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ABSTRACT 

 

The present Ph.D. thesis aimed to provide a better understanding of Juniperus macrocarpa and 

the habitat that it characterizes (Juniperus spp. habitat; European priority habitat) in Sardinian 

coastal dunes, as well as to achieve results useful to support in situ and ex situ conservation 

actions. In particular, the specific aims of the thesis were: (1) to analyse morphological variation 

in seeds of Mediterranean Juniperus taxa (at inter- and intraspecific level) and morphometric 

differences in J. macrocarpa seeds collected in different populations, seasons and sources; (2) to 

evaluate the effect of the collecting season, source, laboratory pre-treatments and temperatures 

on seed viability and germination of J. macrocarpa; (3) to investigate factors affecting seedling 

emergence, survival and growth of the species; (4) to explore the floristic variability of the 

habitat in Sardinia in relation to geographic, climatic and human variables, as well as the 

potential effect of human disturbance and sampling period on key plant parameters; and finally 

(5) to assess the conservation status of this habitat in Sardinia. 

In the first chapter, a statistical classifier for Mediterranean Juniperus taxa based on seed 

morphometric parameters analysed by image analysis techniques, was tested at interspecific, 

specific and intraspecific levels. Analysed seeds came from galbules of Juniperus taxa collected 

from different regions of the Mediterranean Basin and galbules of J. macrocarpa collected in 

2010 from four Sardinian populations, in two seasons and in plants and soil. Two taxonomic 

treatments for Juniperus genus (Flora Europaea and The Plant List) were compared and inter-

population, seasonal and source variability in seed morphology were analysed. High percentages 

of correct identification were reached for both taxonomic treatments at specific and intraspecific 

level and from the comparison among taxa of the J. oxycedrus, J. communis and J. phoenicea 

complexes. Moreover, this statistical classifier discriminated J. macrocarpa seeds collected in 

spring better than those collected in autumn, but it seemed not to be able to discriminate those 

seeds collected from plants and soil, nor those ones collected in different populations from the 

same geographical region.  

In the subsequent chapter, seed viability and germination phenology of J. macrocarpa 

were investigated. For this purpose, ripe galbules in four localities and in two seasons, both from 

plants and soil, were collected. In order to verify the presence of physiological dormancy, warm 

(W) and cold stratification (C), two combinations of them (W+C and C+W), and no pre-

treatment (control) were applied. After pre-treatments, seeds were incubated in a range of 
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constant (10ï25°C) and alternating (25ù10ÁC) temperatures. Seed viability was low (ca. 40%) 

and the source (plant or soil) had not a significant effect on it, but it varied significantly 

according to season, showing lower percentages 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°C and seeds collected in spring showed higher germination percentages (ca. 

11%) than in autumn (ca. 7%). Seeds of J. macrocarpa are dormant and the results of this study 

suggested the presence of secondary dormancy induced by cold stratification. The germination 

phenology all along the dispersal season (from autumn to spring) was illustrated, as well as the 

potentiality of this taxon to create a soil seed bank.  

In the third chapter, factors affecting emergence, survival and growth of J. macrocarpa 

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 variables (solar radiation, tree cover, herbaceous plus scrub cover, distance 

from the closer J. macrocarpa female, number of galbules on the soil and event number of 

herbivore trace) were measured. Linear mixed-effects models were used to test the relative 

importance of different groups of explanatory variables on seedling parameters. A total of 536 

seedlings were marked, most of which emerged in winter. The "microclimate" was the best fit 

model explaining emergence, highlighting the positive relation between the number of emerged 

seedlings and tree cover. Survival was very 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 confirmed that J. 

macrocarpa is a slow growing species, and no seedlings reached the subsequent size class. 

Moreover, growth depended on suitable microhabitats, and in particular it was positively related 

to tree cover, hours of sunlight, and herbaceous plus scrub cover. Despite these relevant results, 

long-term studies are needed to identify key issues in the life cycle of J. macrocarpa (e.g. 

germination, fitness, and recruitment). 

In the last chapter, the floristic variability of Juniperus spp. habitat in Sardinia in relation 

to geographic, climatic and human variables was explored. Two data sets were created: the first 

one by inputting phytosociological relevés available in literature and our own relevés; the second 

one by including for each relevé geographic, climatic and floristic variables, as well as sampling 

period and human disturbance as categorical variables. The floristic composition differed among 

sites and this variation was mainly ruled by a latitudinal gradient linked to a climatic gradient. 

Regarding the results of key parameters in the evaluation of the habitat quality, floristic richness 
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was positively influenced by low and medium level of human disturbance; the endemic taxa 

cover was positively related to a medium level of human disturbance, while the alien taxa cover 

was positively related to recent samplings. The conservation status of Juniperus spp. habitat in 

Sardinia following the IUCN protocol we also assessed. Preliminary results showed that this 

habitat should be considered as endangered (EN) at a regional level. 

In conclusion, our results gave new findings for the recovery and conservation planning 

of the species and the habitat under study. Specifically, we found that spring was the best season 

for seed collection. We also suggest: autumn as the period for planting or sowing, with planting 

being preferable to sowing; shielding plants from solar radiation under canopy; the application of 

techniques such as organic blanket when sowing is the selected option. In addition, in order to 

improve the conservation status of Juniperus spp. habitat, we advise management measures such 

as the eradication of alien taxa, as well as interventions aimed to reduce human impact on the 

dune systems. 
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INTRODUCTION  

 

The juniper vegetation in Sardinia has been described by various authors (De Marco et al., 1985; 

Camarda et al., 1995; Brullo et al., 2001; Rivas-Martínez et al., 2003; Bacchetta et al., 2007, 

2009). These woods are widespread in all lithological substrates, from the sea level to the highest 

altitudes of the Island (Bacchetta et al., 2009). The vegetation of the cacuminal areas of the 

Gennargentu Massif (CE Sardinia) is characterized by the presence of the Juniperus communis 

L. subsp. nana Syme, ascribed to the Pino-Juniperetea Rivas-Martínez 1964 class, the 

Juniperetalia hemisphaerica Rivas-Martínez & J.A. Molina in Rivas-Martínez, Fernández-

González & Loidi 1999 orden, the Berberidion aetnensis Brullo, Giusso & Guarino 2001 

alliance, the endemic Roso serafini-Juniperenion nanae Brullo, Giusso & Guarino 2001 sub-

alliance, the Juniperetum nanae Litar. & Malcuit 1926 association, and two exclusive sub-

associations of Sardinia: cerastietosum boissieriani Brullo, Giusso & Guarino 2001 and 

juniperetosum oxycedri Brullo, Giusso & Guarino 2001 (Brullo et al., 2001). 

Plant communities characterized by J. communis L. subsp. communis, present in many 

sites of central Sardinia, specifically in the ñTacchiò area (Ogliastra, CE Sardinia), have not been 

described to date (Bacchetta et al., 2009). J. oxycedrus L. subsp. oxycedrus is present in southern 

Sardinia, and is referable to the Quercetea ilicis Br.-Bl. ex A. & O. Bolòs 1950 class, the 

Pistacio lentisci-Rhamnetalia alaterni Rivas-Martínez 1975 orden, the Oleo sylvestris-

Ceratonion siliquae Br.-Bl. ex Guinochet & Drouineau 1944 em. Rivas-Martínez 1975 alliance, 

and the Pistacio lentisci-Juniperetum oxycedri Camarda, Lucchese, E. Pignatti & S. Pignatti 

1995 association (Camarda et al., 1995). 

The thermomediterranean juniper vegetation characterized by J. phoenicea L. subsp. 

turbinata (Guss.) Nyman, refers to four associations: Oleo-Juniperetum turbinatae Arrigoni, 

Bruno, De Marco & Veri in De Marco, Dinelli & Caneva 1985; Erico-Juniperetum turbinatae 

De Marco, Dinelli & Caneva 1985; Chamaeropo-Juniperetum turbinatae De Marco, Dinelli & 

Caneva 1985 and Euphorbio characiae-Juniperetum turbinatae Biondi, Filigheddu & Farris 

2001, which belong to the Juniperion turbinatae Rivas-Martínez 1975 corr. 1987 alliance, of the 

Pistacio lentisci-Rhamnetalia alaterni orden (De Marco et al., 1985; Biondi et al., 2001; Biondi 

and Bagella, 2005). The Sardinian psammophilous formations with J. macrocarpa Sm. are 

included in the Asparago acutifolii-Juniperetum macrocarpae R & R. Molinier ex O. Bolòs 1962 

(Géhu and Biondi, 1994) association. These latter types of vegetation are of particular 
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phytogeographical interest and they characterize the stabilized dune systems of Sardinia, and are 

listed as priority habitat (2250*) in the European Union Habitats Directive 92/43/EEC (European 

Commission, 2007). 

 

The Juniperus spp. habitat (2250*)  

The priority habitat 2250* (Juniperus spp. habitat, hereafter), is mainly distributed along the 

sandy coasts of southern and western Europe and secondly in northern Europe, on Mediterranean 

and Atlantic coasts. Italy hosts the most extended surface of this habitat at EU level (Picchi, 

2008). The characteristic species of coastal dunes in northern Europe (Britain, Denmark and 

Germany) is mainly J. communis, while in southern (Greece, Italy) and western (Spain, Portugal 

and France) Europe the juniper species predominating are: J. macrocarpa, J. phoenicea L., J. 

phoenicea subsp. turbinata. 

The vegetation that characterize the Juniperus spp. habitat in Sardinia (Figure 1), is 

generally dominated by micro-forests principally constituted by J. macrocarpa and referable to 

the Pistacio lentisci-Juniperetum macrocarpae association. They are dominated by 

sclerophyllous phanerophytes caespitose such Pistacia lentiscus L. and Rhamnus alaternus L.; 

the vines are frequent, in particular Smilax aspera L., Rubia peregrina L. subsp. requienii 

(Duby) Cardona et Sierra, Clematis flammula L., Prasium majus L., as well as the geophytes 

such as Ruscus aculeatus L. and Asparagus acutifolius L. (Bacchetta et al., 2007, 2008b). In the 

most exposed areas to erosion, this association has a scrub structure, while in the more sheltered 

areas evolves in woods, which often exceeds 5-6 m in height. In backdunes areas, protected from 

sea agents (wind and salt spray), J. macrocarpa is partially replaced by J. phoenicea subsp. 

turbinata, togheter with Phillyrea latifolia L. subsp. rodriguezii (P. Monts.) Romo, Asparagus 

albus L., Olea europaea L. var. sylvestris, Osyris alba L., Cistus creticus L. subsp. eriocephalus 

(Viv.) Greuter et Burdet (Bacchetta et al., 2007, 2008b). 

 

Taxonomic treatments 

The Cupressaceae family is mainly distributed in Northern Hemisphere, and more scattered in 

the south temperate regions and in the north east Africa, with singles genera present from either 

Northern or Southern Hemispheres (Stevens, 2001). The genus Juniperus L. comprises about 70 

species and 27 varieties (Adams, 2008) most of which grow in the Northern hemisphere, except 

J. procera Hochst. ex Endl., that is present in the Great Rift Valley and Mountains (Adams et al., 
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1993). In the Mediterranean area, the genus Juniperus is mainly present in the mountains 

systems of Greece, Balkan Peninsula, France, Spain, Italy, Turkey, Algeria, Morocco, Portugal, 

Tunisia, as well as Corsica and Sardinia (Tutin et al., 1993). The genus Juniperus can be divided 

into three monophyletic sections: Caryocedrus Endlicher, Juniperus L. (syn: Oxycedrus Spach), 

and Sabina (Mill.) Spach (Adams, 2008). In Sardinia seven taxa of Juniperus are present: 1) J. 

communis subsp. communis; 2) J. communis subsp. nana; 3) J. macrocarpa; 4) J. oxycedrus 

subsp. oxycedrus; 5) J. oxycedrus subsp. badia (H.Gay) Debeaux; 6) J. phoenicea L. subsp. 

phoenicea; 7) J. phoenicea subsp. turbinata. 

The similarity within the J. oxycedrus complex is undoubted (Farjon, 1998; Adams, 

2000). There are many different taxonomic treatments, such as The Plant List (2012), Flora 

Europaea (Tutin et al., 1993), the Cupressaceae monograph (Farjon, 2005) and The Annotated 

Checklist of the Italian Vascular Flora (Conti et al., 2005). According to The Plant List, there are 

two varieties belonging to the J. oxycedrus complex (J. oxycedrus var. badia H. Gay; J. 

oxycedrus var. oxycedrus), while J. macrocarpa is considered a different species. Conversely, 

Tutin et al. (1993) did not include J. macrocarpa as a species, but they proposed two subspecies 

of J. oxycedrus (J. oxycedrus subsp. oxycedrus; J. oxycedrus subsp. macrocarpa) and did not 

report J. oxycedrus var. badia. Farjon (2005) distinguished J. oxycedrus in four subspecies: J. 

oxycedrus subsp. oxycedrus, J. oxycedrus subsp. macrocarpa, J. oxycedrus subsp. badia, and J. 

oxycedrus subsp. transtagana Franco. Instead Conti et al. (2005) identified for J. oxycedrus 

complex only two subspecies: J. oxycedrus subsp. oxycedrus and J. oxycedrus subsp. 

macrocarpa. Adams (2000), on the basis of DNA and essential oils analysis, differentiated four 

taxa: J. oxycedrus L.; J. badia H. Gay [= J. oxycedrus subsp. badia (H. Gay) Debeaux], J. 

navicularis Grand. (= J. oxycedrus subsp. transtagana Franco) and J. macrocarpa Sm. [= J. 

oxycedrus subsp. macrocarpa (Sibth. & Sm.) Neilr.]; meanwhile Farjon (1998) treated these taxa 

as a single species, J. oxycedrus. In this thesis treatment proposed by The Plant List w  as used 

taxonomic, apart from chapter one, in which different taxa were analysed. 

 

Study species 

J. macrocarpa is a dioecious species, 1-5 m high, very branching, with large canopy and needle-

like-lanceolate leaves 2.5 mm wide and 12-15 mm long, sharp-pointed. The galbules are globular 

or pear-shaped, with 8-15 mm diameter, and blue-green and brown-purple at ripening (Pignatti, 

1982; Tutin et al., 1993; Arrigoni, 2006). The male cones are terminals, oval or subspherical, 

with rounded apex and placed in whorls of three cones. 
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The appearance of male and female cones occurs simultaneously in July. The 

differentiation of pollen sacs begins at late summer; microsporogenesis is completed in autumn 

with formation of pollen grains (Ciampi, 1958). The opening of male cones (dehiscence) and 

pollen dispersal begin in October (Figure 2) and continue through winter. The female cones 

appear in the leaf axil and ovules, three within each galbules, start differentiating in early autumn 

(Ciampi, 1958; Chambers et al., 1999). In autumn the pollen sacs burst open and pollen 

dispersed by wind. Between pollination and fertilization, maturation of both gametophytes 

completes (Ciampi, 1958; Chambers et al., 1999). The development and maturation of female 

cones continues until July, when fertilization occurs and simultaneously also the pollen grain 

completed its development. The embryonic differentiation progresses until late summer of the 

second year, when embryo is mature at the same time galbules are ready for dispersal (Figure 3). 

J. macrocarpa galbules ripe at September-October (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) that ensures seed 

dispersal via excrements (Pacini and Piotto, 2004). 

J. macrocarpa is a shrub or small tree typical of coastal environments, distributed in the 

Mediterranean region from southwestern Spain to western Turkey and from Morocco to 

Cyrenaica (Lybia), including Balearic Islands, Corsica, Sardinia, Sicily and Aegean Islands, also 

reaching the coasts of the Black Sea and Syria (Greuter et al., 1984; Amaral Franco, 1986; 

Farjon, 2005).  

 

 

 

Figure 1 ï The Juniperus spp. habitat in Is Arenas dune system. 
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Figure 2 - 3: 2: Opening of male cones (dehiscence) and pollen dispersal; 3: Ripe galbules of J. macrocarpa. 

 

 

 

Study area 

Sardinia is situated in the western Mediterranean basin (38Á 51ô and 41Á 15ô latitude north, 8Á 8ô 

and 9Á 50ô east longitude), covering ca. 24.090 km
2
, and the maximum altitude reaching 1.834 m 

a.s.l. (Punta La Marmora, Gennargentu Massif, CE-Sardinia). 

Among the main dune systems of Sardinia we selected as study area (Figure 4) four Sites of 

Community Importance (SCI) in the southern of island: 

1. ñIsola dei Cavoli, Serpentara, Punta Molentis e Campulonguò, ITB040020 (Villasimius), 

39° 07' 16''N-9° 31' 22''E; 

2. ñPorto Campanaò, ITB042230 (Domus de Maria), 38° 53' 04''N-8° 51' 43''E;  

3. ñIs CompinxiusïCampo dunale di Buggerru-Portixedduò, ITB042249 (Buggerru), 39Á 26' 

18''N-8° 25' 51''E;  

4. ñDa Piscinas a Riu Scivuò, ITB040071 (Arbus), 39Á 31' 05''N-8° 25' 55''E.  

2 

2 3 
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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 municipality 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 the coast, resting directly 

above an abrasion surface engraved on granite. There are also patchs of Quaternary deposits, 

marine and continental, dating back to last interglacial period (Palmerini, 1967; Orrù et al., 

1994). The studied area comprises the beaches of Porto Giunco and Simius, separated by Serra 'e 

Morus promontory, Is Tarias and Punta Molentis beaches. The dune system has an medium 

height of 12 m which can reach 35 m (MATTM website; 

ftp://ftp.dpn.minambiente.it/Cartografie/Natura2000/). 

Domus de Maria comprises the dune system and Chia beaches, located in Sulcis area and 

in particular in its south-western tip. The geological setting of area is characterized by the 

Palaeozoic basement, on which Quaternary deposits lie, that are formed from Holocenic and 

recent beach sands, ancient alluvial deposits related to the main rivers and colluvial deposits on 

the slope floors (De Muro et al., 2010). The dune system, situated 30-40 m from the shoreline, is 

fairly uniform and with a maximum height of 26 m (MATTM 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 to SW, called 

Sa Colonia, Campana and Su Giudeu (De Muro et al., 2010). 

The dune system of Buggerru-Portixeddu extends over an area of ca. 4 km
2
 and is 

composed of at least three generations of aeolian deposits, dating from the Middle Pleistocene to 
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the Holocene (Cesaraccio et al., 1986; Arisci et al., 1999). From a morphological point of view, 

longitudinal, parabolic and transversal dunes can be distinguished. This dune field was stabilized 

through the plantation of many trees and shrubs over 40 years ago (Arisci et al., 1999). 

Is Arenas dune system (Arbus) represents one of the most important and well-preserved 

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 80-90 m (Annino et al., 2000).  

From a climatic standpoint, all sites show a typical Mediterranean annual pattern of 

temperature and precipitation with a long-term dry summer. The mean annual temperature and 

annual precipitation are the following: 17.6 °C and 95.33 mm for Villasimius; 16.6°C and 168.33 

mm for Chia; 16.2°C and 203.33 mm for Buggeru-Portixeddu; 16.4°C and 195.67 mm for Is 

Arenas, according to data downloaded from http://www.worldclim.org (Hijmans et al., 2005). 

Available data from the nearest weather stations (Montevecchio, Fluminimaggiore and 

Domus de Maria) allowed to classify bioclimatically Is Arenas, Buggeru-Portixeddu and Chia 

dune systems as Oceanic Pluviseasonal Mediterranean (MPO), with upper thermomediterranean 

thermotype and lower subhumid ombrotype (Bacchetta, 2006; Bacchetta et al., 2008a). The dune 

system and the beaches of Villasimius, are classified as Oceanic Pluviseasonal Mediterranean 

(MPO), with lower thermomediterranean thermotype and upper dry ombrotype (Bacchetta et al., 

2010).  

 

Threats and conservation 

The coastal Juniperus spp. woods represent one of the most important psammophilous 

vegetation community in the Mediterranean area (Bacchetta et al., 2007). The main threats 

affecting this habitat at European level are various: urban development, tourist pressure, 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 the 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 processes (Bacchetta et al., 2007). 

For the conservation of dunes with Juniperus woodland, 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 (Muñoz 

and Gracía, 2009). Such measures 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; Muñoz and Gracía, 2009). Moreover, in situ conservation actions maybe be 

adopted, such as recovery interventions on degraded dunes, population reinforcement and 

regeneration of the juniper woodlands; as well as ex situ conservation measures, such as seed 

conservation in germplasm banks and/or plant propagation in nurseries for reintroduction 

purposes.  

 

Plan of the work 

The present Ph.D. thesis has been developed in the context of the LIFE PROVIDUNE project 

(LIFE07NAT/IT/000519), financed by LIFE + program "Nature and Biodiversity" for the period 

2009-2013. The project aims at protecting th e priority habitat consisting of coastal dunes with 

Juniperus ssp. (2250*) sensu Dir. 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 J. macrocarpa and the habitat that it 

characterizes. Besides habitat studied directly linked with LIFE project, we have analysed 

morphological variation in seeds of Mediterranean Juniperus taxa. In addition we have 

investigated the J. macrocarpa germination, fundamental for a better knowledge viability, actual 

reproductive capacity and some aspects on seedling dynamics of the taxon, essential for planning 

future conservation actions.  

In the first chapter, we analysed the seeds to achieve a statistical classifier for 

Mediterranean 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 seed lots of the same 

species (J. macrocarpa) collected in different populations, seasons and sources.  

The subsequent chapter focused on a key stage in the life cycle of plants: seed 

germination. We verified the effect of the collecting season and source (plant and soil), as well 

as laboratory germination pre-treatments and temperatures on seed viability and germination of 

J. macrocarpa. The analysis performed aimed to maximize the effectiveness of conservation and 

regeneration activities of the fragile and threatened ecosystems where this species prevails.  

The next phase of work concerned another critical stage of plant life-cycle, the transition 

period from seed germination to seedling establishment (Figure 5), particularly critical in 

environment as Mediterranean coastal dunes. Specifically, we evaluated factors affecting 

seedling emergence, survival and growth of J. macrocarpa in southern Sardinia, to determine 

seedling recruitment and its consequences for forest regeneration.  
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Finally, using the phytosociological relevés available in literature and our own relevés, 

we determined the floristic variability of 2250* habitat in Sardinia in relation to geographic, 

climatic and human variables; we analysed if tourism and period of samplings have an influence 

on the key parameters for habitat quality, as well as we evaluated the conservation status of 

2250* habitat in Sardinia. 

 

 

 

Figure 5 ï Seedling of J. macrocarpa. 

 

 

Aims 

This thesis aims to better understanding of J. macrocarpa and the habitat that it characterizes, in 

Sardinian coastal dunes, as well as to achieve results useful to support in situ and ex situ 

conservation actions. The main specific aims of this work were: 

V To analyse morphological variation in seeds of Mediterranean Juniperus taxa (at 

both inter- and intraspecific level); 
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V to test morphometric differences in J. macrocarpa seed collected in different 

populations, seasons and sources (plants or soil); 

V to evaluate the effect of the collecting season, source, laboratory pre-treatments 

and temperatures, on seed viability and germination of J. macrocarpa; 

V to investigate factors affecting seedling emergence, survival and growth of J. 

macrocarpa, to determine seedling recruitment and its consequences for forest 

regeneration; 

V to explore the floristic variability of Juniperus spp. habitat in Sardinia in relation 

to geographic, climatic and human variables; to examine the potential effect of 

human disturbance and sampling period on key plant parameters for evaluating 

habitat quality;  

V  to assess the conservation status of Juniperus spp. habitat in Sardinia. 
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CHAPTER 1 

 

Inter and intraspecific morphometric variability in Juniperus L. seeds 

 

Maria Silvia Pinna, Oscar Grillo, Efisio Mattana, Eva Cañadas, Gianluigi Bacchetta 

 

Abstract 

In this study, a statistical classifier for Mediterranean Juniperus taxa based on seed 

morphometric parameters analysed by image analysis techniques, was tested at interspecific, 

specific and intraspecific levels. Ripe galbules of eight or nine Juniperus taxa, were collected in 

different regions of the Mediterranean Basin. Moreover, ripe galbules of J. macrocarpa were 

collected in 2010 from four Sardinian populations, in two seasons, and in plant and soil, in order 

to analyse inter-population, 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 of correct identification were reached for both taxonomic 

treatments at specific and intraspecific level and from the comparison among taxa of the J. 

oxycedrus, J. communis and J. phoenicea complexes. Moreover, this statistical classifier 

discriminated J. macrocarpa seeds collected in spring better than those collected in autumn, but 

it seemed not to be able to discriminate those seeds collected from plants and soil, nor those ones 

collected in different populations from the same geographical region. 

 

 

Keywords: Cupressaceae, EFDs, LDA, Mediterranean flora, morphometric seed analysis  

 

 

Introduction  

The family Cupressaceae shows great ecological diversity among its species (Farjon, 1999), 

mainly distributed in the Northern Hemisphere, and more scattered in south temperate regions 

and in the north east Africa, with singles genera present from either Northern or Southern 
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Hemispheres (Stevens, 2001). The genus Juniperus L. comprises about 70 species and 27 

varieties (Adams, 2008), most of them growing in the Northern hemisphere, except Juniperus 

procera Hochst. ex Endl., that is present in the Great Rift Valley and Mountains (Adams et al., 

1993). In the Mediterranean area, the genus Juniperus is mainly present in the mountain systems 

of Greece, Balkan Peninsula, France, Spain, Italy, Turkey, Algeria, Morocco, Portugal, Tunisia, 

as well as Corsica and Sardinia (Tutin et al., 1993). This genus can be divided into three 

monophyletic sections (Adams, 2008): Caryocedrus Endlicher, with only one species for the 

Mediterranean region (J. drupacea Labill.); Juniperus L. (syn: Oxycedrus Spach), consisting of 

ten species (nine in east Asia and the Mediterranean plus the circumboreal J. communis L.); and 

Sabina (Mill.) Spach, consisting of 56 species distributed in south-western regions of North 

America, Asia and Mediterranean Basin (Adams, 2008; Mao et al., 2010; Silva et al., 2011). 

In Juniperus genus, genetic research at interspecific (Adams, 2008; Mao et al., 2010) and 

intra-specific (e.g. Opgenoorth et al., 2010; Douaihy et al., 2011) level has been published, 

highlighting high levels of genetic diversity. In particular, Jiménez et al. (2003) analysed genetic 

diversity and differentiation in Moroccan and Spanish J. thurifera L., showing that the Strait of 

Gibraltar acted as an efficient barrier against gene flow between the Moroccan and European 

populations of this species. Douaihy et al. (2011) revealed a high level of genetic diversity 

within J. excelsa M.Bieb. subsp. excelsa. Meloni et al. (2006) found genetic variability in five 

natural populations of J. phoenicea. In addition, BoratyŒski et al. (2009) compared natural 

populations of J. phoenicea, detecting two groups of populations, J. phoenicea L. subsp. 

phoenicea in the eastern Iberian Peninsula and southern France, and J. phoenicea subsp. 

turbinata (Guss.) Nyman from the Mediterranean and Atlantic shores and from the Atlas 

Mountains. High level of genetic differentiation for J. communis was found in populations 

sampled in Britain (Van Der Merwe et al., 2000) and throughout Europe (Michalczyk et al., 

2010). 

Some authors investigated interpopulation differences within the various species of the 

genus Juniperus, achieving different results depending on the taxon. Mazur et al. (2003) 

analysed biometrically (number, length, width of cones and seeds, features of shoots and leaves) 

the interpopulation variation of J. phoenicea from the Iberian Peninsula that was found to be 

much larger than that of J. excelsa (Mazur et al., 2004). Klimko et al. (2007) examined the intra- 

and interpopulation variation of J. oxycedrus L. subsp. oxycedrus on the basis of morphological 

characters (length and width of cones, seeds and needles, seed number per cone). These authors 

found that the west-Mediterranean populations differed from the eastern ones, as well as 

intrapopulation differentiation of individuals.  
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The potentialities of biometric indices for seed studies are well known and proved by 

many authors, particularly regarding morpho-colorimetric evaluation (e.g. Liao et al., 1994; 

Granitto et al., 2003; Shahin and Symons, 2003; Kiliç et al., 2007; Bacchetta et al., 2008; 

Wiesnerová and Wiesner, 2008; Venora et al., 2009a; Grillo et al., 2010). Bacchetta et al. 

(2008), using digital images, characterized seeds of wild vascular plants of the Mediterranean 

Basin, implementing statistical classifiers able to discriminate seeds belonging to different 

genera and species. Grillo et al. (2010) developed 10 specific statistical classifiers at family level 

for Angiosperms and tested the system on the genus Juniperus, proving that the method is also 

reliable for Gymnosperms. Recently, Orrù et al. (2012a) confirmed the effectiveness of this 

identification method from a comparison between the reached results studying the discriminatory 

power of seeds biometric characters of Vitis 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 studies (Terral et al., 2010; 

Mebatsion et al., 2012; Orrù et al., 2012b) achieving relevant results. 

Since taxonomic controversies and different systematic treatments on Juniperus genus 

exist, we showed the perspective of morphometric seed analysis, which has proven to be a useful 

tool in taxonomy (e.g. Bacchetta et 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 Grillo et al. (2010) for the 

Mediterranean Juniperus taxa; (2) to compare the achieved results with the two different 

taxonomic treatments proposed by Flora Europaea (Tutin et al., 1993) and The Plant List (2012); 

and (3) to test the capability of the classification system in the discrimination of seed lots of the 

same species (J. macrocarpa Sm.) collected in different populations, seasons and sources (plants 

or soil). 

 

Materials and methods 

Seed lot details 

Ripe galbules of Juniperus taxa were collected in the field for a total of 43 seed lots from 

Algeria (Ag), Balearic Islands (Bl), Corsica (Co), Italy (It), Sardinia (Sa), Spain (Hs) and then 

stored at the Sardinian Germplasm Bank (BG-SAR) in Cagliari (Table 1). After collection, seeds 

were manually drawn out from the galbules and washed stirring them in water for 90 minutes. 

The cleaned seeds were dried at room temperature. Within these seed lots, 18 are accessions of J. 
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macrocarpa collect ed in Sardinia in 2010 in order to analyse inter-population and seasonal 

variability in seed morphology (Table 1).  

Moreover, to analyse the intraspecific relationships among the studied taxa, comparisons 

at species, subspecies and variety level were implemented following the two different taxonomic 

treatments proposed by Flora Europaea (Tutin et al., 1993; FE) and The Plant List (2012; PL). 

 

Seed size and shape analysis 

Digital images of seed samples were acquired using a flatbed scanner (Epson Perfection V600 

Photo) with a digital resolution of 400 dpi and a scanning area not exceeding 2048×2048 pixel. 

Image acquisition 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 chosen 

from the original seed lots and disposed on the flatbed tray, were used for the digital image 

analysis. When the original accession was numerically lower than 100 units, the analysis was 

executed on the whole seed batch. Digital images of seeds were processed and analysed using 

the software package KS-400 V.3.0 (Carl Zeiss, Vision, Oberkochen, Germany). A macro 

specifically developed for the characterization of wild seeds (Bacchetta et al., 2008), later 

modified to measure further 20 seed features (Mattana et al., 2008) and afterwards improved to 

perform automatically all the analysis procedures, reducing the execution time and contextually 

mistakes in the analysis process (Grillo et al., 2010), was used to analyse seeds images. This 

macro was further enhanced adding algorithms able to compute the EFDs for each analysed seed, 

increasing the number of discriminant parameters (Orrù et al., 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 the 

starting point in a Cartesian system, a chain codes are generated. A chain code is a lossless 

compression algorithm for binary images. The basic principle of chain codes is to separately 

encode each connected component (pixel) in the image. The encoder then moves along the 

boundary of the image and, at each step, transmits a symbol representing the direction of this 

movement. This continues until the encoder returns to the starting position. This method is based 

on the separate Fourier decompositions of the incremental changes of the X and Y coordinates as 

a function of the cumulative length along the boundary (Kuhl and Giardina, 1982). Each 

harmonic (n) corresponds to four coefficients (an, bn, cn and dn) defining the ellipse in the XY-

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

used to standardize size (surface area) and to orientate seeds (Terral et al., 2010). According to 
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Terral et al. (2010) findings, about the use of number of harmonics for an optimal description 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 studied taxa. 

A total of 98 morphometric characters were measured on 2343 seeds (Table 2). 
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Table 1 - Location of studied taxa and populations of Juniperus genus (1 = seeds collected in spring; 2 = seeds 

collected in autumn; * = seeds collected from plant; ** = seeds collected from soil). Ag: Algeria; Bl: Balearic 

Islands; Co: Corsica; It: Italy; Sa: Sardinia; Hs: Spain. 
 Taxon according to 

Locality  

 

Year 

Number 
of 

sampled 
seeds 

Section 

(Adams, 2008) 

The Plant List 
(http://www.theplantli st.org/) 

Flora Europaea 
(Tutin et al., 1993) 

Region 

Juniperus 

J. communis var. saxatilis Pall. J. communis subsp. nana Syme 

Desulo Sa 2010 1813 

Albertacce-Evisa,  Co 2006 412 

Desulo,  Sa 2006 760 

J. communis L. 

J. communis L. subsp. communis Laconi, Sa 2006 1221 

J. communis L. subsp. hemisphaerica 
(J.Presl & C.Presl) Nyman 

Santiago de la Espada, Andalusia  Hs 2010 1728 

Cabañas, Andalusia  Hs 2010 273 

J. oxycedrus var. badia H.Gay not reported 

Buggerru Sa 2012 836 

Huescar, Andalusia  Hs 2012 244 

Domus de Maria Sa 2011 266 

J. oxycedrus L. J. oxycedrus L. subsp. oxycedrus 

Cuesta Carrascal, Andalusia  Hs 2010 1129 

Capoterra Sa 2012 380 

J. macrocarpa Sm. 
J. oxycedrus L. subsp. macrocarpa 
(Sibth. & Sm.) Neilr. 

Domus de Maria Sa 2007 3522 

Narbolia Sa 2007 1409 

Cecina, Tuscany  It 2008 147 

Domus de Maria Sa 2007 445 

Arbus Sa 2010 46 1* 

Arbus Sa 2010 137 1**  

Arbus Sa 2010 2477 1**  

Arbus Sa 2010 220 2* 

Arbus Sa 2010 1010 2**  

Buggerru Sa 2010 213 1* 

Buggerru Sa 2010 273 1**  

Buggerru Sa 2010 2414 1**  

Buggerru Sa 2010 2465 2* 

Buggerru Sa 2010 1984 2**  

Domus de Maria Sa 2010 100 1* 

Domus de Maria Sa 2010 430 1**  

Domus de Maria Sa 2010 3527 2* 

Domus de Maria Sa 2010 2087 2**  

Villasimius Sa 2010 543 1* 

Villasimius Sa 2010 269 1**  

Villasimius Sa 2010 2210 2* 

Villasimius Sa 2010 1763 2**  

Sabina 

J. phoenicea L. 

J. phoenicea L. 

Lula Sa 2006 1200 

Aïn Sefra, wilaya de Naâma Ag 2010 392 

J. phoenicea var. turbinata (Guss.) Parl. 

Montagne des Lions, Oran  Ag 2010 317 

Villasimius,  Sa 2008 897 

Almerimar, Andalusia  Hs 2010 338 

Mallorca, Balearic Islands  Bl 2010 ND 

J. sabina L. J. sabina L. 

CIEF, Comunidad Valenciana  Hs 2007 1023 

Jerez del Marquesado, Andalusia  Hs 2007 843 

J. thurifera L. J. thurifera L. 
CIEF, Comunidad Valenciana  Hs 2007 1005 

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, excluding the 80 Elliptic Fourier Descriptors 

(EFDs) calculated according to Hâruta (2011).  

 Feature Description 

   

A Area  Seed area (mm
2
) 

P Perimeter Seed perimeter (mm) 

Pconv Convex Perimeter  Convex perimeter of the seed (mm) 

PCrof Crofton Perimeter  Crofton perimeter of the seed (mm) 

Pconv /PCrof Perimeter ratio Ratio between Pconv and PCrof 

Dmax Max diameter Maximum diameter of the seed (mm) 

Dmin Min diameter Minimum diameter of the seed (mm) 

Dmin /Dmax Feret ratio Ratio between Dmin and Dmax 

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 descriptor = (4 Ŀ ˊ Ŀ A)/ P
 2
 (normalized value) 

Rf Roundness Factor Seed roundness descriptor = (4 · A)/(ˊ Ŀ Dmax
 2
) (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 between Dmax and F 

Conv Convessity degree Ratio between PCrof and P 

Sol Solidity degree Ratio between A and convex area 

Com Compactness degree Seed compactness descriptor = [ã(4/ ˊ) A]/ Dmax 

 

 

Statistical analysis 

Morphometric and EFDs data were analysed applying the stepwise Linear Discriminant Analysis 

(LDA) method, in order to compare the Juniperus seeds at section level (Adams, 2008), as well 

as at specific and intraspecific level according to the taxonomic treatments proposed by PL and 

FE (Table 1). In particular, intraspecific analysis were performed for three species complexes (J. 

communis, J. oxycedrus, J. phoenicea). LDA was also used to assess seed morphological 

variability of J. macrocarpa collected in different populations, seasons and sources (plants and 

soil). To avoid the influence of the production year, only the J. macrocarpa seed lots collected in 

2010 were considered.  

LDA is commonly used to classify/identify unknown groups characterized by 

quantitative and qualitative variables (Fisher, 1936, 1940), finding the combination of predictor 

variables with the aim of minimizing the within-class distance and maximizing the between-class 

distance simultaneously, thus achieving maximum class discrimination (Hastie et al., 2001; 
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Holden et 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 variables: 

Tolerance, F-to-enter and F-to-remove. The Tolerance value indicates the proportion of a 

variable variance not accounted for by other independent variables in the equation. F-to-enter 

and F-to-remove values define the power of each variable in the model and they are useful to 

describe what happens if a variable is inserted and removed, 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 largest F-to-enter value that exceeds the entry criteria chosen (F Ó 3.84) is 

added to the model. The variables left out of the analysis at the last step have F-to-enter values 

smaller than 3.84, so no more are added. The process was automatically stopped when no 

remaining variables increased the discrimination ability (Venora et al., 2009b; Grillo et al., 

2012). Finally, a cross-validation 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 performed using the SPSS software package release 15 

(SPSS, 1999). 

To graphically highlight the differences among groups (species and populations), box 

plots were drawn using the Mahalanobisô square distance values (Mahalanobis, 1936). This 

measure of distance is defined by two or more discriminant functions and ranges from 0 to 

infinite. Samples are increasingly similar at values closer to zero. Higher values indicate that a 

particular case includes extreme values for one or more independent variables, and can be 

considered significantly different to other cases of the same group (Bacchetta et al., 2008). 

 

Results 

Comparing the seed lots belonging to the two Juniperus sections proposed by Adams (2008), an 

overall cross-validation percentage of correct identification was reached (86.8%), with 

performances of 81.6% and 73.4% for Juniperus and Sabina sections, respectively. 

Following the PL taxonomic treatment at species level, an overall performance of correct 

identification of 73.8% was reached, ranging between 63.6% (J. thurifera) 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, showing values ranged between 63.6% (J. thurifera) and 

88.0% (J. oxycedrus). 
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Table 3 - Percentage of correct identification at species level according to PL ñThe Plant List 

(http://www.theplantlist.org/; 24 Oct. 2012)ò and ñFlora Europaeaò(Tutin et al., 1993; FE) (in FE J. 

macrocarpa included in J. oxycedrus). In parenthesis, the number of analysed seeds. 

Taxon according to 

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

J. communis  77.2 (447) 1.2 (7) 0.0 (0) 14.2 (82) 4.3 (25) 3.1 (18) 100 (579) 

J. oxycedrus  1.0 (5) 66.7 (323) 15.9 (77) 10.7 (52) 0.0 (0) 6.0 (27) 100 (484) 

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) 

        

Taxon according to  

FE 
J. communis J. oxycedrus J. phoenicea J. sabina J. thurifera Total 

J. communis  76.9 (445) 1.2 (7) 14.5 (84) 4.3 (25) 3.1 (18) 100 (579) 

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. sabina  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 level, in Table 4 the classification performance reached on the basis of 

the PL taxonomic treatment is showed. Percentages of correct identification ranged between 

13.5% (J. phoenicea var. phoenicea) and 81.5% (J. sabina), with an overall performance of 

60.6%. Regarding the performance according to FE (where J. oxycedrus subsp. oxycedrus 

included also J. oxycedrus var. badia H. Gay seed lots), an overall percentage of correct 

identification of 67.6% was reached, showing values ranged between 33.0% (J. communis subsp. 

communis) and 83.5% (J. sabina).  

According to PL, the two varieties belonging to J. communis complex were compared, 

reaching performances of 76.2% and 86.5% for J. communis var. saxatilis Pall. and J. communis 

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

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

for both the J. communis varieties. J. communis complex was also analysed on the basis of the 

FE taxonomic treatment, achieving an overall identification performance of 71.8%, but correctly 

identifying only 33.0% of J. communis subsp. communis, misattributed in 51.0% of the cases to 

J. communis subsp. nana Syme, that reached 81.2% of correct identification, and in 16.0% of the 

cases to J. communis subsp. hemisphaerica (J.Presl & C.Presl) Nyman, that reached 78.2% of 

correct identification. 

According to PL, the two varieties belonging to the J. oxycedrus complex (J. oxycedrus 

var. badia, J. oxycedrus var. oxycedrus) were also compared with J. macrocarpa (Figure 2), 
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achieving an overall percentage of correct identification of 69.2%, with misattributions evenly 

distributed among the three taxa.  

Discriminant analysis between the two varieties belonging to J. phoenicea, according to 

PL (Figure 3), showed an overall performance of 70.8%, with percentages of correct 

identification of 25.0% and 93.1% for J. phoenicea var. phoenicea and J. phoenicea var. 

turbinata (Guss.) Parl., respectively. 
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Table 4 - Percentage of correct identification between taxa (specific, subspecific and variety level), according to PL ñThe Plant List (http://www.theplantlist.org/; 24 

Oct. 2012)ò and ñFlora Europaeaò(Tutin et al., 1993; FE) (in FE J. oxycedrus var. badia is included in J. oxycedrus subsp. oxycedrus). In parenthesis, the number of 

analysed seeds. 

Taxon according to 

PL 

J. communis 

var. saxatilis 

J. communis 

 var. communis 

J. oxycedrus 

var. badia 

J. oxycedrus 

var. oxycedrus 
J. macrocarpa 

J. phoenicea 

var. phoenicea 

J phoenicea 

var. turbinata 
J. sabina J. thurifera Total 

J. communis var. saxatilis 52.5 (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. communis var. 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. oxycedrus var. 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. oxycedrus var. 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. phoenicea var. 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. phoenicea var. 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) 

           

Taxon according to 

FE 

J. communis 

subsp. nana 

J. communis subsp. 

communis 

J. communis 

 subsp. hemisphaerica 

J. oxycedrus 

subsp. oxycedrus 

J. oxycedrus 

subsp. macrocarpa 
J. phoenicea J. sabina J. thurifera Total 

J. communis subsp. nana 48.6 (137) 7.4 (21) 11.3 (32) 2.5 (7) 0.0 (0) 20.9 (59) 2.5 (7) 6.7 (19) 100 (282) 

J. communis subsp. communis 31.0 (31) 33.0 (33) 20.0 (20) 0.0 (0) 0.0 (0) 8.0 (8) 8.0 (8) 0.0 (0) 100 (100) 

J. communis subsp. hemisphaerica 17.3 (34) 9.1 (18) 62.9 (124) 0.0 (0) 0.0 (0) 4.6 (9) 5.6 (11) 0.5 (1) 100 (197) 

J. oxycedrus subsp. 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. oxycedrus subsp. macrocarpa 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 (299) 

J. phoenicea 6.3 (37) 0.7 (4) 1.9 (11) 7.0 (41) 0.5 (3) 81.4 (477) 0.3 (2) 1.9 (11) 100 (586) 

J. sabina 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 the J. communis varieties, 

according to PL ñThe Plant List (http://www.theplantlist.org/; 24 Oct. 2012)ò. 
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Figure 2 - Analysis discriminating of the varieties belonging to the J. oxycedrus complex, according to 

PLñThe Plant List (http://www.theplantlist.org/; 24 Oct. 2012)ò, with J. macrocarpa. 
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Figure 3 - Graphic representation of the discriminant function scores for the two varieties belonging to J. 

phoenicea, according to PL ñThe Plant List (http://www.theplantlist.org/; 24 Oct. 2012)ò. 

 

 

The four J. macrocarpa populations highlighted percentages of right identification 

ranged between 22.3% (Domus de Maria) and 54.5% (Buggerru), with an overall performance of 

37.9% (Table 5). Regarding the discriminant comparison between the J. macrocarpa seed lots 

collected in 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 conducted between the seed collected from plant and 

those collected from soil showed overall percentages of correct identification 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 of J. macrocarpa Sardinian. 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 (391) 

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 two Juniperus sections the shape descriptive features resulted more powerful than 

the dimensional ones, showing high F-to-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 related to the seed size revealed to be more 

discriminant than the shape descriptive ones; in particular, seed area (A) and convex perimeter 

(Pconv) 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 features (P, Pconv, Pconv/PCroft).  

Finally, regarding the comparison among the populations of J. 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 relative F-to-

remove values both at section level and the J. communis and J. phoenicea aggregates, according 

to PL (Table 6). 
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Table 6 - The best five key parameters of correct classifications. The number of steps, the tolerance and F-to-

remove values are reported in parenthesis. 

Classifier  1 2 3 4 5 

Sections Com 

(24; 0.074; 242.355) 

EFD14 

(24; 0.473; 137.652) 

Pconv /PCrof 

(24; 0.482; 53.325) 

EFD22 

(24; 0.675; 31.940) 

F 

(24; 0.760; 26.951) 

Species according to PL A 

(23; 0.004; 45.394) 

Pconv 

(23; 0.002; 30.524) 

Dmax 

(23; 0.004; 25.934) 

Ecd 

(23; 0.001; 24.011) 

Sf 

(23; 0.070; 19.493) 

FE species J. badia in 

oxycedrus 

A 

(26; 0.003; 47.401) 

Com (26; 0.011; 24.077) Ecd 

(26; 0.001; 23.879) 

Dmax 

(26; 0.004; 22.983) 

Rf 

(26; 0.008; 18.341) 

PL int raspecific  A 

(19; 0.004; 41.734) 

Pconv 

(19; 0.002; 25.568) 

Sf 

(19; 0.069; 24.239) 

EFD6 

(19; 0.017; 22.642) 

Ecd 

(19; 0.001; 21.050) 

FE intraspecific  A 

(22; 0.004; 43.030) 

Pconv 

(22; 0.002; 31.697) 

Dmax 

(22; 0.004; 17.652) 

Com  

(22; 0.013; 15.094) 

Rf 

(22; 0.009; 14.626) 

PL taxa J. communis vs. 

J. saxatile 

Pconv 

(12; 0.007; 112.470) 

P 

(12; 0.007; 99.101) 

Dmin 

(12; 0.244; 27.435) 

EFD14 

(12; 0.390; 25.428) 

EFD11 

(12; 0.717; 13.685) 

FE taxa J. communis vs. 

J. nana vs. J. 

hemisphaerica 

EAmax 

(13; 0.572; 183.525) 

Conv 

(13; 0.555; 58.720) 

Sf 

(13; 0.345; 49.828) 

Sol 

(13; 0.359; 17.433) 

EFD12 

(13; 0.945; 15.604) 

PL taxa J. oxycedrus 

complex 

P 

(18; 0.009; 35.181) 

Pconv 

(18; 0.002; 28.510) 

A 

(18; 0.009; 27.808) 

EFD11 

(18; 0.563; 22.905) 

Rf 

(18; 0.029; 18.992) 

PL taxa J. phoenicea vs. 

J. turbinata 

P 

(8; 0.715; 11.558) 

EFD50 

(8; 0.933; 6.407) 

EFD18 

(8; 0.863; 5.105) 

Pconv /PCrof 

(8; 0.834; 4.981) 

EFD12 

(8; 0.940; 4.981) 

Sardinian populations of 

J. macrocarpa  

A 

(5; 0.006; 15.832) 

Ecd 

(5; 0.004; 8.972) 

Sol 

(5; 0.475; 7.899) 

Pconv 

(5; 0.025; 6.279) 

Dmin 

(5; 0.084; 5.946) 

 

 

Discussion 

The satisfactory discrimination achieved by the comparison between the seed morphometric data 

belonging to the Juniperus and Sabina sections, is in agreement with the results obtained by 

Adams (2008) and Mao et al. (2010) on the basis of cpDNA, nrITS and nrITS ù cpDNA analysis, 

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

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

The achievements obtained at species level reached good percentage of correct 

identification, for both the followed taxonomic treatments (PL and FE). J. macrocarpa reached 

almost 70% of correct identification according to PL, so proving a clear differentiation respect to 

J. oxycedrus, towards which gives almost all the misattributions, according to FE in which J. 

macrocarpa does not exist as a species. However, the performance of J. oxycedrus grows up to 

88.0% following FE classification, proving that a certain similarity exists between the two 

species (Adams, 2000).  

Instead, the two varieties of J. oxycedrus proposed by the PL reached lower identification 

percentages than the two subspecies proposed by FE, but it is important to note that FE does not 

report J. oxycedrus var. badia and does not consider J. macrocarpa as an independent species 

but as a subspecies of J. oxycedrus. However, J. macrocarpa seems to be fairly well identifiable 
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in both cases, although, considering the misidentifications revealed, a certain similarity to the J. 

oxycedrus taxa is undoubted (Farjon, 1998; Adams, 2000). 

Respect to the J. oxycedrus species complex according to the PL taxonomic treatment, 

also considering J. macrocarpa, a clear correlation among the three entities is evident, placing 

some legitimate doubt about the most appropriate taxonomic treatment. Anyway, the result 

reached from the comparison between J. oxycedrus var. badia and J. oxycedrus var. oxycedrus 

makes plausible a relationship at varietal level between these two taxa, as confirmed by several 

authors (Pignatti, 1982; do Amaral Franco, 1986; Farjon, 1998; Adams, 2000; Jeanmonod and 

Gamisans, 2007).  

According to our results, the J. communis taxa seem to be more distinguishable following 

the taxonomic treatment proposed by the PL rather than the one by FE, although in both cases, 

considerable percentages of misattributions have been detected in relation to J. phoenicea 

species.  

The results of the interactions between the taxa of the J. communis complex, according to 

the PL, confirmed the taxonomic distance between these taxa, although a varietal taxonomic 

rank is proposed. The performance achieved following the taxonomic treatment proposed by FE, 

shown that the three considered subspecific entities (J. communis subsp. communis, J. communis 

subsp. nana and J. communis subsp. hemisphaerica) are not easily sustainable on the basis of 

seed morphometric data. In a recent work, Grillo et al. (2010) reaching a rather high percentages 

of correct identification, confirmed the taxonomic distance between J. communis subsp. 

communis and J. communis subsp. nana, identified by several authors as two distinct subspecies 

(do Amaral Franco, 1980, 1986; Jeanmonod and Gamisans, 2007) or species (Pignatti, 1982; 

Lebreton et al., 2000), but recently considered as unique taxon by Farjon (2001) and Adams 

(2008). 

The results of correct classification obtained for the J. phoenicea complex indicate that, 

according to the PL classification, the two taxa J. phoenicea var. phoenicea and J. phoenicea 

var. turbinata are enough well distinguished, considering the taxonomic rank of variety as 

proposed by Adams et al. (1996, 2002), Farjon (2005) and Adams (2010). However, this result is 

in accordance with the achievements of Grillo et al. (2010) that, considering these taxa as two 

different subspecies, reached very high percentage of correct classification, according to many 

other authors (Lebreton, 1983; do Amaral Franco, 1986; Valdés et al., 1987; Mazur et al., 2003; 

Conti et al., 2005; Farjon, 2005; Jeanmonod and Gamisans, 2007). 

The comparison among the four populations of J. macrocarpa gave 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 populations from the same geographical region, 

probably due to the low intrapopulation variability. These achievements are consistent with the 

results obtained by Juan et al. (2012), who investigated genetic structure of J. macrocarpa in 

three regions of Spain, founding only one meta-population without geographical structure. Also, 

Klimko et al. (2004) found a low genetic differentiation of J. macrocarpa Italian populations for 

most morphological features studied. However, some morphological variability for J. 

macrocarpa was found in south-western Spanish populations (Juan et al., 2003). Absence of 

geographic structure was also observed by Brus et al. (2011) in J. oxycedrus subsp. oxycedrus 

from the Balkan Peninsula. According to the results obtained in this study and the reported 

bibliographic data, it is possible to assume in the south sector of Sardinia, the presence of a 

single population of J. macrocarpa lacking of geographical differences. This hypothesis can be 

supported by the fact that the species studied was sampled in an area geographically restricted as 

it is Sardinia island. 

Other works carried out on different species of the genus Juniperus showed contradictory 

and different results. Mazur et al. (2004), analysing biometrically the intra- and interpopulation 

variation in J. excelsa from Crimea and Balkan Peninsula, have found differences among 

particular individuals within the samples slight, as well as between populations compared. Even 

Dzialuk et al. (2011) have obtained low proportion of genetic variation contributed by the 

differences between populations of J. phoenicea. Conversely, high levels of intrapopulation 

genetic variability (BoratyŒski et al., 2009) and between populations (Meloni et al., 2006) in J. 

phoenicea were found. On the basis of morphological and molecular results, high degree of 

genetic diversity in J. excelsa was detected at populations level (Douaihy et al., 2011, 2012) and 

within populations (Y¿cedaĵ et al., 2010). High levels of intrapopulation variability were also 

seen in genetic studies on J. thurifera (Jiménez et al., 2003; Terrab et al., 2008), J. procera 

(Sertse et al., 2011), J. brevifolia (Seub.) Antoine (Silva et al., 2011) and J. communis (Van Der 

Merwe et al., 2000; Oostermeijer and De Knegt, 2004; Michalczyk et al., 2010; Vanden-Broeck 

et al., 2011). Medini et al. (2010) have showed population variability, through the chemical 

composition of the essential oils extracted from the leaves of J. oxycedrus. 

At specific and intraspecific level, parameters related to the seed size (i.e. morphometric) 

revealed to be more discriminant than the shape-descriptive ones. For the same taxonomic ranks 

Grillo et al. (2010) found that for the families Apiaceae, Brassicaceae and Fabaceae 

morphometric features were the first discriminant parameters. Also in Bacchetta et al. (2011a), 

regarding the Lavatera triloba aggregate, the first three parameters with the highest 

discriminatory power were of morphological type, although in this work colour evaluation was 



 36 

very important for correct seed identification. Instead in a previous contribution regarding 

Astragalus sect. Melanocercis, the only morphometric parameters taken into account were 

related to the seed length (Bacchetta et al., 2011b).  

The classification system identified J. macrocarpa seeds collected in spring, but it not 

allowed to identify between sources (plant and soil) of collection. The latter results appear 

particularly 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 proposed method for the Mediterranean 

Juniperus species, 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 Grillo et al. (2010). Seed morphometric analysis did not discriminate 

among different populations, which could mean the presence of a single meta-population in the 

South of Sardinia. The classification system was able to discriminate seeds of J. macrocarpa 

collected in different seasons, being better identifiable those collected in spring, and could not 

identify seeds collected in different sources (plants and soil). 
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 CHAPTER 2 

 

Seed viability and germination phenology in Juniperus macrocarpa Sm. 

 

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

 

Abstract 

In this study, seed viability and germination phenology of Juniperus macrocarpa were 

investigated. Ripe galbules in four localities and in two different moments of the dispersal (i.e. 

autumn and spring), both from plant and soil, were collected. To verify the presence of 

physiological dormancy several pre-treatments were applied: warm (W: 3 months at 25°C) and 

cold stratification (C: 3 months at 5°C), two combinations of them (W+C and C+W), and no pre-

treatment (control). After pre-treatments, seeds were incubated in a range of constant (10ï25°C) 

and alternating (25ù10ÁC) temperatures. Seed viability was low (ca. 40%) and the source (plant or 

soil) had not a significant effect on the viability of J. macrocarpa seeds, 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 mean value 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 (ca. 11%) than those collected in autumn (ca. 

7%). Seeds of J. macrocarpa are dormant and the results of this study suggested the presence of 

secondary dormancy induced by cold stratification. The germination phenology all along the 

dispersal season (from autumn to spring) was illustrated, as well as the potentiality of this taxon 

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 conservation planning of 

this species. 

 

 

Keywords: Cupressaceae, dormancy, galbules, Juniperus, Mediterranean flora  
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Introduction  

The coastal dunes ecosystems are globally threatened by human activities (e.g. Brown and 

McLachlan, 2002; Defeo et al., 2009). In particular, dune vegetation is easily disturbed and 

susceptible to trampling by animals and humans and to crushing by vehicles (e.g. Williams et al., 

1997). Furthermore, they are vulnerable ecosystems subjected to intense ecological stress caused 

by wind, drought, salt, erosion and pH (Crawford, 1989; Brown and McLachlan, 1990). Along 

Mediterranean coastal dune ecosystems, the characteristic woody vegetation is constituted by 

micro-forests of Juniperus macrocarpa Sm. These types of vegetation are listed as priority 

habitat 2250 "Coastal dunes with Juniperus spp." in the DIR. 92/43/EEC (European 

Commission, 2007).  

In the Mediterranean area the populations of many species of Juniperus L. are formed 

principally from adults and senescent individuals, and their survival is therefore linked more to 

longevity of individuals than to emergence of new seedlings, indicating a difficult recruitment 

and a limited establishment of young individuals (García et al., 1999). The causes of this low 

recruitment are attributed to several factors such as reproductive problems (e.g. Chambers et al., 

1999; García et al., 2000), low germination capacity (Hajar, 1991), long reproductive cycle 

(Pacini and Piotto, 2004), summer aridity that may limit the survival of seedlings (García et al., 

1999), predation of galbules and seeds and presence of parasites (e.g. Roques et al., 1984; 

García, 1998). 

A key stage in the life cycle of plants is seed germination. It is responsive to many 

environmental factors including temperature, light, time after dissemination, and soil moisture 

content (Bewley and Black, 1994; Cristaudo et al., 2007; Qu et al., 2008). Among them, 

temperature is the major factor in regulating dormancy, the maximum germination percentage 

and rate of germination (Heydecker, 1977), and the success or failure of plant establishment 

(Kader and Jutzi, 2004). The optimal germination temperatures for Mediterranean species are 

typically within the range 5-15°C (Thanos et al., 1989, 1995) and are characterized by a low 

germination rate (Doussi and Thanos, 2002). This ñdelay mechanismò, with low germination rate 

and a narrow range of cool temperatures, is considered an advantageous ecological adaptation of 

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 (Thanos et al., 1995). 

Previous studies, carried out on some species of the genus Juniperus, showed a wide 

range of values in germination percentages (i.e. between 7% of J. communis L. and 87% of J. 

virginiana L.; Bonner, 2008). In particular, low values of germination detected for J. oxycedrus 
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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 several Juniperus species have physiological dormancy 

(PD) (e.g. Young and Young, 1992; García-Fayos et al., 2001), in which the embryo is unable to 

develop a radicle due to a physiological inhibition mechanism (Baskin and Baskin, 1998), while 

studies of physical dormancy (PY) have provided contradictory data (García-Fayos et al., 2001; 

Flynn et al., 2007). In particular, H2SO4 treated seeds of J. oxycedrus germinated at low 

germination percentages (< 20%; Pacini and Piotto, 2004; Tilki, 2007) and those of J. excelsa M. 

Bieb reached ca. 7-8% of final germination (Jones, 1989). Petersen et al. (2005) reported that the 

sulphuric acid treatment apparently damaged many of the embryos of J. pinchotii Sudw. (2.7% 

of germination). Conversely, Laurent and Chamshama (1987) highlighted a significant increases 

in germination of J. procera Hochst. ex Endl. seeds treated with this method, reaching 

germination percentages of ca. 78%. Indeed, there is wide variation among Juniperus species in 

the degree of dormancy (Chambers et al., 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 individuals is also present (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 germination of J. macrocarpa. Pacini and 

Piotto (2004) reached a maximum germination of ca. 25% after warm followed by cold 

stratification, while cold stratification alone appeared to be totally ineffective for this species. 

Chemical scarification with sulphuric acid did not improve germination with percentages of ca. 

20% (Pacini and Piotto, 2004). Cantos et al. (1998) found that intact seeds did not germinate in 

the greenhouse or in vitro conditions, while seeds without testa did not germinate under 

greenhouse conditions, and in vitro isolated embryos reached germination levels of about 50%. 

Juan et al. (2006) have found that seeds derived from immature cones of J. macrocarpa 

germinated under greenhouse conditions significantly 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). In addition, considering the relatively low germination 

percentages achieved in the few previous studies on J. macrocarpa and the needs of conservation 

and recovery of this taxon, new approaches are needed to better understanding its reproductive 

cycle. Therefore, the aims of this work were to verify the effect of the collecting season, of the 

source (plant and soil), and laboratory germination pre-treatments and temperatures on seed 
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viability and germination of seeds of this species. The achieved results may be helpful to enable 

regeneration activities of the fragile and threatened ecosystems of which J. macrocarpa is the 

cornerstone. 

 

Materials and methods 

Seed lot details 

Ripe galbules of J. macrocarpa were collected in 2010 from four localities in two different 

moments of dispersal period: autumn (i.e. the beginning) and spring (i.e. the end; Table 1). 

Galbules were collected from plant and soil, leading to a total of 16 seed lots. Immediately after 

collection, seeds were manually drawn out from the galbules and washed by stirring them in 

water. Average seed mass was calculated for each seed lot by weighing 10 replicates of 20 seeds 

each (Table 1). 

 

Table 1 - Population and seed lots details. 

Locality  
Coordinates 

(WGS 84) 

Elevation 

(m a.s.l.) 

Distance from 

the coastline (m) 

N° of sampled 

individuals 
Season  Source  

Seed mass ± 

SE (mg) 

Arbus, Medio 

Campidano, SW 

Sardinia 

39° 31' 05''N 

8° 25' 55''E 
22 150 

20 Spring 
Plant 97.00 ± 3.80 

Soil 94.95 ± 2.10 

24 Autumn 
Plant 90.25 ± 1.86 

Soil 92.40 ± 2.39 

Buggerru, 

Carbonia-Iglesias, 

SW Sardinia 

39° 26' 18''N 

8° 25' 51''E 
32 1650 

20 Spring 
Plant 83.50 ± 2.60 

Soil 82.80 ± 1.75 

30 Autumn 
Plant 95.20 ± 1.58 

Soil 92.35 ± 2.79 

Chia, Cagliari, 

SW Sardinia 

38° 53' 04''N 

8° 51' 43''E 
5 200 

20 Spring 
Plant 88.35 ± 1.57 

Soil 91.75 ± 2.55 

20 Autumn 
Plant 85.60 ± 1.15 

Soil 98.70 ± 1.98 

Villasimius, 

Cagliari, SE 

Sardinia 

39° 07' 16''N 

9° 31' 22''E 
15 62 

20 Spring 
Plant 111.75 ± 1.59 

Soil 127.55 ± 1.28 

20 Autumn 
Plant 92.40 ± 6.15 

Soil 123.40 ± 4.31 

 

 

Germination and viability tests  

Besides factors related to seed lots, we included ñpre-treatmentsò and ñtemperatureò as factors to 

explain seed viability and germination. Specifically, to verify the presence of physiological 

dormancy (PD), the following pre-treatments were applied: warm (W: 3 months at 25°C), cold 

(C: 3 months at 5°C); as well as two combined warm and cold stratifications (W+C and C+W), 
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and control (0), with no pre-treatment. After pre-treatments, seeds were incubated, with an 

irradiance of 12 h per day, at four constant temperatures: 10ºC, 15ºC, 20°C, 25°C as well as at 

alternating temperature regime 25ù10ÁC. Three replicates of 30 seeds each were sowed in 90-mm 

diameter plastic Petri dishes with a substrate of 1% water agar. The experimental design was 

constituted by 3 replicates x 4 localities x 2 seasons x 2 sources x 5 pretreatments x 5 

temperatures. However, due the low seed availability (autumn) only 3 pre-treatments (W, C and 

control) were carried out for seeds belonging to Arbus population (for plant and soil). 

When no additional germination occurred for 15 days, tests were ended. The viability of 

the remaining seeds was assessed by a cut test (ISTA, 2006) and final number of germinated 

seeds calculated on the 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 Linear-Mixed 

Models (GLMM), using a binomial error distribution and logit link function. To estimate model 

parameters the Laplace approximation of likelihood was used (see Bolker et al., 2009). In order 

to model seed viability, predictors included ñpopulationò as random factor, and ñpre-treatmentò, 

ñtemperatureò, ñseasonò and ñsourceò as fixed factors. Seed germination was modeled including 

ñsourceò within ñpopulationò as random factors, and ñpre-treatmentò, ñtemperatureò and 

ñseasonò as fixed factors. Germination models were performed using the overall data set, as well 

as from the data of each season separately in order to better understand effects of pre-treatments 

by season. Throughout the text, overall means are followed by standard error (± SE). All the 

statistical analyses were 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 applied pre-treatments 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 viable than those collected in spring, with mean values of 34.18 ± 0.62% 
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and 42.77 ± 0.52%, respectively (Figure 1). All pre-treatments had a negative effect on seed 

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

 

 

Table 2 ï Generalized Linear Mixed Model (GLMM) results, for the effect on seed viability of the following 

fixed factors: temperature, pre-treatment, season and source. Population was considered as random factor 

(Variance: 0.0767; SD: 0.2769). Akaike information criterion (AIC): 7595; 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 -0.5249 0.1399 -3.752 0.0002 ***  

T 15°C -0.0054 0.0193 -0.280 0.7798 NS 

T 20°C -0.1304 0.0194 -6.725 1.76e
-11

 ***  

T 25°C -0.3484 0.0197 -17.706 < 2e
-16

 ***  

T 25/10°C -0.1892 0.0195 -9.723 < 2e
-16

 ***  

CW -0.1630  0.0199 -8.185 2.72e
-16

 ***  

0 0.1916 0.0188 10.167 < 2e
-16

 ***  

W -0.0509 0.0190 -2.675 0.0075 **  

WC -0.1522 0.0199 -7.647 2.06e
-14

 ***  

spring 0.3878 0.0125 30.938 < 2e
-16

 ***  

soil 0.0118 0.0124 0.956 0.3389 NS 

 

 

Figure 1 ï Viability (mean ± SE) for seeds collected in the two seasons. P < 0.001 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 effect 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 were recorded for the 

applied pre-treatments, with the control (0) and the warm stratification (W), being the most 

effectives on stimulating germination, with mean percentages of 13.47 ± 0.74% and 13.61 ± 

0.60%, respectively, while cold stratification (C) negatively affected germination (4.96 ± 

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 were reached 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 spring and autumn, respectively. 

 

 

Table 3 ï 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: 0.1157) 

and source nested within population (Variance: 0.2151; 0.4638) were considered as random factors. AIC: 

7119; BIC: 7179; logLik: -3547; deviance: 7095. 

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

Intercept -3.6404 0.1788 20.36 < 2e
-16 

***  

T 15°C 0.5725 0.0342 16.72 < 2e
-16 

***  

T 20°C 0.5067 0.0346 14.66 < 2e
-16

 ***  

T 25°C -0.4183 0.0414 -10.10 < 2e
-16 

***  

T 25/10°C 0.4172 0.0350 11.91 < 2e
-16 

***  

CW -0.2358 0.0468 -5.04 4.68e
-07 

***  

0 1.1290 0.0357 31.59 < 2e
-16 

***  

W 1.1424 0.0357 32.01 < 2e
-16 

***  

WC 0.3480 0.0411 8.48 < 2e
-16 

***  

spring 0.5668 0.0225 25.18 < 2e
-16

 ***  

 

 

When analysing 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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pretreatments and at the incubation temperatures of 15, 20 and 25/10°C, both in autumn and 

spring (Table 4). 

 

 

Table 4 ï Generalized Linear Mixed Model (GLMM) results on seeds collected in autumn and spring, 

respectively, for the effect on seed germination of the following fixed factors: temperature and pre-treatment. 

population (Variance: 5.1640
-09

 and SD: 7.1861
-05

, Variance: 3.7511
-11

 and SD: 6.1247
-06

 for autumn and 

spring, respectively) and source (nested within population; Variance: 1.5084
-01

 and SD: 3.8838
-01

, Variance: 

3.9112
-01

 and SD: 6.2540
-01

 for autumn and spring, respectively) were considered as random factors. 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 < 2e
-16

 ***  

 T 15°C 0.7855 0.0552 14.217 < 2e
-16

 ***  

 T 20°C 0.5008 0.0574 8.722 < 2e
-16

 ***  

 T 25°C -0.7629 0.0764 -9.985 < 2e
-16

 ***  

 T 25/10°C 0.3583 0.0587 6.100 1.06e
-09

 ***  

 CW -0.2604 0.1067 -2.440 0.0147 * 

 0 1.8355 0.0699 26.245 < 2e
-16

 ***  

 W 1.8229 0.0700 26.044 < 2e
-16

 ***  

 WC 0.7854 0.0832 9.440 < 2e
-16

 ***  

      

spring Intercept -2.8891 0.2260 -12.782 < 2e
-16

 ***  

 T 15°C 0.4359 0.0440 9.913 < 2e
-16

 ***  

 T 20°C 0.5153 0.0435 11.848 < 2e
-16

 ***  

 T 25°C -0.2674 0.0500 -5.351 8.74e
-08

 ***  

 T 25/10°C 0.4545 0.0439 10.364 < 2e
-16

 ***  

 CW -0.3365 0.0527 -6.387 1.69e
-10

 ***  

 0 0.7951 0.0433 18.371 < 2e
-16

 ***  

 W 0.8291 0.0431 19.231 < 2e
-16

 ***  

 WC 0.1175 0.0478 2.458 0.014 * 

 

In particular, while in autumn the highest germination percentages were 11.59 ± 0.97% and 

11.44 ± 0.80%, for 0 and W pre-treatments, respectively, these values reached 15.36 ± 1.09% 

and 15.79 ± 0.85%, respectively, in spring (Figure 2). Seeds collected in spring were able to 

germinate at higher percentages respect to those collected in autumn also after pretreatments that 

negatively affected germination like CW and C (Table 3), with mean percentages increasing 

from ca. 2 to 8% (Figure 2).  
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Figure 2 ï Germination percentages (mean ± SE) after each pre-treatment for seeds collected in the two 

seasons (autumn and spring). 

 

 

The effects of incubation temperatures on seed germination for each season are showed in Figure 

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 ca. 20% (Figure 3). 

 

 

 

Figure 3 - Germination percentages (mean ± SE) at different temperatures for seeds collected in the two 

seasons (autumn and spring) and incubated without any pre-treatment (i.e. 0). 






















































































































































