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ABSTRACT

The present Ph.D. thesis adito provide abetter understanding duniperusmacrocarpaand
the habitat thait characteries (Juniperusspp. habitat; Exopean priority habitatyn Sardinian
coastal dunesas well as taachieve results useful to suppantsitu and ex situconservation
actions. In particular, the specific aimstbé thesisvere: (1) to anale morphological variation
in seeds of MediterreeanJuniperus taxa(at inter and intraspecific level) and morphometric
differences inJ. macrocarpaseed collected irdifferent populations, seasons and sosir(2) to
evaluate the effect of the collecting season, source, laboratotyeptments antemperatures
on seed viability and germination &f macrocarpa(3) to investigate factors affecting seedling
emergence, survival and growth tife species(4) to explore the floristic variability ofhe
habitat in Sardinia in relation to geographic,ndtic and human variabless well asthe
potential effect of human disturbance and sampling period on key plant parametefisially
(5) to assess the conservation statuhigthabitat in Sardinia.

In the first chapter, a statistical classifier foedterranearduniperustaxabased on seed
morphometric parameters analysed by image analysis techniques, was tested at interspecifi
specific and intraspecific leveldnalysed seeds came fragalbules ofJuniperus taxaollected
from different regions othe Mediterranean Basin and galbulesJofmacrocarpacollected in
2010 from four Sardian populations, in two seasoasd inplants and soilTwo taxonomic
treatments foduniperusgenus (Flora Europaea and The Plant Ligtye compared andhter-
populdion, seasonal and source variability in seed morpholggne analysedHigh percentages
of correct identification were reached for both taxonomic treatments at specific and intraspecific
level and from the comparison amotaxa of the J. oxycedrus, J. camunisand J. phoenicea
complexes Moreover, this statistical classifier discriminatédmacrocarpaseeds collected in
spring better than those aatited in autumn, but it seemadt to beable to discriminatéhose
seeds collectettom plants and soil,nor those ones collected different populations fronthe
same geographical region

In the subsequent chapter, seed viability aneingeation phenology ofl. macrocarpa
were investigated. For this purpose, rigalbules in four localities and in two seaspboth from
plants and sojlwere collectedin order toverify the presence ofhyysiological dormancy, warm
(W) and cold stratification (C), two combinatisnof them (W+C and C+W), and no pre

treatment (control) were applied. After greatments, seedwere incubated in a range of



constant (1025°C)anda | t er nat i ng ( 25 teddiAbdity was own ca B0 ur e s .
and the source (plant or soil) had not a significant effextit, butit varied significantly
according to season, showing lower patages for seeds collected in autumn than in spring.
Seed germination was low (ca. 10%), the control and W were the most effective on stimulating
germination, while C negatively affected germination. The best temperatures for germination
were 15 and 20°Cral seeds collected in spring showed higher germination percentages (ca.
11%) than in autumn (ca. 7¥8eeds ofl. macrocarpaare dormant and the results of this study
suggestd the presence of secondary dormancy induced by cold stratification. The geminat
phenology all along the dispersal season (from autumn to spring)lugisated as well as the
potentiality of thisaxonto create a soil seed bank.

In the third chapter, factors affecting emergence, survival and gronthmécrocarpa
seedlings,were investigated. For this study, permanent plots were placed and periodically
monitored. Within them, besides seedling parameters (emergence, survival and growth), several
biotic and abiotic variableésolar radiation, tree cover, herbaceous plus scoviercdistance
from the closerd. macrocarpafemale, number of galbules on the soil and event number of
herbivore trace) were measurddnear mixedeffects models were used to test the relative
importance of different groups of explanatory variables @ulg®y parametersA total of 536
seedlings were markedjost of whichemerged in winter. The "microclimate” was the best fit
model explaining emergence, highlighting the positive relation betiteamumber of emerged
seedlings and tree cover. Survivalsvaery low and most of the seedlings died in the first
months from emergence, reaching the highest mortality rate in the first summer. High values of
both herbivory and solar irradiation increased mortality risk. Our results cefithat J.
macrocarpais a slow growing species, and no seedlings reached the subss@mertlass.
Moreover,growth depended on suitable microhabitats, and in particular it was positively related
to tree cover, hours of sunlight, and herbaceous plus scrub Emapite theseetevant results,
long-term studies are needed to identify key issues in the life cycle ofacrocarpa(e.g.
germination, fitness, and recruitment).

In the last chapter, the floristic variability dfiniperusspp. habitat in Sardinia in relation
to geograhic, climatic and human viables was explored.Wo data setsvere createdthe first
one byinputting phytosociological relevés available inditieire and our own relevé$ie second
oneby includingfor each relev@eographic, climatiand floristic vaiables, as well as sampling
period and human disturbanas categorical variable$he floristic composition differed among
sites and this variation was mainlyled by a latitudinal gradierinked to a climatic gradient.

Regardingheresultsof key paameters in the evaluatiaf the habitat quality, floristic richness



was positively influenced by low and medium level of human disturbance; the entdeaic
cover was positively related 'omedium level of human disturbance, while the ateeracover
was positively related to recent samplindéie conservation status dfiniperusspp. habitat in
Sardinia following the IUCN protocalve also assesseBreliminary results showed thttis
habitat should be considered as endangered (Eegional level.

In conclusion,our results gave new findings for the recovery and conservation planning
of the species and the habitat under study. Specificayfoundthat spring was thbest season
for seed collectionWe also suggesautumn aghe period for plantng or sowing with planting
being preferable to sowinghielding plants fromdar radiation under canopthe application of
techniques such as organic blanket when sowing is the selected aptamidition, in order to
improvethe conservation statud duniperusspp. habitat, wadvisemanagement measurgsch
asthe eradication of alienaxa, as well as interventions a@gd to reducénuman impact orthe

dune systems.



INTRODUCTION

The juniper vegetation in Sardinia has been deschliyadrious authordde Marcoet al, 1985;
Camardaeet al, 1995; Brulloet al, 2001; RivagMartinezet al, 2003 Bacchettaet al, 2007,
2009). These woods are widespread in all lithological substrates, from the sea level to the highest
altitudes of thelsland (Bacchettat al, 2009).The vegetation of the cacuminal areas of the
Gennargentu Massif (CE Sardinia) is characterized by the presenceJoiniperus communis
L. subsp nana Syme, ascribed to th&ino-JunipereteaRivasMartinez 1964class the
Juniperetalia hemisphaericiRivasMartinez & J.A. Molina in Riva$lartinez, Fernandez
Gonzélez & Loidi 1999orden the Berberidion aetnensiBrullo, Giusso & Guarino 2001
alliance the endemidRoso serafinrduniperenion nanadrullo, Giusso & Guarino 200%ub-
alliance the Juniperetum nanaditar. & Malcuit 1926 association and two exclusivesub
associationsof Sardinia: cerastietosum boissierianBrullo, Giusso & Guarino 2001 and
juniperetosum oxycedBrullo, Giusso & Guarino 2001 (Brullet al., 2001).

Plant communities characterized BycommunisL. subsp.communis present in many
sites of central Sardinia, specifically in the
described to date (Bacche#taal, 2009).J. oxycedrud.. subsp.oxycedusis present in southern
Sardinia, and is referable to tli@uercetea ilicisBr.-Bl. ex A. & O. Boldos 1950class the
Pistacio lentisciRhamnetalia alaterni RivasMartinez 1975 orden the Oleo sylvestris
Ceratonion siliquaeBr.-Bl. ex Guinochet & Drouinaal1944 emRivasMartinez 197%5lliance
and thePistacio lentiscilJuniperetum oxycedrCamarda, Lucchese, E. Pignatti & S. Pignatti
1995associatiofCamardaet al,, 1995).

The thermomediterranean juniper vegetation characterized. [phoeniceal. subsp.
turbinata (Guss.) Nymanyefers to four association®leo-Juniperetum turbinataé\rrigoni,
Bruno, De Marco & Veri in De Marco, Dinelli & Caneva 1985;co-Juniperetum turbinatae
De Marco, Dinelli & Caneva 1985 hamaeropealuniperetum turbinata®e Marcq Dinelli &
Caneva 1985 an&uphorbio characiagluniperetum turbinatadBiondi, Filigheddu & Farris
2001, which belong to th&uniperion turbinatadRivasMartinez 1975 corrl987alliance of the
Pistacio lentisciRhamnetalia alaternorden(De Marcoet al, 1985; Biondiet al, 2001; Biondi
and Bagella, 2005)The Sardinian psammophilous formations with macrocarpaSm. are
includedin the Asparago acutifoliJuniperetum macrocarpa® & R. Molinier ex O. Bolos 1962

(Géhu and Biondi, 1994pssociation Thes latter types of vegetation are of particular



phytogeographical intereandtheycharacterize the stabilized dune systems of Sardinia, and are
listed as priority habitat (22%pin the European Union Habitats Directive 92/43/EEQrppean
Commission, 200).

The Juniperusspp. habitat (2250%)
The priority habitat 2250(Juniperusspp. habitat, hereafter)is mainly distributed along the

sandy coasts of southern and western Europe and secomdighiarnEurope, on Mediterranean
and Atlantic coasts. Itglhosts themost extended surfac# this habitatat EU level(Picchi,
2008). The characteristic species of coastal dunesoithern EuropgBritain, Denmark and
Germany)is mainlyJ. communiswhile in southern (Greece, Italy) andestern(Spain, Portuga
and France) Europe the juniper species predominating) aneacrocarpa J. phoeniceal., J.
phoeniceasubspturbinata

The vegetation that characterize theniperusspp. habitatin Sardinia(Figure 1), is
generally dominated by miciforests principdy constituted byld. macrocarpaand referable to
the Pistacio lentisciJuniperetum macrocarpaeassociation They are dominated by
sclerophyllous phanerophytes caespitose Ristacia lentiscud.. and Rhamnus alaternuk.;
the vines are frequent, in partiar Smilax asperal., Rubia peregrinal. subsp.requienii
(Duby) Cardoneet Sierrg Clematis flammuld.., Prasium majud.., as well ashe geophytes
such asRuscus aculeatus. andAsparagus acutifoliuk. (Bacchettaet al, 2007, 2008b)ln the
most expsedareado erosion, this association has a scrub structure, while in the more sheltered
areas evolves in woods, which often excee@s® in height. In backdunes areas, protected from
sea agents (wind and salt spra¥),macrocarpais partially replacedoy J. phoeniceasubsp.
turbinata, togheter withPhillyrea latifolia L. subsp.rodriguezii (P. Monts.) RompAsparagus
albusL., Olea europaed.. var. sylvestris Osyrisalba L., Cistus creticud.. subsp.eriocephalus
(Viv.) Greuteret Burdet(Bacchettaetal., 2007, 2008b).

Taxonomic treatments

The Cupressaceae family is mainly distributed in Northern Hemisphere, and more scattered ir
the south temperate regions andtle north eastAfrica, with singles genera present from either
Northern or Southern Hespheres (Stevens, 2001). The gedwsiperusL. comprises about 70
species and 27 varieties (Adams, 2008) most of which grow iNahern hemisphere, except

J. proceraHochst. ex Endl., that is present in the Great Rift Valley and Mountains (Aeteaihs



1993). In the Mediterranean area, the gedusiperusis mainly present in the mountains
systems of Greece, Balkan Peninsula, France, Spain, Italy, Turkey, Algeria, Morocco, Portugal,
Tunisia, as well as Corsica and Sardinia (Tetial.,1993). The geusJuniperuscan be divided
into three monophyletic sectionSaryocedrusEndlicher,JuniperusL. (syn: OxycedrusSpach),
and Sabina(Mill.) Spach (Adams, 2008)n Sardinia sevetaxa of Juniperusare present: 1).
communissubsp communis 2) J. commuis subsp nang 3) J. macrocarpa 4) J. oxycedrus
subsp.oxycedrus 5) J. oxycedrussubsp badia (H.Gay) Debeaux§) J. phoeniced.. subsp.
phoenicea7) J. phoeniceaubspturbinata

The similarity within theJ. oxycedruscomplex is undoubtedFérjon, 198, Adams,
2000). There arenany different taxonomic treatments, such as The Plant List (2012), Flora
Europaea (Tutiret al, 1993), the Cupressaceae monograph (Farjon, 2005) and The Annotated
Checklist of the Italian Vascular Flora (Coatial.,, 2005). According to The Plant List, there are
two varieties belonging to thd. oxycedruscomplex (. oxycedrusvar. badia H. Gay; J.
oxycedrusvar. oxycedru¥, while J. macrocarpais considered a different species. Conversely,
Tutin et al. (1993) did not includd. macrocarpaas a species, but they proposed two subspecies
of J. oxycedrugJ. oxycedrusubsp.oxycedrus J. oxycedrusubsp.macrocarpad and did not
reportJ. oxycedrusvar. badia Farjon (2005) distinguishedl oxycedrusn four subspecies].
oxycedus subsp.oxycedrusJ. oxycedrusubsp.macrocarpaJ. oxycedrusubsp.badia andJ.
oxycedrussubsp.transtaganaFranco. Instead Congt al. (2005) identified forJ. oxycedrus
complex only two subspecies]. oxycedrussubsp. oxycedrusand J. oxycedrussubsp.
macrocarpa Adams (2000), on the basis of DNA and essential oils analysis, differentiated four
taxa J. oxycedrusL.; J. badiaH. Gay[= J. oxycedrussubsp.badia (H. Gay) Debeaux]J.
navicularis Grand. (=J. oxycedrussubsp.transtaganaFranco) ad J. macrocarpaSm. [ J.
oxycedrusubspmacrocarpa(Sibth. & Sm.) Neilr.]; meanwhile Farjon (1998) treated thasa
as a single specied, oxycedrusin this thesis treatment proposed by The Plantwisas used

taxonomic apart from chapter one, which differenttaxawere analysed.

Study species

J. macrocarpds a dioecious species;5lm high, very branching, with large canopy and needle
like-lanceolate leaves 2.5 mwide and 1215 mmlong, sharppointed. The galbules are globular

or pearshapedwith 815 mm diameter, and bltgreen and browspurple at ripening (Pignatti,
1982; Tutinet al, 1993; Arrigoni, 2006). The male cones are terminals, oval or subspherical,

with rounded apex and placed in whorls of three cones.



The appearance of male arfdmale cones occurs simultaneously in July. The
differentiation of pollen sacs begins at late summer; microsporogenesis is completed in autumt
with formation of pollen grains (Ciampi, 1958). The opening of male cones (dehiscence) and
pollen dispersal begiin October (Figre 2) and continue through winter. The female cones
appear in the leaf axil and ovules, three within each galbules, start differentiating in early autumr
(Ciampi, 1958; Chamberst al, 1999). In autumn the pollen sacs burst open ancemoll
dispersed by wind. Between pollination and fertilizatiomaturation of both gametophytes
completes(Ciampi, 1958; Chamberst al, 1999). The development and maturation of female
cones continues until July, when fertilization occurs and simultaneaisdythe pollen grain
completed its development. The embryonic differentiation progresses until late summer of the
second yeamwhen embryo is matura the same timgalbulesareready for dispersgFigure 3).

J. macrocarpagalbules ripe at Septemb@ctober (Ciampi, 1958) but do not simultaneously,
their ripening and dispersal is distributed from autumn to spring (see Chapter 1). This is a
strategy to facilitate predation by animals (foxes, badgers and wild boar) thatsessede
dispersal via excremen{Pacini and Piotto, 2004).

J. macrocarpas a shrub or small tregpical of coastal environments, distributiedthe
Mediterranean region from southwestern Spain to western Turkey and from Morocco to
Cyrenaica (Lybia), including Balearic Islands, Caasi€ardinia, Sicily and Aegean Islands, also
reaching the coasts of tliglack Seaand Syria (Greuteet al, 1984; Amaral Franco,1986
Farjon 2005).

Figure 17 The Juniperusspp. habitatin Is Arenas dune system.



Figure 2 - 3: 2: Opening o male cones (dehiscence) and pollen dispersal;Ripe galbules of]. macrocarpa.

Study area
Sardinia is situated in the western Mediterran

and 9A 5006 east | on gi’tanddhenaximum altitude réachipg 1c884.m 2 4 . 0 9
a.s.l. (Punta La Marmora, Gennargentu Massift,SaEdinia).
Among the main dune systems of Sardinia we selected as studyFayae 4) four Sites of

Community Importance (SCI) in the southern of island:

1. Al sol a id,eiSeCapveont ar a, Punta Molentis e Camp!
39° 07' 16"N9° 31' 22"E;

2. APorto Campanao, | TB®B3IRWNS 618" mus de Mari a)

3. Al s Co m@ampodunalesdi Buggesor t i xeddu o, | TB042249 (B

18"N-8° 25' 51"E;
4. iDa Piscinas a Riu Scivuo-8235®E040071 (Arbus
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Figure 4 - Study areas: 1 Villasimius; 2 Domus de Maria; 3 Buggerru; 4 Arbus

Geological, geographical and climatic context of study areas
The Villasimius muicipality is located at the southern end of Sardinian east coast, in Sarrabus

territory. In this area, the quaternary alluvial detrital covers are constituted by conglomerates,
sandstones and biocalcarenites of beach (Upper Pleistocene), along theestagtdirectly
above an abrasion surface engraved on granite. There are also patchs of Quaternary depos
marine and continental, dating back to last interglacial period (Paim&€7; Qru et al,
1994).The studied area comprises the beaches b unco and Simius, separated by Serra 'e
Morus promontory, Is Tarias and Punta Molentis beaches. The dune system rhasliam
height of 12 m which can reach 35 m MATTM website;
ftp://ftp.dpn.minambiente.it/Cartografie/Natura2000/)

Domus de Maria coprises the dune system a@tiabeacheslocated in Sulcis area and
in particular inits southwestern tip.The geological setting of area is characterized by the
Palaeozoic basement, on which Quaternary deposits lie, that are formed from Holocenic an
reent beach sands, ancient alluvial deposits related to the main rivers and colluvial deposits ol
the slope floor¢De Muroet al, 2010).The dune systensjtuated30-40 m from the shoreline, is
fairly uniform and with a maximum height of 26 mMMATTM website;
ftp://ftp.dpn.minambiente.it/Cartografie/Natura2000/The continuity of these beaches is
interrupted by two low rocky headlands which divide it into three areas from NE (ac&Md
Sa Colonia, Campana and Su Giudeu (De Matral, 2010).

The dune sstem of BuggerrPortixeddu extends over an area of ca. & lamd is
composed of at least three generations of aeolian deposits, dating from the Middle Pleistocene 1



the HoloceneQesaracciet al, 1986 Arisci et al, 1999). From a morphological point zew,
longitudinal, parabolic and transversal dunes can be distinguished. This dune field was stabilized
through the plantation of many trees and shoues 40 years ago (Aris@t al.,1999).

Is Arenas dune system (Arbus) represents one of the mosttanpand wetpreserved
coastal system of the island, which spread to ca. 5 km inland. Geologically, the area mainly
consists of Holocene sandstones and aeolian sands forms which present irregular heights ranging
from 10 to 8890 m (Anninoet al, 2000).

From a climatic standpoint, all sites show a typical Mediterranean annual pattern of
temperature and precipitation with a leregm dry summer. The mean annual temperature and
annual precipitation are the following: 17.6 °C and335mm for Villasimius;16.6°C and 168.33
mm for Chia; 16.2°C and 203.33 mm for Bugg®uartixeddu; 16.4°C and 1% mm for Is
Arenas, according tdata downloaded fromttp://www.worldclim.org(Hijmanset al, 2005).

Available data from the nearest weather stations (Montew&cEtiminimaggiore and
Domus de Maria) allowed to classify bioclimatically Is Arenas, Buggemixeddu and Chia
dune systems as Oceanic Pluviseasonal Mediterranean (MPO), with upper thermomediterranean
thermotype and lower subhumid ombrotyBa¢chetta2006 Bacchettaet al.,20083. The dune
system and the beaches of Villasimiase classified as Oceanic Pluviseasonal Mediterranean
(MPO), with lower thermomediterranean thermotype and upper dry ombrotype (Baettsiia
2010).

Threats and conservaibn
The coastalJuniperus spp. woods represent one of the most important psammophilous

vegetation community in the Mediterranean area (Baccleti@, 2007). The main threats
affecting this habitat at European level are various: urban developmentt pyassure, forest

fires, alien plant species, coastal erosion, overgrazing and habitat fragmentation (Picchi, 2008).
In Sardinia, they face local critical conditions mainly due to human impact factors, such as the
increasing of coastal urbanization and transformation of dune systems in tourist recreational
areas in these latter the human trampling increase causes decrease or loss of characteristic
species and starting of erosion proce¢Baschettaet al., 2007).

For the conservation of dunes willaniperuswoodland, measures for the recovery of
coastal environmental conditions and the populations reinforcement should be implemented and
the threat factors reduced, through an active management of coastal dune ecosystems (Mufioz
and Gracia, 2009). Sucheasures could include: fire prevention, shrub clearance and controlled

grazing, eradication of alien species, regulation and limitation of human presences and activities
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(Picchi, 2008 Mufioz and Gracia, 2009). Moreoven, situ conservation actions maybee b
adopted, such as recovery interventions on degraded dunes, population reinforcement an
regeneation of the juniper woodlandsis well asex situconservation measures, such as seed
conservation ingermplasmbanks and/or plant propagation in nurseries feintroduction

purposes.

Plan of the work
The present Ph.Oihesis has been developed in the context of the LIFE PROVIDUNE project

(LIFEO7NAT/IT/000519), financed by LIFE + program "Nature and Biodiversity" for the period
20092013. The project aims a@rotecting the priority habitat consisting of coastal dunes with
Juniperusssp. (2250*)sensuDir. 92/43/CEE, which is one of the most endangered habitats in
the EU, in five Italian SCI.

In particular, the present thesis deals with macrocarpaand the habitat thatit
characterizes. Besides habitat studied directly linked WIFE project, we have anadgd
morphological variation in seeds of Mediterranedumiperustaxa In addition we have
investigated thd. macrocarpagermination, fundamental for a&tber knowledge viability, actual
reproductive capacity and some aspectsemdlingdynamics of theaxon essential for planning
future conservation actions.

In the first chapter, we analyd the seeds to achieve a statistical classifier for
Mediterranan Juniperus taxa, based on seed morphometric parameters, at specific and
intraspecific level. We compared the achieved results with two different taxonomic treatments.
Moreover, we tested if the classification system was able to discriminate seedtlossame
speciesJ. macrocarpa collectedin different populations, seasoasdsources.

The subsequent chapter focused on a key stage in the life cycle of plants: seec
germination. We verified the effect of the collecting season and source (plantilyndssaell
as laboratory germination pteeatments and temperatures on seed viability and germination of
J. macrocarpaThe analysis performed aimed to maximize the effectiveness of conservation and
regeneration activities of the fragile and threatesmmbystems where this species prevails.

The next phase of work concerned another critical stage of plaittife, the transition
period from seed germination to seedling establishmenwr@ig), particularly critical in
environment as Mediterranean astal dunes. Specifically, we evaluated factors affecting
seedling emergence, survival and growthlofnacrocarpan southern Sardinia, to determine

seedling recruitment and its consequences for forest regeneration
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Finally, using thephytosociological eélevés available in literature and our own relevés
we determined the floristic variability of 2250* habitat in Sardimarelation to geographic,
climatic and human variablpse analysed if tourism and period of samplings have an influence

on the key pameters for habitat quality, as well as we evaluated the conservation status of
2250* habitat in Sardinia.

Figure 51 Seedling ofJ. macrocarpa.

Aims
This thesis aims to better understanding.aihacrocarpaand the habitat that characterizes, in

Sardinian coastal dunes, as well as to achieve results useful to suppdt and ex situ
conservation actiong.he mainspecificaims of this work were:

V To analge morphological variation in seeds of Mediterrandaniperustaxa (at
both inter and inraspecific level);
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V to test morphometric differences th macrocarpaseed collectedn different

populations, seasons and sosig#ants or soil);

V to evaluate the effect of the collecting season, source, laboratetyeptements

and temperaturesn seé viability and germination af. macrocarpa

V to investigate factors affecting seedling emergence, survival and growih of
macrocarpa to determine seedling recruitment and its consequences for forest

regeneration;

V to explore the floristic variability ofuniperusspp.habitat in Sardinia in relation
to geographic, climatic and human variablesexaminethe potential effect of
human disturbance and sampling period on key plant parameters for evaluating
habitat quality;

V to assess the conservation statfJuniperusspp.habitat in Sardinia.
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CHAPTER 1

Inter and intraspecific morphometric variability in JuniperusL. seeds

Maria Silvia Pinna, Oscderillo, Efisio Mattana, Eva Cafadas, Gianluigi Bacchetta

Abstract
In this study, a statistical classifier for Mediterranedmniperus taxa based on seed

morphometric parameters analysed by image analysis techniques, was tested at interspecific,
specificand intraspecific level Ripe galbules ogight or nineJuniperustaxa, were collectedn

different regions othe Mediterranean Basin. Moreover, ripe galbuleslomacrocarpawere
collected in 2010 from four Sardinian populations, in two seasonsnaoant and soil, in order

to analyse intepopulation, seasonal and source variability in seed morphology. Furthermore,
were compared two different taxonomic treatments proposed for this genus (by Flora Europaea
and The Plant List). High percentages ofreot identification were reached for both taxonomic
treatments at specific and intraspecific level and from the comparison aaangf the J.
oxycedrus J. communisand J. phoeniceacomplexes. Moreover, this statistical classifier
discriminated]. macroarpa seeds collected in spring better than those collected in autumn, but

it seenednot to be able tdiscriminatethose seeds collectéim plants and sajlnor those ones

collectedin different populations from the same geographical region.

Keywords: Cupressacea&FDs LDA, Mediterranean flora, morphometric seed analysis

Introduction
The family Cupressaceashows great ecological diversity among its species (Farjon, 1999),

mainly distributed inthe Northern Hemisphere, and more scattered in sarnipérate regions

and in the north east Africa, with singles genera present from either Northern or Southern
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Hemispheres Stevens, 2001 The genusJuniperusL. comprises about 70 species and 27
varieties (Adams, 2008), most of them growing in B@thernhemisphere, exce@uniperus
proceraHochst.ex Endl., that is present in the Great Rift Valley and Mountains (Adzatnas.,
1993).In the Mediterranean area, the gedusiperusis mainly present in the mountain systems
of GreeceBalkan Peninsula, Franc8pain, Italy, Turkey, Algeria, Morocco, Portugal, Tunisia,
as well as Corsica and Sardinia (Tugh al., 1993). This genus can be divided into three
monophyletic sections (Adams, 200®)aryocedrusEndlicher, with only one species for the
Mediterraneamegion (. drupacea_abill.); JuniperusL. (syn: OxycedrusSpach), consisting of
ten species (nine ieast Asia and the Mediterranean plus the circumbareadmmunid..); and
Sabina(Mill.) Spach, consisting of 56 species distributed in seugistern rempns of North
America, Asia and Mediterranean Basin (Adams, 2008; &ad.,2010; Silvaet al.,2011).

In Juniperusgenus, genetic research at isyecific Adams, 2008Mao et al, 2010 and
intra-specific (e.g.Opgenoorthet al, 2019 Douaihy et al, 2011) level has been published,
highlighting high levels of genetic diversity. In particular, Jiméekeal. (2003) analysed genetic
diversity and differentiation in Moroccan and Spanishhuriferal., showing that the Strait of
Gibraltar acted as anfafient barrier against gene flow between the Moroccan and European
populations of this specief®ouaihy et al. (2011) revealed a high level of genetic diversity
within J. excelsaM.Bieb. subspexcelsa Meloni et al. (2006) found genetic variability invie
natural populations of. phoenicea | n addi t iebal (2008 congpdred @Estual
populations ofJ. phoenicea detecting two groups of populationd, phoeniceal. subsp
phoeniceain the eastern Iberian Peninsula and southern FranceJ.apthoeniceasubsp.
turbinata (Guss.) Nyma from the Mediterranean and Atlantic shores and from the Atlas
Mountains. High level of genetic differentiation fdr communiswas foundin populations
sampled in Britain (Van Der Merwet al, 2000) and throughout Europe (Michalczgkal,
2010).

Someauthors investigated inf@opulation differences within the various species of the
genus Juniperus, achievirg different results depending dhe taxon Mazur et al. (2003)
analysed biometrically (number, length, width of cones and seeds, features efastiblataves)
the intepopulation variation ofl. phoenicedrom the Iberian Peninsula that was found to be
much larger than that df excelsgMazuret al.,2004).Klimko et al. (2007 examined the intra
and intepopulation variation of. oxycedrud.. subsp.oxycedruson the basis of morphological
characters (length and width of cones, seeds and needles, seed number per cone). These autt
found that thewestMediterranean populations differed from the eastern ones, as well as

intrapopulation differenéition of individuals.
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The potentialities of biometric indices for seed studies are well known and proved by
many authors, particularly regarding morptworimetric evaluation (e.gLiao et al., 1994;
Granitto et al, 2003; Shahin and Symons, 2003; Kiét al., 2007; Bacchettaet al, 2008;
Wiesnerova and Wiesner, 2Q08enoraet al, 2009a;Grillo et al, 201Q. Bacchettaet al.
(2008), using digital images, characterized seeds of wild vascular plants of the Mediterranean
Basin, implementing statisticadlassifiers able to discriminate seeds belonging to different
genera and species. Grik al. (2010) developed 10 specific statistical classifiers at family level
for Angiosperms and tested the system on the gémoiperus proving that the method issal
reliable for Gymnosperms. Recently, Orll al. (2012a) confirmed the effectiveness of this
identification method from a comparison between the reached results studying the discriminatory
power of seeds biometric characters\ofis vinifiera L. varieties and those achieved by De
Mattia et al. (2007) during a study on genetic characterization of the same varieties. Afterwards,
many authors used Elliptic Fourier Descriptors (EFDs) in seed stutiegsal(et al, 2010
Mebatsioret al, 2012; Orrtet al, 2012b) achieving relevant results.

Since taxonomic controversies and different systematic treatmeniangperusgenus
exist, we showed the perspective of morphometric seed analysis, which has proven to be a useful
tool in taxonomy (e.g. Bacchett al, 2008). Specifically, the aims of this study were: (1) to
validate and improve the statistical classifier, based on seed morphometric parameters, at
specific and intraspecific level, previously implemented by Grélo al. (2010) for the
MediterraneanJuniperus taxa (2) to compare the achieved results with the two different
taxonomic treatments proposed by Flora Eurog&atin et al.,1993)and The Plant List2012)
and (3) to test the capability of the classification system in the discrimination olioseed the
same species)(macrocarpa&Sm) collectedin different populations, seasons and sosi(p&ants

or soil).

Materials and methods

Seed lot details
Ripe galbules ofluniperustaxa were collected in the field for a total of 43 seed lots from

Algeria (Ag), Balearic Islands (Bl), Corsica (Co), Italy (It), Sardinia (S@gin (Hs) and then
stored at the Sardinian Germplasm Bank {8&R) in Cagliari (Table 1). After collection, seeds
were manually drawn out from the galbules and washed stirring ithevater for 90 minutes.

Thecleaned seeds were dried at room temperature. Within these seed lots, 18 are accdssions of
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macrocarpacollect ed in Sardinia in 2010 in order to analyse ifgepulation and seasonal
variability in seed morphology (Table.1)

Moreover, to analyse the intraspecific relationships among the stiadi@ccomparisons
at species, subspecies and variety level were implemented following the two different taxonomic
treatments proposed by Flora Europaea (Tettial.,1993; FE) and fie Plant List (2012PL).

Seed size and shape analysis
Digital images of seed samples were acquired using a flatbed scanner (Epson Perfection V60

Photo) with a digital resolution of 400 dpi and a scanning area not exceeding 2048x2048 pixel
Image acquision was performed before drying the seeds at 15°C to 15% of R.H. to avoid
spurious variation in dimension and shape. Samples consisting of 100 seeds, randomly chose
from the originalseed lots andlisposed orthe flatbed traywere used for the digitalnage
analysis. When the original accession was numerically lower than 100 units, the analysis wa:
executed on the whole seed batch. Digital images of seeds were processed and analysed us
the software package K&O0 V.3.0 (Carl ZeissVision, OberkochenGermany). A macro
specifically developed for the characterization of wild seeds (Bacchetd, 2009, later
modified to measure further 20 seed features (Mathrd, 2008) and afterwards improved to
performautomatically all the analysis procedsireeducing the execution time and contextually
mistakes in the analysis process (Gri#ibal, 2010, was used to analyse seeds images. This
macro was further enhanced adding algorithms able to compute the EFDs for each analysed see
increasing the nurdy of discriminant parameters (Omfial, 2012b). The EFDs method allows
describing the boundary of the seed projection, as an array of complex numbers which
correspond to the pixels position of the seed boundary. So, from the seed apex, defined as tt
starting point in a Cartesian system, a chain codes are generated. A chain code is a lossle
compression algorithm for binary images. The basic principle of chain codes is to separately
encode each connected component (pixel) in the image. The encodeandkes along the
boundary of the image and, at each step, transmits a symbol representing the direction of thi
movement. This continues until the encoder returns to the starting position. This method is base
on the separate Fourier decompositions ofrtheemental changes of the X and Y coordinates as

a function of the cumulative length along the boundary (Kuhl and Giardina, 1982). Each
harmonic ) corresponds to four coefficientan(dn, cn and da) defining the ellipse in the XY

plane. The coefficiestof the first harmonic, describing the best fitting ellipse of outlines are

used to standardize size (surface area) and to orientate seedsdfTalr&t010). According to
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Terralet al (2010) findings, about the use of number of harmonics for an alptiescription of

seed outlines, in order to minimize the measurement errors and optimizes the efficiency of shape
reconstruction, 20 harmonics were used to define the seed boundaries, obtaining further 80
parameters useful to discriminate among the stlidiea

A total of 98 morphometric characters were measured on 2343 seeds (Table 2).
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Table 1 - Location of studiedtaxa and populations ofJuniperusgenus (1 = seeds collected in spring; 2 = seeds
collected in autumn; * = seeds dtected from plant; ** = seeds collected from soil). Ag: Algeria; Bl: Balearic
Islands; Co: Corsica; It: Italy; Sa: Sardinia; Hs: Spain.

Taxonaccording to Numfber
" . 0]

Section The Plant List Flora Europaea Locality Region Year  sampled
(Adams, 2008) (http://www.theplantli st.org/) (Tutin etal. 1993) seeds

Desulo Sa 2010 1813

J. communivar. saxatilisPall. J. communisubspnanaSyme AlbertacceEvisa, Co 2006 412

Desulo, Sa 2006 760

J. communig.. subspcommunis Laconi, Sa 2006 1221

J.communid.. Santiago de la Espada, Andalusia Hs 2010 1728

J. communi4. subsphemisphaerica
(J.Presl & C.Presl) Nyman

Cabafias, Andalusia Hs 2010 273
Buggerru Sa 2012 836
J. oxycedruyar. badiaH.Gay not reported Huescar, Andaluai Hs 2012 244
Domus de Maria Sa 2011 266
Cuesta Carrascal, Andalusia Hs 2010 1129
J. oxycedrug. J. oxycedrud.. subspoxycedrus
Capoterra Sa 2012 380
Domus de Maria Sa 2007 3522
Narbolia Sa 2007 1409
Cecina, Tuscany It 2008 147
Domus de Maria Sa 2007 445
Arbus Sa 2010 46Y
Juniperus Arbus Sa 2010 137"
Arbus Sa 2010 2477
Arbus Sa 2010 220%
Arbus Sa 2010 1010%"
Buggerru Sa 2010 213"
B 201 273
3. macrocarp&Sm J. oxycedrud.. subspmacrocarpa uggerru sa 010 s
: pasm. (Sibth. & Sm.) Neilr. -
Buggerru Sa 2010 2414
Buggerru Sa 2010 2465%"
Buggerru Sa 2010 19842"
Domus de Maria Sa 2010 100"
Domus de Maria Sa 2010 430"
Domus de Maria Sa 2010 3527%
Domus de Maria Sa 2010 2087 %"
Villasimius Sa 2010 543"
Villasimius Sa 2010 269"
Villasimius Sa 2010 2210%
Villasimius Sa 2010 1763%"
Lula Sa 2006 1200
J. phoeniced..
Ain Sefra, wilaya de Naama Ag 2010 392
Montagne des Lions, Oran Ag 2010 317
J. phoeniced..
Villasimius, Sa 2008 897
J. phoeniceaar. turbinata (Guss.)Parl.
. Almerimar, Andalusia Hs 2010 338
Sabina
Mallorca, Balearic Islands Bl 2010 ND
CIEF, Comunidad Valenciana Hs 2007 1023
J. sabinal. J. sabinal.
Jerez deMarquesado, Andalusia Hs 2007 843
. i CIEF, Comunidad Valenciana Hs 2007 1005
J. thuriferaL. J. thuriferaL.
Pedro Martinez, Andalusia Hs 2010 554
Total amount of measured seeds 2343
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Table 2 - List of 18 morphometric features measured on seeds, @wding the 80 Elliptic Fourier Descriptors
(EFDs) calculated according to Haruta (2011).

Feature Description
A Area Seed area (mfh
P Perimeter Seed perimeter (mm)
Peonv Convex Perimeter Convex perimeter of the seed (mm)
Pcrof Crofton Perimete Crofton perimeter of the seed (mm)
Peornv/Pero Perimeter ratio Ratio betweeP.q,, andPc ot
Dimax Max diameter Maximum diameter of the seed (mm)
Dmin Min diameter Minimum diameter of the seed (mm)
Dmin /IDmax ~ Feret ratio Ratio betweem,,, andDmax
EAmax Maximum ellipse axis Maximum axis of an ellipse with equivalent area (mm)
EAmin Minimum ellipse axis Minimum axis of an ellipse with equivalent area (mm)
Sf Shape Factor Seed shape descripter (4 A)AP? (hormalized value)
Rf Roundness Factor Seed roundnestescriptor= (4 -A) / (Diax)l{normalized value)
Ecd Eq. circular diameter Diameter of a circle with equivalent area (mm)
F Fiberlength Seed length along the fiber axis
C Curl degree Ratio betwee,,,, andF
Conv Convessity degree Ratio betweeP¢,,s andP
Sol Solidity degree Ratio betweer\ and convex area
Com Compactness degree Seed compactness descriptor [ & A Dnax ~ )

Statistical analysis
Morphometric and EFDs ttawere analysed applying the stepwise Linear Discriminant Analysis

(LDA) method, in order to compare tleniperusseeds at section levehdams, 2008)as well
as at specific and intraspecific level according to the taxonomic treatments proposed lay PL an
FE (Table 1)In particular, intraspecific analysis were performed for three species caafilex
communis, J. oxycedrus, J. phoenjceaDA was also used tassess seed morphological
variability of J. macrocarpacollectedin different populations, seass and soureplants and
soil). To avoid the influence of the production year, onlyihmacrocarpaseed lots collecteih
2010 were considered.

LDA is commonly used to classify/identify unknown groups characterized by
guantitative and qualitativeaviables (Fisher, 1936, 1940), finding the combination of predictor
variables with the aim of minimizing the witholass distance and maximizing the betwelkass

distance simultaneously, thus achieving maximum class discrimination (Hastlke 2001;
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Holdenet al, 2011). The stepwise method identifies and selects the most statistically significant
features among them to use for the seed sample identification, using three statistical variable:
Tolerance, F-to-enter andF-to-remove. The Tolerance valuendicates the proportion of a
variable variance not accounted for by other independent variables in the eqgadbemter

and F-to-remove values define the power of each variable in the model and they are useful ta
describe what happens if a variableinsered and removd, respectively, from the current
model.This method starts with a model that does not include any of the variables. At each step
the variable with the large§tto-enter value that exceeds the entry criteria choed ( 3 . 8 4)
addedto the model. The variables left out of the analysis at the last steg-Haventer values
smaller than 3.84, so no more are addBde process was automatically stopped when no
remaining variables increased the discrimination abiltgnpraet al, 2009 Grillo et al,

2012). Finally, a crossalidation procedure was applied to verify the performance of the
identification system, testing individual unknown cases and classifying them on the basis of all
others (SPSS, 1999). Analyses were performedgusia SPSS software package release 15
(SPSS, 1999).

To graphically highlight the differences among groups (species and populations), box
pl ots were dr awn usquaradgtantehvaluedvdhaldnabis,01B36)s Dhis
measure of distance is defthéy two or more discriminant functions and ranges from 0 to
infinite. Samples are increasingly similar at values closer to zero. Higher values indicate that &
particular case includes extreme values for one or more independent variables, and can L

consicered significantly different to other cases of the same group (Bacehetta2008).

Results
Comparing the seed lots belonging to the waiperussections proposed by Adams (2008), an

overall crossvalidation percentage of correct identification wasached (86.8%), with
performances of 81.6% and 73.4% JoniperusandSabinasections, respectively.

Following the PL taxonomic treatment at species level, an overall performance of correct
identification of 73.8% was reached, ranging between 63X)%%rifera) and 81.5%J. sabina
L.) (Table 3). In Table 3 are also resumed the performance of correct identification for the
comparison according to the FE taxonomic treatment. An overall percentage of correct
identification of 81.0% was achieved, showirgues ranged between 63.6% thuriferg and
88.0% (. oxycedrup
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Table 3 - Percentage
(http:// www. theplantlist.

of

correct

org/l ;

identification
24 eDalf 1993;2FENL @ FB J. an d

macrocarpaincluded in J. oxycedru$. In parenthesis, the number of analysed seeds.

at species

nFIl o

Taxonaccording to

PL J.communis  J. oxycedrus J. macrocarpa J.phoenicea J.sabina J.thurifera Total

J. communis 77.2 447 1.2 () 0.0 (0) 14.2 82 4.3(25) 3.1(19 100 679
J. oxycedrus 1.0 6) 66.7 323 15.9 (77) 10.7 62 0.0 (0) 6.0 27) 100 @84)
J. macrocarpa 0.0 (0) 29.8 (89) 66.9 (200) 2.0 (6) 0.0 (0) 1.3 (4) 100 (299)
J. phoenicea 10.6 (62) 7.0 (41) 0.5(3) 80.4 (471) 0.2 (1) 1.4 (8) 100 (586)
J. sabina 13.0 (26) 0.0 (0) 0.0 (0) 0.0 (0) 81.5 (163) 5.5 (11) 100 (200)
J. thurifera 11.8 (23) 4.1 (8) 0.0 (0) 15.4 (30) 5.1 (10) 63.6 (124) 100 (195)
Overall 73.8 (2343)
'FI'aExon according to J. communis J. oxycedrus J. pheenicea J. sabina J. thurifera Total

J. communis 76.9 @45 1.2 @) 14.5 84) 4.3 @5 3.1(18) 100 679
J. oxycedrus 0.8(6) 88.0(689 7.0(55) 0.0 (0) 4.2 (33) 100 (783)
J. phoenicea 9.6 (56) 7.3 (43) 81.4 (477) 0.2 (1) 1.5 (9) 100 (586)
J. sabira 12.5 (25) 0.0 (0) 0.0 (0) 82.0 (164) 5.5 (11) 100 (200)
J. thurifera 12.3(24) 3.6(7) 14.9(29) 5.6(11) 63.6(124 100 (195
Overall 81.0 (2343)

At intraspecific leveljin Table 4 the classification performance reached on the basis of

the R taxonomic treatments showed Percentages of correct identification ranged between

13.5% (. phoeniceavar. phoeniceq and 81.5% J. sabing, with an overall performance of

60.6%. Regarding the performance according to FE (whlerexycedrussubsp.oxyaedrus

included alsoJ. oxycedrusvar. badia H. Gay seed lots), an overall percentage of correct

identification of 67.6% was reached, showing values ranged between 3B.68mmunisubsp
communiyand 83.5%J. sabina.

According to PL, the two varietiebelonging tal. communicomplex were compared,

reaching performances of 76.2% and 86.5%Jfaommunivar. saxatilisPall. andJ. communis

var. communisrespectively, giving an overall percentage of correct identification of 80.0%. In

Figure 1, the @ores of the only one implemented discriminant function are reported as box plots

for both theJ. communisarieties.J. communiomplex was also analysed on the basis of the

FE taxonomic treatment, achieving an overall identification performance of 7hu8%orrectly

identifying only 33.0% ofl. communisubsp.communismisattributed in 51.0% of the cases to

J. communisubspnhanaSyme, that reached 81.2% of correct identification, and in 16.0% of the

cases tal. communisubsp.hemisphaericdJ.Presl& C.Presl) Nyman, that reached 78.2% of

correct identification.

According to PL, the two varieties belonging to theoxycedrusomplex (. oxycedrus

var. badia J. oxycedrusvar. oxycedruy were also compared with. macrocarpa(Figure 2),

26



achieving anoverall percentage of correct identification of 69.2%, with misattributions evenly
distributed among the threaxa

Discriminant analysis between the two varieties belonging fmhoeniceaaccording to
PL (Figure 3), showed an overall performance of.8%0, with percentages of correct
identification of 25.0% and 93.1% fal. phoeniceavar. phoeniceaand J. phoeniceavar.

turbinata(Guss.) Par] respectively.
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Table 4 - Percentage of correct identification betweenaxa (specific, subspecific and variet}y ev el ) , according to PL AThe Pl ant

Oct . 2012) 0 and fFeétalr1®93;8&)(irHEd.ecomyéelrdswat. badiais included in J. oxycedrussubsp.oxycedru$. In parenthesis, the number of
analysed seeds.

Taxonaccording to J. commqnis J. communis_ J. oxyceqrus J. oxycedrus J. macrocarpa J. phoeni(_:ea J phoer_1icea 3. sabina 3. thurifera Total
PL var. saxatilis var.communis var. badia var. oxycedrus var. phoenicea var. turbinata

J. communivar. saxatilis 525 (148) 20.6 (58) 0.0 (0) 5.0 (14) 0.0 (0) 4.3(12) 9.6 (27) 3.2(9) 5.0 (14) 100 (282)
J. communisar. communis 16.8 (50) 71.7 (213) 0.0 (0) 0.0 (0) 0.0 (0) 1.3 (4) 3.4 (10) 6.7 (20) 0.0 (0) 100 (297)
J. oxycedrusar. badia 0.0 (0) 0.0 (0) 59.4 (171) 15.3 (44) 21.5 (62) 0.0 (0) 3.8 (11) 0.0 (0) 0.0 (0) 100 (288)
J. oxycedruwar. oxycedrus 3.6 (7) 0.0 (0) 19.4 (38) 36.7 (72) 11.2 (22) 0.5 (1) 13.8 (27) 0.0 (0) 14.8 (29) 100 (196)
J. macrocarpa 0.0 (0) 0.0 (0) 16.1 (48) 11.0 (33) 69.9 (209) 0.0 (0) 2.0 (6) 0.0 (0) 1.0(3) 100 (299)
J. phoeniceaar. phoenicea 14.1 (27) 6.3(12) 0.0 (0) 3.6(7) 0.0 (0) 13.5 (26) 59.9 (115) 1.0(2) 1.6 (3) 100 (192)
J. phoeniceaar. turbinata 5.3(21) 4.1 (16) 3.0(12) 6.9 (27) 0.8 (3) 3.8(15) 74.6 (294) 0.0 (0) 1.5(6) 100 (394)
J. sabina 3.0 (6) 10.5 (21) 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 81.5 (163) 5.0 (10) 100 (200)
J. thurifera 12.8 (25) 1.0 (2) 0.0 (0) 7.7 (15) 0.0 (0) 2.1(4) 8.2 (16) 5.1 (10) 63.1 (123) 100 (195)
Overall 60.6 (2343)
Taxonaccording to J. communis J. communis‘ubsp. J. communis . J. oxycedrus J. oxycedrus J. phoenicea J. sabina 3. thurifera Total
FE subspnana communis subsphemisphaerica subsp.oxycedrus subspmacrocarpa

J. communisubspnana 48.6 137 7.4(21) 11.3 32 25(@) 0.0 (0) 20.9 69) 25(@) 6.7(19 100 @82
J. communisubsp communis 31.0 81 33.0@3 20.0 QO 0.0 (0) 0.0 (0) 8.0 @) 8.0 @) 0.0 (0) 100 @00
J. communisubsp hemisphaerica 17.3(34) 9.1(18 62.9(129 0.0 (0) 0.0 (0) 4.6(9) 5.6(11) 0.5(1) 100 @97
J. oxycedrusubsp.oxycedrus 1.0(5) 0.0 (0) 0.0 (0) 67.8(328 15.1(73) 10.1(49) 0.0 (0) 6.0(29) 100 (484)
J. oxycedrusubspmacrocarpa 0.0 (0) 0.0 (0) 0.0 (0) 33.1(99) 64.5(193 1.3(4) 0.0 (0) 1.0(3) 100 @99)
J. phoenicea 6.3(37) 0.7 (4) 1.9(11) 7.0(4)) 0.5(3) 81.4(477) 0.3(2) 1.9(11) 100 686
J. sdina 3.5(7) 4.0 (8) 4.0 (8) 0.0 (0) 0.0 (0) 0.0 (0) 83.5 (167) 5.0 (10) 100 (200)
J. thurifera 10.3(20) 0.0 (0) 1.0(2) 4.1(8) 0.0 (0) 14.4(28 5.6 (11) 64.6(126) 100 (195
Overall 67.6 (2343)
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Figure 1 - Graphic representation of the discriminant function scores for both theJ. communisvarieties,
according to PL fAiThe Plant 24s®©cf{ ht2@1l2)Y www. thepl ani
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Figure 2 - Analysis discriminating of the varieties belonging to theJ. oxycedruscomplex, according to
PLAThe Plant List (http://www. dimeempdarpant | i st . org/; 24 Oct.
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Figure 3 - Graphic representation of the discriminant function scores for the two varieties belonging tadl.
phoenicea according to PL AThe Plant List (http:// www.t

The four J. macrocarpapopulations highlighted percentages of right identification
ranged between 228 (Domus de Maria) and 54.5% (Buggerru), with an overall performance of
37.9% (Table 5). Regarding the discriminant comparison betweeh thacrocarpaseed lots
collectedin spring and autumn 2010, the overall percentages for population ranged between
66.6% (Villasimius) and 70.1% (Domus de Maria), with an overall identification performance of
63.5%. Similarly, the discriminant analyses condddetween the seed collecteaim plant and
those collectedrom soil showed overall percentages of correct fidieation for population
ranging from 61.5% (Buggerru) to 70.2% (Villasimius), with an overall identification

performance of 59.2%.
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Table 5- Percentage of correct identification among populations o. macrocarpaSardinian. In parenthesis,
the number of analysed seeds.

Locality Arbus Buggerru  Domus de Maria  Villasimius Total
Arbus 40.2 (194) 30.2 (146) 12.8 (62) 16.8 (81) 100 (483)
Buggerru 21.8 (106) 54.5(265) 14.8 (72) 8.8 (43) 100 (486)
Domus de Maria  29.9 (117) 38.1 (149) 22.3 (87) 9.7 (38) 100 @91)
Villasimius 36.5(142)  23.4(91) 10.3 (40) 29.8 (116) 100 (389)
Overall 37.9 (1749)

Evaluating the parameters influencing the discrimination process in the comparison
between the twduniperussections the shape descriptive features resuftect powerful than
the dimensional ones, showing highd-remove values, although many steps were necessary in
the discrimination process. At specific and intraspecific level, both according to the PL and to
the FE taxonomic treatments, parameters reldtedhe seed size revealed to be more
discriminant than the shape descriptive ones; in particular, seedAyraad( convex perimeter
(Pcony) resulted mainly powerful. Also in these cases, between 19 and 26 steps were necessary for
the taxa identification. The four comparisons among species aggregates at subspecies and
varietal level, showed various size and shape descriptive features played a relevant role, with
emphasis on the seed perimeter featuPeBdny Pcon/Pcroft)-

Finally, regarding the compaon among the populations af. macrocarpa size
descriptive features were principally used. In all these discriminant analysis, the EFDs resulted
particularly powerful among the best five key parameters in spite of the reduced reltiive F
remove valus both at section level and tdecommunisndJ. phoeniceaggregatesaccording
to PL (Table 6).
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Table 6- The best five key parameters of correct classifications. The number of steps, the tolerance antbF
remove values are reported irparenthesis

Classifier

1

2

3

4

5

Sections
Species according to PL
FE species]. badiain

oxycedrus

PL intraspecific

FE intraspecific

PL taxa J. communis/s.
J. saxatile

FE taxaJ. communisvs.
J. nanavs.J.
hemisphaerica

PL taxaJ. oxycedrus
complex

PL taxaJ. phoeniceavs.
J. turbinata

Sardinian populations of
J. macrocarpa

Com
(24; 0.074; 242.355)

A
(23; 0.004; 45.394)

A
(26; 0.003; 47.401)

A
(19; 0.004; 41.734)

A
(22; 0.004; 43.030)

PCOHV
(12; 0.007; 112.470)

EAmax
(13; 0.572; 183.525)

P
(18; 0.009; 35.181)

P
(8; 0.715; 11.558)

A
(5; 0.006; 15.832)

EFD14
(24; 0.473; 137.652)

PCOFIV
(23; 0.002; 30.524)

Com(26; 0.011; 24.077)
PCDHV
(19; 0.002; 25.568)

PCDHV
(22; 0.002; 31.697)

P
(12; 0.007; 99.101)

Conv
(13; 0.555; 58.720)

Peonv

(18; 0.002; 28.510)

EFDso
(8; 0.933; 6.407)

Ecd
(5; 0.004; 8.972)

Pconv/PCrof
(24; 0.482; 53.325)

Dmax
(23; 0.004; 3.934)

Ecd
(26; 0.001; 23.879)

st
(19; 0.069; 24.239)

Drmax

(22; 0.004; 17.652)
Dmin

(12; 0.244; 27.435)

sf
(13; 0.34549.828)

A
(18; 0.009; 27.808)

EFDys
(8; 0.863; 5.105)

Sol
(5; 0.475; 7.899)

EFD,,
(24; 0.675; 31.940)

Ecd

(23; 0.001; 24.011)
Dmax

(26; 0.004; 22.983)

EFDs
(19; 0.017; 22.642)

Com
(22; 0.013; 15.094)

EFDy,
(12; 0.390; 25.428)

Sol
(13; 0.359; 17.433)

EFDy
(18; 0.563; 22.905)

Pconvlpcrof
(8; 0.834; 4.981)

PCOH\/
(5; 0.025; 6.279)

F
(24; 0.760; 26.951)

Sf
(23; 0.070; 19.493)

Rf
(26; 0.008; 1841)

Ecd
(19; 0.001; 21.050)

Rf
(22; 0.009; 14.626)

EFDy;
(12; 0.717; 13.85)

EFD1,
(13; 0.945; 15.604)

Rf
(18; 0.029; 18.992)

EFD1,
(8; 0.940; 4.981)

Dmm
(5; 0084; 5.946)

Discussion

The satisfactory discrimination achieved by the comparison between the seed morphometric dat
belonging to theluniperusand Sabinasections, is in agreement with the results obtained by
Adams (2008) and Maet al.(2010) onthed s i s cpDNA, TS

confirming the current taxonomic treatment at section level. These results illustrated that this

of nrl and
method is effective also when the morphometric variability within each group is high.

The achievements obtamheat species levefreached good percentage of correct
identification,for both the followedaxonomic treatments (PL and FH. macrocarpaeached
almost 70% of correct identification according to PL, so proving a clear differentiation respect to
J. oxycdrus, towards which gives almost all the misattributions, according tanREhich J.
macrocarpadoes not exist as a species. However, the performanteosf/cedrugrows up to
88.0% following FE classification, proving that a certain similarity existsvéen the two
species (Adams, 2000).

Instead, the two varieties df oxycedruproposed by the PL reached lower identification
percentages than the two subspecies proposed by FE, but it is important to note that FE does r
reportJ. oxycedruwar. badia and does not considdr macrocarpaas an independent species

but as a subspecies &foxycedrusHowever,J. macrocarpaseems to be fairly well identifiable

33



in both cases, although, considering the misidentifications revealed, a certain simildréy.to t
oxycedrugaxais undoubtedKarjon, 1998 Adams, 2000).

Respect to thd. oxycedruspecies complex according to the PL taxonomic treatment,
also consideringl. macrocarpaa clear correlation among the three entities is evident, placing
some legitmate doubt about the most appropriate taxonomic treatment. Anyway, the result
reached from the comparison betwekeroxycedruyar. badiaandJ. oxycedruyar. oxycedrus
makes plausible a relationship at varietal level between thesaxaoas confirmedy several
authors Pignatti, 1982 do Amaral Franco,1986; Farjon, 1998Adams, 2000Jeanmonod and
Gamisans, 2007).

According to our results, thk communisaxaseem to be more distinguishable following
the taxonomic treatment proposed by the PL rath@&n the one by FE, although in both cases,
considerable percentages of misattributions have been detected in relatiorphioenicea
species.

The results of the interactions betweentthe of theJ. communigomplex, according to
the PL, confirmedhe taxonomic distance between thésea although a varietal taxonomic
rank is proposed. The performance achieved following the taxonomic treatment proposed by FE,
shown that the three considered subspecific entiliesofnmunisubsp.communisJ. commauis
subsp.nanaandJ. communisubsp.hemisphaericaare not easily sustainable on the basis of
seed morphometric data. In a recent work, Gellal. (2010) reaching a rather high percentages
of correct identification, confirmed the taxonomic distancgtween J. communissubsp.
communisandJ. communisubsp nang identified by several authors as two distinct subspecies
(do Amaral Franco, 1980, 1986; Jeanmonod and Gamisans, 2007) or sPegpiedti( 1982
Lebretonet al, 2000), but recently considefeas uniqueaxon by Farjon (2001) and Adams
(2008).

The results of correct classification obtained for Ih@hoeniceacomplex indicate that,
according to the PL classification, the twaxa J. phoeniceavar. phoeniceaand J. phoenicea
var. turbinata are enough well distinguished, considering the taxonomic rank of variety as
proposed by Adamet al. (1996, 2002)Farjon (2005andAdams (2010). However, this result is
in accordance with the achievements of Grdtoal. (2010) that, considering thes&xa as two
different subspecies, reached very high percentage of correct classification, according to many
other authorsl{ebreton, 1983; do Amaral Franco, 198&ldéset al, 1987 Mazuret al.,2003;
Contiet al, 2005; Farjon, 2005; Jeanmonod and Gam|sz037).

The comparison among the four populations.omacrocarpagave low performance of

correct identification with misattributions evenly distributed, suggesting that seed morphometric
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data are not able to discriminate among different populationstiresame geographical region
probably due to the low intp@pulation variability These achievements are consistent with the
results obtained by Juast al. (2012), who investigated genetic structureJofmacrocarpain
three regions of Spain, foundinglg one metgpopulation without geographical structure. Also,
Klimko et al.(2004) found a low genetic differentiation &fmacrocarpdtalian populations for
most morphological features studied. However, some morphological variabilityJ.for
macrocarpawas found in southvestern Spanish populations (Juatnal, 2003). Absence of
geographic structure was also observed by Btuasl. (2011) inJ. oxycedrusubsp.oxycedrus
from the Balkan Peninsula@According to the results obtained in this study and #ponted
bibliographic data, it is possible to assume in the south sector of Sardinia, the presence of
single population of. macrocarpdacking of geographical differences. This hypothesis can be
supported by the fact that the species studied was sainpd® area geographically restricted as
it is Sardinia island.

Other works carried out on different species of the gdnangerusshowed contradictory
and different resultdMazuret al (2004), analysing biaetrically the intraand intepopulation
varnation in J. excelsafrom Crimea and Balkan Peninsula, have found differences among
particular individuals within the samples slight, as well as between populations contpared.
Dzialuk et al. (2011) have obtained low proportion of genetic variation rdmied by the
differences between populations &f phoenicea Conversely, high levels of intp@pulation
genetic variability B o r a t gt &s2R00) and between populations (Melenial, 2006) inJ.
phoeniceawere found. On the basis of morphological and molecular results, high degree of
genetic diversity in). excelsavas detected at populations level (Douagtal, 2011,2012) and
within popul attal,200h03 High ¥vels efdhagopulation variability were also
seen in genetic studies dn thurifera (Jiménez et al, 2003; Terraket al, 2008),J. procera
(Sertseet al, 2011),J. brevifolia(Seub.) Antoine $ilvaet al, 2011)andJ. communigVan Der
Merwe et al, 200Q Oostermeijer and De Knegt, 2QQichalczyket al, 2010; VandefBroeck
et al., 2011). Mediniet al (2010) have shoed population variability, through the chemical
composition of the esseatioils extracted from the leavesbfoxycedrus

At specific and intraspecific level, parameters related to the seed size (i.e. morphometric)
revealed to be more discriminant than the skdgseriptive ones. For the same taxonomic ranks
Grillo et al. (2010) found that for the familiesApiaceae, Brassicaceae and Fabaceae
morphometric features were the first discriminant parameters. Also in Bacehelt§2011a),
regarding the Lavatera triloba aggregate, the first three parameters with the highest

discriminatory power were of morphological type, although in this wamdour evaluation was
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very important for correct seed identification. Instead in a previous contribution regarding
Astragalus sect. Melanocercis the only morphometric parameters taken intzoant were
related to the seed length (Bacchettal.,2011b).

The classification system identified macrocarpaseeds collecteth spring, but it not
allowed to identify between sources (plant and soil) of collection. The latter results appear
partiaularly interesting because represent the first application of statistical classifier based on
seed morphometric parameters to discriminate seed lots of the same species at season and source
level.

The obtained results confirmed the validity of the propasethod for the Mediterranean
Juniperusspecies, both at specific and intraspecific levels, and its identification capability after
adding the EFDs among the measured features, incrementing number of accession of the
database implemented by Grikd al. (2010).Seed morphometric analysis did not discriminate
among different populations, which could meaha presence d single metgpopulation in the
South of Sardinia. The classification system was able to discriminate seddsnatrocarpa
collectedin different seasons, being better identifiable those collected in s@imgcould not

identify seeds collected in different sources (plamdsoil).
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CHAPTER 2

Seed viability and germinaton phenology inJuniperus macrocarpesm.

Maria Silvia Pinna, Efisio Mattana, Eva Cafadas, Gianluigi Bacchetta

Abstract
In this study, seed viability and germination phenology Jahiperus macrocarpawere

investigated. Ripe galbules in four localitiesdan two different moments of the dispersal (i.e.
autumn and spring)both from plant and sqilwere collected To verify the presence of
physiological dormancy several gireatments were applied: warm (W: 3 months at 2%6)

cold stratification (C: 3 mnths at 5°C), two combinatisiof them (W+C and C+W), and no pre
treatment (control). After prereatments, seeds were incubated in a range of consta@s(1x)

and alternating (25010AC) t e mpaadthe sourcegpitor Se e d
soil) had not a significant effect on the viability f macrocarpaseeds,but it varied
significantly according to the collecting season, showing lower percentages for seeds collected in
autumn than in spring. Seed germination was low (overall malre of ca. 10%), the control

and W were the most effective on stimulating germination, while C negatively affected
germination. The best temperatures for germination were 15 and 20°C and seeds collected in
spring showed higher germination percentages 1&&) than those collected in autumn (ca.

7%). Seeds ad. macrocarpaare dormant and the results of this study suggeke presence of
secondary dormancy induced by cold stratification. The germination phenology all along the
dispersal season (from autn to spring) wasdlustrated as well as the potentiality of thigxon

to create a soil seed bank. Finally, spring was the best season for seed collecting whereas autumn
for the sowing in the field, giving new findings for the recovery and conservalamming of

this species.

Keywords: Cupressaceadormancygalbules Juniperus Mediterranean flora
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Introduction
The coastal dunes ecosystems are globally threatened by human adigvdieBrown and

McLachlan, 2002; Defeoet al, 2009). In particula dune vegetation is easily disturbed and
susceptible to trampling by animals and humans and to crushing by vehicles (e.g. Veillams
1997). Furthermordhey are vulnerable ecosystems subjected to intense ecological stress cause:
by wind, droughtsalt, erosion and pH (Crawford, 1989; Brown and McLachlan, 1996hg
Mediterranean coastal dune ecosystems,ctieracteristic woody vegetation is constituted
micro-forests ofJuniperus macrocarp&m These types of vegetation are listed as priority
habitat 2250 "Coastal dunes witbuniperus spp.” in the DIR. 92/43/EEC (European
Commission, 2007).

In the Mediterranean area the populations of many speciésngderusL. are formed
principally from adults and senescent individuals, and their surigvthlerefore linked more to
longevity of individuals than to emergence of new seedlings, indicating a difficult recruitment
and a limited establishment of young individuals (Gastial, 1999). The causes of this low
recruitment are attributed to sevefattors such as reproductive problems (e.g. Changiex
1999; Garciaet al, 2000), low germination capacity (Hajar, 1991), long reproductive cycle
(Pacini and Piotto, 2004), summer aridity that may limit the survival of seedlings (@talia
199), predation of galbules and seemlsd presence gbarasites (e.g. Roquext al, 1984,
Garcia, 1998).

A key stage in the life cycle of plants is seed germination. It is responsive to many
environmental factors including temperature, light, time aftesesisnation, and soil moisture
content (Bewley and Black, 1994; Cristaudb al, 2007; Quet al., 2008). Among them,
temperature is the major factor in regulating dormancy, the maximum germination percentage
and rate of germination (Heydecker, 1977), amel success or failure of plant establishment
(Kader and Jutzi2004). The optimal germination temperatures for Mediterranean species are
typically within the range 45°C (Thanoset al, 1989, 1995) and are characterized by a low
germination rate (Dousshnad T hano s, 2002). This nAndel ay me
and a narrow range of cool temperatures, is considered an advantageous ecological adaptation
Mediterranean species to the unpredictable rainfall pattern (Doussi and Thanos, 2002)
optimising winter germination and therefore the duration of the growing season before the
beginning of summer drought (Tharetsal, 1995).

Previous studies, carried out on some species of the gemiserus showed a wide
range of values in germination pentages (i.e. between 7% &f communid.. and 87% ofJ.
virginiana L.; Bonner, 2008). In particular, low values of germination detected. fmxycedrus
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L. seeds depended on the high proportion of non viable, empty, or immature seeds, and on seed
dormancy(Tilki, 2007). The seeds of severdiniperusspecies have physiological dormancy

(PD) (e.g.Young and Young, 199%arciaFayoset al, 2001), in which the embryo is unable to
develop a radicle due to a physiological inhibition mechanism (Baskin andhnB&ski8), while

studies of physical dormancy (PY) have provided contradictory data (Gagdset al, 2001;

Flynn et al, 2007). In particular, $$0O, treated seeds oJ. oxycedrusgerminated at low
germination percentages (< 20%; Pacini and Piotto, ;ZDiid, 2007) and those af. excelsav.

Bieb reached ca.-8% of final germination (Jones, 1989). Peterseal. (2005) reported that the
sulphuric acid treatment apparently damaged many of the embryogpioichotii Sudw. (2.7%

of germination). Conveely, Laurent and Chamshama (1987) highliglatesignificant increases

in germination ofJ. procera Hochst. ex Endl. seeds treated with this method, reaching
germination percentages of ca. 78¥deed there is wide variation amonlyniperusspecies in

the degree of dormancy (Chambeatsal, 1999), which can be also affected by ripeness of the
seed, environmental factors during seed development and variations in genotype (Tilki, 2007). A
substantial variation among seed sources, seed age, and indivgladds ipresent (e.g. Van
Haverbeke and Comer, 1985; Rietveld, 1989) to allow less competition and better distribution in
time and space and increase the likelihood that some of the seeds may germinate and grow
(Johnson, 1995; Pacini and Piotto, 2004).

Very few studies have been carried out on seed germinatibmadicrocarpaPacini and
Piotto (2004) reached a maximum germination of ca. 25% after warm followed by cold
stratification, while cold stratification alone appeared to be totally ineffectivehierspecies.
Chemical scarification with sulphuric acid did not improve germination with percentages of ca.
20% (Pacini and Piotto, 2004). Cantsal. (1998) found that intact seeds did not germinate in
the greenhouse or in vitro conditions, while seedthout testa did not germinate under
greenhouse conditions, and in vitro isolated embryos reached germination levels of about 50%.
Juanet al. (2006) have found that seeds derived from immature cohes macrocarpa
germinated under greenhouse conditisigmificantly better (i.e. 49.3%) than those derived from
mature ones, suggesting lower levels of dormancy.

There is much to learn about stimulation of seed germination in junipers, and more
research is called for (Bonner, 2008). addition, consideringthe relatively low germination
percentages achieved in the few previous studiek oracrocarpaand the needs of conservation
and recovery of thisaxon new approaches are needed to better understanding its reproductive
cycle. Therefore, the aims of shwork were to verify the effect of the collecting season, of the

source (plant and soil), and laboratory germinationti@@aments and temperatures on seed
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viability and germination of seeds of this specidse achieved results may be helpful to enable
regeneration activities of the fragile and threatened ecosystems of dvhiecacrocarpais the

cornerstone.

Materials and methods

Seed lot details
Ripe galbules ofl. macrocarpawere collected in 2010 from four localities in two different

moments of dispsal period: autumn (i.e. the beginning) and spring (i.e. the end; Table 1).
Galbules were collectefiom plant and soil, leading to a total of 16 seed Iptsnediately after
collection, seeds were manually drawn out from the galbules and washed lmg stigm in

water. Average seed mass was calculated for each seed lot by weighing 10 replicates of 20 see
each (Table 1).

Table 1 - Population and seed lots details.

Locality Coordinates Elevation Distance from N° of sampled Season  Source Seed mass +
(WGS 84) (ma.s.l) the coastline (m) individuals SE (mg)
. . Plant ~ 97.00 +3.80
Arbus, Medio 39°31' 05'N 20 SPING Soil 94.95+2.10
Campidano, SW 8° 25' 55"F 22 150
Sardinia 24 Autumn Plant 90.25 +1.86
Soil 92.40 +2.39
) Plant  83.50 +2.60
Buggerru, o og 1" 20 Spring X
Carbonia-Iglesias, 38% 2256 Slﬁ,é\l 32 1650 Soil 82.80 £1.75
SW Sardinia 30 Autumn Plant 95.20 £1.58
Soil 92.35 +2.79
20 Sorin Plant 8835 +1.57
Chia, Cagliari, 38°53' 04"N 5 200 pring Soil 91754255
SW Sardinia 8°51'43"E 20 A Plant 85.60 +1.15
utumn - soil 98,70 +1.98
. Plant 111.75 +1.59
illasimi 20 Sprin
Villasimius, 39°07' 16"N PING soil 127555 +1.28
Cagliari, SE 0° 31" 22" 15 62
Sardinia 20 Autumn Plant 92.40 +6.15

Soll 123.40 +4.31

Germination and viability tests
Besides factors rel at etdr etaot nseenetds 0l oatnsd, fwiee mpr

explain seed viability and germination. Specifically, to verify the presence of physiological
domancy (PD), the following prereatments were appliedkarm (W: 3 months at 25°C), cold
(C: 3 months at 5°C); as well as twombinedwarmand cold stréifications (W+C and C+W),

47



and ontrol (0), with no prareatment. After préreatments, seeds were ibeted, with an
irradiance of 12 h per day, at four constant temperatures: 10°C, 15°C, 20°C, 25°C as well as at
alternating temperature regi mewsdesoddhAmm Thr ee
diameterplastic Petri dishes with a substrate &b vater agar. The experimental design was
constituted by 3 replicates x 4 localities x 2 seasons X 2 sources X 5 pretreatntents
temperatures. However, due the low seed availability (autumig)3opretreatments (W, C and
control) were carried out foreeds belonging to Arbus population (for plant and soil).

When no additional germination occurred 15 days, tests were ended. The viability of
the remaining seeds was assessed by a cut test (ISTA, 2006) and final humber of germinated
seeds calculated ahe basis of the total number of filled seeds. Therefore seed viability was

assessed as the sum of germinated and viable non germinated seeds.

Data analysis
Seed viability and germination percentages were modeled with Generalized-NMinedr

Models (GLMM), using a binomial error distribution and logit link function. To estimate model
parameters the Laplace approximation of likelihood was used (see RBolker2009). In order

to model seed viability, predichdr & preaad Imedcd d , i
Aitemperatureo, Aseasond and Asourceodo as fixed
Asourceo within Apopul ati @amrdeatbme nrtaon,d o it ef napcet roa
Aseasono a sGerminatiandnodelsaveete parfsed using the overall data set, as well

as from the data of each season separately in order to better understand effedi®atinpeats

by season. Throughout the text, overall means are followed by standard error (= SE). All the
statistical analyses eve performed using the R 14.6 statistical package (R Development Core

Team 2009).

Results

Viability

Seed viability was generally low, with seeds showing an overall mean viability of ca. 40%. Seed
viability varied significantly according to the appliedejreatments and the incubation
temperatures as well as the season of collecting, while the source factor had not a significant
effect (Table 2). In particular, the season factor showed the highest estimate, with seeds collected

in autumn being less viablthan those collected in spring, with mean values of 34.18 + 0.62%
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and 42.77 £ 0.52%, respectivellgigure 1). All pre-treatments had a negative effect on seed

viability respect to the control which viability was 43.57 + 0.85%.

Table 27 Generalized Linear Mixed Model (GLMM) results, for the effect on seed viability of the following
fixed factors: temperature, pretreatment, season and source. Population was considered as random factor
(Variance: 0.0767; SD: 0.2769). Akaike information criterion (AIC): 595; Bayesian or Schwarz information
criterion (BIC): 7656; logLik: -3786; deviance: 7571. NS: not significant; *:0.05 > p > 0.01; **: 0.01 > p >

0.001; ***: p < 0.001).

Fixed effects Estimate Std. Error  z value Pr(>|z|)
Intercept -0.528 0.1399 -3.752 0.00Q2 ***
T 15°C -0.00% 0.01%8 -0.280 0.778B NS
T 20°C -0.1304 0.0191 -6.725 1,766 *x
T 25°C -0.3484 0.0197  -17.706 < 20
T 25/10°C -0.1892 0.01% -9.723 < 218 xix
Ccw -0.1630 0.0199  -8.185 2.72610 xxx
0 0.1916 0.0188  10.167 < 218 xix
W -0.0509 0.0190 -2.675 0.007% **
wWC -0.152 0.0199  -7.647 2.066M *+*
spring 0.3878 0.0125  30.938 < 216 woxx
soil 0.0118 0.0124 0.956 0.3389 NS
50
40 |

= ==

é 30 4
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IE 20 7
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Figure 17 Viability (mean £ SE) for seeds collected in the two seasons. 901 by GLMM (see Table 2).
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Germination

Seed germination was low at all the tested condition, with an overall mean value of ca. 10% and
never higher than ca. 50%, in accordance with the seed viability results. Due to the not
statistically significant ééct identified for the source factor in seed viability, this factor was
considered as random in the analysis of the germination results (Table 3). All the fixed factors
had a significant effect on seed germination, although the highest estimates weledrémothe
applied pretreatments, with the control (0) and the warm stratification (W), being the most
effectives on stimulating germination, with mean percentages of 13.4774% and 13.6%

0.60%, respectively, while cold stratification (C) negativebffected germination (4.9
0.46%). According to the statistical model, the best temperatures for germination were the
constant 15 (11.35 + 0.72%) and 20°C (10.72 = 0.67%) and alternating temperature regime
25/10°C (9.95 * 0.62%), while lower values weeached at the extreme constant temperatures

of 10 (6.91 = 0.50%) and 25°C (4.74 £ 0.38%). Regarding the season factor, the spring showed a
positive significant effect on germination (Table 3), with mean values of 10.68 + 0.41% and 6.57

+ 0.34% for sprig and autumn, respectively.

Table 31 Generalized Linear Mixed Model (GLMM) results, for the effect on seed germination of the
following fixed factors: temperature, pre-treatment and season. Population (Variance: 0.0134; SD: 0.12)5
and sourcenested wihin population (Variance: 0.2151; 0.468) were considered as random factors. AIC:
7119; BIC: 7179; logLik: -3547; deviance: 7095.

Fixed effects  Estimate  Std. Error  z value Pr(>|z|)

Intercept -3.6401 0.1788 20.36 < 20w
T 15°C 0.5725 0.0342 16.72 < 2B
T 20°C 0.5067 0.0346 14.66 < 20w
T 25°C -0.4183 0.0414 -10.10 < 266w
T 25/10°C 0.4172 0.0350 11.91 < 2e0wnx
CW -0.2358 0.0468 -5.04  4.686% ***
0 1.1290 0.0357 31.59 < 20w
w 1.1424 0.03% 32.01 < 20w
WC 0.3480 0.0411 8.48 < 20w
spring 0.5668 0.0225 25.18 < 26w

When analging the results separately for season the same trend was detected, with all the fixed
effects being statistically significant and the highest estimates recorded for 0 and W
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pretreaments and at the incubation temperatures of 15, 20 and 25/10°C, both in autumn anc

spring (Table 4).

Table 47 Generalized Linear Mixed Model (GLMM) results on seeds collected in autumn and spring,
respectively, for the effect on seed germination of thillowing fixed factors: temperature and pre-treatment.
population (Variance: 5.1640°° and SD: 7.1861°, Variance: 3.7511' and SD: 6.1247° for autumn and
spring, respectively) and source (nested within population; Variance: 1.5084and SD: 3.8838", Variance:
3.9112°* and SD: 6.2540¢* for autumn and spring, respectively) were considered as random facter Autumn
=AIC: 2747; BIC: 2794; logLik: -1362; deviance: 2725; spring = AIC: 3467; BIC: 3516; logLik:-1723;
deviance: 3445.

Season Fixed effects  Estimate  Std. Error  z value Pr(>|z|)

autumn Intercept -4.1927 0.1570 -26.706 < 2@ *+
T 15°C 0.7855 0.0552 14.217 < 26w
T 20°C 0.5008 0.0574 8.722 < 2eMwxx
T 25°C -0.7629 0.0764 -9.985 < 20w
T 25/10°C 0.3583 0.0587 6.100  1.066% ***
Ccw -0.2604 0.1067 -2.440 0.0147 *
0 1.8355 0.0699  26.245 < 2¢O
w 1.8229 0.0700 26.044 < 2g"0xxx
wcC 0.7854 0.0832 9.440 < 2gw

spring Intercept -2.8891 0.2260  -12.782 <20+
T 15°C 0.4359 0.0440 9.913 < 26w
T 20°C 0.5153 0.04% 11.848 < 2gM0wx
T 25°C -0.2674 0.0500 -5.351  8.748%w
T 25/10°C 0.4545 0.043® 10.364 < 2¢0wx
Ccw -0.336 0.057 -6.387  1.69¢'% %
0 0.795 0.043 18.371 < 26w
w 0.8291 0.0431 19.231 < 28w
wcC 0.1175 0.0478 2.458 0.014 *

In particular while in autumn the highest germination percentages were ¥1(%b97% and
11.44+ 0.80%, for 0 and W preeatments, respectively, these values reached #51369%

and 15.79t 0.83%%, respectively, in springF{gure 2). Seeds collected in spring were able to
germinate at higher percentages respect to those collected in autumn also after pretreatments tl
negatively affected germination like CW and C (Table 3), with mean percentages increasing

from ca. 2 to 8%Kigure2).
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Figure 2 i Germination percentages (mean + SE) after each pieeatment for seeds collected in the two
seasons (autumn and spring).

The effecs of incubation temperatures on seed germination for each sagesitowed inFigure
3, with seeds germinating to ca. 20% at 10°C, irrespective of the season, while the positive effect
of the season was more evident at 20 and 25/10°C reaching caFi20#&8).

Figure 3 - Germination percentages (mean 1SE) at different temperatures for seeds collected in the two
seasons (autumn and spring) and incubated without any prereatment (i.e. 0).
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