitags/ occur in the period when all these adverse

factors are minimal or absent (Maun, 2009).

Figure 8 - Germinated seeds dR. polygama in Petri dish (a) and particular of a germinated ged (b).
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R. polygama seeds achieved high germination percentages Ioothe light and in the dark,
therefore they are not photo-inhibited for germmmt contrary to other Mediterranean
psammophylous species, egy.assica tournefortii, Cakile maritima, Otanthus maritimus (Thanos

et al., 1991), Matthiola tricuspidata, (Thanoset al., 1994), Pancratium maritimum (Keren &
Evenari, 1974)Crucianella maritima (Del Vecchioet al., 2012). Germination may occur in a
seasonal period when solar radiation is low, samisture is high due the high rainfalls and
temperatures are not prohibitive. This germinapattern was confirmed by the seed masR.of
polygama (ca. 7.5 mg) as species with seed < 0.1 mg in hteage largely light-requiring for
germination and the incidence of light-dependenedinkes with increasing seed size (Griete
al., 1981; Pearsoet al., 2002).

Probert (1992) suggested that responding to alieaghaemperatures represents an
adaptation of small-seeded species which ensutegtranination occurs only close to the soll
surface. Light is only able to penetrate 4-5 mnoitthe soil in physiologically significant
guantities (Tester & Morris, 1987). The indifferenaf R. polygama seeds to germinate both in the
light and in the dark, and the lack of an altemtiemperature requirement highlighted their
capability to germinate also when deeply buriedenrs&nd surface. In addition, with a maximum
depth for seedling emergence of ca. 55 i@wcording to the allometric correlation between
maximum depth of seedling emergence and seed nedaisprated by Bondet al., 1999)
germination in the dark may allow seeds to gerneiaten when they are buried too deep in the
soil, leading to the death of the seedlings, i $&edling emergence declined with depth of burial
and this may be caused by a lack of seed resevvasrigate the epicotyl sufficiently to reach the
soil surface (Pearsaat al., 2002). HoweverR. polygama seeds, with their wings are adapted to

anemocory and rarely could reach high depths artb swt germinate.
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R. polygama seeds germinated with NaCl in the substrate B0 mM of concentration,
although in salt substrate were observed lower getion percentages, in comparison with that
higher under control conditions (0 mM NaCl) and pemature did not influence germination
under salt stress. Many studies reports that ptages of germination decreased with increased
salinity stress and highest germination occumabisence of NaCl in the substrate (Khan & Ungar,
1984, 1996; El-Keblawwt al., 2010; Keiffer & Ungar, 1997, Li, 2008; Khanhal., 2000; Pujokt
al., 2000; Vallejoet al., 2010; Gulzaet al., 2001; Del Vecchiat al., 2012a). At concentration
higher than 200 mM, germination was totally intehbiit The limit of tolerance to salt vary among
different species (Ungar, 1995). For examples, limt of tolerance was 200 mM NacCl in
Halopyrum mucronatum andSporolobus arabicus (Gulzaret al., 2001), 310 mM iBrixa maxima
(Lombardiet al., 1998), 344 mM irPuccinellia nuttalliana (Macke & Ungar, 1971) andordeum
vulgare (Badger & Ungar, 1989), 400 mM Diplachne fusca (Morgan & Myers, 1989), 500 mM
in Urochondra setulosa (Gulzaret al., 2001) and up to 1712 mM NacCl f&ochia americana
(Clarke & West, 1969). FoR. polygama, recovery showed a good performance only at lower
salinity concentrations<(200 mM), independently from temperature, while eeds exposed, in
the previous NaCl experimental phase, at NaCl aanagons higher than 200 mM, recovery was
unsuccessfull or minimal. Only at the low temperatof 10°C, also seeds under high salinities (>
200 mM) showed their recovery capability, with pemhances inversely proportional to
concentration which seeds were exposed. The higbsttd temperature (20°C) interfered with
seeds recovery and amplified the deleterious efiéshlinity in their capability to recover from
saline conditions as previously detected by Getral. (2010) forSalsola vermiculata. Salinity-
temperature interactions may have significant drgsiplogical implications in terms of time of
germination under field conditions (Ungar, 1995).Mgh temperatures, salinity exposure could

result in a loss of viability and consequently, poecovery response. Tolerance and recovery
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from salinity and temperature stress is also spespecific (Khan & Ungar, 1997; Somyal.,
2005). However, seeds of some species did not eeamvshowed little recovery response when
subjected to high salinity and temperature stri€bsuf & Gul, 2006).

R. polygama seed mortality was influenced by temperature,arigular at 600 mM Nacl,
the highest tested temperature of 20°C amplifiedrtegative effect of salinity on seed viability
(with mortality > 95%). At each tested temperatis®ed mortality increased proportionally with
NaCl concentration and the increase of temperanmeased seed mortality velocity affecting
irreversibly seed viability, probably through iooxicity. Several studies reported that salt stress
negatively affected seed germination, with consetjseed mortality, either osmotically (through
reduced water absorption) or ionically (through #eeumulation of Naand CI), causing an
imbalance in nutrient uptake and toxicity effecag¢Rin & Baskin, 1998; Ungar, 1995; Li, 2008;
Shokohifardet al., 1989; Vallejoet al., 2010).

Intra-specific variability in germination patterhas been reported for several species and
investigated in various studies (Bischeffal., 2006; Kremeret al., 2009; Bischoff & Miiller-
Schéarer, 2010); for example, depending on seedepance,Cakile maritima and Polypogon
monspeliensis showed inter-population variability in salt stréskerance (Megdichet al., 2007;
Atia et al., 2011). Differences in salt stress response whmved also among populations of
Panicum turgidum seeds (El-Keblawyet al., 2010). ForR. polygama, different behavior in
germination and recovery capability were detecteray populations (Table 4), confirming the
ability of R. polygama seeds to germinate at low NaCl concentrationsha gubstrate, the
occurrence of inhibition of germination when seegse exposed to highest concentrations (> 200
mM), the limited capability of seeds to have reggwaf germination and the deleterious effect of
salinity increase on seed viability. In particulaigh differences were detected among Sardinian

and Corsican populations: for both Corsican poputat were shown, both under control
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conditions than in NaCl (200 mM), lowest germinaticapability and seed viability, respect to
that from Sardinia. In particular, CO1 populatioraswtotally inhibited at 200 mM NacCl,
highlighted a higher sensibility of seeds of thapplation also to lowest salinity. Also recovery
response of both Corse populations was considetaigr from that of Sardinian ones, showing
highly significant differences, in particular baflorse populations did not show recovery response
at NaCl concentrations above 200 mM. Seeds ofogdufations tested in this study were collected
in the same period of natural dispersal and insdmae habitat typology for all populations. Salt
effects tend to decrease with the distance frontdaestline (Maun, 2009), so the more deleterious
effect of NaCl detected for both Corse populatiansy be related to their highest sensibility,
depending also from their short distance from swa,average less than that of Sardinian
populations, although nearest of these to the boagSA3 and SA4) resulted less sensitive and

more adapted to this environmental adverse factor.

Figure 9 - R. polygama seedlings at the Botanical Garden of Cagliari

The different germination behavior and higher dahi to salinity of Corse populations,

observed in this study, may be related also tor theripheral distribution, and to independent
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evolutionary divergence processes which would biéeréntiating Corse populations dr.
polygama from other populations in the rest of areal. Salvplant species are characterized by a
disjunct distribution in which peripheral populaigocan be found isolated from the main home
range. These have long attracted the attentionasfymesearchers (Lu& al., 2000; Garganet

al., 2007; Abeliet al., 2009), interested in understanding historicalsea of distribution patterns,
ecological and evolutionary relationships across #Hpecies range, and models of genetic
variations related to isolation and divergence psses (Mosselest al., 1992). Both the two
Corse populations are smaller, as individual siegspect to Sardinian populations and is known
that small and isolated populations are particylsensitive to different threats (Buatial., 1997;
IUCN, 2001) and are always at risk of local extioict so the limited populational individual size,
with limited gene flow, may be a factor influenciggrmination behavior response.

Our results highlighted the absence of primary agoroy for R. polygama seeds and the
capability to germinate in a wide temperature rangéh light which did not affect final
germination percentages. Germination was totalhbited when seeds were exposed to highest
salt concentrationsR. polygama seeds showed the capability to germinate up tcaaration of
200 mM NaCl, salt affected seed viability and remrgvresponse decreased, proportionally with
salinity and temperature increase. These resulisdte the capability oR. polygama seeds to
germinate in a seasonal period of autumn or spnviggn water availability, need for seed
imbibition, is high, sandy salt concentrations leaee low because high rainfalls and the dry
summer period, fateful for seedlings establishmisnfiar. The significantly different germination
behavior and the highest sensibility in salt stressponse of Corse populations respect to
Sardinian populations, may be imputable to theartgn distance from sea and to their peripheral

position at the limit of areal of distribution atwindependent evolutionary divergence processes.
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Chapter Ill - Effect of provenance on seed germinabn
and salt stress tolerance ofBrassica insularis Moris
heteromorphic seeds

Abstract

Brassica insularis is a perennial plant, growing both on coastal ar@nd cliffs. Germination
requirements at constant (5-25°C) and alternat®%g10°C) temperatures were evaluated among
three Sardinian populations, as well as the effiéet dry after-ripening period (90 days at 25°C).
Seeds were analyzed through an image analysisnsy$tee salt stress effect (0-600 mM NacCl)
and its recovery on seed germination and inter-jajom variability in NaCl tolerance were also
evaluated. Seedling salt spray tolerance was ipastl between a coastal and an inland
population.B. insularis seeds were non-dormant and germinated in a witlgeraf temperatures
(5-25°C), differently to other Mediterranean spscikight and dry after-ripening did not affect
final germination percentages. The morpho-colonioetnalysis, clearly identified seeds from
different populations and discriminated three chatboncategories for seeds belonging to the Isola
dei Cavoli populationB. insularis seeds showed the capability to germinate up toartration of
200 mM NaCl, while higher salinities totally inhied germination. Salt affected seed viability
and recovery response decreased with increasedimtysand temperature. Inter-population and
inter-annual variability on seed germination anddéieg salt spray tolerance were detected. The
heteromorphy phenomenon, for the first time obstinethis species, may be due to independent
evolutionary divergence processes of Isola dei Cagapulation. Inter-population variability in

seedlings salt spray tolerance may be environmgntalucted, while inter-annual variability in
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germination behavior may be a survival strategies dpecies growing under unpredictable

environmental conditions, such as under Mediteaardimate.

Keywords: Brassicaceae, heteromorphy, NaCl, recovery, pedlys Sardinia.

Introduction

The rupestrian flora is particularly interestingcaese of the great number of endemic plants,
highly specialized from an ecological viewpoint (Bhettaet al., 2007). Harsh conditions
characterize rupestrian habitats, such as high esposition, strong winds, daily thermal
variations (Giuliettiet al., 1997; Ribeiro & Fernandes, 2000) and strong maéécit during dry
months (Oliveira Silveirat al., 2012).

Coastal plants growing on cliffs are exposed touent fluctuations of salinity levels, in
relation to seasons, depending on their distanm® fihe sea (Weber & D’Antonio, 1999). An
increase in salinity stress can determine a deldiie initiation of the germination process and a
reduction in the percentage of germinating seedsKiB & Baskin, 1998). Saline conditions
could: 1) completely inhibit germination (inducedcondary dormancy) at salinities beyond the
tolerance limit of species, 2) delay seed germimatt salinities that cause some stress to seeds
but do not prevent germination, 3) cause loss ability of seeds due to high salinity and
temperature (Khan & Gul, 2006).

When salinity stress is reduced, partial to congplgermination recovery has been
observed for various species (Khan, 2003). Thatpluf seeds to remain dormant at extremely
low water potentials and to also have recovery gation after inhibition under hypersaline

conditions, indicates that they may be more sdéramt than actively growing plants (Ungar,
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1982). Salt spray is another important abioticsstithat affects plants in the vicinity of sea coast
and it may, under certain environmental conditi@®rt an influence on seedling emergence and
their establishment. The salt crystals can damdget gpigeal parts by abrasion during wind
storms, however, salt spray may also be beneti@ahuse it improves plant growth by providing
some essential nutrients (Maun, 2009).

Several key factors are known to influence seedmmgetion, including light and
temperature (Khan & Ungar, 1984; Baskin & Baski®98). Light plays a crucial role in
optimizing the time of seed germination (Baskin &sRin, 1998) and non-dormant seeds of many
species germinate equally well in light and darknethose of others germinate to higher
percentages in light than in darkness (Grenhal., 1981), and those of a relatively few germinate
to higher percentages in darkness than in lightl¢Ba et al., 1975; Hilton, 1982; Maze &
Whalley, 1992), because light can prevent the geatiun of negatively photoblastic (light-
inhibited) seeds (Thanacgt al., 1989, 1991, 1994). Seed drying under warm teaipers (dry
after-ripening) is a natural mechanism that costdadrmancy in dry climates (Finch-Savael.,
2007). A period of usually several months of dgrage at room temperature of freshly harvested,
mature seeds is a common method used in laboraiarymic this mechanism and release seed
dormancy (Bewley, 1997).

Seed heterogeneity or heteromorphy, defined apribauction of different types of seeds
by a single individual, appears in many differgoé@es of angiosperms (Imbert, 2002; Matdla
al., 2005). Morphological heteromorphy may occureed size, shape, and also color (Baskin &
Baskin, 1998) and this phenomenon may affect plygical properties, including dormancy
(Duran & Retamal, 1989), germination (Puga-Hermetlaal., 1997) and longevity behavior

(Diederichsen & Jones-Flory, 2005). Morphologicad aolorimetric characterization of the seeds
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as well as other structural parts, are performgidyapy computer vision techniques that allow to
execute very accurate and repeatable measurements.

Seeds of Brassicaceae are reported to have ortheeleds (Honget al., 1998; Royal
Botanic Gardens Kew, 2008) and Martin (1946) désctifor this family an axile slightly folded
embryo, without endosperm. Finch-Savage and Leulletzger (2006) reported seeds of
Brassicaceae as physiologically dormant (PD) or edhmmant (ND). In the genWBrassica, seed
heteromorphy is largely documented for various Esee.g.B. campestris (Chen & Heneen,
1992),B. carinata (Getinet & Rakow, 19978B. alboglabra (Heneen & Brismar, 2001)B. napus
(Shirzadegan, 1986; Rahameinal., 2001; Liuet al., 2005),B. juncea (Vera & Woods, 1982;
Anandet al., 1985),B. rapa (Stringam, 1980; Hawk, 1982).

Maselli et al. (1996) investigateBrassica insularis Moris seed germination of eight years
stored seeds (+ 5°C) from Corsica, Sardinia andsfaiand, for Sardinian populations, showed
that germination percentages ranged from 10% to, 24%5°C, in the light (16 h of irradiance per
day). The Seed Information Database (Royal BotaBmrdens Kew, 2008) reports high
germination percentages (100%) rinsularis at the alternating regime of 25/10°C, in the light
(8 h of irradiance per day), without pre-treatmemtsafter seed chipping with scalpel. However,
no factorial germination experiments were carrietl @an seeds of this species to determine the
key factors in stimulating germination, their regpe to salinity and recovery and no information
is available about the effects of sea salt sprayemulings of this species.

The aims of this study were to (1) apply image wsial techniques to investigate seed
inter-population variability oB. insularis; (2) characterize seed germination of this spe¢®s
evaluate the effects of NaCl and recovery on iedsgermination; (4) to evaluate the effects of
salt spray on seedlings development; and (5) testigate inter-population variability in in salt

stress tolerance and salt spray response.
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Materials and Methods
Study species

B. insularis Moris is a perennial plant, 40-100(180) cm highthwerected-ascending stems,

branched in distal third. Leaves are 10-20(35) X26t5) cm long, glabrous, of green-glaucous
colour, alternate, fleshy and with robust petidlerminal inflorescences are in raceme, with 50-
100 flowers, with peduncles (8)12-24(30) mm longl aalyx with erected and deciduous green
sepals, 9-13 mm long; petals are four for eachdlpwvate-spatulate and of white colour, 10-16
mm long (Fig. 1); stamens are six, with white filems 1-1.2 mm long and yellow anthers (3)3.5-
4.5 mm long. Fruits are lomentaceous siliques,-63)430-70(90) mm long, with circular section,

and fructiferous pedicels (12)20-30(40) mm and H&3%&-20(23) mm long.

Figure 1 - Brassicainsularis at the Botanical Garden of Cagliari.

Spherical seeds are in number of 30-70 per siliguidn diameter 1-2 mm, generally of a dark-

brown colour (Fig. 3) (Pignatti, 1982; Tutet al., 1993; Bacchetta, 2001l is a rupestrian,
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xerophylous, heliophylous and indifferent edaplgeaes, that occurs in coastal areas, under the

influence of wet marine flows, less frequently mand areas, on slopes, cliffs and vertical walls,

at altitudes between 0 m and 1200 m a.s.l. ansl distributed in Sardinia, Corsica, Tunisia and

Algeria (Bacchetta, 2001B. insularis is a member of th8. oleracea L. group and it is inserted

in the Annex Il of the “Habitat Directive 92/43/EEC

Seed |ot details

Seeds 0B. insularis were collected in their natural populations (Tablend Figure 2) at the time

of natural dispersal (Table 2). Seeds were cledyelddand and stacking up circular steel sieves,

with mesh of various sizes (1-5 mm), in order &pagate seeds from siliquas. Mean seed mass (+

1SD) for each seed lot was calculated by weighihgeplicates of 20 seeds each (Table 2).

Table 1 - Population data.

Altitude Slope Distance from
Locality Code Coordinates Substrate range op Aspect
(°) sea (m)
(ma.s.l)
Isola dei Cavoli - 39°05'N .
Villasimius (CA) Brl 09°31' E Granites 5-22 20-45 N-NW 15
Masua - Iglesias 39°19'N .
) Br2 08°26' E Limestones 180-199 55-90 N 1500
Planu Sartu - 39°23'N .
Buggerru (CI) Br3 08°23' E Limestones 71-82 40-90 w 40
Gutturu Cardaxius - 39°22' N .
Iglesias (Cl) Br4 08°27' E Limestones 162-359 90 N 6220
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Figure 2 - Stations of seed collection for the foypopulations of B. insularisin Sardinia. For each population,

the code is the same of Table 1.
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Table 2 - Seed lot details. In the column “Experimatal trials” the different experiments carried out for each

seed lot are reported (L = Light; T = Temperature;DAR = Dry after-ripening; MC = Moisture content; NaCl =

Salinity tests; Spray = Salt spray experiments).

Pop():lcj)lglgon Seed lot Data of collection (Sn?gdi rgaDsis Experimental trials
38/10 28/05/2010 5.61+0.75 L; T; DAR; MC
Bt CAV/11 02/08/2011 4.22 +0.15 NaCl
79/10 24/06/2010 6.04 £ 0.90 T; DAR
Bz 33/11 20/06/2011 4.46 +0.30 NacCl
M.O. 400/09 11/07/2009 6.20 £ 0.50 Spray
Br3 81/10 24/06/2010 7.62+0.33 T, DAR
32/11 20/06/2011 5.85+0.60 NaCl
Br4 322/06 05/09/2006 3.39+0.40 Spray

Figure 3 - Siliqguas and seeds @. insularis.
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Morpho-colorimetric analysis

Digital images of seed samples were acquired usifigtbed scanner (Epson GT-15000) with a
digital resolution of 200 dpi and a scanning ared exceeding 1024x1024 pixel. Image
acquisition was performed before drying the seads5a8C to 15% of R. H. to avoid spurious
variation in dimension, shape and colour. The seanmas calibrated for colour matching
following the protocol of Shahin & Symons (2003)fdre image acquisition, as suggested by
Venoraet al. (2007). Samples consisting of 100 seeds, randalisiyosed on the flatbed tray,
were acquired and used for the digital image amalsg. 4). For accessions of fewer than 100

seeds, the analysis was executed on the whole.batch

.OOQ...QQQ

oo ®0 © 00 0 o

Figure 4 - Image acquisitions oB. insularis seeds, on black and white background.

Digital images of seeds were analysed using thievaod package KS-400 V. 3.0 (Carl Zeiss,
Vision, Oberkochen, Germany). The accuracy and dsmdemeasurements was maximised by

running an automated macro developed specificadly the characterization of wild seeds
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(Bacchetteet al., 2008; Mattanat al., 2008; Grilloet al., 2010). In order to increase the number
of discriminant parameters the Elliptic Fourier Bgstors (EFD) method was also applied as
described by Orruet al. (2012). A total of 114 morpho-colorimetric quaative variables

describing seed size, shape, colour and texture measured by computer vision (Appendix 1).

Germination tests
Effect of light

A preliminary test was carried out in order to exé the effect of light on seed germination for
Brl seeds (see table 2). Seeds collected in 2010 smvn on 1% water agar substrate, which
provided a solid, non-sterile medium for germination plastic Petri dishes of 90 mm diameter.
Three replicates of 20 seeds each were incubatdtkifight (12 h of irradiance per day) and in
the dark, in growth chambers (SANYO MLR-351) at@5This temperature was chosen because
under the Mediterranean climate many species Haie dptimum germinatiorhetween 5°C and
20°C (Thanost al., 1995; Doussi & Thanos, 2002). Darkness was &elidy wrapping dishes

in two aluminum foils. The criterion for germinatiowas visible radical protrusion. Seeds
incubated in the light were scored daily and geatdd seeds discarded, while seeds incubated in
the dark were scored only at the end of the teavtdd any exposure to irradiance (Baséiral.,
2006). When no additional germination occurrechia light for two consecutive weeks, test were
stopped both in the light and in the dark and lbility of any remaining seeds was checked by a

cut-test.

Effect of temperature

Germination tests were started in June 2010 onssek@&rl, Br2 and Br3see table 2). Three
replicates of 20 seeds each were incubated ingerahconstant temperatures (5, 10, 15, 20 and

25°C) and at an alternating temperature regimel(@®) in the light (12 h of irradiance per day
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(Figure 5). In the alternating temperature regithe,higher temperature period coincided with the

light period (Baskiret al., 2006).

Effect of dry after-ripening
A sub-lot of freshly collected seeds from Brl, Brad Br3 (see table 2), was placed in 2010 in a

dry room (15°C and 15% R.H.) for a dry after-ripgnperiod (hereafter DAR). The advancement
of drying, was monitored by measuring the activitgter (aw) by the hygrometer Hygropalm
Awl (Rotronic), equipped with the AW-DIO probe. Whseeds reached aw = 0.180, they were
closed in a sealed transparent polyethylene engs|agether with two microbags containing
silica gel (0.5g each) within a hermetic 2000 nalsgl jar (mod. Fido, Bormioli Rocco S.p.a), with
granular brown silica gel (diameter 2-5 mm), to main low level of humidity. The jar was then
incubated at 25°C in a growth chamber and aftexetinonths, seeds were sown in Petri dishes in

the light (12 h of irradiance per day) to the abspecified germination conditions.

Figure 5 - Germination test onB. insularis seeds.
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Seed heteromorphy

Seed lot from Brl collected in 2010 (Table 2) showeterogeneous seeds in colour (orange,
brown and black), therefore seeds were separatedthinee sub-lots, according to the results
obtained by morpho-colorimetric analysis. The segwasture content (MC) of each chromatic
category was determined by drying at 103 + 1°Clforhours (ISTA, 2006). Three replicates of
100 seeds each were used for the test. To idegéifgnination requirements of each chromatic
category, three replicates of 20 seeds each weubated in a range of constant temperatures (5,
10, 15, 20 and 25°C) and at an alternating temperatgime (25/10°C), in the light (12 h of

irradiance per day).

Effect of NaCl on seed germination and recovery

Three replicates of 20 seeds each, from Brl (sé#eTd were sown in 2011 in 1% water agar
substrate, with different NaCl concentrations (@9,1200, 300, 400, 500, 600 mM) and incubated
in a range of constant temperatures (5, 10, 15ar2025°C) and at an alternating temperature
regime (25/10°C), in the light. To evaluate thesrpopulation variability, germination in four
NaCl concentrations (0, 200, 400, 600 mM) at 15A@ 25/10°C, was tested for seed IBt2 and
Br3 of the same year (Table 2). After two conse®utveeks without additional germination under
control conditions (NaCl 0 mM), non-germinated see@re washed with distilled water and then
sown in new Petri dishes containing 1% water agéstsate for additional 30 days (recovery
phase) at the same incubation temperaturks. low number of replicates (3) and of seeds per
replicate (20) used in all experiments were dua tmnited seed availability, resulting from this
species being endangered with small populationsasard chosen in order to allow testing a wide

range of germination conditions.
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Effect of salt spray on seedling development
A solution of NaCl was applied in 2011 on earlydiemgs by spraying. Seeds from Br3 and Br4

(see Table 2), were sown on 1% water agar substrgtastic Petri dishes of 90 mm diameter. In
order to obtain the number of seedlings requiredie start of the experiments, five replicates of
100 seeds each were incubated in the light (12itraxdiance per day) at constant temperature of
20°C, in a growth chamber. One week after seed igation, seedlings were sown in
polyethylene pots (70 x 70 x 90 mm) in number afrféor each, but only one seedling per pot
was kept for the experiment. Before the use, at peere disinfected by immersion in a solution
of NaCIO (860 mM) per two hours and then washedligiilled water. Pots were filled by a
substrate, constituted by turf (55%), perlite (3563l coconut fiber (10%), sterilized at 80°C per
five hours in an oven. Four replicates of 13 segdlieach per condition, were inserted in a
phytotron (8 n) at the alternating regime 20/10°C, with 12 h méadiance per dafthe higher
temperature period coincided with the light perigéhg. 6). Conductivity (conductometer
microCM200, Crison) and pH (pH-meter GLP 21, Crijsealues of the substrate were measured
at the end of experiments. Humidity values insibde phytotron were monitored for all the
duration of the experiments by a humid bulb hygrmmand they ranged from 73% (during the
light period) to 91% (in the dark period). For digfeeks, four replicates were sprayed with a 600
mM NaCl solution (to mimic sea water) at a distan€€200 mm, with different frequencies (1
day/week, 2 days/week and 3 days/week) (Cheplidkegnetri, 1999), while other four replicates
did not get any spraying (control). The temperamir¢he salt spray solution was 15°C and all
epigeal parts of each seedling were equally exptus#te solution. The number of dead seedlings
was annotated weekly. After eight weeks, at the anithe experiment, the length of epigeal and
hypogeal parts for each survived seedling was meddoy a digital caliper and the dry weight

(Fig. 18) calculated by drying in oven at 103°C pérours.
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Figure 6 - Replicates oB. insularis seedlings for salt spray experiments.

Data analysis

Statistical analyses of the morpho-colorimetricadatere performed with the software SPSS
release 15 (SPSS Inc. 1999), applying the samevistef.inear Discriminant Analysis (LDA)
algorithm proposed by Grillet al. (2012). This approach is commonly used to clgsddntify
unknown groups characterized by quantitative andlitgtive variables (Fisher 1936, 1940)
finding the combination of predictor variables withe aim of minimizing the within-class
distance and maximizing the between-class distaoeltaneously, thus achieving maximum
class discrimination (Hastiet al., 2001; Holderet al., 2011). A cross-validation procedure was

applied to test the performance of the classifiassieported by Bacchethal. (2011). Following
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this approach, statistical classifiers were devedbjn order to distinguish sample clusters referred
to the sampled populations, the harvest yearstanddlour of the seed accessions.

Final germination percentage was calculated aséen of the three replicates (£ 1SD) on
the basis of the total of filled seeds. The ratg@fmination was estimated by using a modified

Timson’s index (TI) of germination velocity:

TI=Y Git,

whereG is the percentage of seed germination at two-ddgsvals and is the total germination
period (Khan and Ungar, 1984). Using this indeghlker the value, more rapid is the germination.
Moisture content (MC) was calculated using thediwihg equation (Beena Anto & Jayaram,

2010:

MC = [(Wi'Wf)/Wf ] x 100,

where W is the fresh weight of seeds or initial weight; M/ the dry weight of seeds or final
weight. For NaCl experiments, the recovery peraggggRP) according to the following equation

(Pujol et al., 2000):

RP = {[(a-b)/(c-b)] x 100},

wherea is the total number of seeds germinated in sdlitisas plus those that recovered to
germination in the fresh watdy,is the total number of seeds germinated in salatetions, ana

is the total number of seeds. For salt spray expmris, a value of dry weight (mearnSD) was
calculated by weighing 13 seedlings of each treatrafier eight weeks from the beginning of
experiments. Germination percentages of light erpart and inter-population variability, MC
and mean seed mass values for chromatic categeers analysed by ANOVA, followed by a

Fisher LSD post hoc test when p < 0.05. Germination percentages oftkinee chromatic
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categories, germination in NaCl, RP, mortality eetages, conductivity and pH values were
analysed by a non-parametric Kruskal-Wallis, fokalAby a Mann-Whitney-test. For salt spray

experiments, dry weight and length of epigeal aypolyeal part of seedlings were analysed by
one-way ANOVA, followed by a Fisher LSpost hoc test when p < 0.05. All the analyses were

carried out using the software Statistica 8.0 fondgws.

Results

Morpho-colorimetric analysis

Comparing the results achieved by the stepwise IdDA. insularis seed lots belonging to the
three studied populations collected in 2010, anraleross-validation percentage of correct
identification of 97.6% was reached, with performes ranging between 95.0% and 98.7%, for

Br3 and Brl, respectively (Figure 7).
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Figure 7 - Graphic representation of the discriminant function scores for the three populations oB. insularis

collected in 2010.

106



Germination tests
Effect of light

For the preliminary light experiment, the one-walM@VA showed the indifference of light on
seed germination (p > 0.05) at the tested temperatful 5°C. Germination percentages were 35.0
+ 13.2% and 21.7 = 5.8% for light and dark-incubatsbds, respectively. Therefore all

subsequent germination tests were conducted ilgte(Fig. 8).

Figure 8 - Germinated seed oB. insularisin the light.

Effect of temperature and dry after-ripening
The three-way ANOVA (Table 3) showed a highly sfg@int effect of temperature (T) on

germination (p < 0.001) as well as for populatié), but not of dry after-ripening (hereafter
DAR) pretreatment (Pr), (p > 0.05). The interacsigoopulation and pretreatment (Po x Pr) and

population and temperature (Po x T) were both Kigignificant (p < 0.001), whereas that of
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pretreatment and temperature (Pr x T) was not feegnit (p > 0.05) as well as the three factors
interaction (Po x Pr x T; Table 3).

For Brlfresh seeds, the highest germination percentageletasted at 5°C (55.0 £ 5.0%)
and was significantly (p < 0.05) different from ather values, which did not show differences (p
> 0.05) among themselves (ca. 35.0%) (see Figured®)DAR seeds, germination percentages at
5°C, 10°C, 15°C and 25/10°C showed values (ca.%2y Wwithout significant differences (p >
0.05), while the lowest value was detected at tlyhdst temperature (25°C; 8.3 £ 5.8 %).
Significant (p < 0.05) decreases between freshahid seeds germination percentages (ca. 30%)
were detected at 5°C, 20°C and 25°C (Figure 9).

For Br2fresh seeds, the highest germination percentagesdetected at the alternating
regime of 25/10°C (48.3 = 7.6) and was significamtifferent (p < 0.05) from all other values,
whereas the lowest percentages was at 5°C (6.8%; Figure 9). For DAR seeds, the highest,
although not statistically significant (p > 0.08alues were at 15°C and 25/10°C (ca. 40%; Figure
9). The lowest germination percentage was deteate8°C (6.7 £ 2.9%) and was without
significant differences (p > 0.05) with values 8@, 20°C and 25°C. No significant differences
(p > 0.05) were observed between fresh and DARssakadll tested temperature.

For fresh seeds of populati@n3, the lowest germination percentage was detect2d°at
(16.7 £ 12.6%) and was significantly (p < 0.05)elént only with that achieved at 25/10°C (36.7
+ 10.4%; Fig. 9). For DAR seeds, the highest valas detected at 25/10°C (76.7 £ 7.6%) and
was significantly different (p < 0.05) from all geination percentages detected at all other
temperatures (ranging from 35.0 £ 20.0% at 5°C&3 4 5.8% at 15°C). Significant increases (p
< 0.05) between fresh and DAR seeds (ca. 32%) detected at 20°C and 25/10°C (see Figure

9).
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Figure 9 - Germination percentages in the light (A2 h) at each temperature regime for fresh and dnafter-
ripened (DAR) seeds of the three populationsBf1, Br2 and Br3) of B. insularis. A three-way ANOVA was
conducted among germination percentages in order tdetect the effect of population (Po), dry after-fpening
pretreatment (Pr), temperature (T), and their interactions (Po x Pr; Po x T; Pr x T; Po x Pr x T). AFisher’s
LSD post hoc test was conducted to identify significant differaces at p < 0.05, for each population. Data are the

mean (x 1 SD) of three replicates. For each popuian, the code is the same of Table 1.
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Table 3 - Effect of the population (Po), dry afterripening pretreatment (Pr), temperature (T) and ther

interactions on germination percentages foB. insularis; [p values were considered not significantly (p .05,

ns) and highly significant (p < 0.001, ***) diffeent, by three-way ANOVA].

Factor SS

Degr. of freedom MS F p

Population (Po) 3778.2 2 1889.1 17.7413 ok
Pretreatment (Pr) 8.3 1 8.3 0.0783 ns
Temperature (T) 5249.1 5 1049.8 9.8591 ok
Po x Pr 4918.1 2 2459.0 23.0935 el
PoxT 5410.6 10 541.1 5.0813 el
PrxT 813.9 5 162.8 1.5287 ns
PoxPrxT 1309.7 10 131.0 1.2300 ns
Error 7666.7 72 106.5

Seed heteromorphy

Morpho-colorimetric analysis

Comparing the results achieved by the statisticallysis of B. insularis heteromorphic seeds

collected in 2010 from Brl population, an overaloss-validation percentage of correct

identification of 90.0% was reached, with performes included between 80.0% (brown seeds)

and about 95.0% (orange and black seeds). No nisaibns were found between orange and

black seeds (Figure 10).
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Figure 10 - Graphic representation of the discriminant function scores for theB. insularis heteromorphic seeds

of Brl population collected in 2010.

Seed mass

For the mean seed mass of the three chromatic arégsg the one-way ANOVA showed
significant differences (p < 0.05) among coloureav seed mass of orange seeds (3.9 £ 0.6 mg)
was significantly (p < 0.05, by Fisher’s L§idst hoc test) lower than that of both black (5.0 £ 0.6

mg) and brown seeds (5.4 + 0.3 mg; Figure 11).
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Figure 11 - Mean seed mass (mg), for each chromatategory. A one-way ANOVA was conducted in ordercat
identify differences among colours. Values with thesame letters are not significantly different at p> 0.05

(Fisher’'s LSD post hoc test).

Moisture content measure

For the moisture content measure, the one-way ANGYAwed the indifference of colour in
moisture content (MC) among the three seed chrenwiegories (p > 0.05). For black and
orange seeds, MC was 6.7 + 0.1%, while a value.®f60.2% were detected for brown seeds

(Fig. 12).
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Figure 12 - Mean moisture content (MC), calculatedby weighing three replicates of 100 seeds each feach
chromatic category. A one-way ANOVA was conductechi order to identify differences among colours. Valas

were not significantly different at p > 0.05.

Seed germination

For both black and orange seeds, no differences detected among germination percentages at
different temperatures. For brown seeds, temperatwas significantly different among
temperatures (Figure 13). The highest germinatemgntage was detected at 5°C (53.3 + 18.9%)
and this value was without statistically significatifferences (p > 0.05) only with that at the
alternating temperature regime of 25/10°C (36.75#3%; Figure 13). The lowest germination
percentages were detected at 15°C, 20°C and 258C2X0%) and did not show significant
differences (p > 0.05) among themselves. Germinatdl0°C (25.0 £ 5.0%) was not statistically
different from that detected at 15°C, 25°C and Q8Z1(Figure 13).

At 5°C, no differences were detected on seed gextimim among colours, with percentages
ranging from 46.7 =+ 2.9% to 56.7 + 23.1% for blarid orange seeds, respectively (Figure AB).

10°C, final germination differed among chromatidecmries and germination percentages of
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orange seeds (38.3 = 7.6%) was significantly d#fér(p < 0.05) from that of black seeds (11.7 +
10.4%) but statistically similar (p > 0.05) withathdetected from brown seeds (25.0 + 5.0%). At
15°C, no differences were detected among germimgtercentages of different colours, ranging
from 11.7 + 5.8% to 33.3 + 15.3% for black and geseeds, respectively (Figure 18).20°C,
germination percentages differed among coloursthachigher values were detected for orange
seeds (30.0 + 5.0%), significantly different (p 0% from those of other two chromatic
categories (ca. 15.0%, for both black and browniseEigure 13). At 25°C, no differences were
detected among colours, with percentages rangog 1.7 + 7.6% to 21.7 £ 11.5%, for black
and brown seeds, respectiveAt the alternating temperature regime of 25/10°@niicant
differences (p > 0.05) were not detected among metion percentages of black (10.0 £ 5.0%),

orange (28.3 + 7.6%) and brown (36.7 £ 15.3% ) s€Ed). 13 and 14).
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Figure 13 - Final germination percentages at eaclemperature regime for fresh seeds in the light (122 h) for
the three chromatic categories of seed lot Brl celtted in 2010. Kruskal-Wallis tests were conductetb detect
the effect on germination of the same colour at dérent temperatures (capital letters, by Mann Whitrey U-
test) and of temperature among colours (lower-casketters, by Mann Whitney U-test). Values with diffeent

letters were used to indicate significant differenes at p < 0.05 (Mann Whitney U-test).

(a) (b) (c)

Figure 14 - Germinated seed oB. insularis for each chromatic category: orange (a), brown (band black (c).
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NaCl stress and recovery on seed germination

Effect of temperature
Seed germination significantly decreased (p < 0WBh increasing temperatures and salinity
concentrations. At all tested temperatures, thédriggermination percentages were detected in
non-saline conditions (control, 0 mM NaCl) and @& 1ImM (Figure 15 and Table 4). Under
control conditions final germination ranged fron3 & 10.4% (5°C) to 85.0 + 13.2% (25/10°C),
while at 100 mM, germination percentages rangeuh 886 (5°C) to 53.3 + 2.9% at 10°C (Figure
15 and Table 4). At 200 mM, germination occurrety@t 15°C, with 1.7 £ 2.9% of germinated
seeds. At NaCl concentrations higher than 200 névingnhation was totally inhibited.

At all temperatures, recovery response among teatyres significantly decreased (p <
0.05 at 10°C and 25°C and p < 0.01 at 5°C, 15°C abBH0°C) with increasing NacCl
concentrations to which seeds were exposed inréhaéqus NaCl experimental phase. Significant
differences (p < 0.05) were detected on RP amomgéeeatures at the same NaCl concentration.
At all salinities the highest RP was detected & @anging from 30.0 + 5.0 at 400 mM to 85.0 +
5.0% at 100 mM), whereas the lowest at 25°C (ranfiom 0% at 400 mM to 28.3 + 14.4% at
200 mM). At 500 mM, only 1.7 + 2.9% of seeds reaede while no recovered seeds were

observed at 600 mM.
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Figure 15 - Cumulative germination percentages at the tested ostant temperatures (5-25°C) and at the

alternating temperature regime (25/10°C), under diferent saline conditions (0-600 mM NaCl) and followng

transfer to distilled water (recovery, indicated bythe shaded area in the graph) foB. insularis. Each point

represents the mean (+ 1 SD) of three replicates.
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Table 4 - Germination and recovery (RP) percentagest each temperature regime, at different saline
conditions (0-600 mM NacCl) forB. insularis (seed lot Brl, collected in 2011; see Table 2). iskal-Wallis tests
were conducted to detect the effect of the same tparature on germination percentages and RP and thaif the
same salinity on germination percentages and RP; [palues were considered not significantly differen{p >
0.05, ns), significantly (p < 0.05, *; p < 0.01, ¥* by Kruskal-Wallis test]. Data are the means (+ $D) of three
replicates. Capital letters in columns are relatedo the same salinity, while lower-case letters inows to the
same temperature. Values with different letters weg used to indicate significant differences at p <.05 (Mann

Whitney U-test).

Temperature Percentage NacCl concentration (mM)
(°C) (%)
0 100 200 300 400 500 600
Germination 8.3+10.4 o 0 0 0 0 0 ns
5
Recovery (RP) - 85.0 +5.0" 81.7+5.8" 66.7 +5.8" 30.0+5.6° o o o
Germination ~ 45.0+13.9®°  33.3+12.6° o o o o° o *
10
Recovery (RP) - 20.9 +7.6% 18.3+2.6° 15.0+5.6®  50x5%C o o *
Germination 75.0+8.7¢ 53.3x2.6¢ o° o o o o o
15
Recovery (RP) - 14.4 + 6.9 33.3+12.8%¢ 133 +5.8%  67x29% 17zx2¢ o o
Germination 61.7+5.8° 45,0 + 5.6%¢ 17+29 o o o o° o
20
Recovery (RP) - 23.5+12.38¢ 49.1+1.8° 46.7+11.84° 83+58% o o o
Germination ~ 48.3+17.8®°  31.7+20.2¢ o o o o° 0 o
25
Recovery (RP) - 16.7 £15.9%¢  28.3+14.8%¢ 8.3+ 7.7 o o° o *
Germination  85.0 +13.%° 30.0 +13.% o° o o o o i
25/10
Recovery (RP) - 43.624.0° 6171202 40.0 + 8.7¢ 1.7 £2.95¢ o o o
Germination * * ns ns ns ns ns
Recovery (RP) - * * * * ns ns
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Seed mortality

Figure 16 shows the estimate of the relationshipvéen NaCl concentration and seed mortality
percentages at different temperatures. At tempastietween 5°C and 20°C and at the
alternating temperature regime of 25/10°C, theaggjon lines showed that mortality significantly
increased (p < 0.05 for 5°C and p < 0.01 for dileottemperatures) with NaCl concentrations and
temperatures (witi? ranging from 0.67 of 5°C to 0.85 of 20°C, whil&®for 25/10°C). At 25°C,
significant differences (p < 0.05) were showedha NaCl concentrations range from 0 mM to
400 mM (p < 0.05) and the linear regression eqnatlmwed highest values &f(0.86), while in
the range of salinity between 400 mM and 600 mhgression was not significant (p > 0.05)
(Figure 16). At 25°C the increase of seed mortalélpcity was much greater than that detected at
5°C (with angular coefficient values of straighbdi of 0.23 and 0.14, for 25°C and 5°C,
respectively; Figure 16), showing that seed mdytakelocity increased with the increase in

temperature.
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Figure 16 - Mortality of B. insularis seeds at the tested NaCl concentrations (0-600 mM)nd different
temperatures (5-25°C; 25/10°C). Black lines indicat linear regressions for each temperature. Each syool is

the mean of three replicates.
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| nter-population variability

At 15°C, under control conditions (0 mM NacCl), ndffetfences were detected on seed
germination among populations, with percentagegingnfrom 68.3 + 5.8% (Br2) to 80.0 + 8.7%
(Br3) (Table 5). At 200 mM germination percentagdsthe three populations significantly
differed (p < 0.05) and the highest value was dete for Br3 (51.7 = 7.7%), while no
germination occurred for Brl and only 10.0 = 5.0¢/germinated seeds were observed for Br2
(Table 5). At 400 mM and 600 mM, germination watally inhibited for all populations (Table
5). For Brl, each salinity concentration inhibitgérmination. For Br2, final germination
significantly decreased (p < 0.05) compared withtiad conditions and was inhibited at NaCl
concentrations higher than 200 mM. For Br3, thadrevas similar to that observed for Br2, but
with higher germination percentages at 200 mM, svhdbncentrations higher than 200 mM
inhibited germination.

For RP, at 200 mM, recovery differed among popatetj with the highest values detected
for Br2 and Br3 (85.0 + 3.9% and 62.6 + 19.6%, eespely; Table 5). These values were
statistically similar (p > 0.05) between themsej\mg significantly different (p < 0.05) from Brl
(33.3 £ 12.6%; Table 5). At 400 mM, recovery resgwshowed differences among populations
and the highest RP values were detected for Br2 Bu3d (80.0 + 5.0% and 88.3 + 5.8%,
respectively), while only 6.7 + 2.9% of seeds remed for Brl (Table 5). At 600 mM, Br3
showed the highest RP (61.7 = 7.7%) and valuesl giopulations were significantly (p < 0.05)

different from each others (10.0 £ 8.7% for Br2 &84 for Brl; Table 5).
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For Brl, recovery response significantly (p < 0.@Bjered among all concentrations and
was totally inhibited at 600 mM (see data citedvaband Table 5). For Br2, differences were
detected among RP, although percentages at 200mdM@0 mM showed statistically similar (p
> 0.05) values between themselves and RP at 600sigiMficantly differed from all other. For
Br3, no differences were detected and RP valudsowitsignificant differences (p > 0.05) among
NaCl concentrations (see Table 5).

At 25/10°C, at 0 mM, final germination was statiatly similar (p > 0.05) among populations
with values of ca. 90.0% for all populations. At026M, no differences were detected among
populations, although 1.7 £ 2.9% of seeds germéh&te Br2 and 18.3 = 5.8% for Br3, while
none germinated seed was observed for(Bek Table 5). At 400 mM and 600 mM, germination
was inhibited for all populations (see Table 5)r Byl differences were detected although
germinated seeds were observed only under contraditons (85.0 £ 13.2%). For Br2, final
germination considerably decreased between cootraditions and 200 mM (see Table 5), while
for Br3 significant (p < 0.05) differences were elged among NaCl concentrations and the trend
was the same observed for Bigee Table 7). For RP, at 200 mM, differences wkrected
among populations and the higher RP were deteatdfor Br2 and Br3 populations (ca. 94.0%;
see Table 5) and these values were statisticakyq®5) different from RP of Brl (61.7 £ 20.2%)
(see Table 5). At 400 mM, recovery response shatiftelrences among populations and RP of
Br2 and Br3 were without significant differencesx®.05) between themselves (ca. 80.0%), but
significantly (p < 0.05) different from that detedtfor Brl (1.7 + 2.9%). At 600 mM, recovery
was totally inhibited both for Brl than Br2 andstlmondition showed significant differences with
RP detected for Br3 population (28.3 = 17.6%). Bdt, differences were detected among NaCl
concentrations and the higher values at 200 mMifgigntly (p < 0.05) differed from all other

RP, while values detected at 400 mM and 600 mM (Gfe similar between themselves (see
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Table 5). For Br2, recovery response showed difi@ee among salinities and the higher values at
200 mM and 400 mM were statistically similar (p %) between themselves but significantly
different (p < 0.05) from that detected at 600 nddncentration for which no recovery occurred

(see Table 5).

Table 5 - Inter-population variability of B. insularis in response to NaCl for germination and recovery
percentages (RP) at 15°C and 25/10°C. Kruskal-Wat#litests were conducted to detect the effect of tisame
temperature on germination percentages and RP anchat of the same salinity on germination percentagesnd
RP; [p values were considered not significantly (r 0.05, ns), significantly (p < 0.05, *; p < 0.0%?*) different,
by Kruskal-Wallis test]. Data are the means (+ 1 Spof three replicates. Capital letters in columns g related
to the same salinity, while lower-case letters inows to the same temperature. Values with differerletters were
used to indicate significant differences at p < 08(Mann Whitney U-test). For each population, the code is the

same of Table 1.

Temperature . Percentage NaCl concentration (mM)
o Population o
(°C) (%)
0 200 400 600

Germination 75.0 £ 8.7 o o o° o

Brl
Recovery (RP) - 33.3+12.6° 6.7+2.9% oA *
Germination 68.3+ 5.8 10.0 +5.6° o o wox

15 Br2

Recovery (RP) - 85.0 + 3.6° 80.0 +5.6° 10.0 +8.%° *
Germination 80.0+8.7 51.7 £7.%¢ o° o° wox

Br3
Recovery (RP) - 62.6 +19.8 88.3+5.8 61.7+7.7 ns
Germination ns * ns ns
Recovery (RP) - * ** **
Germination 85.0 +13.2 o o o° *

Brl
Recovery (RP) - 61.7 +20.2" 1.7+2.9 oA *
Germination 91.7+ 2.9 1.7+29 o o° *

25/10 Br2 5 8 A

Recovery (RP) - 93.1+3.2 86.7 7.7 o o
Germination 91.7+7.7 18.3+58 o° o *

Br3
Recovery (RP) - 96.1 + 3.4° 73.3+20.8 283:17.8 *
Germination ns ns ns ns
Recovery (RP) - * ** *
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Salt spray on seedling development

Seedling survival

For the coastal Br3, at the end (after eight wesk¥alt spray treatment, 100% of seedlings
survived under control condition (no spray), aslvasl when nebulized one- and two days per
week. When the frequency of applied salt spray thase days per week, 92.3% of seedling
survived (see Figure 17).

For the inland Br4, survival was inversely correthtwith frequency of nebulization:
92.3% of seedlings survived without salt spray fiehtion (control), 46.1% when sprayed one
day per week, only 15.4% with a frequency of tvaysiper week and no one (0%) with a three

days per week nebulization (Figure 17).
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Figure 17 - Survival of B. insularis seedlings from a coastal (Br3) and an inland popation (Br4), for each

treatment (no spray, one-day/week, two-days/weekhtee-days/week), during eight weeks of salt spraykition

(600 mM NacCl) nebulization.
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Dry weight, epigeal and hypogeal length
For the coastal Br3, the one-way ANOVA showed & significant (p > 0.05) effect of frequency

of nebulization on seedlings mean dry weight (ER), with values of ca. 0.08 g for each seedling
(see Figure 20A). For the inland population Br4, tme-way ANOVA showed the non significant
(p > 0.05) effect of frequency among different neadion treatments and values were of ca. 0.03

g for each seedling (see Figure 20A).

Figure 18 - Preparation ofB. insularis seedlings for dry mass measure (on the left) and yiimass measure with

precision balance (four decimal places) (on the rig).

For population Br3, the one-way ANOVA showed a #igant (p < 0.05) effect of frequency of

salt spray nebulization on length of epigeal pdrtseedlings, in particular the increase of
frequency caused a significant decrease of seadhegght (Fig. 19). The length of epigeal part
(Figure 19) for three-days per week nebulized $egsliwas significantly lower (104.6 £ 4.9 mm)
than that of control condition or one-day per weelbulization (ca. 128.0 + 6.0 mm, for both
frequencies). Seedling heights with a frequencywaf days per week was similar (116.5 + 7.0
mm) to values detected for all frequencies (se@irei®0B). For population Br4, the one way

ANOVA showed the non significant effect (p > 0.@B)salt spray frequency on seedlings height,
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with lengths ranging from 76.5 £ 0.8 mm to 96.1.4 Bhm (for two-days per week frequency and
control conditions, respectively; Figure 20B).

For populatiorBr3, the one-way ANOVA showed a significant (p €%). effect of
frequency of nebulization on hypogeal length o sleedlings. Root lengths of no sprayed and
two- days per week sprayed seedlings were statilstisimilar (p > 0.05; ca. 22.5 + 6.9 mm for

both), while lengths of hypogeal parts of seedlingsulized one way per week and three days per
week were significantly different (p < 0.05; 25. 56 mm and 17.9 £ 4.9 mm, respectively;
Figure 20C). For population Br4, the one-way ANOW® not show significant differences (p >

0.05) and values of roots lengths were of ca. ih®for all frequencies (Figure 20C).

L

Figure 19 - Seedlings measurements with digital dpkr.

During the salt spray experiment, conductivity esluof substrate at the end of the
experiment (eight weeks) significantly (p < 0.05jfated among frequencies of salt spray

nebulization, ranging from 47.2 + 7.8 mM to 272.4 6 mM, for control conditions (no spray)
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and three-days/week sprayed pots, respectivelwagdles significantly (p < 0.05) differed among
frequencies of salt spray treatment, ranging fro&n+40.1 to 4.6 + 0.1, for no sprayed and three-
days/week nebulized pots, respectively. No staskitorrelation (p > 0.05) was found between

these soil parameters and seedling growth datadibr populations.
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Figure 20 - Dry weight (A) and epigeal (B) and hypgeal lengths (C) oB. insularis seedlings from a coastal and
an inland population, (Br3 and Br4, respectively)for each treatment (no spray, one-day/week, two-dajweek,
three-days/week), after eight weeks of salt spraphkition (600 mM NaCl) nebulization. A one-way ANOVAwas
conducted, for each population, to detect the effeof treatment on seedlings growth. Different lettes were
used to indicate significant values at p < 0.05 (§her's LSD post hoc test). Lower-case letters wengsed for
Br3, while capital letters for Br4. For each treatnent, data are the mean of survived seedlings afteight weeks

from the beginning of experiments.
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Discussion

The morpho-colorimetric analysis, conducted onttireeB. insularis populations, revealed high
inter-population variability, with very low errorepcentages, showing an high differentiation
among populations. This result, shows that alscsidemably near populations (only ca. 8 km
between Br2 and Br3) have morphologically seecedffitiation. This pattern is probably due of
the presence of some ecologic barriers, which mhbgtagle inter-population gene flow.
Phenotypic traits under genetic control often vaithin and among populations of a species
(Ramakrishnaret al., 2004). The extreme variability &rassica populations is well known and
this phenomenon has determined in some cases siceépi®n of several newaxa belonging to
this genus, growing in short distances as, for g@amin Sicily (Raimondoet al., 1991,
Raimondo, 1997; Raimondo & Mazzola, 1997; Raimo&dseraci, 2002; Scialabbet al., 2003;
Raimondoet al., 2012).

B. insularis seeds achieved similar germination percentagds inothe light and in the
dark, therefore they are not photo-inhibited fomg@ation, contrary to other coastal species, such
as Soinifex hirsutus (Harty & McDonald, 1972)Glaucium flavum (Thanoset al., 1989),Allium
staticiforme, Brassica tournefortii, Cakile maritima, Otanthus maritimus (Thanoset al., 1991),
Matthiola tricuspidata (Thanoset al., 1994),Crucianella maritima (Del Vecchioet al., 2012).
This germination pattern was confirmed by the seeds ofB. insularis (> ca. 3 mg) as species
with seed < 0.1 mg in weight are largely light-reopg for germination and the incidence of light-
dependence declines with increasing seed size @stial., 1981; Pearsoe al., 2002).

Low germination £ 60%) was observed at all tested conditions foshfreeeds of all
populations sampled in 2010. The inter-populaticeriability identified through morpho-
colorimetric analysis was also observed in gernonabehavior. Br2 was the only population for

which a preference of temperature (15°C) was deteavhile, except for the high germination
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percentages detected at 5°C for Brl, for this patpart and for Br3, none temperature was
preferred respect to others.

The application of the dry after-ripening treatmératd not a significant effect oB.
insularis seed germination, although inter-population ddferes were detected. TherefoBe,
insularis seeds do not need of a dry summer period whiokgtogermination. The variation in
germination behavior that occurs among differerpypations within the same species has been
reported by several researchers (Pérez-Garcia; M@8n et al., 1995; Pérez-Garci@ al., 1995;
Becksteadet al., 1996; Andersson & Milberg, 1998; Meyer & Alleh999; Qaderi & Cavers,
2000a, b). These differences can arise from bothr@mmental variations in light, moisture,
temperature, and nutrients (Fenner, 1991; Gutterd@92; Peréz-Garckt al., 2003) and genetic
factors (Meyeet al., 1989).

For Brl seeds collected in 2010, heteromorphy wasemwed and morpho-colorimetric
analysis identified three different seed testa wadorange, brown and black). This phenomenon
is largely documented for several species of thigBrassica, but to our knowledge it has never
been reported fdB. insularis. Orange seeds showed a significant lower seed raapsct to both
brown and black seeds. Therefore, it would be msie to assume that the different colours
could be attributable to different seed maturaphiases. Moisture content reduction in seeds is
initiated during maturation of seeds (Mayer & Pkdji-Mayber, 1989; Bewley & Black, 1995).
When the seeds are subjected to higher temperaproegessive removal of water occurs. During
development, orthodox seeds (suchBasnsularis seeds) pass through three distinct phases:
embryogenesis, active biosynthesis of reserve mhieading to a rapid increase in seed fresh
and dry weight, and seed maturation when dry weagldumulation ceases and fresh weight
declines markedly in dry dehiscent fruit types (Wd&eim & Bradford, 1989; Dawt al., 2004).

However, the three chromatic categories had theesamater content and therefore it can be
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assumed that they have also the same maturatige. stdne maturation stage of seeds may
influence germination behavior (Baskin & Baskin, 982 Germination requirements and
percentages of immature seeds may be different fhmse of mature seeds of the same species
(Baskin & Baskin, 1998). Germination of the thréeamaticB. insularis seed categories did not
show particular differences among different colpamnfirming moisture content measure results.
Many different species of angiosperms show seedrtw@brphy and differential germinative
response of seeds with different form, size oratesilour within a species has been reported
(Khan & Ungar, 1984; Imbert, 2002; Mirat al., 2011), expecially in Brassicaceae,
Caryophyllaceae and Chenopodiaceae (Madilia., 2005). Miraet al. (2011) reported foSlene
diclinis the production of three chromatic seed categdres$, grey and black) in the same fruit
and demonstrate that seed water content did net slifterences among colours as well as seed
dormancy releasand controlled seed ageing were not related to seledir in that species. The
heteromorphy phenomenon B insularis seeds seems to be more likely a physical seed test
property than an eco-physiologic differentiatioee8 coat colour iBrassica was found to vary
from yellow to brown with intermediate shades (letual., 2005).Various groups of researchers
have studied the inheritance of seed colouBliassica species (Sabharwa al., 2004) and
showed that seed heteromorphy in this genus isruyeleetic control (Mohammaet al., 1942,
Veraet al., 1979; Rahmast al., 2001). In this study, seed heteromorphy was reksgeonly in
2010 for Brl seeds, which is clearly the populatemthest and isolated from others, growing on a
little island (Isola dei Cavoli - SE Sardinia).ntay be argued that the geographical isolation of
this population may have determined independentugwoary divergence processes respect to
the other Sardinian populations. Even so, morermé&ion on the chemical properties of seed
testa and compared genetic analysis on plant mhaids of “Isola dei Cavoli” population would be

needed in future studies on this species, in aaaddress the reason for colour differences and
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the occurrence of the heteromorphy phenomenon amlythis population. However, this
phenomenon is not constant as seeds collectedén gpears from the same population and stored
at the Sardinian Germplasm Bank (BG-SAR) are haterphic. The occurrence of different seed
colours production among years in function of plgrawth temperature may be a reason of the
non-constant occurrence of heteromorphy in Brl sepbbably related to inter-annual climatic
aspects, as previously observedBonapus by Van Deynzet al. (1993).

B. insularis seeds germinated with NaCl in the substrate U0t mM of concentration,
although in salt substrate were observed lower mation percentages than under control
conditions (0 mM NacCl). Many studies reports thatgentages of germination decreased with
increased salinity stress and highest germinatomurs in absence of NaCl in the substrate (Khan
& Ungar, 1984 El-Keblawyet al., 2010;Vallejo et al., 2010).

For B. insularis, recovery showed a good performance only at lovessperature of 5°C,
although at all temperatures recovery performandesreased progressively and inversely
proportionally to concentration which seeds wer@o=med in the previous NaCl experimental
phase. For example, at 400 mM recovery responsedathe highest values at 5°C (ca. 30%),
while at all other temperatures did not exceed 6af%his concentration. At NaCl concentrations
higher than 400 mM, recovery was unsuccessful animal at all temperatures. At high
temperatures, salinity exposure could result ioss lof viability and consequently, poor recovery
response (Ungar, 1982). Salinity-temperature ioteyas may have significant eco-physiological
implications in terms of time of germination undeid conditions (Ungar, 1982B. insularis
seeds mortality in NaCl was highly influenced bynperature, in particular at 400 mM, the
highest tested temperature of 25°C amplified thgatiee effect of salinity on seed viability (with
mortality of 100%). At each tested temperaturedsuertality increased proportionally with NaCl

concentration and the increase of temperature asece seed mortality velocity affecting
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irreversibly seed viability, probably through iaoxicity. At 500 and 600 mMB. insularis seeds

did not tolerate the high concentrations to whidrevexposed and mortality percentages were not
lower than 80%, independently from temperature, atestrating high sensibility for seeds of this
species to highest NaCl concentrations. The capabil a species to tolerate high salinities is
reflected both on the maximum salt concentratiowlaith seeds may germinate, both to tolerate
high salinity concentrations and then to have recpafter this NaCl exposure (Ungar, 1982).
Several studies reported that salt stress negatiffected seed germination, with consequent seed
mortality, either osmotically (through reduced watbsorption) or ionically (through the
accumulation of Naand CI), causing an imbalance in nutrient uptake andcttyxieffect (Li,
2008; Shokonhifardt al., 1989).

Intra-specific variability in germination patterhas been reported for several species and
investigated in various studies (Bischeffal., 2006; Kremeret al., 2009; Bischoff & Miiller-
Scharer, 2010). Differences in salt stress respamse showed among populationsRznicum
turgidum (El-Keblawy et al., 2010) andSpartina patens (Hesteret al., 1996), but not in
Crucianella maritima (Del Vecchioet al., 2012). Different levels of salt stress tolerandeB.
insularis seeds in saline conditions and variability in remg response were detected among
populations. Moreover, germination percentages unodetrol condition (0 mM NacCl) for seeds
from the three tested populations collected in 28&6€e significantly lower than those detected in
2011 and tested under the same conditions fromstme populations. Variations in seed
germination among different years has been stutheough several researches (Urbanska &
Schiitz, 1986; Chambers, 1989; Gutterman, 1994belKitP95; Becksteadt al., 1996). The
variability of germination characteristics could beerpreted as one of the most important
survival strategies for species growing under utiptable environmental conditions (Gutterman,

1994a; Kigel, 1995) and will reduce the risk of dleeys being subjected to poor growing
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conditions due to the establishment of intense @titipn hierarchies (Giménez-Benavidzsal .,
2005).

Salt spray experiment highlighted an high interydapon variability for B. insularis
seedlings in marine aerosol tolerance. Seedlingeeofnland (with a distance from the sea > 6.0
km) population Br4 showed high sensibility to safiray, resulting in a drastic decrease of
seedling survival with the increase of the freqyeatsalt spray nebulization and life span less
than the eight weeks. On the contrary, not lesa 8G20 of Br3 seedlings survived also when
nebulized with the highest NaCl solution. For bptipulations, the frequency of nebulization did
not influence seedling biomass. For the coastaulabipn the increase in salt spray nebulization
frequency caused a reduction in seedling growthievir the inland population the effect did not
influence their growth, but caused seedling deathtlie highest nebulization frequency. The
ability to tolerate and possibly adapt to airborsatwater sprays may be critical to the
maintenance of coastal plant populations (Maun,41%Greipsson & Davy, 1996). In coastal
communities, the distribution of species can somesi be tied to their tolerance of salt spray
(Sykes & Wilson, 1988; Wilson & Sykes, 1999). Thigygests that adaptation to salt spray within
species might be detected within subpopulations dha closest to shore, analogous to the way
that intra-specific variation in the tolerance ofl salinity has been documented (Rozeghal.,
1985; Hesteet al., 1996; Greipssodt al., 1997). Given that salt spray deposition levels cary
greatly within a population, depending not onlytbe proximity to the shore, but also on wind
intensity and direction, topography, and the timofgrainfall episodes (Boyce, 1954; Barbour,
1978; Cheplick & Demetri, 1999), plasticity of grbwand reproduction may be a viable buffer
against the selective elimination of suboptimalaigpes (Sultan, 1987; Rice & Mack, 1991). In
our case, the highest tolerance to marine saltyspitatected for theB. insularis coastal

population, may be due to environmental inducegtdi®n to this adverse factor, widely present
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on coastal cliffs, while the highest sensibilitytog inland population reflects the environmental
conditions of the population, where the impactait spray episodes, if present, is negligible.

In conclusion, our results highlighted the abseoicdormancy forB. insularis seeds, as
reported for other Brassicaceae (Finch Savage &hertMetzger, 2006). However, considering
the high inter-population and inter- annual vatigpdetected in this study, this pattern should be
considered cautiously. Light, temperature and digraipening did not affect final germination
percentages whereas it was totally inhibited whesds were exposed to high salt concentrations.
B. insularis seeds showed the capability to germinate up teergnation of 200 mM NacCl, salt
affected seed viability and recovery response @sedd proportionally with increase in salinity
and temperature. Seed heteromorphy was observededirst time in this species and only in an
isolated population, and this phenomenon may betduedependent evolutionary divergence
processes of “Isola dei Cavoli “ populatidd. insularis seed germination behavior differs from
that of other “typical” Mediterranean plants, fohnh germination at low temperatures is a
widely extended trait (Thancgt al., 1995), demonstrating that germination of thiscgps may
occur in a wide time window during the year. Furtsieidies are need on this species to clarify the
causes of seed heteromorphy and to investigate-pofgulation variability through a higher

number of considered populations.

134



Appendix 1 - List of 36 morpho-colourimetric features measured on seeds, excluding the 78 Elliptic

Fourier Descriptors (EFDs) calculated according to Haruta (2011).

Feature Description
A Area Seed area (mt
P Perimeter Seed perimeter (mm)
Peonv Convex Perimeter Convex perimeter of the seed (mm)
Perof Crofton Perimeter Crofton perimeter of the seeth{m
Peonv /Pcrof~ Perimeter ratio Ratio betweePgn, andPcro
Drnax Max diameter Maximum diameter of the seed (mm)
Drin Min diameter Minimum diameter of the seed (mm)
Duin /Dmax ~ Feret ratio Ratio betweem i, andDyax
St Shape Factor Seed shape descriptor = (# - A)/ P? (normalized value)
Rf Roundness Factor Seed roundnestescriptor = (4 A)/( - Dyax ) (normalized value)
Ecd Eqg. circular diameter Diameter of a circle with e@alent area (mm)
EAmax Maximum ellipse axis Maximum axis of an ellipsewéquivalent area (mm)
EAqin Minimum ellipse axis Minimum axis of an ellipse Wiéquivalent area (mm)
F Fiberlength Seed length along the fiber axis
C Curl degree Ratio betwe@h.x andF
Conv Convessity degree Ratio betwees,s andP
Sol Solidity degree Ratio betweénand convex area
Com Compactness degree Seed compactness descript@/ =) A]/ Dmax
Riean Mean red channel Red channel mean value of seets fgreyevels)
Ry Red std. deviation Red channel standard deviafiseed pixels
Gimean Mean green channel Green channel mean value dfpsegs (greyevels)
Gy Green std. deviation Green channel standard dewiaf seed pixels
Bmean Mean blue channel Blue channel mean value of ppets (greyevels)
By Blue std. deviation Blue channel standard deviatibseed pixels
H ean Mean hue channel Hue channel mean value of seetsjgreyevels)
Hg Hue std. deviation Hue channel standard deviatfseed pixels
L mean Mean lightness channel Lightness channel mean wdlseed pixels (grdgvels)
L Lightness std. deviation Lightness channel standawiation of seed pixels
Shean Mean saturation channel Saturation channel meare\adlseed pixels (grégvels)
Sy Saturation std. deviation Saturation channel stahdaviation of seed pixels
Dimean Mean density Density channel mean value of seeglplgreyevels)
Dy Density std. deviation Density channel standardadi®n of seed pixels
S Skewness Asymmetry degree of intensity valuesidigton (greylevels)
K Kurtosis Peakness degree of intensity values bigian (densitometric units)
H Energy Measure of the increasing intensity powengitometric units)
E Entropy Dispersion power (bit)
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Chapter IV - Inter- and intra-specific variability in
seed germination requirements and salt stress tolance
of three Lavatera L. (sect.Glandulosae R. Fern.)species

Abstract

GenusLavatera comprises perennial and annual species growinlifferent habitat typologies. In
this study we investigated seed germination ecolufgy. agrigentina, L. triloba ssp.pallescens
and L. triloba ssp.triloba, all of them belonging to théavatera triloba aggregate (sectio
Glandulosae). For each species, the effect of mechanical fszation, light and constant (5-25°C)
and alternating (25/10°C) temperatures on gernunatiere evaluated, as well as the effect of a
dry after-ripening period (90 days at 25°C). Thé stress effect (0-600 mM NacCl) and its
recovery on seed germination and seedlings salydpterance were also evaluated for the two
coastalaxa (L. pallescens andL. triloba). A combinational dormancy (PY+PD) far agrigentina
and physical (PY) for the two other species wereaed. For all théaxa, highest germination
was reached at low temperatures (e.g. 10°C and)1&td light did not affect final germination
percentages. Dry after-ripening highly promotedhgeation only inL. agrigentina. L. pallescens
seeds germinated up to concentration of 600 mM N#®©ke oflL. triloba up to 200 mM.Salt
affected seed viability and recovery response @se with increases of salinity. Differences
were detected in salt spray tolerance betweenvibdaxa, with higher sensibility to this abiotic

factor forL. triloba.
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Keywords: dry after-ripening,Lavatera triloba aggregate, Mediterranean flora, NaCl,

recovery, salt spray, scarification.

Introduction

Successful germination is crucial in the life cyofeterrestrial angiosperms and dormancy is an
innate seed property that defines the environmerdalditions in which the seed is able to
germinate (Baskin & Baskin, 1998). Seed dormancylesined as an intrinsic block to the
completion of germination of a viable seed undeofable conditions for germination such as
temperature, humidity, light, etc. (Finch-SavagelL&ubner-Metzger, 2006). Seed dormancy
associated with the seed embryo and caused by sioidnical inhibiting mechanism, which
prevents embryo growth and seed germination untiéndcal changes occur, is called
physiological dormancy (PD; Baskin and baskin, )988water-impermeable seed coat can be
cause of a physical dormancy (PY), which develomsnd maturation drying of the seed (Van
Staderet al., 1989) and prevention of water uptake causesékld to remain dormant until some
factors render the covering layers permeable tem@askinet al., 2000), while combinational
dormancy can be observed when physical dormanagssciated to physiological dormancy (PY
+ PD; Baskin & Baskin, 1998, 2004; Finch-Savage&uhner-Metzger, 2006).

Several environmental factors, including light, store, temperature, soil composition and
distance from the sea, can determine differencegermination behavior and cause specific
adaptations also in phylogenetically related smgedeg. of the same genus; Ellison, 2001).
Differences or similarities among closely relateaka in seed dormancy and germination
preferences may explain different environmentalpgations and changes (Pérez-Gastial.,

2006). Several studies highlighted the presencentrh-specific variation (inter-population
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variability) in germination and dormancy (BaskinBaskin, 1998; Andersson & Milberg, 1998;
Keller & Kollman, 1999). The inter-population vapifity in germination can be due to
environmental differences or to genetic variatihsnner, 1991; Gutterman, 1992; Kigel, 1995)
while inter-population variability in seed dorman©an serve as an adaptive strategy in
unpredictable environments (Cohen, 1968; Gtwat., 2003).

Seed drying under warm temperatures (dry aftemipmy is a natural mechanism that
controls dormancy in dry climates (Finch-Savagal., 2007). A period of usually several months
of dry storage at room temperature of freshly hsted mature seeds is a common method used in
laboratory to mimic this mechanism and release deethancy (Bewley, 1997). Coastal plants are
exposed to frequent fluctuations of salinity levielgelation to seasons, also depending on their
distance from the sea (Weber and D’Antonio, 198t stress affects plant growth at various
stages of development including germination andabdéishment, vegetative growth and
reproduction (Ungar, 1995, Katembkeal., 1998). An increase in salinity can induce a otidn
in the percentage of germinating seeds as well delay in the initiation of the germination
process (Ungar, 1995). It can also causes a comipleibition of the germination process at NaCl
concentrations beyond the tolerance limits of {eecges (Pujokt al., 2000). When salinity stress
is reduced, partial to complete germination recpvers been observed for several species (Khan,
2003). The ability to tolerate and possibly adapairborne saltwater spray may be critical to the
maintenance of coastal plant populations (Boyc&41%heplick & White, 2002). The total
concentration of salt deposited on coastal plastsaét spray is influenced by the physical factors
of impact deposition (Maun, 2009).

In the Mediterranean area, several species of Mab& occur both in coastal and inland
habitats; in particular the genlsvatera comprises perennial and annual species growing in

different habitats, such as coastal cliffs, opehitags, endorheic lagoons, ditches, etc. and on
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various substrates (limestones, chalkyes, claysesaediments; Fernandes, 1968; Baccheitta
al., 2011). ThelLavatera triloba aggregate is a monophyletic group of perenniabsier sub-
shrubs endemic to the Western Mediterranean rg@iscobar Garciet al., 2009). The thretaxa
object of the present studi.gdvatera agrigentina Tineo, Lavatera triloba L. subsp.pallescens
(Moris) Nyman and_avatera triloba L. subsptriloba] belong to sectioi®Glandulosae R. Fern. of
the genud.avatera (Escobar Garciat al., 2010). Seeds dfavatera species are reported to have
orthodox seeds (Hongt al., 1998; Royal Botanic Gardens Kew, 2008) and Martin (1946)
described for this genus an axile folded embryd witfirm-fleshy endosperm. Finch-Savage and
Leubner-Metzger (2006) reported seeds of Malva@sason dormant (ND), physically dormant
(PY) or with a combinational dormancy (PY + PD).eTénly data available on seed germination
of the three investigated species in this studyoareavatera triloba ssp.triloba and are reported
in the Seed Information Database (SID), for whiafghhgermination percentages (ca. 85%) are
reported for incubation at 15°C and 20°C, in thghtli(8 h of irradiance per day) after seed
chipping with scalpel (Royal Botanic Gardens of K&®08). However, no factorial germination
experiments were carried out on seeds of theseespecdetermine the key factors in stimulating
germination, their response to salinity and recg\aerd none information is available about the
effects of sea salt spray on seedlings.

The aims of this study were: (1) to characterizedselormancy and germination
requirements of the three investigated speciedp(2yaluate the effects of NaCl and recovery on

their seed germination and (3) to evaluate theceffef salt spray on seedlings development.
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Materials and Methods

Study species

L. agrigentina Tineo is a caespitous nanophanerophyte, withrat pkeight of 30-200 cm (Pignatti,
1982) and displays a dimorphic upper leaf surfackumentum of sparse fasciculate hairs and
abundant single glands, resulting in fetid, visamd not hispid plant (Escobar Gareial., 2010).
Leaf shape is orbicular to oblong, subentire tol#H, while leaf margin is dentate and undulate.
Upper leaves are progressively triangular, whilesabdeaves are larger up to 7 x 7 cm.
Inflorescence is a cylindrical and loose ear, \pidte yellow or white flower colour and nerves not
darker than the lamina. Petals are (15)20-25 mncheadly longer than calyx (Fig. 1a). Flowering
is basal-staggered and it occurs from April to MBxuit is a schizocarp with 15-23 mericarps
fused together and fruiting occurs from late Mayldte July (Escobar Garckt al., 2010). It
occurs in open habitats on clayey-chalky sedimant®00-750 m a.s.l. (Fig. 3a). Thigxon is
distributed in Southern Sicily and historically oeded also in Calabria (south Italy; Pignatti,
1982; Giardinaet al., 2007; Bacchettet al., 2011).

L. triloba subsp.pallescens (hereafterL. pallescens) is a caespitous nanophanerophyte,
with a plant height of (50)70-150 cm and displaydiraorphic upper leaf surface indumentum of
numerous fasciculate hairs and sparse single dglanHairs (Escobar Garcat al., 2010). Plants
are not hispid. Leaves are of a pale green colghite-yellowish when senescent, usually up to
10 x 10 cm and they have three to five lobes (swnest seven) and an undulate margin (Fig. 1b).
Upper leaves are gradually smaller and distinctlglid, while basal leaf are larger than 10 x 10
cm (Escobar Garciet al., 2010). Inflorescence is a cylindrical and loese, with 30-70(200)
flowers. Flowers are disposed in axillary clustensl petals are longer than 20 mm, clearly going

over of calyx, with a variable colour from white pale pink, sometimes with yellowish shades.
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Flowering is basal staggered and it occurs from Mgtril to late June. Fruit is a schizocarp with
10-20 mericarps fused together and fruiting octuns late May to late July (Ferat al., 2010).

This taxon occurs on limestone cliffs with an high expositiorwind and marine aerosol,
from 20 to 48 m of share (Ferual., 2010; Fig. 3b). It is a narrow endemic, growingnly one
population in southwestern Sardinia.

L. triloba subsp.triloba (hereafterL. triloba) is a caespitous nanophanerophyte, with a
plant height of 30-200 cm, strongly glandular, oftascid and with fetid smell. It displays a
trimorphic adaxial leaf surface indumentum, withmarous fasciculate and long-radiated single
glandular hairs. Plants are hispid. Leaves are aitlundulate or crenate margin and orbicular to
oblong shape, subentire to profoundly 3-5 lobedsaBdeaves are larger up to 10 x 10 cm.
Inflorescence is glomerular in groups of 3-7 subsd®wers. Petals are of a deep purple colour,
only occasionally white and with darker petal netvand of dimensions (15)20-30 mm, clearly
longer than the calyx (Escobar Gareial., 2010) (Fig. 1c). Flowering occurs from May teela
June. Fruit is a schizocarp with 12-16 mericarpefutogether and fruiting occurs from late June
to late August (Pignatti, 1982). Thiaxon occurs in open habitats on clayey saline sediments
often subruderal, and can be locally abundant grgwround endorheic lagoons. It can be rarely
in primary habitats (open scrubland on limestordrdiek; Escobar Garcit al., 2010; Fig. 3c). It

is distributed on the Iberian Peninsula and inls@&a#rdinia.
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Figure 1 - Flower ofL. agrigentina (a), L. pallescens (b) and L. triloba (c).

Seed lot details

Mericarps (hereafter seeds) of the thiaa were collected in their natural populations (Table
and Fig. 2) at the time of natural dispersal (TabhleSeeds were separated from the rest of the
fruit using an Agriculex CB-2 Column Seed Cleaned selected by hand. Mean seed mass (

1SD) for each seed lot was calculated by weighihgeplicates of 20 seeds each (Table 2).

Table 2 - Population data.

Mean

Species Locality Code Coordinates Substrate altitude Slc:pe Aspect
)
(ma.s.l)
. . N 37°33'N
L. agrigentina Agira (EN) Lal 14°37' E Clays 232 40 S-SwW
L. agrigentina Assoro (EN) La2 37,37, N Chalky clays 417-719 0
14°25' E
39°24’ N Calcareous cliffs and coastal
L. pallescens Buggerru (Cl) Lpl 08°24' E limestone screes 7-30 20-80  W-NW
L. triloba Elmas (CA) Lt1 38‘,16,N Clayey saline sediments 0 0
08°01’E
. 38°59' N . .
L. triloba Pula (CA) Lt2 08°59' E Clayey saline sediments 2 0-5
L. triloba Domus de Maria (CA)  [¢3 Zzii, '; Clayey saline sediments 0 0
L. triloba Assemini (CA) Lt4 gzo g%,’:_ Clayey saline sediments 1 0-5
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Figure 2 - Seed provenances of the thrdeavatera species investigated in this study, in Sicily (Aand Sardinia

(B). Symbols indicate: A = L. agrigentina, m = L. pallescens and ® = L. triloba. See Table 1 for the explanation

of the populations codes.

Figure 3 - Natural environment of L. agrigentina (a; La2), L. pallescens (b; Lpl) and L. triloba (c; Lt3). See

Table 1 for the explanation of the population codes
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Table 2 - Seed lot details. In the column “Experimetal trials”: Imb = Imbibition tests; L = Light; T =

Temperature; DAR = Dry after-ripening; NaCl = Salinity tests; Spray = Salt spray experiments).

Mean seed mass

Code Data of collection (mg £ SD) Experimental trials
Lal 07/07/2010 8.69 +0.10 T
La2 07/07/2010 8.66 £ 0.01 Imb, L, T, DAR, NaCl
Lpl 22/07/2010 3.53+0.07 Imb, L, T, DAR, Spray
Lp1 14/07/2011 3.50+£0.10 NaCl
Lt1 19/07/2010 6.35+0.02 T
Lt2 24/07/2010 5.66 £0.03 T
Lt2 14/07/2011 5.87+0.22 NaCl
Lt3 24/07/2010 6.65 £ 0.02 Imb, L, T, DAR, Spray
Lt3 01/08/2011 6.41+0.28 NaCl
Lt4 14/07/2011 6.72£0.29 NaCl

3 ® e © @ ¢

b)) @€ e © e e

@ @ @ e e

10 mm

A

Figure 4 - Seeds ok. agrigentina (a), L. pallescens (b) and L. triloba (c).
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| mbibition tests

In order to detect the presence of water imperneeédjuments and therefore of a physical
component of seed dormancy, three replicates va#nifeed and three with intact seeds of 50
seeds each, from one seed lot for gazhn (see table 2), were soaked in distilled watenx¢

ml glass jars (Fig. 5a) and incubated in a growtanecber (SANYO MLR-351) at the constant
temperature of 20°C, in the light (12 h of irratia per day). Seeds of each replicate were blotted

dry and weighed every hour for the first 12 hoars] every 24 hours for a total of 120 hours (Fig.

5b).
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" = 2 ¥ ‘3 . QH‘ .
% %‘; : S i “‘-— _..H"/ N
Yoty -
L, = )
ll P %ﬂt‘% uﬁ LT N - - lh"".‘"-
pty =T Seever Ty
A
ﬁ_-.h
a) - b)

Figure 5 - Imbibition tests: glass jars with scarifed and intact seeds (a) and blotted dry seeds befoweighing.

Germination tests
Effect of light

A preliminary test was carried out in order to exsk the effect of light on seed germination for
seeds from one seed lot for eaekon (see Table 2). Manually scarified seeds (with dpsth
were sown in 2010 on 1% water agar substrate, whiokided a solid, non-sterile medium for
germination, in plastic Petri dishes of 90 mm diteneThree replicates of 20 seeds each were

incubated in the light (12 h of irradiance per dagyl in the dark, in growth chambers (SANYO
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MLR-351) at 15°C. This temperature was chosen enbtisis of the best conditions reported for
seed germination df. triloba (Royal Botanic Gardens Kew, 2008). Darkness wéasesed by

wrapping dishes in two aluminum foils (Fig. 6).

Figure 6 - Germination tests orL. pallescens seeds in the light (below) and in the dark (above)

The criterion for germination was visible radicabpusion. Seeds incubated in the light were
scored daily and germinated seeds discarded, \wbéds incubated in the dark were scored only
at theend of the test to avoid any exposure to irradigBeskinet al., 2006). When no additional

germination occurred in the light for two consecetiveeks, test were stopped both in the light

and in the dark and the viability of any remaingegds was checked.

Effect of temperature

In order to evaluate the effect of temperaturepgeation tests were conducted on seeds of each

seed lot (see table 2). Three replicates of 20sseadh were incubated in a range of constant
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temperatures (5, 10, 15, 20 and 25°C) and at amaling temperature regime (25/10°C) in the
light (12 h of irradiance per day) in growth chamsbén the alternating temperature regime, the

higher temperature period coincided with the ligatiod (Baskiret al., 2006).

Effect of dry after-ripening on seed germination

A sub-lot of freshly collected seeds from one ske¢af eachtaxon (see table 2), was placed in
2010 in a dry room (15°C and 15% R.H.). The advarerg of drying, was monitored by
measuring the activity water (aw) by the hygrometggropalm Awl (Rotronic), equipped with
the AW-DIO probe. When seeds reached aw = 0.188; were closed in a sealed transparent
polyethylene envelopes, together with two microbegstaining silica gel (0.5g each) within a
hermetic 2000 ml glass jar (mod. Fido, Bormioli BocS.p.a), with granular brown silica gel
(diameter 2-5 mm), to maintain low level of humydiThe jar was then incubated at 25°C in a
growth chamber and after three months, seeds vweve 1 Petri dishes in the light (12 h of

irradiance per day) to the above specified gerronatonditions.

Effect of NaCl on seed germination and recovery

To evaluate the effect of salt stress on seed geatron, three replicates of 20 seeds each, from
one seed lot foL. pallescens andL. triloba (see Table 2), were sown in 2011 in 1% water agar
substrate, with different NaCl concentrations (@9,1200, 300, 400, 500, 600 mM) and incubated
in a range of constant temperatures (10, 15, 20 inCthe light.L. agrigentina seeds were not
tested due to the habitat of the species (see Tablsith its populations being far (> 50 km) of
the coastline. To evaluate the inter-populationialality in response to NaCl fok. triloba,
germination in four NaCl concentrations (0, 20004600 mM) at 15°C, was tested for seed lots
Lt2 and Lt4 (see Table 2). After two consecutiveelsse without additional germination under

control conditions (NaCl 0 mM), non-germinated see@re washed with distilled water and then
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sown in new Petri dishes containing 1% water agdstsate for additional 30 days (recovery

phase) at the same incubation temperatures.

Effect of salt spray on seedling development

To evaluate the effect of salt on the vegetativemin, a solution of NaCl was applied by spraying
on early seedlings, from one seed lotlfopallescens and one foL.. triloba in 2011 (see Table 2).
Seeds were sown on 1% water agar substrate ingoRetri dishes of 90 mm diameter. In order to
obtain the number of seedlings required for thet sththe experiments, five replicates of 100
seeds each were incubated in the light at 15°C 207, for L. pallescens and L. triloba,
respectively, in a growth chamber. One week afemdsgermination, seedlings were sown in
polyethylene pots (70 x 70 x 90 mm) in number afrffior each pot, but only one seedling per pot
was kept for the experiment. Before the use, a peere disinfected by immersion in a solution
of NaCIO (860 mM) per two hours and then washedligiilled water. Pots were filled by a
substrate, constituted by turf (55%), perlite (3503 coconut fiber (10%), sterilized at 80°C per
five hours in an oven. Four replicates of 13 segdlieach per condition, were inserted in a
phytotron (8 m) at the alternating regime 20/10°C, with 12 h médiance per dafthe higher
temperature period coincided with the light peridéig. 7). Conductivity (conductometer
microCM200, Crison) and pH (pH-meter GLP 21, Crijsealues of the substrate were measured
at the end of experiments. Humidity values insibde phytotron were monitored for all the
duration of the experiments by a humid bulb hygrmmand they ranged from 73% (during the
light period) to 91% (in the dark period). For digfeeks, four replicates were sprayed with a 600
mM NaCl solution (to mimic sea water) at a distan€€200 mm, with different frequencies (1
day/week, 2 days/week and 3 days/week; CheplickeenBtri, 1999), while other four replicates

did not get any spraying (control). The temperamwir¢he salt spray solution was 15°C and all
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epigeal parts of each seedling were equally exptséde solution. Weekly the number of dead
seedlings was annotated. After eight weeks, agtiteof the experiment, the length of epigeal and
hypogeal parts for each survived seedling was nmmeddwy a digital caliper (Fig. 17) and the dry

weight calculated by drying in oven at 103°C pehburs.

Figure 7 - Replicates ol.. pallescens seedlings for salt spray experiments.

Data analysis
Percentage water uptake was calculated followirdpttiet al. (2001) in relation to seed mass at

to:

%Ws = [(Wi - Wd)/Wd ] x 100,
where Ws = increase in mass of seed, Wi = maseauf after a given interval of imbibition, and

Wd = seed mass at to.
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Final germination percentage was calculated asvtkeage of the three replicates (+ 1SD) on the
basis of filled seeds. The rate of germination estimated by using a modified Timson’s index

(T1) of germination velocity:

TI=Y Git,

whereG is the percentage of seed germination at two-dd@gsvals and is the total germination
period (Khan & Ungar, 1984). Using this index, heglthe value, more rapid is germination.

For NaCl experiments, the recovery percentages @&yrding to the following equation (Pujol
et al., 2000):

RP = {[(a- b)/(c - b)] x 100},

wherea is the total number of seeds germinated in sdlitisos plus those that recovered to
germination in the fresh watdy,is the total number of seeds germinated in salotetions, ana

is the total number of seeds. For salt spray erparis, a value of dry weight (mearSD) was
calculated by weighing all survived seedlings facte treatment after eight weeks from the
beginning of experiments. Arcsin-transformed geation percentages were analysed by one- and
two-way ANOVA and a Fisher’'s LS[post hoc test was used to determine significant differences
(p < 0.05) among means. Lpgdrasformed Tl were calculated, both for fresh &R seeds,
only for seeds germinated in the light and analysetivo-way ANOVA (followed by a Fisher’s
LSD post hoc test). For salt stress experiments, germinatiéhaRd mortality percentages, as well
as conductivity and pH values, were analysed bypraparametric Kruskal-Wallis test followed
by a Mann-WhitneyJ-test. For salt spray experiments, seedlings dry madsaedling lengths of
epigeal and hypogeal parts were analysed by Kruskadlis test, (followed by a Mann-Whitney

U-test). Linear regressions to correlate soil paramdtasductivity and pH) with seedling growth
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were realized using the software Sigmaplot 11.0lenddl the statistical analyses were carried out

using the software Statistica 8.0 for Windows.

Results
| mbibition tests

While intact seeds of all the three species didmease in their seeds mass more than 15% even
after 120 h, scarified seeds of all three spe@eastred, in the first hour, seed mass increases of
23.0 £ 0.4%, 69.1 = 2.1% and 54.6 + 4.5%, [oragrigentina, L. pallescens and L. triloba,
respectively (Fig. 8)L. agrigentina andL. triloba scarified seeds reached their maximum increase
in mass after 90 h with percentages of water uptake 111.9 =+ 1.8 and 109.2 + 6.0%,
respectively, while those ofL. pallescens after 120 h (112.6 =+ 2.1%). Moreover, germination
occurred during the test for all three speciesstarified seeds, starting after 9 h lfoipallescens

(Fig. 9), 48 h folL. agrigentina and 120 h fot.. triloba.
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Figure 8 - Cumulative curves of imbibition for thethree Lavatera species, (A) total duration of 120 h, (B) detail
of the first 12 h; Symbols indicate: A = L. agrigentina, m = L. pallescens and ® = L. triloba. Symbols in black

indicate intact seeds, in white scarified seeds. &8able 1 for the explanation of the population cogs. The

position of the codes highlights the hour when seedf the different species started germinating durg the

imbibition test.

Figure 9 - Scarified (above) and intact (belowl.avatera pallescens seeds after 9 hours of imbibition.
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Germination tests
Effect of light
For all the threeaxa, the one-way ANOVA showed a non significant (p.83) effect of light on

germination IL. agrigentina: 63.0 + 7.6% and 60.0 + 10.0%, pallescens: 88.0 + 12.0% and 78.3
+ 7.6%;L. triloba: 80.0 = 10.0% and 93.3 + 5.8%, for light- and demdubated seeds of each

taxon, respectively).

Effect of temperature
L. agrigentina
The two-way ANOVA showed a highly significant effefor temperature (T: p < 0.001),

population (P: p < 0.05) as well as for their iatgion (T x P: p < 0.05). For Lal, the higher
germination percentages were detected at low teatyes, between 5°C and 15°C (ca. 55% for
the three temperatures; see Table 3). Germinatemmedsed at 20°C (35.0 £ 17.3%) and the
lowest percentages were detected at the highestasdrtemperature of 25°C (5.0 + 5.0%) and at
25/10°C (6.7 £ 5.8%) and these values significafply< 0.05) differed from that of all other
temperatures. For La2, the highest germinationgméagies were detected between 10°C and 20°C
(ca. 65% for all the three tested temperaturesTadde 3), while lowest values were observed at
5°C (31.7 = 12.6%) and 25°C (15.0 + 5.0%) and thed not differ significantly (p > 0.05)
between themselves. At 25/10°C, germination peagsd (ca. 50%) were not statistically (p >
0.05) different from that at 5°C (see Table 3).nigant (p < 0.05) differences among
germination percentages of the two populations vadrgerved at 20°C and 25/10°C, with the
higher values at both temperatures, detected f@r La

The two-way ANOVA conducted for Tl showed an higklgnificant effect (p < 0.001) for
temperature (T), population (P) and their inteact{T x P). For Lal, the most rapid germination

was detected at 10°C and 15°C (Tl of ca. 2.3).dlles decreased at 5°C and 20°C, with values

165



of ca. 1.3. The lowest values were detected ahitjigest constant temperature of 25°C and at the
alternating regime of 25/10°C (Tl of ca. 1.5) ahede values differed significantly (p < 0.05)
from TI at all other temperatures (see Table 3). &2, the most rapid germination was detected
at 15°C (TI: 7.9 £ 0.9) and this value significanp < 0.05) differed from all others. Tl values
decreased at 10°C and 20°C (ca. 2.7 for both temtyoes) and at 25°C and 25/10°C (ca. 1.5 for
both). The lowest Tl were detected at 5°C (TI: £.8.3) and these value were significantly (p <
0.05) different from all others. Tl differed sigigiéintly (p < 0.05) between the two populations
only at all temperatures highest than 10°C (seeleT@)p and germination velocity at these

temperatures was higher (ca. > 50% more) for La# thal.

L. pallescens
The one way ANOVA showed a significant effect ahferature (T) on germination (p < 0.05)

and on germination velocity (p < 0.001). The highgsrmination percentages were detected at
5°C, 10°C and 15°C (ca. 90%) and these values signéficantly (p < 0.05) different from those
at higher temperatures. The lowest value was d=teat 20°C (67.0 £ 7.7%) and it was not
statistically different (p > 0.05) only from 25°Q3.0 + 7.7%). At the alternating temperature
regime of 25/10°C, germination percentage (81.7.9%) was not significantly (p > 0.05)
different from that detected at 10°C, 15°C and 2B6/Mth values ranging from ca. 75% at 25°C to
ca. 92% at 10°C; see Table 3).

Germination velocity showed the highest value &C10r'l: 6.5 + 0.5), which significantly
differed (p < 0.05) from all other Tl values. Thewas not significant difference (p > 0.05)
between Tl at 5°C and 15°C (ca. 4.5 for both terpees). Tl values significantly decreased (p <
0.05) at temperatures highest than 15°C (with wwahfeca. 3.0 at 20°C, 25°C and 25/10°C) (see

Table 3).
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Figure 10 - Particular of a germinated seed of. pallescens

L. triloba
The two-way ANOVA showed a highly significant efte(p < 0.001) on germination both for

temperature (T) and population (P), but not forrtieraction (T x P; p > 0.05). For Lt1, the
highest values were detected at temperatures bet®h@® and 20°C and at 25/10°C (ca. 40%;
see Table 3), while lowest values were at 5°C &t€4ca. 22%, for both temperatures) and they
were significantly different (p < 0.05) only fronvalues at 20°C. For Lt2, high germination
percentages were detected at all temperaturegmtphn 5°C (ranging from 65.0 + 15.0% at
25°C to 76.6 £ 15.5% at 15°C) and significantlyffeted (p < 0.05) from the lower values
detected at 5°C (46.6 = 20.2%), with the exceptb@5°C, which were not statistically different
(p > 0.05) (see Table 3). For Lt3, the highest geation percentages were detected at
temperatures between 10°C and 20°C (with valuegimgrfrom 80.0 + 10.0% at 15°C to 87.0
7.7% at 20°C), while germination decreased at B&E3(+ 14.4%) and at 25°C and 25/10°C (ca.
65% for both). Ltl showed at all temperatures $igamtly (p < 0.05) lower germination
percentages respect to Lt2 and Lt3 populationschvitid not differ significantly (p > 0.05)

between themselves.
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For Ltl the highest Tl were detected in the rarig3°C (TI of ca. 5.0) and they were not
statistically different (p > 0.05) from that at 28fC (ca. 4.0). The lowest germination velocity
was at 5°C (with Tl of ca. 0.6) and differed sigrantly (p < 0.05) from all other values (see
Table 3). For Lt2the highest Tl was detected at 20°C (ca. 9.0) aaslsignificantly different (p <
0.05) from all other Tl values, whereas the lowggmmination velocity, was detected at 5°C (with
Tl of 0.7 £ 0.3; see Table 3). For Lt3, the mogtidagermination was at 15 and 20°C (TI: 6.7
0.8 and 8.7 £ 0.8, respectively), and these valugre significantly different (p < 0.05) from all
other TI. The lowest Tl were detected at 5°C andl@%C, with values of ca. 0.9, for both
temperatures. Lt2 and Lt3 showed a statisticallyilar (p > 0.05) trend in germination velocity,
in particular at 5°C, 15°C and 20°C. TI values wsignificantly different (p < 0.05) for each
population at 10°C and 25/10°C, while, at 25°C, nad show significant differences (p > 0.05)

between Ltl and Lt3.
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Table 3 - Germination percentages and Timson'’s index (TI) irthe light (12/12 h) at each temperature regime
for different populations of the three Lavatera species. A two-way ANOVA was conducted among gerndtion
percentages and Tl for populations of the same spes in order to detect the effect of temperature (J
population (P) and their interaction (T x P), while a one-way ANOVA was conducted for the only oné.
pallescens population to evaluate the effect of temperatureT) on germination and Timson'index. A Fisher’s
LSD post hoc test was conducted to identify significant differaces at p < 0.05. Data are the mean (£ 1 SD) of
three replicates. Capital letters in columns are riated to the same temperature, while lower-case tets in rows

to the same population. For each population, the cke is the same of Table 1.

Temperature (°C)

Species Code Parameter
5 10 15 20 25 25/10
Germination (%)  50.0+5.6" 63.3+158 550+17.8 350+17.8" 50x50" 6.7 £+5.8%
Lal
Tl 1.3+ 0.5 2.4+086" 2.3+0.7% 1.3+0.7 0.3+0.3" 0.2+0.34
L. agrigentina
Germination (%) 31.7+12.86" 71728 63.3+7.7"  650x135°% 150+50" 48.3+20.2®
La2

TI 0.8+0.3" 27+0.04 7.9+0.6° 2.7+0.88 1.5+0.5° 1.6+0.7°

Germination (%) 96.7+2.9 91.7£7.7° 88.0 £11.8° 67.0+7.7 73.0+7.7 81.7 +2.4°
L. pallescens Lpl
Tl 44202 65+08 49+06 3.0+0.3 2.8+0.3 29+0.¢F

Germination (%)  21.7+10.# 350%5.06" 400:1392* 450+13% 21.7+104 31729

Ltl
Tl 0.6 +0.3* 0.8+0.1" 40+1.3" 5.6 + 1.6 5.4 +2.6" 3.9+04"
Germination (%)  46.6 £20.2°  75.0+5.6° 76.6+158°  733+118 650+156® 750=x87"°
L. triloba Lt2
Tl 0.7+0.3%® 1.9+0.1° 5.5+ 0.9"® 9.2+1.4® 1.4+0.3° 2.1+0.28
Germination (%)  58.3+14.4 850+5.6" 80.0+10.6° 87.0+7.7°  68.0+10.6® 60.0+87%®
Lt3

TI 0.8+0.2° 3.5+0.2° 6.7+0.8° 8.7+0.8° 3.4+038" 1.0+0.2¢

Effect of dry after-ripening
L. agrigentina

A significant effect (p < 0.001) of pretreatmeR) @nd temperature (T), and of their interaction
(P x T; p < 0.05) was detected among germinatiacgrgages (see Table 4). For DAR seeds,
100% of germination was reached in at least onthefthree replicates, at 5°C, 10°C and 15°C

(96.7 £ 2.9%, 96.7 + 3.3, 100 + 0 %, respectively)e lowest values were detected at 25°C (66.7
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+ 7.6%) and were significantly (p < 0.05) differefrom that of other all temperatures.
Germination percentages at 20°C and 25/10°C (c&, 83r both) were not statistically different
(p > 0.05) with the values detected at 10°C. VahieBAR seeds were significantly higher (p <
0.05) respect to that of fresh seeds, with thedsgmcreases at 5°C and 25°C (with 70% and 50%
of increase in final germination percentages, redpay) (see Figure 3).

The two way ANOVA for Tl showed an highly signidiot effect (p < 0.001) of
pretreatment (P), temperature (T), as well as tihédraction (P x T). For DAR seeds, the higher
values of germination velocity were detected aitCLEFI of ca. 13) and significantly differed (p <
0.05) from all other TI. The lower values were aC%nd 25/10°C (Tl of ca. 1.5) and showed
statistical differences (p < 0.05) from all othel, But not between themselves (p > 0.05).
Germination velocity values at 10°C, 20°C and 28t not differ significantly (p > 0.05) among
themselves. Tl values were statistically similar>(|0.05) between fresh and DAR seeds only at
20°C and 25/10°C (p > 0.05), while at all othenperatures were detected significant increases
(p < 0.05) in germination velocity, in particular 20°C and 15°C (with increases in germination

velocity of ca. 65% and ca. 35%, respectively) Seere 3).

L. pallescens

Pretreatment (P) did not influence significantlyX0.05) seed germination, while temperature (T)
and their interaction (P x T) had a significanteeff(p < 0.001 and p < 0.05, respectively; Table
4). For DAR seeds, the higher germination valueevadserved at temperatures below 20°C (ca.
95% for all temperatures), while percentages atC2&Ad 25/10°C were significantly (p< 0.05)
lower (ca 70%). Values of DAR seeds were signifilya(p < 0.05) higher respect to that of fresh
seeds only at 20°C, with an increase of ca. 35%tmal germination percentages (Figure 11).

The two-way ANOVA for Tl showed a significant efteof pretreatment (P; p < 0.05),

temperature (T; p < 0.001) as well as their inteoacP x T; p < 0.05). For DAR seeds, the higher
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germination velocity values were detected at 10%ith Tl of ca. 6.5 and they were significantly
(p < 0.05) different from all the others. The lowdd were at 25/10°C (ca. 3.0) and differed
significantly (p < 0.05) from those detected atather tested temperatures. Significant (p < 0.05)
increases of germination velocity for DAR seedgees to fresh seeds were detected only at the

high temperatures of 20°C and 25°C (TI of ca. idf increases of ca. 30% (Figure 11).

L. triloba
Pretreatment (P) did not influenced significangly> 0.05) seed germination, while temperature

(T) was highly significant (p < 0.001), but not ithieteraction (P x T; p > 0.05) (see Table 4). For
DAR seeds, the higher germination percentages detexted at 20°C (90.0 + 5.0%) and did not
differ significantly (p > 0.05) from that at 10°hé 15°C (ca. 85% for both). The lower
percentages were observed at 5°C and 25/10°C %€4, tor both) and did not show significant
differences (p > 0.05) from that detected at 257€.({ £+ 2.9%) (see Figure 11). Germination
percentages of DAR seeds were statistically sinfdar 0.05) from that detected for fresh seeds at
all tested temperatures.

The two-way ANOVA for Tl showed the non significagffect of pretreatment (P; p >
0.05), but highly significant (p < 0.001) both temperature (T) and their interaction (P x T). For
DAR seeds, the highest germination velocity wasdet at 20°C (TI: 7.5 + 0.4) and significantly
(p < 0.05) differed from that at all other temparas. The lower Tl values were at 5°C and
25/10°C (ca. 1.4 for both) and resulted statidgcalifferent (p < 0.05) from all other.
Germination velocity at 10°C, 15°C and 25°C (Tl 26 = 0.3; 6.0 + 0.3 and 3.2 = 0.1,
respectively) were significantly different (p < 8)0among themselves, and from values detected
at all other temperatures. Significant increages 0.05; ca. 45%) of germination velocity for
DAR seeds respect to fresh seeds were detectedabriyC and 25/10°C, while a significant

decrease (p < 0.05; ca. 25%) were at 10°C (seed-dl).
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Figure 11 - Final germination percentage and Timson's indexTl) at each temperature regime for fresh and
dry after-ripened (DAR) seeds in the light forL. agrigentina, L. pallescens and L. triloba. The same letters for
bars (capital letters) and squares (lower-case ledts) are not significantly different at p < 0.05 (vo-way
ANOVA followed by Fisher’'s LSD post hoc test). Data are the means (£ 1 SD) of three reptites, for each

treatment. See Table 2 for the explanation of the tested popation for eachtaxon.
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Table 4 - Effect of the dry after-ripening pretreatment (P), temperature (T) and their interaction (Px T) on
germination percentages for the thred_avatera species; [p values were considered not significapt{p > 0.05,

ns), significantly (p < 0.05, *) and highly signiftant (p < 0.001, ***) different, by two-way ANOVA].

Species Factor SS DF MS F p

Lavatera agrigentina  Pretreatment (P)  9758,2 1 9758,2 171,053 %+
Temperature (T) 42476 5 849,5 14,891 »*x
PxT 1338,9 5 267,8 4,694 ~
Error 1369,2 24 57,0

Lavaterapallescens  Pretreatment (P) 2184 1 218,4 2,889 ns
Temperature (T) 23619 5 472,4 6,248 xxx
PxT 1219,2 5 243,8 3,225
Error 1814,5 24 75,6

Lavateratriloba Pretreatment (P) 111 1 111 0,144 ns
Temperature (T) 5666,7 5 1133,3 14,703 #xx*
PxT 172,2 5 34,4 0,447 ns
Error 1850,0 24 77,1

NaCl and recovery on seed germination

Effect of temperature
L. pallescens

Seed germination decreased (p < 0.05) with an aserén temperature and salinity. At all tested
temperatures, the higher germination percentages wetected in non-saline control (0 mM
NaCl) and at 100 mM conditions and significantlyfetied (p < 0.05) from those at all other
conditions (Fig. 12 and Table 5A). Under contrahdition final germination ranged from 83.3 £
15.3% (20°C) to 96.7 + 5.8% (15°C), while at 100 nddrmination percentages ranged from 63.3
+ 10.4% (20°C) to 90.0 + 5.0% at 10°C (see Tableab# Figure 12). At 200 mM, germination
percentages decreased significantly (p < 0.05)ectdp lower salinities, but were significantly (p
< 0.05) higher of those detected at higher NaCkteatrations. Final germination decreased with
the increase of temperature, ranging from 76.78%®%at 15°C to 13.3 = 14.4% at 20°C, and these

differences were statistically significant (p < B0 At salinities higher than 200 mM,
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independently from temperature, a significant dasee(p < 0.05) of germination percentages was
observed with the increase of NaCl concentratidar2@0 and 400 mM, the differences among the
low temperatures and the highest temperature o 2@re significant (p < 0.05; Table 5A).

For each tested temperature, no differences wetectdd among RP at different
concentrations. At 100 mM, RP did not show diffees (p > 0.05) at 15°C and 20°C, and at
10°C was not possible to test for salt recoverybrggause the few ungerminated seeds were not
viable after the previous NaCl experiment phaseoRery percentages significantly decreased (p
< 0.05) with the increase of temperature at 200 mith RP ranging from ca. 100% at 15°C to
ca. 5% at 20°C), 400 mM (with RP ranging from c@%/at 10°C to 2% at 20°C) and 600 mM
(from ca. 30% to 8% from 10°C to 15°C). At 500 mkda600 mM, at 20°C it was not possible to
test for salt recoverying, due the total seed nhigytat these concentrations in the previous NaCl

experiment phase (Table 5A).

L. triloba
Final germination decreased with the increase figaconcentration (p < 0.05), but not with

temperature (p > 0.05). The highest germinationcgqgnges were detected under control
condition (ca. 80% for all temperatures) and desadasignificantly (p < 0.05) at 100 mM, with
the exception of 15°C, for which non-saline conmodd 100 mM did not show significant (p >
0.05) differences (ca. 75% for both concentratio@®rmination was totally inhibited at salinities
higher than 100 mM, at all tested temperatures.dferences were detected (p > 0.05) in the
recovery response among temperatures at the sari@é ddacentration, although RP showed
significantly higher values (p < 0.05) at lowetisities respect to higher concentrations at all

temperatures (see Table 5B). No recovered seedsobserved at 20°C at 500 mM.
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Figure 12 - Cumulative germination percentages at the tested teperatures (10°C, 15°C, 20°C), under different
saline concentrations (0-600 mM NaCl) and followingransfer to distilled water (recovery, indicated ly the
shaded area in the graph) forL. pallescens (on the left) andL. triloba (on the right) . Each point represents the

mean (x 1 SD) of three replicates.
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Table 5 - Germination and recovery (RP) percentagest each temperature regime, at different saline

concentrations (0-600 mM NacCl) forlL. pallescens (A) and L. triloba (B). Kruskal-Wallis tests were conducted to

detect the effect of the same temperature on gernation percentages and RP and that of the same satiyon

germination percentages and RP; [p values were cadsred not significant (p > 0.05, ns) and signifiaat (p <

0.05, *; p < 0.01, **) by Kruskal-Wallis test]. Dat are the means (x 1 SD) of three replicates. Cagltletters in

columns are related to the same salinity, while logr-case letters in rows to the same temperature. Uges with

different letters were used to indicate significantifferences at p < 0.05 (Mann WhitneyJ-test). — were used to

indicate the lack of recovery experiment.

(A) L. pallescens
Temperature o NaCl concentration (mM)
o) (%)
0 100 200 300 400 500 600

Germination 88.3+29 90.0+5.0 65.0+26.8°  30.0+5.¢" 21.7+29%  200+13%  333x7.8 =

10 Recovery (RP) 84.6+21% 49.1+227 728189 238+212 316:23% ns
Germination 96.7 +5.8 86.7 +11.6° 76.7+58°  23.3:20.% 6.7+58° 21.7+7.7 21.7+£77 **

15 Recovery (RP) 25.0%0 100 0 454+158 50.4+10%5 18411t 81:7.6 ns
Germination 83.3+15.8 63.3+104 1331448 o 33+58® 5.0+5.06° 183+7F  »

20 Recovery (RP) 36.1+19.7 53+ 25 £35 1.8+32 ns
Germination ns ns * ns * ns ns
Recovery (RP) ns * ns * ns *

(B) L. triloba
Temperature Percentage NaCl concentration (mM)
(°C) (%) 0 100 200 300 400 500 600

Germination 733144 267209 o * o * * *

10 Recovery (RP) 68.3+22.7°  733+104  80.0%8%  63.3+161* 3329 30.0+£18.6  *
Germination 80.0 +13.2 68.3+5.8 o o o o o -

15 Recovery (RP) 35.2+19.4° 783+7.8 633+7.8° 233+17.8° 1.7+29 333+118 *
Germination 80.0 £10.6  25.0 +21.8 o o o o o -

20 Recovery (RP) 76.2+9.2 68.3+19.6° 633+104  46.7+158¢ o3 183+104  *

Germination

Recovery (RP)

ns

ns

ns

ns

ns

ns

ns

ns

ns

sn

ns

ns

ns
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Mortality
For both species, figure 13 shows the estimatéhefrelationship between NaCl concentration

and seed mortality percentages at different tentypexss ForlL. pallescens, at 10°C and 15°C, the
regression lines showed that mortality increasetl WaCl concentrations and temperatures (with
r> = 0.70 and 0.76, for 10°C and 15°C, respectivelyil for both temperatures, percentages
differed significantly (p < 0.05) among salinitiest. 20°C, significant differences were showed in
the NaCl concentrations range from 0 mM to 300 npM<( 0.05) and the linear regression
equation showed highest values ©{3.92), while in the range of salinity between 36® and
600 mM, regression was not significant (Fig. 13A}. 20°C the increase of seed mortality
velocity was much greater than that detected a€10Q&ith angular coefficient values of straight
line of 0.30 and 0.08, for 20°C and 10°C, respetyivFig. 13A), showing that seed mortality
velocity increased with the increase in temperatdfer L. triloba, at all the three tested
temperatures, final mortality was significantly €0.05) different among tested salinities and
increased with NaCl concentration, withwalues of linear regression equations of 0.582,0.7
0.86, for 10°C, 15°C and 20°C, respectively (FigB)L Seed mortality velocity increased sligthly
with temperature (with angular coefficient valuéstwaight line of 0.10, 0.12 and 0.15, for 10, 15,

20°C).
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Figure 13 - Mortality of seeds ofL. pallescens (A) and L. triloba (B) at the tested NaCl concentrations (0-600
mM) and different temperatures (10, 15, 20°C). Bldclines indicate linear regressions for each tempeature of

each species. Each symbol is the mean of three rieptes.

| nter-population variabiliy
Seed germination significantly decreased (p < Ov@l8) the increase in salinity for all populations

and the highest germination percentages were @etectder control condition, ranging from 98.3
+ 2.8% for Lt2 to 80.0 = 13.2% for Lt3. At 200 mMermination values for Lt2 and Lt4 (6.7
11.5% and 16.7 £ 20.8%, respectively) showed siamt differences (p < 0.05) with non-saline
control, while, for Lt3, were not observed germethseeds (see Table 6). Final germination was
totally inhibited at NaCl concentrations higherrif200 mM for all populations.

Recovery response showed significant decrease®(@5) with the increase of salinity, to
which seeds were exposed, among RP of all popuitialthough, for Lt3, no differences (p >
0.05) were detected, with percentages ranging ftan23% at 400 mM to ca. 80% at 200 mM
(see Table 6). RP ranged from ca.17% at 600 mMta@0% at 200 mM for Lt2 and from ca. 4%
at 400 mM to ca. 75% at 200 mM for Lt4. For alletdpopulations, a decrease of RP was detected
from lower salinities (200 mM) to higher NaCl contmtions (600 mM). No significant

differences (p > 0.05) were detected among popmuiatat the same salinity, with the exception of
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400 mM, for which RP values ranged from 93.3 + 2f@f#olLt2 to 3.3 £ 2.9% for Lt4 (p < 0.05)

(see Table 6).

Table 6 - Inter-population variability of L. triloba in response to NaCl for germination and recovery
percentages (RP) at 15°C. Kruskal-Wallis tests wereonducted to detect the effect of the same popuian on
germination percentages and RP and that of the samgalinity on germination percentages and RP; [p vales
were considered not significant (p > 0.05, ns) ansignificantly different (p < 0.05, *) by Kruskal-Wallis test].
Data are the means (x 1 SD) of three replicates. @#al letters in columns are related to the same $aity,
while lower-case letters in rows to the same tempature. Values with different letters were used toridicate

significant differences at p < 0.05 (Mann WhitneyJ-test). For the explanation of population code, see Tabll1.

Percentage NaCl concentration (mM)
Code o
(%)
0 200 400 600
Lo Germination ~ 98.3+2.8  6.7:118 o o *
Recovery (RP) - 98.3+2.9 93.3+2.9 16777 *
L3 Germination  80.0 £13.2 o o o *
Recovery (RP) - 78.3+7.6 23.3+17.8 33.3+115 ns
Lia Germination 81.7+29 16.7+208 o° o° *
Recovery (RP) - 75.2+12.6 33+2.9"8 15.0+5.6 *
Germination ns ns ns ns
Recovery (RP) - ns * ns

Salt spray
Seedling survival

For L. pallescens, 100% of seedlings under control condition (ncagprand nebulized two days
per week, 92.3% of those nebulized one day per week76.9%, when the frequency was three
days per week, survived at the end of salt spesgtinent (Figure 14A and Fig. 15). Rortriloba,

seedling survival drastically decreased with trerease of salt spray nebulization. Under no spray
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condition, 100% of seedlings survived, while 92.8% one day per week nebulized seedlings.
When salt spray nebulization was of two days peekwvenly 30.8% of seedlings survived and

none for the three days per week treatment (FifjdB2and Fig. 15).

L. pallescens (A)| L. triloba (B)
. 100 1 D—O—W—Q—Q—Q L 4 ® T £
= O
& 80 -
£
=
D
L 60 A
—
(o]
% @® Nospray
o —O— 1 daylweek

20 - —W— 2 days/week

—— 3 daysiweek

6 ';' 1I4 2I1 2:3 3I5 4I2 4‘9 5‘6 é ;
Time (days)
Figure 14 - Survival of seedlings oL. pallescens (A) and L. triloba (B), for each treatment (no spray, one

day/week, two days/week, three days/week), duringight weeks of salt spray solution (600 mM NacCl)

nebulization.
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Figure 15 - Seedlings (a) and particular of cotyleshs (b) ofL. triloba (on the left) and L. pallescens (on the

right).
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Seedling dry weight, epigeal and hypogeal parts

No significant differences (p > 0.05) were deteaednean dry weight df. pallescens seedlings
among salt spray frequencies, with values of d@2 @. for each seedling, independently on the
treatment (Figure 16A). On the contratlye frequency of salt spray nebulization had aiogmt
effect (p < 0.05) on. triloba seedlings. Mean dry weight under control condifjca. 0.04 g for
each seedling) resulted statistically higher (p .85p than for one- and two-days nebulized
seedlings values (ca. 0.02 g for each seedlingpdtr treatments; Figure 16A). Fortriloba, the
data for the frequency of three-days/week are mgssiue to none seedling survived until the
octave week of salt spray treatment (Figure 14B16A).

The length of epigean part &f pallescens seedlings significantly decreased (p < 0.05)
with the increase of salt spray nebulization. Higkiaelues were detected for seedlings under
control condition and one-day per week treatmeat .0 mm, for both conditions) than from
that of other treatments (ca. 37.0 mm, both for-tawd three-days per week spraying; Figure
16B). Also forL. triloba, nebulization frequency significantly (p < 0.03)eated seedling mean
length of epigeal part. The higher values wereadeteunder no spray condition (ca. 70.0 mm for
each seedling), and significantly (p < 0.05) theontf those measured in the two-days per week
treatment (ca. 58.0 mm for each seedling; Figui).1Bor the same reasons above citied, the data
of L. triloba seedlings for the three-days/week frequency assing.

The increase of frequency of nebulization signifiba(p < 0.05) affected also the length
of hypogeal parts df. pallescens seedlings. Higher values were detected under ray gndition
(ca. 52.0 mm) than from all treatments (see Fig€). The lowest root lengths were measured
for the three-days per week treatment, with valfesa. 25.0 mm for each seedling and did not
show significant (p > 0.05) differences only withlwes of two-days/week sprayed seedlings (ca.

30.0 mm). Also forl. triloba nebulization frequency had a significant (p < §.88ect on root
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length of seedlings. The higher values, detectedeurcontrol condition (ca. 65.0 mm)
significantly (p < 0.05) differed from one- and twlays per week sprayed seedlings which root
length values of ca. 29.0 mm (Figure 16C). Fordhme reasons above citied, the data about
triloba seedlings for the three-days/week frequency assing.

During the salt spray experiment, conductivity esuof substrate at the end of the
experiment (eight weeks) significantly differed € 0.05) among frequencies of salt spray
nebulization, ranging from 47.2 + 7.8 mM to 272.4 6 mM, for control conditions (no spray)
and three-days/week sprayed pots, respectivelyaghes significantly differed (p < 0.05) among
frequencies of salt spray treatment, ranging froén+40.1 to 4.6 + 0.1, for no sprayed and three-
days/week nebulized pots, respectively. No staskttorrelation (p > 0.05) was found between
these soil parameters and seedling growth dathdibr species, except for of the root lengthk.of

triloba which significantly decreased (p < 0.05) as soilductivity increased.
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Figure 16 - Dry weight (A), lenght of epigean (B) ad hypogean part (C) of seedlings df. pallescens (Lp) and L.
triloba (Lt) for each treatment (no spray, one-day/week,wo-days/week, three-days/week), after eight week$ o
salt spray solution (600 mM NaCl) nebulization. Kriskal-Wallis test was conducted, for each species, detect
the effect of treatment on seedlings growth. Letter (lower-case forl_. pallescens and capital for L. triloba) were
used to indicate values different at p < 0.05 (ManiVhitney U-test). For each treatment, data are the mean of

survived seedlings after eight weeks from the begiing of experiments.
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Figure 17 - Measurement of hypogeal part ir.. triloba seedling.

Discussion

Mechanical scarification highly improved water Wggain all the three species of this study,
highlighting the need of this pretreatment andptesence of a physical component of dormancy,
(PY) as reported for severbavatera species (Royal Botanic Gardens of Kew, 2008).dture,
various biotic and abiotic factors can produce ssmtification, including extreme temperatures
(e.g. fire or chilling), changes in the chemicaVieonment (e.g. seed ingestion by frugivores and
passage through the digestive tract) and mechaalicakion with rocks (Vilela & Ravetta, 2001).
Several studies on various species showed enhamteof germination by mechanical

scarification (Baskin & Baskin, 1998; Argasval., 1999; Syet al., 2001) that could be attributed
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to the increase in water uptake and also redutiegrtechanical resistance to the protrusion of the
radicle. For the species investigates in this sttioy most reasonable and probable scarification
modality, considering the natural environment ofleapecies, may be abrasion with rocks (in
particular forlL. pallescens) and ingestion by birds.

Thanoset al. (1989, 1995) found that germination of several Mgthnean species is
photo-inhibited, highlighting a surface avoiding ehanism, whichenables seeds to avoid
germinating under the harsh conditions of the saiface. However, seeds of all the three
Lavatera species, which achieved high germination percestageh in the light and in the dark,
did not show this kind of surface-avoiding mechamigherefore resulting not photo-inhibited for
germination. Grimeet al. (1981), in a survey study of 271 species, fourat species with seeds
that weigh less than 0.1 mg were largely light-reqg, and that the incidence of light-
dependence declined with increasing seed size.iridiference to irradiance df. agrigentina
seeds, with a mass of ca. 8 mg, confirmed thisrghten, as well as fok. pallescens (ca. 3 mg)
and forL. triloba (ca. 5 mg).

For all the thred.avatera species of this study the higher germination azie percentages
detected in the range 10-20°C. agrigentina andL. triloba) and 5-15°C (. pallescens) and the
significant decrease of germination at the highestperature (25°C) are in accordance with
Thanoset al. (1989; 1995), for which germination at low tengtares is a widely extended trait in
many Mediterranean species. Germination in a peffoch autumn to spring (when water
availability, soil moisture and rainfalls are higand temperatures are not prohibitive for
germination and consequent seedlings establishmengures ecological success in an
unpredictable climate such as that Mediterranefaridset al., 1995; Kadis & Georghiou, 2010).

Inter-population variability in seed germinationsag@etected for both. agrigentina andL.

triloba, also between considerably near populations ¢alg.ca. 9 km between Lal and La2), but
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germination behavior may vary greatly within a $ngpecies from one population to another,
from year to year and among individuals (Urbansk&aatitz, 1986), in function of environmental
factors (e.g. light, moisture, temperature, nutdesubstrate, altitude) (Fenner, 1991; Gutterman,
1992) during seed maturation (Meytial., 1989).

For L. agrigentina the dry after-ripening pretreatment highly promoggatmination at all
temperatures highlighting a physiological compomnafeseed dormancy (PD). In particular the
pretreatment widened the germination range bokbmatind high temperatures (type 3 of nondeep
PD; Baskin and Baskin, 1998, 2004). Therefore #scies exhibits combinational dormancy
(PY+PD). Dry after-ripening pretreatment was abte kdreak physiological dormancy and
scarification also permitted germination. Combioaél dormancy is evident in seeds with water-
impermeable coats (as in PY) combined with physjicil embryo dormancy (Baskin & Baskin,
2004) such as that @cyos angulatus (Qu et al., 2011),Geranium robertianum (Vandelook &
Van Assche, 2010) and gentigfolium (Fenner & Thompson, 2005). The application of ding
after-ripening treatment had not a significant effen L. pallescens and L. triloba seed
germination, showing as seeds of these two spedasot need of a dry summer period which
forego germination, and exhibit only a physicalrdancy.

L. pallescens seeds germinated with NaCl in the substrate desliéd concentrations (until
600 mM), although in salt substrate were obsereagkt germination percentages, in comparison
with that higher under control conditions (0 mM Naé@nd temperature influenced germination
under salt stress. Many studies report that pesgest of germination decreased with increased
salinity stress and highest germination occursogeace of NaCl in the substrate (Khan & Ungar,
1984, El-Keblawyet al., 2010; Vallejoet al., 2010). Recovery response was influenced by
temperature but not by NaCl concentration. The ésgltested temperature (20°C) interfered with

seeds recovery and amplified the deleterious efiéshlinity in their capability to recover from
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saline conditions causing total mortality at thghast salinities (500 and 600 mM). Similar effects
were previously detected by Guraaal. (2010) forSalsola vermiculata. It is well known that the
limit of tolerance to salt vary among differentalshylogenetically close, species (Ungar, 1995).
For L. triloba, differently to L. pallescens, temperature did not influence germination, high
recovery response capability was observed at stitdetemperatures and decreased in function of
salt concentration to which seeds were exposetianptevious NaCl experimental phase. Seed
mortality of both species increased with salinglghoughL. pallescens showed higher sensibility

in salinity-temperature interaction respectlLiotriloba. Several studies reported that salt stress
negatively affected seed germination, with consetjgeed mortality, either osmotically through
reduced water absorption or ionical, through theuswlation of N&a and Cl, causing an
imbalance in nutrient uptake and toxicity effecagRin & Baskin, 1998; Ungar, 1995; Vallegp

al., 2010). Salinity-temperature interactions mayehaignificant eco-physiological implications
in terms of time of germination under field conalits (Ungar, 1995). The different NaCl tolerance
and recovery response behavior for the tvewatera species confirm as asserted by Khan and
Ungar (1984), that is that tolerance and recoveagnfsalinity and temperature stress are species
specific as well as that seeds of some specieadatidecover or showed little recovery response
when subjected to high salinity and temperatuesst(Khan & Gul, 2006).

For L. triloba, different behavior in germination in NaCl and aeery capability were
detected among populations (Table 6), confirmingtlig ability ofL. triloba seeds to germinate
at low NaCl concentrations in the substrate, (2)dbcurrence of inhibition of germination when
seeds were exposed to highest concentrations (320)) (3) the capability of seeds to have high
recovery of germination when subjected to low Ne@icentrations and (4) the deleterious effect
of salinity increase on seed viability. Intra-specvariability in germination patterns has been

reported for several species (Bischeffal., 2006; Kremeret al., 2009; Bischoff & Miiller-
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Scharer, 2010). Differences in salt stress respamse showed among populationsRznicum
turgidum (El-Keblawy et al., 2010) andSpartina patens (Hesteret al., 1996), but not in
Crucianella maritima (Del Vecchioet al., 2012). According Gutterman (1994) and Kigel (1095
the variability of germination characteristics abule interpreted as one of the most important
survival strategies for species growing under udiptable environmental conditions.

L. pallescens seedlings showed both an high capability to toéesait spray with a high life
span £ 80%) also at the highest frequency of nebulizatidre habitat where this species grows
(coastal limestone cliffs), due to its morphologydahigh wind exposition, receives significant
guantities of marine aerosol, so this species mstamtly exposed to this environmental abiotic
factor. It may be reasonable to assume that thesiep has evolved adaptations to tolerate this
factor, ineluctable in its habitat. Therefore, tiiequency of nebulization did not influence
seedling biomass, while increase in salt spray ligdiion caused a reduction in seedling growth.
Probably, in total absence of this environmentatdain natural habitat, seedlings would grow
with a faster rate. The increase of salt spray ledtion on seedling development bf triloba
showed as seedling life span was highly influenogdrequency with an inverse proportionality
and only small quantities of salt spray did noterfére with seedlings survival. Biomass
production as well as seedlings lengths (both epittean hypogeal) were negatively affected by
salt spray, demonstrating as for triloba, the optimal condition would be absence of marine
aerosol. The results obtained in salt spray exparimhighlighted the different sensibility to this
factor between the twbavatera subspecies. In fact, the higher distance fromhswas(ca. 1 km)
of L. triloba shows as distance and/or interposed vegetationdeymine a lower impact of salt
spray for this species, respect.tgallescens, directly exposed to this factor (< 50 m). Therefo
L. triloba appears adapted to its habitat (Table 1), witingeation at low salt concentrations and

high capability to recover from saline conditionghen salt concentration level is reduced by
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rainfalls. L. pallescens instead, growing in an habitat where spindriftshhbgrine waves and salt
spray tend to accumulate, into rocks fissures, Ismantities of marine water and consequent
NacCl, is a species adapted to germinate even te@atentrations equal to seawater. The ability
to tolerate and possibly adapt to airborne saltwspeays may be critical to the maintenance of
coastal plant populations (Maun, 1994; GreipssoDavy, 1996). In coastal communities, the
distribution of species can sometimes be tied @or ttolerance of salt spray (Sykes & Wilson,
1988; Wilson & Sykes, 1999).

In conclusion, our results highlighted the presenten combinational dormancy in.
agrigentina and of physical dormancy in both pallescens andL. triloba, as reported for other
Malvaceae (Finch Savage & Leubner-Metzger, 2006).tRe thredaxa, light, temperature and
dry after-ripening did not affect final germinatigrercentages, while this pretreatment highly
promoted germination ih. agrigentina. Seed germination behavior was in accordance tidh
of other “typical” Mediterranean plants, for whigermination at low temperatures is a widely
extended trait. Our results confirmed that L. madéns and L. triloba could be distinguished not
only for morphological and molecular characterst &kso for their different seed ecology and
response to the same abiotic factors. These fisdarg coherent with a field germination in a
period between autumn and spring, when temperatméssalinity concentrations in the soil are
low and moisture in the soil is high, representamgadvantageous ecological adaptation towards

the unpredictable Mediterranean rainfall patterngfioset al., 1989, 1991).
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Chapter V - Light, temperature and salt stress
responses on seed germination of Halopeplis
amplexicaulis (Vahl) Ces., Pass. & Gibelli

Abstract

H. amplexicaulis is a halophytic species widespread throughouMéditerranean area. Light and
temperature requirements for germination were etatliby incubation at 12 h of irradiance per
day and darkness at constant (5-25°C) and alteqné25/10°C) temperatures regimes. Salt stress
effect (0-600 mM NaCl) and its recovery on seedmgeation as well as seedling salt spray
tolerance were also investigated. Light did noedfffinal germination of seeds, with highest
germination percentages (ca. 90%) detected at 25/18eeds germinated up to 600 mM NacCl,
salt did not affect seed viability and recoveryp@sse did not decrease with increasing salinities.
High seedling sensibility to highest salt sprayqtrency was detected for this species. Soll
analysis in the field revealed considerable vaniediin salt soil concentrations between seasons
and depths. Our results highlighted that this hajtip species has its optimum for germination in
autumn when, under a Mediterranean climate, wataitadility is highest and soil salinity levels

are minimal.

Keywords: Amaranthaceae, conductivity, NaCl, recovery, salt marshes, spiay.
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Introduction

Salt marshes are among the most valuable ecosy$@ustanzaet al., 1997; UNEP, 2006) and
are characterized by fine sediments and halopkgetation, often with a significant component
of annuals plant species (Watkinson & Davy, 198®wever, this typology of habitats is exposed
to increasing threats due to the development ofdmuactivities such as tourism and pollution
(Gedanet al., 2009) and the human-driven alterations can iaddiastic vegetation changes
(Romanet al., 1984; Leagdsgaard, 2006; Alvarez-Ragell., 2007).

Salt marsh species have to endure strong physoalbgiress due to soil salinity and
drought (Chapman, 1974; Cheinal., 2002), especially in the Mediterranean area dfdz-Rogel
et al., 2000). Such species show morphological and plogical adaptations allowing the
avoidance of damaging and lethal consequences esetlenvironmental factors (Hellings &
Gallagher, 1992; Justin & Armstrong, 1987; Baumbery al., 2012). The existence of spatial-
temporal gradients of soil salinity and moisturs braditionally been considered one of the most
important physical factors in the plant zonatiorsalt marshes (Chapman, 1974). These soil-plant
relationships are particularly interesting underdirranean climate, where the areas farthest
from the coast are not always those with the lowestsalt concentrations (Callawalyal., 1990;
Pennings & Callaway, 1992). Alternating periods rainfall, during which salts are leached
towards the deepest soil horizons, and periodsradght when they are brought to the surface
horizons, bring about an important variation inrggl, both in regard to the quantity and type of
salt (Chapman, 1974; Alvarez-Rogehl., 1997; 2000).

The most critical stages in the life cycle of hdlgies are seed germination and seedling
establishment (Ungar, 1982). Germination in thédfis controlled by several environmental
factors, in particular water availability, lighierhperature and salinity, and their interaction are

very important (Baskin & Baskin, 1998). Halophyspecies vary in their tolerance to salinity
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during seed germination (Khaa al., 2002; Ungar, 1995) and they can recover the hibfyato
germinate after exposure to salt stress that itthg@rmination (Woodell, 1985; Khan, 2003). Salt
spray is an abiotic factor of great importance fayastal species, influencing seedlings
establishment and growth (Maun, 2009).

Halopeplis amplexicaulis (Vahl) Ces., Pass. & Gibelli is a salt marsh ahrapecies
belonging to the Amaranthaceae. The Seed Informddatabase (Royal Botanic Gardens Kew,
2008) reports high germination percentages (100theaalternating regime of 25/10°C, in the
light (8 h of irradiance per day), without pre-tir@ants. Alberet al. (2002) investigated the effect
of pre-treatments (manual scarification and drythaad of constant (15°C, 20°C, 25°C) and
alternating temperatures (15/25°C), with 16 hodrgradiance per day, on seed germination of
two populations of this species from NE Spain. Ehasithors showed that all pre-treatments
enhanced final germination, a positive effect a tbsted alternating temperature regime respect
to constant temperatures and the absence of iofrigtion variability in seed germination.
Tremblin and Binet (1982) studied the effect ohtigand darkness on seed germinatiorHof
amplexicaulis and germination in NaCl (from 50 mM to 600 mM). tims study the following
findings were found: (1) the highest germinatiomcpatages were at 20°C and that germination
was totally inhibited at 35°C; (2) darkness slovgeadmination, but after ten days of incubation,
final germination was the same for light and daokditions; (3) high germination percentages
were detected up to 300 mM NaCl and germinatioruwed up to 500 mM. Tremblin (1982)
reported that in Algeria germination in the fietdrsed in January, flowering and fruiting occurred
in June and August, while seeds ripened in Septenibemblin and Binet (1984) tested the effect
of two conditions (28°C with 55% of relative huntidand 25°C with 80% of r.u.) in presence of
different salinities (up to 200 mM) and the effe€tNaCl + NaSO, (50 mM + 50 mM), showing

that sulphates affected plant growthHfamplexicaulis. Moreover, these authors measured water
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content, biomass and N content in plant from fiatdl from laboratory culture (66 days at 100
mM NacCl), observing no differences in chemical cosipons. Tremblin and Ferard (1994)
measured growth and roots/shoots ions accumuléiah, CI', K, SO4) growing at different
NaCl concentrations (from 10 mM to 500 mM) and sbdwhat growth (dry mass production)
was optimum when seedlings were exposed to 200 m#13®0 mM NaCl. De Martist al.
(1988) tested germination in NaCl (18%o, 36%0 and 7RI, ca. 300 mM, 600 mM and 1200
mM NacCl, respectively) at 20°C in light (12/12 H)H. amplexicaulis seeds, collected in the same
Sardinian station of this study; these authors miesehigh germination percentages (ca. 76%)
under control condition (0 mM), ca. 79% at 18%. Nat@l. 20% at 36 %o NaCl and ca. 2% at 72%o
NaCl and showed a salt induced dormancy at high®ClNoncentrations. The same authors
argued that the favourable period for seedling gerae could be starting from February, while
months of July, August and December would unfavolerdor seedling establishment of this
species in Sardinia. No research investigatedgbevery response &f. amplexicaulis seeds after
exposition to NaCl and no data is available ondffects of salt spray on seedling growth and
establishment of this species.

Seeds oH. amplexicaulis are reported to be orthodox (Royal Botanic Gard&ns, 2008)
and Martin (1946) described for Chenopodiaceae (mmuded in the Amaranthaceae; Peruzzi,
2010) a peripheral embryo with firm to flinty anthgs-like to whitish endosperm. Finch-Savage
and Leubner-Metzger (2006) reported seeds of Cloghapeae as physiologically dormant (PD)
or non dormant (ND).

The aims of this study were to: (1) characterizedsgermination of this species, by
identifying its germination requirements in termislight and temperature and evaluating the
effect of an alternating temperature regime; (Zleate the effects of NaCl and recovery on its

seed germination; and (3) evaluate the effectalbkpray on seedlings development.
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Materials and Methods

Study species
Halopeplis amplexicaulis (Vahl) Ces., Pass. & Gibelli is a scapous thertghwith an erect

glaucous stem, 5-20 cm high (Pignatti, 1982; DetldaP011; Figure 1). Leaves are distant, with
lamina of 2 mm, spikes of 5-15 mm, and bracts ceabécular (Tutinet al., 1993). Seeds are 0.5-

0.8 mm, with cylindrical papillae (Aguilellet al., 2009; Figure 1).

Figure 1 - Halopeplis amplexicaulis: a) general habit; b) branch with flowers; c) flowers in anthesis; d) internal
part of a bractea and flowers; e) external part ofa bractea and flowers; f) cross section of infloregnce with

radial disposition of the flowers; g) different phases of flower maturation; h) seed. (from Castroviaj, 1990).
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Flowering occurs in June and fruiting in AugustisTepecies, typical of salt marshes and coastal
saline swamps (Yaprak, 2006), is widespread througiMediterranean countries (Portugal,
Spain, Sardinia, Sicily, Italy, Bulgaria, Asiatiaufkey, Cyprus, Lebanon, Syria, Israel, Jordan,
Egypt, Libya, Tunisia, Algeria and Morocco; Greuttral., 1984; Blanche & Molero, 1987;
Tremblin, 2000). In Italy, this species is inseriedUCN Lists as vulnerable “VU” at national
and regional (Sardinia) levels (Comti al., 1992; Contiet al., 1997; Scoppola & Spampinato,

2005).

Seed |ot details

Achenes ofH. amplexicaulis (hereafter seeds) were collected at the time afirakdispersal
(August 2011) in the “Saline di Molentargius”(So«8hrdinia; Figure 2). This site is characterized
by a set of solar salterns and in the past thisdmimade environment was exploited to obtain
halite (NaCl) for human consumption and industpalposes, through a process based on the
evaporation of brines using the sun and the winthasenergy sourcesl. amplexicaulis plants
grow on clay substrate (at 1 m a.s.l) on the bafkthese artificial evaporation basins. This
population is the only known station for the islgiiXe Martiset al., 1988). Seeds were cleaned
with tweezers and separated from other plant residuith immersion in water. A seed mass of

0.12+ 0.04 mg (meat: SD) was calculated by weighing ten replicates o§&€ds each.
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Figure 2 - “Saline di Molentargius” (a) and particular of H. amplexicaulisin its habitat (b).

Soil analysis

Soil samplings were conducted in the period of éggtdrought (August 2012; summer) and of
highest rainfalls (December 2012, winter) to evedusalt concentrations through seasons. For
each season, three samplings was carried out randahe area whend. amplexicaulis grows, at
three different depths (0-5 cm; 5-10 cm and 10-46 Eigure 3a). Conductivity measure were
conducted through conductometer microCM200 (Crisdrthe Sardinian Germplasm Bank (BG-

SAR), for each depth and investigated season (&i8hy).

Figure 3 - Soil sampling at the “Saline di Molentagius” (a) and conductivity measure (b).
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Germination tests

Effect of light and temperature

Germination tests were conducted in 2011 on 1% madar substrate, which provided a solid,
non-sterile medium for germination, in plastic Pdishes of 60 mm diameter. Three replicates of
20 seeds each were incubated in growth chambeasfrange of constant temperatures (5, 10, 15,
20 and 25°C) and at an alternating temperaturened5/10°C) in the light (12 h of irradiance
per day) and in the dark, in growth chambers (SANWICR-351). In the alternating temperature
regime, the higher temperature period coincidec wite light period (Baskiret al., 2006).
Darkness was achieved by wrapping dishes in twmialum foils. The criterion for germination
was visible radical protrusion. Seeds incubatethénlight were scored daily and germinated seeds
discarded, while seeds incubated in the dark weweed only at the end of the test to avoid any
exposure to irradiance (Baskah al., 2006). When no additional germination occurred tivo
consecutive weeks, the viability of any remainirgpds was checked. The low number of
replicates and of seeds per replicate used irxp#raments were due to a limited seed availability,
resulting from this species being endangered aredaiad were chosen in order to allow testing a

wide range of germination conditions.

Effect of NaCl on seed germination and recovery

To evaluate the effect of salt stress on seed gatron, three replicates of 20 seeds each, were
sown in 1% water agar substrate, with different Nedhcentrations (0, 100, 200, 300, 400, 500,
600 mM) and incubated in an alternating temperataggme (25/10°C), in the light (12/12 h).
After two consecutive weeks without additional geration under control conditions (NaCl O

mM), non-germinated seeds were washed with didtivater and then sown in new Petri dishes
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containing 1% water agar substrate for additio®ati&ys (recovery phase) at the same incubation

temperatures.

Effect of salt spray on seedling devel opment

To evaluate the effect of salt on the seedling dgveent, a solution of NaCl (600 mM) was
applied by spraying on early seedlingstbfamplexicaulis. Seeds were sown on 1% water agar
substrate in plastic Petri dishes of 60 mm diaméteorder to obtain the number of seedlings
required for the start of the experiments, fiveliogppes of 100 seeds each were incubated in the
light at 20°C. One week after seed germinationdléags were sown in polyethylene pots (70 x 70
x 90 mm) in number of four for each, but only omedling per pot was kept for the experiment
(Figure 4). Before the use, all pots were disirdddby immersion in a solution of NaCIlO (860
mM) per two hours. Pots were filled by a substratastituted by turf (55%), perlite (35%) and
coconut fiber (10%), sterilized at 80°C per fivaut®in an oven. Four replicates of 13 seedlings
each per condition, were inserted in a phytotrom{Bat the alternating regime 20/10°C, with 12
h of irradiance per daythe higher temperature period coincided with thghtli period).
Conductivity (conductometer microCM200, Crison) goidl (opH-meter GLP 21, Crison) values of
the substrate were measured at the end of expasntémmidity values inside the phytotron were
monitored for all the duration of the experimenysabhumid bulb hygrometer and they ranged
from 73% (during the light period) to 91% (in tharkl period).

For eight weeks, 13 replicates for each treatmearewgprayed with a 600 mM NacCl solution (to
mimic sea water) at a distance of 200 mm, withed#ht frequencies (1 day/week, 2 days/week
and 3 days/week; Cheplick & Demetri, 1999), whitbey 13 replicates did not get any spraying
(control, no spray). The temperature of the saldggolution was 15°C and all epigeal parts of

each seedling were equally exposed to the soluthéeekly the number of dead seedlings was
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annotated. After eight weeks, at the end of theeerpents, the length of epigeal and hypogeal
parts for each survived seedling was measureddigital caliper and the dry mass calculated by

drying in oven at 103°C per 17 hours.

Figure 4 -H. amplexicaulis seedling in the pot for salt spray experiment.

Data analysis

Conductivity soil values were calculated as theage of three replicates (+ 1 standard deviation)
for each depth and for each seasonal samplingl &mmination percentage was calculated as the
average of the three replicates (£ 1 SD) on theshafsfilled seeds. For NaCl experiments, the

recovery percentages (RP) according to the follgveiquation (Khan & Ungar, 1984):

RP = {[(a-b)/(c-b)] x 100},
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wherea is the total number of seeds germinated in sdlitisos plus those that recovered to
germination in the fresh watdy,is the total number of seeds germinated in salotetions, ana

is the total number of seeds. For salt spray expnts, the dry mass (mearSD) was calculated
by weighing all survived seedlings of each treatiedfter eight weeks from the beginning of
experiment. Germination percentages and RP welgsmthby a non-parametric Kruskal-Wallis
test, followed by a Mann-Whitney-test. Soil conductivity measure were analysed by twg-wa
ANOVA followed by a Fisher LSIpost hoc test when p < 0.05. All the analyses were carmied

using the software Statistica 8.0 for Windows.

Results

Germination tests

Effect of light and temperature

Germination percentages did not show significart (p05) differences between light- and dark-
incubated seeds at all tested constant temperatlines higher germination percentages were
detected in the alternating temperature regimesf@C, with germination in the light of 88.3 £

5.8 % which did not statistically (p > 0.05) diffeom that detected in the dark (55.0 £ 17.3 % ;
see Figure 5). Among the constant temperaturesjigation was always lower than 45% both in
the light and in the darkness. Values at 5°C, 18A@ 25°C were not significantly (p > 0.05)

different among themselves and between light- aa#f-thcubated seeds, with the exception of

15°C and 20°C in the light (13.3 £ 7.6 % and 413715 %, respectively; see Figure 5).
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Figure 5 - Germination percentages in the light (122 h) and in the dark (0/24 h) at constant (5-25°Cand
alternating temperature regime (25/10°C).Values wit different letters were significantly different at p < 0.05

(by Mann Whitney U-test).

Figure 6 - Germinated seed (on the left) and seedlj at 72 hours after germination (on the right) ofH.

amplexicaulis.
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Effect of NaCl on seed germination and recovery

Seed germination decreased (p < 0.05) with inangasalinities. The higher germination
percentage was detected in the non-saline cortroiN]) and was not significantly different (p >
0.05) from those detected at 100 mM and 200 mM Neg@iging from 81.7 + 7.6% at 100 mM to
95.0 £ 0% at 200 mM; Figure 7 and Table 2). Valae800 mM (ca. 70%) did not statistically
differ (p > 0.05) only with that at 100 mM. Germiitan percentages at the salinity concentrations
> 400mM were not significantly different (p > 0.0&nong themselves (ranging from 3.3 £ 5.8%
at 600 mM to 21.7 + 20.2% at 400 mM), but were gigantly lower (p < 0.05) than those at low
salinity concentrations (see Table 2). Recoverpaase was not statistically different (p > 0.05)
among NaCl concentrations at which seeds were exip@dsgure 7) and RP ranged from 33.3 +

57.7% at 200 mM to 96.3 = 6.4% at 500 mM (see Tahle

100 4 25/10°C

—8— 0mM

—O— 100 mM
—y— 200 mM
—4— 300 mM
—&— 400 mM
—— 500 mM
—&— 600 mM

80

60 —

40

Germination (%)

20

0 10 20 30 40 50 60 70
Time (days)
Figure 7 - Cumulative germination percentages at th alternating temperature regime (25/10°C), under
different saline concentrations (0-600 mM NaCl) andollowing transfer to distilled water (recovery, indicated

by the shaded area in the graph) forH. amplexicaulis. Each point represents the mean (x 1 SD) of three

replicates.
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Table 2 - Germination and recovery (RP) percentagest the alternating temperature regime (25/10°C), atlifferent saline
conditions (0-600 mM NacCl) forH. amplexicaulis. Kruskal-Wallis tests were conducted to detect theffect of temperature
on germination percentages and RP; ns = p > 0.05n@& ** = p < 0.01. Data are the means (+ 1 SD) of the replicates.

Values with different letters differed at p < 0.05by Mann Whitney U-test.

Temperature Percentage NaCl concentration (mM)
(°C) (%)
0 100 200 300 400 500 600

Germination 90.0+¢ 817+78° 950+¢ 683+160 217+208 50:50 3358

25/10

Recovery(RP) ns
56.7 £+40.4 33.3+£57.7 68.3+7.6 79.4+28.7 3964 742277

Soil analysis

The two-way ANOVA showed a significant (p < 0.0%feet of season (Se), but not (p > 0.05) of
depth (Dp), as well as of their interaction (Dp &) n soil conductivity values (Table 3).
Significant differences (p > 0.05) were detectedwieen conductivity values during summer
(August) and winter (December) at the depth of @¥f while no differences (p > 0.05) between

seasons were detected at 5-10 cm and 10-15 cnr¢Ragu
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Figure 8 - Conductivity values between seasons affférent depths. A two-way ANOVA was conducted amog
soil conductivity values in order to detect the eéict of depth (Dp), season (Se) and their interactis (Dp x Se).
A Fisher's LSD post hoc test was conducted to identify significant differaces at p < 0.05, for the same depth

among seasons and among depths in each season. Ratathe mean (x 1 SD) of three replicates.

Salt spray on seedling development

Seedling survival

Seedling survival decreased with increasing satiyspebulizations. At the end (week eight) of
salt spray treatment, 92.3% of seedlings survivedeu control condition (no spray), while the

survival of one-day/week nebulized seedlings wa%9 When the frequency of applied salt
spray increased at two- and three-days/week, segsllirvival was 53.8% and 30.7%, respectively

(Figure 9).
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Figure 9 - Survival of H. amplexicaulis seedlings, for each treatment (no spray, one dayaek, two days/week,

three days/week), during eight weeks of salt spragolution (600 mM NaCl) nebulization.

Seedling dry mass and length of epigeal and hypodezarts

Significant (p < 0.05) differences were detectedoagn different frequencies of salt spray
nebulization. Mean dry mass for no sprayed and dayweek nebulized seedlings were not
statistically (p > 0.05) different and, for bothalwres were of ca. 32 mg for each seedling (see
Figure 10A). Values for two-days/week and threesdagek sprayed seedlings were of ca. 28 and
17 mg, respectively and were significantly (p <8).wer (Figure 10A).

Length of epigeal part of seedlings significantly< 0.05) decreased with the increase in
the frequency of salt spray nebulization (Figur&)L0rhe higher values were detected under no
spray condition (ca. 9 mm) and significantly (p €% differed from all other values. Values of
one- and two-days/week sprayed seedlings werestitatly (p > 0.05) similar between
themselves (ca. 7.1 mm, for both frequencies),nmit(p < 0.05) with values detected for all
treatments. Lengths of three/days week nebulizedlisgs, with values of ca. 4.0 mm, for each

seedling, were significantly (p < 0.05) differerarh all others.
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The increase of frequency of nebulization signiiita (p < 0.05) affected length of
hypogeal parts of seedlings. The highest value desscted under control (no spray) conditions,
with root lengths of ca. 5.8 mm and were statifiiigq@ > 0.05) similar with that of one-day/week
nebulized seedlings. The lowest value was meadorethree-days/week sprayed seedlings (ca.
2.1 mm) and did not show significant (p > 0.05)feténces with the length measured for the
seedlings in the two-days/week treatment (ca. 21§,nmwvhich were statistically (p > 0.05) similar
also with root lengths of one-day/week sprayed lsggsl(Figure 10C).

During the salt spray experiment, conductivity esuof substrate at the end of the
experiment (eight weeks) significantly (p < 0.05jfated among frequencies of salt spray
nebulization, ranging from 47.2 + 7.8 mM to 272.4 6 mM, for control conditions (no spray)
and three-days/week sprayed pots, respectivelywaities significantly (p < 0.05) differed among
frequencies of salt spray treatment, ranging froén+40.1 to 4.6 + 0.1, for no sprayed and three-
days/week nebulized pots, respectively. No staskitorrelation (p > 0.05) was found between
these soil parameters and seedling growth dat&péxar the epigeal lengths which significantly

(p < 0.05) decreased as soil conductivity increased
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(no spray, one day/week, two days/week, three day®ek), after eight weeks of salt spray solution (60mM
NacCl) nebulization. A one-way ANOVA was conductedf¢r each graph) to detect the effect of treatment o
seedlings growth. Values with different letters aresignificantly different at p < 0.05 post hoc Fisher's LSD
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experiments.
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Discussion

H. amplexicaulis seeds showed comparable, although generally loal, germination percentages
in the light and in the dark at all tested tempees, therefore they were not photo-inhibited for
germination, unlike seeds of several other Meditegan coastal species (Thambsal., 1989;
1991; 1994). This germination pattern was also icoed by the seed mass ldf amplexicaulis
(ca. 0.12 mg) as species with seeds > 0.1 mg ighweire largely light-requiring for germination,
and the incidence of light-dependence declines vifittreasing seed size, allowing seed
germination on the soil surface (Grirgeal., 1981).

H. amplexicaulis seeds germinated with highest percentages (ca) 80%e alternating
temperature regime of 25/10°C, while germinatiort@istant temperatures was sensibly lower,
confirming the findings of Alberet al. (2002) and Royal Botanic Gardens Kew (2008). Ptobe
(1992) suggested that responding to alternatingpéeatures represents an adaptation of small-
seeded species which ensure that germination ocgulig close to the soil surface. The
stimulation of seed germination by alternating temagures is extremely common and diurnal
fluctuations in temperature may initiate or accatiergermination in certain plants and the
effectiveness of the stimulus varies according e @amplitude of fluctuation (Grime &
Thompson, 1976) and the presence or absence of(liglole & Borthwick, 1971; Danielson &
Toole, 1976). Steinbauer and Grigsby (1957) foumat out of 85 species selected from 15
families more than 80% showed higher germinatioralégrnating temperatures compared to
constant temperatures. Thompsbal. (1977) argued that requirements for diurnal fkations in
temperature are characteristic of species fromaqodait types of habitat and provides mechanisms
which cause seeds to germinate at times and iepkavourable for seedling establishment.

H. amplexicaulis seeds germinated with NaCl in the substrate aeated concentrations

(up to 600 mM NacCl), although in salt substratedogermination percentages than under control
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conditions were observed. Many studies reported ¢fgmmination decreased with increased
salinity stress and highest germination occursgeace of NaCl in the substrate (Khan & Ungar,
1984; El-Keblawyet al., 2010; Vallejoet al., 2010). NaCl did not affect seed viability andl al
ungerminated seeds showed high recovery respomskpendently to salinity concentrations.
This pattern highlights the capability of this sjigscto tolerate high salinities in the soil and
germinate when salt level is lowered by the autuminfalls. During the study, a seedling
emergence in the field was observed in late Nover(fiigure 11) as already reported by Silletti

(2012) for an Apulian population (South Italy).

Figure 11 -H. amplexicaulis seedlings in field (a) and particular of a seedlip (b).

All these data confirmed the halophytic behavioHoamplexicaulis, as previously highlighted by
several authors (Tremblin, 1982; Tremblin & Bin@984; Tremblin & Ferard, 1994). The

capability of a species to tolerate high salinitiss reflected both on the maximum salt
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concentration at which seeds may germinate, botbléoate high salinity concentrations and then
to have recovery after this NaCl exposure (Ung@®5), as here reported feir amplexicaulis.

In coastal communities, the distribution of spedas sometimes be tied to their tolerance
of salt spray (Sykes & Wilson, 1988; Wilson & Sykd®$99). Salt spray deposition levels can
vary greatly depending not only on the proximitytke shore, but also on wind intensity and
direction, topography, and the timing of rainfglisodes (Boyce, 1954; Barbour, 1978; Cheplick
& Demetri, 1999). Salt spray experiments highlightesalt aerosol tolerance tdr amplexicaulis
seedlings with almost all the seedling survivinghat lowest nebulization frequencies, and more
than 30% of seedlings surviving in the three/dagsweek treatment. In solar salterns, salinity
levels can reach high levels and salt crusts aengiresent. In this habitét. amplexicaulis is
highly subjected to high soil salinity values, alligh the salt spray impact is quantitatively
reduced respect to that in coastal environmendis or sandy dunes near the sea. Therefore,
according to our results of soil analysis and fietservations during all the length of the present
study,H. amplexicaulis appears to be adapted to high soil salinity leaeld moderate salt spray
impact, with its germination starting from autunwen under d@lediterranean pluviseasonal
climate,rainfalls leach salts on soil surface and allowdsgermination and consequent seedling
establishment.

The distribution oH. amplexicaulis Sardinian population in its peculiar habitat, séreld
by the high influence of marine salt spray, conftima tolerance for this species to low quantities
of salt spray, and may reflect an environmentaptateon to its habitat and abiotic factors which

influence it.
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Conclusions

In this study, seed germination requirements antl steess responses of seven species were
investigated. Light did not affect germination partages in any of the studied species enabling
seed germination also under soil surface and lggtifig that seeds were not photo-inhibited for
germination, contrary to other Mediterranean cdasiacies, as reported by Tharebsl. (1989,
1991, 1995) and Doussi and Thanos (2002). This igatian pattern was confirmed for all the
species by the seed mass as seeds < 0.1 mg intwegylargely light-requiring for germination
and the incidence of light-dependence declines withheasing seed size (Grinet al., 1981,
Pearsoret al., 2002).

Seed germination oPhleum sardoum and Rouya polygama (see Chapters 1 and 2,
respectively), as well as that lodvatera agrigentina, L. triloba ssp.pallescens andL. triloba ssp.
triloba (Chapter 4), reflected the optimal range of terapees of “typical” Mediterranean species
(Thanoset al., 1989, 1995; Doussi & Thanos, 2002; Kadis & Géary, 2010), suggesting
germination in autumn-winter, when water availapjlisoil moisture and rainfalls are high, and
temperatures are not excessively prohibitive formgeation and consequent seedlings
establishment (Thanct al., 1995; Maun, 2009; Kadis & Georghiou, 201Bjassica insularis
differed from other “typical” Mediterranean plantsr which germination at low temperatures is a
widely extended trait (Thancgt al., 1995), demonstrating that germination of thiscggs may
occur in a wide time window during the year (seea@ar 3), as highlighted by Thanesal.
(1991) for another species of rocky coastal habi@tithmum maritimum). H. amplexicaulis seed
germination, was highly influenced by the dailyctiuation of temperatures, while germination at
constant temperatures was sensibly lower, as prslioeported by Albertt al. (2002) and Royal

Botanic Gardens Kew (2008) (see Chapter 5).
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Salinity tests conducted at different concentrai¢®600 mM NaCl) showed that higher
germination percentages were detected for all pleeiss in the non-saline control. Many studies
reported that final germination decreases with @asmg salinity stress and the highest
germination occurs with the absence of NaCl indhlestrate (Khan & Ungar, 1984, Pugblal.,
2000; Vallejoet al., 2010). Several studies highlighted that the thnuf tolerance to salt vary
among different species (Ungar, 1982, 1995). Iis gtudy,P. sardoum was the most NacCl
sensitive species and its highest seed germinatiodaCl occurred at 100 mM and only at the
temperature of 10°C (see Chapter 1). The NaClaok® was slightly higher fd. polygama, B.
insularis andL. triloba ssp.triloba seeds (Table 1), for which the tolerated limit vz mM
(although for all the three species inter-populatiariability was detected and at least one
population for each species did not tolerate Na@kcentrations higher than 100 mM; see Chapter
2, 3 and 4, for each species, respectively)triloba ssp. pallescens and H. amplexicaulis
germinated at all tested concentrations, up tor880 NaCl (see Table 1), showing an high salt
tolerance in seed germination (see Chapter 4 andrd) all species seed mortality increased
proportionally with NaCl concentrations and temperes.P. sardoum andH. amplexicaulis were
exceptions to this pattern, in fact for these twecses, seed mortality was independent from NacCl
concentration to which seeds were exposed and didntrease with salinity. Ungar (1995)
argued that salinity-temperature interactions mayehsignificant eco-physiological implications
in terms of time of germination under field conalits. Several studies reported that salt stress
negatively affected seed germination, with consetjseed mortality, either osmotically (through
reduced water absorption) or ionically (through teeumulation of Naand CI, causing an
imbalance in nutrient uptake and toxicity effecgskin & Baskin, 1998; Li, 2008; Shokohifaget

al., 1989).
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Intra-specific variability in germination patterhas been reported for several species and
investigated in various studies (Bischeffal., 2006; Kremeret al., 2009; Bischoff & Miiller-
Scharer, 2010). Differences in salt stress respwese showed among populations of several
species (Hesteet al., 1996; El-Keblawyet al., 2010). According Gutterman (1994) and Kigel
(1995) the variability of germination charactegsticould be interpreted as one of the most
important survival strategies for species growimgler unpredictable environmental conditions.
The results of low salt tolerance in seed germamatobtained in this study for the two
psammophytes (see Table 1) were coherent withagyeklfield germination in early winter féx
sardoum, whereas highlighted the capability Bf polygama seeds to germinate from autumn to
spring, when temperatures and salinity concentratia the sandy soil are low. Therefore, these
species typical of sandy dunes avoid seedlingdbksttanent during the dry summer period, and
their germination pattern represents an advantageecplogical adaptation towards the
unpredictable Mediterranean rainfall pattern (Dods3hanos, 2002)B. insularis andL. triloba
ssp. pallescens, showed different salt tolerance in seed gernona(200 mM and 600 mM,
respectively; see Table 1Both speciesgrow in a habitat where spindrifts by marine wasaad
salt spray tend to accumulate, into rocks fisswemll quantities of marine water and consequent
NaCl. While L. pallescens appeared to be a species highly able to germieaén to salt
concentrations equal to seawatd3, insularis demonstrated limited capability for seed
germination and consequent recovery at high salteatrationsL. triloba with a higher distance
from seashore appeared adapted to its habitat, geitimination at low salt concentrations and
high capability to recover from saline condition#hen salt concentration level is reduced by
rainfalls. In its habitaH. amplexicaulis is highly subjected to high soil salinity valuesid often
salt crusts are present on soil surface, so tlasisgappeared to be adapted to these high salinity

levels (see Table 1).
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Table 1 - NaCl tolerance limit in seed germinatiorfor the species investigated in this study. * indete inter-
population variability in salt stress response. Calrs indicate: red (species of coastal sandy dunegreen

(rupestrian species) and blue (species with highls@oncentration in their habitat).

NaCl concentration (mM)

<100 <200 600
Phleum sardoum Rouya polygama * Lavatera triloba ssp. pallescens
Brassica insularis* Halopeplis amplexicaulis

Lavatera triloba ssp. triloba*

The species for which salt spray experiments wenedacted showed different response on
seedling growth to salt aerosol tolerance. Prohdblyg different tolerance was strongly connected
to the habitat of each species and to its disténore the sea. The ability of plants to tolerate and
possibly adapt to airborne saltwater sprays mayritieal to the maintenance of coastal plant
populations (Maun, 1994; Greipsson & Davy, 1996)cbastal communities, the distribution of
species can sometimes be tied to their toleransalofspray (Sykes & Wilson, 1988; Wilson &
Sykes, 1999)B. insularis andL. triloba ssp.pallescens showed the highest salt spray tolerance
and lowest seedling mortality (see Chapter 3 anfdrdeach species, respectively), probably due
to their habitat, coastal cliffs highly influencég wind and salt spray. Seedling survivallof
triloba ssp.triloba and H. amplexicaulis (see Chapter 4 and 5, respectively) was inversely
proportional to the nebulization frequency increddee distribution of the onlid. amplexicaulis
Sardinian population in its peculiar habitat, séxedt by the high influence of marine salt spray,
confirm the tolerance for this species to low ques® of salt spray, and may reflect an
environmental adaptation to its habitat and abi@atotors which influence itL. triloba ssp.triloba
resulted the most sensitive species to the sallysfactor, demonstrating as distance and/or

interposed vegetation may determine a lower imphuotarine aerosol for this species.
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The results of this study lead to a better knowdedqg the autoecology of the investigated

species and to their limits of tolerance to abifdictors such as temperature, soil salinity antd sal

spray.
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The following annexes were elaborated in 2012 duthre project “Schede per una lista rossa
della flora vascolare e crittogamica italiana”, opequest of “Ministero del’Ambiente e della
Tutela del Territorio e del Mare” (MATTM), in orddp evaluate and update the conservation
status of certain selected species of Italian flora. U@ lists criteria were followed for the
attribution of the species to the categories. Thaseexes were submitted and accepted for

publication to “Informatore Botanico Italiano”.
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Annex 1

Rouya polygama (Desf.) Coincy

A. SANTO, G. FENU, G. BACCHETTA

Nomenclatura:
Specie: Rouya polygama (Dest.) Coincy
Basionimo: Thapsia polygama Dest.
Famiglia: Apiaceae
Nome comune: Firrastrina bianca

Descrizione. Pianta erbacea perenne, alta 15-30(50)
cm, con fusti generalmente ascendenti e flessuosi.
Foglie inferiori bipennatosette, con segmenti di
secondo ordine generalmente trifidi o pennatopartiti,
lunghi 5-10 mm, acuti, glabri di sopra. Ombrelle a
10-20 raggi; brattee numerose, spesso trifide e
ripiegate verso il basso; petali bianchi. 1l frutto ¢ un
achenio di 8-9-mm, con ali lunghe 2 mm, ondulate
(PIGNATTI, 1982; BACCHETTA, 2001; GAMISANS,
JEANMONOD, 2007).

Biologia. Emicriptofita scaposa con fioritura da
giugno a luglio e fruttificazione da settembre a
ottobre (PIGNATTI, 1982; TUTIN e al, 1993;
BACCHETTA, 2001). L’unita di dispersione ¢
costituita da un achenio alato, adattato alla
dispersione anemocora. La biologia riproduttiva non
¢ ancora stata indagata e non si hanno ad oggi
informazioni circa la vitalita e leffettiva capacita
germinativa delle diaspore.

II numero cromosomico ¢ 2n=20, calcolato su
materiale proveniente dalla Corsica (CONSTANCE e#
al., 1976).

Ecologia.  Specie  psammofila ed eliofila,
caratteristica  degli ambienti dunali  costieri,
prevalentemente nelle depressioni retrodunali su

sabbie consolidate. Raramente, lungo le coste centro-
orientali della Sardegna, si rinviene su dune
semistabili, dune d’arresto e pendii pietrosi fronte
mare (BACCHETTA, 2001).

Dal punto di vista bioclimatico si ritrova in ambito
Mediterraneo  Pluvistagionale ~ Oceanico,  con
termotipo termomediterraneo supetiore e ombrotipi
variabili dal secco superiore al subumido inferiore
(BACCHETTA, 2001).

Le cenosi cui partecipa non sono ancora state
indagate dal punto di vista fitosociologico, ma in
maniera  preliminare  possono  essere  riferite
all’alleanza Crucianellion maritimae Riv.-God. et Riv.-
Mart. 1963. Tali formazioni rientrano nell’habitat di
interesse comunitario “Dune fisse del litorale del
Crucianellion maritimae” (2210) e, secondariamente,
nell’habitat “Dune costiere con Juniperus ssp. (2250)”.

Distribuzione in Italia.

Regione  biogeografica. Sulla base della classificazione
ecoregionale proposta da BLASI, FRONDONI (2011),
le popolazioni sarde di R. polygama ricadono nella
Provincia del Blocco Sardo-Corso ed in particolare
nelle sezioni delle Montagne del Gennargentu e delle
Montagne  dellIglesiente. ~ Sulla  base  della
classificazione biogeografica di RIVAS-MARTINEZ
(2004, 2007), le stazioni ricadono nella Regione
biogeografica Mediterranea, Subregione
Mediterraneo Occidentale, Provincia Italo-Tirrenica,
Subprovincia Sarda; BACCHETTA e¢f a/. (2009) hanno
modificato tale inquadramento, individuando una
Superprovincia Italo-Tirrenica, una Provincia Sardo-
Corsa e una Subprovincia Sarda.

Regione amministrativa. in Italia la specie ¢ presente
esclusivamente in Sardegna.

Numero di stazioni. 1l taxon risulta presente in cinque
stazioni nella parte sud-occidentale dell'isola: a
Portoscuso (CI), Is Solinas-Masainas (CI), Porto
Pino (Sant’Anna Arresi, Cl), oltre che sulle isole di
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Sant’Antioco e di San Pietro (DE MARCO, MOSSA,
1973; MILIA, MOSSA, 1977; ATZEI, 1981). Altre
quattro stazioni si rinvengono nella parte centro-
orientale e in particolare in Ogliastra: Dune di
Girasole, Lido di Orri, II Golfetto e Arbatax
(BACCHETTA, 2001). Recentemente, FILIGHEDDU e?
al. (2011) ne hanno segnalato la presenza sull’Isola di

Tavolara (Olbia, OT).

Tipo corologico e areale globale. R. po/ygama ¢ un
taxon a distribuzione SW-Mediterranea (PIGNATTI,
1982; BACCHETTA, 2001), con distribuzione limitata
a Sardegna, Corsica (PARADIS, GEHU, 1992; POZZO
DI BORGO, PARADIS, 2000), Algeria (QUEZEL,
SANTA, 1963) e Tunisia (POzzO DI BORGO,
PARADIS, 2000).

Minacce. Per lidentificazione delle categorie di
minaccia ¢ stata utilizzata la versione 3.1 delle Major
Threats IUCN (www.iucn.org).

Minaccia 1: Residential and commercial development, in
particolare Minaccia 1.1: Housing and Urban Areas e
Minaccia  1.3: Tourism  and Recreation Areas. La
progressiva perdita di habitat, dovuta allo sviluppo
urbano, rappresenta una delle principali minacce per
la specie, come osservato nell’area di Portoscuso e
nelle aree costiere di Arbatax e Porto Pino.

Minaccia 4: Trasportation and Service Corridors ed in
particolare Minaccia 4.1: Roads and railroads. La
realizzazione di infrastrutture per trasporti e servizi
in prossimita di spiagge e litorali, ha portato alla
riduzione della superficie occupata dal Zaxon,
determinando inoltre una frammentazione delle
popolazioni.

Minaccia 6: Human intrusions and disturbance, ed in
particolare Minaccia 6.1: Recreational - activities. La
notevole pressione turistica durante i mesi estivi, che
insiste in molte delle stazioni (Is Solinas-Masainas,
Porto Pino, Lido di Orr, Il Golfetto), determina
un’importante minaccia per le popolazioni.

Minaccia 9: Pollution, ed in particolare Minaccia 9.4:
Garbage and solid waste. Nell’area di Portoscuso, gran
parte degli individui sono localizzati ai margini di una
strada, nei pressi del porto industriale, in un’area
ampiamente degradata per la presenza di rifiuti e
inerti.

Criteri IUCN applicati.

Lassegnazione di R. pohygama ad una categoria di
rischio € stata effettuata sulla base del criterio B,
relativo all’ampiezza dell’areale geografico.

Criterio B
Sottocriteri
B1-Areate regionale (EOQO): 7230 km?
B2-Superficie occupata (A0O): 36 km?
Superficie occupata effettiva: 0,89 km?

Opzioni
a) Popolazione frammentata o Numero di location: In base

alle minacce osservate (inquinamento, sviluppo
residenziale e commerciale, realizzazione di
infrastrutture per trasporti e servizi, disturbo

antropico legato alla fruizione turistica dei siti) ¢
possibile identificare quattro distinte /locations. lLa
specie  presenta  inoltre una  distribuzione
estremamente frammentata.

b) (ii) Declino della superficie occupata: a causa delle
minacce osservate ¢ possibile ipotizzare una
diminuzione della superficie occupata dalla specie.

b) (izi) Declino della qualita dell’habitat: 1.e modificazioni
dell’habitat stanno determinando un costante declino
della qualita degli ecosistemi dunali costieri.

Categoria di rischio.
In base al criterio B, il zaxon puo essere considerato
come minacciato. Categoria di rischio: Endangered,

Interazioni con la popolazione globale.

Non si dispone di informazioni relative a possibili
interazioni con le popolazioni della Corsica e del
Nord-Africa.

Status alla scala “regionale/globale”: EN
- status alla scala globale: Not evaluated (NE)

- precedente attribuzione a livello nazionale: VU
(CONTLI et al., 1992, 1997; SCOPPOLA, SPAMPINATO,

2005), EN (BACCHETTA, 2001).

Strategie/Azioni di conservazione e normativa.
R. pobgama ¢ una specie di grande interesse
sistematico, fitogeografico ed ecologico, inserita nella
Convenzione di Washington (CITES), nell’Allegato I
della Convenzione di Berna e nell’Allegato II della
Direttiva “Habitat” 92/43/CEE.

Alcune stazioni di R. pohygama ricadono all’interno di
Siti di Importanza Comunitaria (SIC), quali “Stagno
di Porto Botte” (ITB042226), “Promontorio, Dune e
Zone Umide di Porto Pino” (ITB040025); “Lido di



Orri” (ITB022214), “Isole Tavolara, Molara e
Molarotto” (ITB010010).

Parte delle stazioni ricadono all’interno dei seguenti
siti d’importanza internazionale per le piante (IPAs),
individuati per la Sardegna (BLASI e af/, 2010):
“Stagno Santa Caterina, Porto Pino, Capo Teulada e
M. Lapanu” (SAR4), “Isole Tavolara, Molara e
Molarotto” (SAR16) e “Lido di Orri” (SAR32).

Gia a partire dal 2005 ¢ stata avviata, presso la Banca
del Germoplasma della Sardegna (BG-SAR), la
conservazione ex situ a lungo periodo del
germoplasma, mediante la conservazione di undici
lotti di semi, relativi a quattro popolazioni sarde e
due della Corsica. Inoltre sono stati inviati duplicata
presso la Millenium Seed Bank (Royal Botanic
Gardens of Kew).

Presso BG-SAR sono attualmente in corso studi
sullecofisiologia ~ della  germinazione, volti a
identificare 1 requisiti ottimali, in termini di
fotoperiodo, temperatura e salinita.

Note.
R, pohgama ¢ considerata un paleoendemismo
(VERLAQUE ¢ al., 1993) che dal Nord Africa (Algeria
e Tunisia) si sarebbe irradiato in Sardegna e Corsica
(CONTANDRIOPOULOUS, 1962; PARADIS, GEHU,
1992).

Ringraziamenti — Si ringrazia la Provincia di Cagliari,
Assessorato Tutela Ambiente, per il sostegno fornito alle
attivita scientifiche del CCB ed in particolare alle attivita di
conservazione ex situ attuate da BG-SAR.
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Annex 2

Brassica insularis Moris

A. SANTO, G. FENU, G. DOMINA, G. BACCHETTA

Nomenclatura:
Specie: Brassica insularis Motis
Sinonimi: Brassica oleracea subsp. insularis (Motis)
Rouy ¢t Foucad; Brassica oleracea var. insularis
(Mortis) Cosson; Brassica cretica subsp. atlantica
(Cosson) Onno; Brassica oleracea var. insularis
(Mortis) Cosson subvart. atlantica Cosson.
Famiglia: Brassicaceae
Nome comune: Cavolo di Sardegna, Colza di
Sardegna.

Descrizione. Pianta perenne, alta 40-100(180) cm.
Fusti eretto-ascendenti, ramificati nel terzo distale, a
volte contorti e non completamente lignificati. Foglie
10-20(35) x 5-12(15) cm, glabre, verdi-glauche,
alterne, le basali in rosetta, quelle caulinari
generalmente pennatifide, con robusto picciolo e
lamina carnosa, espansa, increspata ed irregolare al
margine, da orbicolare-obovata a ovato-lanceolata e
nervature molto pronunciate sulla pagina inferiore.
Infiorescenze terminali in racemo, con 50-100 fiori
fortemente profumati, provvisti di peduncoli lunghi
(8)12-24(30) mm all’antesi, da eretto-patenti a
patenti; calice a sepali verdi, eretti o parzialmente
divergenti, lunghi 9-13 mm, caduchi; petali in
numero di quattro, all’antesi solitamente patenti, piu
raramente deflessi, bianchi, ovato-spatolati, lunghi
10-16 mm; stami 6, con filamenti bianchi lunghi 1-
1,2 mm ed antere gialle lunghe (3)3,5-4,5 mm. Frutti
in forma di silique lomentacee, (3)4-6 X 30-70(90)
mm, a sezione circolare, con pedicelli fruttiferi di
(12)20-30(40) mm e becco di (3)5-20(23) mm. I frutti
si aprono per due valve che lasciano scoperto il setto
centrale (replum) a cui sono adesi i semi in numero di
15-35 per loculo, sferici, di diametro 1-2 mm,
generalmente bruno-scuri (PIGNATTI, 1982; TUTIN e/

al., 1993; BACCHETTA, 2001).

Biologia. Camefita suffruticosa o, piu raramente,
fanerofita cespitosa semicaducifoglia. La fioritura si
verifica da febbraio a meta maggio e la fruttificazione
da fine maggio agli inizi di agosto (BACCHETTA,
2001). La dispersione dei semi ¢ barocora e,
secondariamente, anemocora. L’ovulo ¢
campilotropo e la nucella crassinucellata; i granuli
pollinici sono trinucleati (CORSI, 1963).

Il numero cromosomico € 2n=18, calcolato su
materiale proveniente da Pantelleria (LENTINI ez a/.,
1988) e su piante coltivate in vaso nel’Orto Botanico
dell’'Universita di Pisa, prodotte a partire da
germoplasma raccolto sull'lsola Rossa, presso
Teulada, nella Sardegna sud-occidentale (CORSI,
1963).

Ecologia. Specie rupicola, eliofila, xerofila e
indifferente edafica, che si rinviene in aree costiere e,
meno frequentemente, in quelle interne, su pendii,
falesiec e pareti verticali, a quote comprese tra il
livello del mare e 1200 m (BACCHETTA, 2001). In
Sardegna e Corsica si rinviene con maggiore
frequenza su substrati di natura carbonatica, a
Pantelleria ¢ presente su vulcaniti, mentre in Tunisia
ed Algeria si rinviene su substrati di diversa natura.
Dal punto di vista bioclimatico, in Sardegna, si
rittova in ambito Mediterraneo pluvistagionale
oceanico, con termotipi variabili dal
termomediterraneo inferiore al mesomediterraneo
superiore e ombrotipi compresi tra il secco inferiore
e il subumido supetiore (BACCHETTA, 2001).

Per Pantelleria il piano bioclimatico ¢ quello
inframediterraneo semiarido (GIANGUZZI, 1999).
Dal punto di vista sintassonomico la specie ¢
caratteristica dell’alleanza Brassicion insularis Gamisans
1991 (BACCHETTA, 2001). In Sardegna, sulle falesie
costiere di Capo Caccia (Alghero, SS), partecipa
anche a cenosi riferibili alla classe Crithmo-Iimonietea,
(CHIAPPINI, DIANA, 1978). Sull'lsola dei Cavoli
(Villasimius, CA) forma popolamenti quasi
monospecifici, e caratterizza la subassociazione
brassicetosum Mossa et Tamponi 1978,
dell’associazione Oleo-Lentiscetum Br.-Bl. et Maire in
Maire 1924 (BACCHETTA, 2001).



B. insularis si rinviene all'interno di vari habitat di

interesse comunitario, tra 1 quali: “Scogliere con

vegetazione delle coste mediterranee con Limonium
1~ 13 M M

spp. endemici” (1240), “Pareti rocciose calcaree con

vegetazione casmofitica” (8210), e “Pareti rocciose

silicee con vegetazione casmofitica” (8220).

Distribuzione in Italia.

Regione biogeografica. Le popolazioni sarde, dal punto di
vista ecoregionale, ricadono nella Provincia Sardo-
Corsa, mentre quella di Pantelleria ricade nella
Provincia del blocco Pelagico, sezione delle isole di
Pantelleria e Linosa (BLASI, FRONDONI, 2011).

Sulla base della classificazione biogeografica di
RIVAS-MARTINEZ (2004, 2007), le stazioni sarde
ricadono nella Regione biogeografica Mediterranea,
Subregione Mediterraneo Occidentale, Provincia
Italo-Tirrenica, Subprovincia Sarda; tale
inquadramento, modificato da BACCHETTA ¢f al.
(2009), individua una Superprovincia Italo-Tirrenica,
una Provincia Sardo-Corsa e la Subprovincia Sarda.
La popolazione di Pantelleria ricade invece nella
Regione biogeografica Mediterranea, Subregione
Mediterraneo Occidentale, Provincia Italo-Tirrenica,
Subprovincia Siciliana (RIVAS-MARTINEZ, 2004,
2007).

Regione amministrativa. In Italia la specie ¢ presente in
Sardegna e Sicilia.

Numero di - stazioni. In Sardegna la specie risulta
presente in 36 stazioni. Lungo la costa ¢ presente in
vari siti [Capo Caccia (Alghero, SS), Capo Figari
(Olbia, OT), Capo Teulada (Teulada, CA), Planu
Sartu (Buggerru, CI), Porto Flavia (Iglesias, CI), San
Nicolo (Buggerru, CI)] oltre che in molti sistemi
insulari circumsardi [Asinara (Porto Torres, SS)
Figarolo (Golfo Aranci, OT), Foradada (Alghero,
SS), Isola dei Cavoli (Villasimius, CA), Isola Rossa
(Teulada, CA), Isola San Macario (Pula, CA), Pan di
Zucchero (Iglesias, CI), Sa Tuarredda (Teulada, CA),
Isola Tavolara (Olbia, OT)]. Nelle aree interne si
rinviene a2 Domus sa Medusa (Samugheo, OR),
Gutturu Cardaxius (Iglesias, CI), Gutturu Pala
(Fluminimaggiore, CI), La Cartiera (Cuglieri, OR)
Marganai (Iglesias, CI), Monte Arcuentu (Arbus,
VS), Monte Padenteddu (Pula, CA), Monte San
Giovanni (Gonnesa, CI) Monte Tiscali (Dorgali,
NU), Satta e Bidda (Oliena, NU) (BACCHETTA,
2001). Lungo i versanti SE dell’isola di Pantelleria
(TP), dove per la prima volta venne segnalata da
CATANZARO  (1968), ¢  presente  un’unica
popolazione con cinque stazioni: Cala Tramontana,
Contrada Dietro Isola, Contrada Kania, Punta del
Cultignolo e Punta del Formaggio (GIARDINA ef al.,
2007).

Tipo corologico e areale globale. B. insularis puod
essere considerato un endemismo SW Mediterraneo
(SNOGERUP ¢z al., 1990) e piu precisamente tirrenico-
nordafricano (BACCHETTA, PONTECORVO, 2005).
Oltre che in Italia, ¢ presente in Corsica, Tunisia ed
Algeria (SNOGERUP ¢/ al., 1990; GLEMIN et al., 2000).
In Corsica si rinviene sui Monti Rossi, a Teghime
(Brando), Caporalino e Francardo (Omessa), Penta
Frascaja (Piano), sull’Alpa Mariuccia (Bocognano),
sulle Gole dell'Inzecca (Ghisonaccia), sulle pareti del
Rio Stretto (Ghisoni) e in due stazioni meridionali a
Punta d’Aquella (Lecci) e Punta di Calcina (Conca)
(CORSI, 1963). In Tunisia la specie ¢ segnalata lungo
la costa settentrionale per le isole de La Galite,
Zembra e Zembretta e per il Monte Ressas
(POTTIER-ALAPETITE, 1979) mentre in Algeria si
rittova in diverse aree costiere ed interne della
Cabilia (MAIRE, 1965).

Minacce. Per lidentificazione delle categorie di
minaccia ¢ stata utilizzata la versione 3.1 delle Major
Threats IUCN (www.iucn.org).

Minaccia 2: Agriculture & Aguaculture ed in particolare
Minaccia 2.3: Livestock farming & ranching e Minaccia
2.3.1: Nomadic grazing. 11 pascolo, nelle stazioni non
rupicole (come ad esempio I'lsola dei Cavoli),
soprattutto in tempi passati, ha costituito una
minaccia per questa specie.

Minaccia 6: Human intrusions and disturbance, € in
particolare Minaccia 06.1: Recreational  activities. In
Sardegna l'unico fattore di minaccia ¢ legato
all’arrampicata sportiva, principalmente nelle aree di
Gutturu Cardaxius (Iglesias, CI) e Gutturu Pala
(Fluminimaggiore, CI), dove negli ultimi anni si ¢
osservato un declino delle popolazioni a causa
dell’impatto determinato da questa attivita. L’isola di
Pantelleria ¢ meta di turismo nel periodo estivo e
data la accessibilita di alcuni dei siti in cui si rinviene
la  specie, il pericolo ¢ rappresentato dalla
modificazione dell’habitat dovuta al calpestio o
all’apertura di nuovi sentieri.

Minaccia 7: Natural system modifications ed in particolar
modo Minaccia 7.1: Fires & Fire Suppression e
Minaccia 7.1.1: Increase in  fire frequency/intensity.
Sull'isola di Pantelleria gli incendi estivi possono
ridurre drasticamente il numero di individui della
popolazione.

Criteri IUCN applicati.

Per lassegnazione di B. insularis ad una categoria di
rischio, considerando i dati a disposizione, ¢ stato
valutato il criterio B, relativo all’ampiezza dell’areale
geografico.



Criterio B
B1-Areale (EOO): 22.874 km?
B2-Superficie occupata (AOO): 140 km? (griglia di 2 x 2

Opzioni

I valori relativi all’ampiezza dell’areale geografico
rientrano nel range individuato per la categoria VU,
tuttavia non essendo stato osservato un declino, non
¢ possibile attribuibile tale categoria alla specie.

Categoria di rischio.

L’assenza di minacce serie per la conservazione della
specie e la mancanza di declino, indicano che B.
insularis deve essere considerata come non minacciata
a livello nazionale.

Categoria di rischio: Near Threatened (NT).

Interazioni con la popolazione globale.

A causa dell’isolamento geografico delle popolazioni
sardo-corse, siciliane e nord-africane, non si
ritengono possibili fenomeni di scambio genico.

Status alla scala “regionale/globale.

~status alla scala globale: Near Threatened (NT) (BILZ et
al., 2011).

-precedente attribuzione a livello nazionale: A livello
regionale la specie ¢ stata considerata Endangered
(EN) per la Sicilia (CONTI ¢z al., 1997, RAIMONDO e
al., 2011).

Strategie/Azioni di conservazione e normativa.
B.  insularis, specie di interesse fitogeografico,
sistematico e  conservazionistico, €  inserita
nell’Allegato 1 della Convenzione di Berna e
nel’Allegato  II  della  Direttiva  “Habitat”
92/43/CEE.

Alcune delle stazioni sarde di B. insularis ricadono
all'interno di Siti di Importanza Comunitaria (SIC),
ed in particolare nel SIC “Isole Tavolara, Molara e
Molarotto” (ITB010010), “Capo Figari e Isola
Figarolo (ITB010009), “[Capo Caccia (con le isole
Foradada e Piana) e Punta del Giglio (ITB010042)],
“Isola dell’Asinara” (ITB010082), “Isola dei Cavoli,
Serpentara e Punta Molentis (ITB040020), “Isola
Rossa e Capo Teulada” (ITB040024), “Costa di
Nebida” (ITB040029) e “Monte Arcuentu e Rio

Piscinas” (ITB040031). Sull'Isola di Pantelleria (TP),
'unica popolazione ricade all'interno del SIC “Isola
di Pantelleria, area costiera, falesie e bagno
dell’acqua” (ITA010020).

Inoltre, la popolazione dell'Isola dell’Asinara ricade
all’interno dell’lomonimo Parco Nazionale, istituito in
seguito al D.P.R 3 ottobre 2002, mentre quella di
Capo Caccia si trova all’interno del “Parco Naturale
Regionale di Porto Conte”, istituito con la L.R. n°4
del 26 febbraio 1999.

Popolazioni sarde di B. insularis ricadono anche
allinterno di Aree Marine Protette (AMP), quali
AMP “Isola dell’Asinara”, ‘“Tavolara-Punta Coda
Cavallo”, “Capo Caccia-Isola Piana” e “Capo
Carbonara”.

La popolazione di Pantelleria ricade all'interno
dellistituenda AMP “Isola di Pantelleria”.

Alcune delle stazioni sarde di B. insularis sono anche
incluse all'interno delle Important Plant Areas (IPAs)
individuate per la Sardegna (BLASI e 4/, 2010) e in
particolare nelle seguenti aree: “Isola Asinara e Punta
Rumasinu” (SAR14), “Isole Tavolara, Molara e
Molarotto” (SAR16), “Capo Figari e Isola Figarolo”
(SAR22), “Punta Maxia ¢ Monte Arcosu” (SARD),
“Isola dei Cavoli, Serpentara, Campu Longu e Monte
Macioni” (SAROG), “Monte Linas, Costa di Nebida e
Capo Pecora” (SAR7), “Capo Caccia, Monte Rodedo
e Punta Argentiera (SAR13).

Gia a partire dal 2005 ¢ stata avviata presso la Banca
del Germoplasma della Sardegna (BG-SAR) la
conservazione ex sit# a lungo periodo del
germoplasma (BACCHETTA ez al., 2007) e attualmente
sono conservati in banca ventidue lotti di semi
relativi a otto popolazioni sarde. Sono stati inoltre
inviati duplicata alla Millenium Seed Bank (Royal
Botanic Gardens of Kew). Presso BG-SAR sono
attualmente in corso studi sull’ecofisiologia della
germinazione, volti a identificare 1 requisiti ottimali in
termini di fotoperiodo, temperatura e salinita.

Note.

B. insularis Motis appartiene al gruppo di B. oleracea
L., insieme a B. balearica Pers., B. rupestris Raf., B.
villosa Biv. e B. tyrrbena Giotta, Piccito ef Arrigoni.
Quest’ultima in passato veniva inclusa allinterno di
B. insularis, dalla quale differisce sia per numero
cromosomico (2#7=20) che per la morfologia, in
quanto possiede silique a sezione quadrangolare,
petali gialli, sepali bianco-giallastri e dimensioni piu
modeste (ARRIGONI, 2000).
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