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ABSTRACT 

Genetic diversity is essential to evolution and a recognized target of conservation. When 

threats are high and populations are small, in-situ gene conservation needs to be reinforced 

with an ex-situ approach, where a genetically representative sample of the target taxon is 

safeguarded in a favorable environment. The fragmented habitat of Pinus nigra subsp. 

salzmannii (Dunal) Franco 1943 (Salzmann’s pine) is threatened by wildfires. In France, gene 

flow from massive plantations of other subspecies of black pines threatens its genetic diversity. 

Here, using individual tree genotypic data at thirteen microsatellite loci, we identified 

differentiated lineages for in-situ gene conservation. Discriminating between autochthonous 

and hybrid trees, we proposed a method for the creation of an ex-situ core collection. We 

confirmed that Salzmann’s pine is an original genetic lineage within the western European and 

Mediterranean black pine subspecies. We identified five genetic groups in France that can 

serve as the basis for in-situ gene conservation. Maximizing overall genetic diversity while 

maintaining among population diversity, we identified 80 native and non-hybridized trees that 

can form the basis of a representative ex-situ core collection. Our cost-effective methods 

combining in-situ and ex-situ conservation can be easily applied to many forest tree species. 
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INTRODUCTION 

Genetic diversity is essential to evolution as natural selection can act on genetic diversity to 

adapt populations to environmental change (Lande & Shannon 1996, Jump & Peñuelas 2005). 

Genetic diversity is thus a recognized objective and target of conservation and sustainable use 

in the text of the 1992 Convention on Biological Diversity (CBD) of the United Nations. With 

human-induced environmental change dramatically altering biodiversity and disrupting local 

adaptation and community assemblages in many habitats, conserving genetic diversity is 

increasingly seen as an insurance policy for continued population adaptation, resilience and 

long-term survival (Fady et al. 2020). The International Union for the Conservation of Nature 

IUCN recognizes that genetic diversity should be better considered in conservation planning 

and that genetic diversity conservation as a goal in itself warrants the status of protected area 

for forest trees (IUCN 2016, 2021). In practice, however, genetic diversity conservation is rarely 

a goal of conservation planning and indicators of genetic diversity and evolutionary potential 

are yet to be implemented for monitoring biodiversity trends in natural populations (Hoban et 

al. 2020, Forester et al. 2022). The most recent Global Biodiversity Outlook concluded that 

CBD Aichi Target 13, Safeguarding genetic diversity, is far from being reached (Secretariat of 

the Convention on Biological Diversity 2020).  

The gold standard for maintaining evolutionary potential is in-situ conservation of genetic 

diversity where natural selection can shift phenotypic optima as environmental changes occur. 

This is widely applicable to forest tree species (Potter et al. 2017). In-situ gene conservation 

requires that evolutionary lineages are identified and that, in each lineage, representative 

populations are selected, in which management for genetic diversity can be applied (Palsbøll 

et al. 2007). Areas protected for genetic diversity, or gene conservation units (GCUs), need to 

be sufficiently large to maintain adaptive potential over generations, while avoiding the risk of 

drift and inbreeding or, conversely, of gene swamping and outbreeding depression (Koskela 

et al. 2013).  

Forest tree species are particularly suitable for this in-situ strategy. Native populations are 

often genetically diverse, with large effective population size and experiencing significant long-

distance gene flow (Alberto et al. 2013). In some economically important species, there may 

be long-lasting human impacts on genetic diversity due to exploitation (fragmentation) and 

seed transfer (lineage mixing) that need to be identified prior to the implementation of GCUs 

(Raffl et al. 2018). Areas protected for genetic diversity are also increasingly found relevant as 

a resource for assisted migration, where pre-adapted genotypes are collected and moved to 

environments where they do not yet occur within or outside their current geographic distribution 

range (Aitken & Whitlock 2013, Schueler et al. 2014).  

When threats increase and populations are small, an ex-situ approach is advisable, where a 

representative sample of the threatened population is safeguarded in a favorable environment 

(McGowan et al. 2017, Potter et al. 2017), either as a fixed copy collection (e.g. seeds in a cold 

chamber) or as an evolving collection under a new environment (e.g. tree archive plantation 

where the seeds produced are replanted). Constructing such a core collection requires that 

genetic diversity should be maximized while constraining the number of individuals and taking 

into account population genetic structure and diversity (Gapare et al. 2008, Hoban & 

Schlarbaum 2014, Hoban 2019). 

Pinus nigra subsp. salzmannii (Dunal) Franco 1943 (Salzmann’s pine), is one of the 

subspecies of the widespread European black pine (Pinus nigra J.F. Arnold, 1785). 

Salzmann’s pine forests are recognized as a priority habitat in Europe under Habitats Council 



Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna 

and flora. In France, where it reaches its northern distribution edge, its habitat has certainly 

shrunk over time, potentially due to increased dryness and fires during the second part of the 

Holocene, along with agriculture, grazing and cutting for the mining industry over centuries 

(Vernet 2006). It is currently and increasingly threatened by wildfires as climate warms. Natural 

populations are often surrounded by large plantations of other sub-species of black pine (Pinus 

nigra subsp. nigra Arnold, the Austrian black pine, and Pinus nigra subsp. laricio Palib. ex 

Maire, 1928, the Corsican black pine) which have been used since the mid-19th century for 

agricultural land reclamation, erosion control and timber production (Combes 1989). Habitat 

size estimates are 5 000 ha nationally for P.n. salzmannii while black pine plantations cover 

an estimated 300 000 ha. Divergence among black pine lineages is recent and dated to the 

late Pleistocene - early Holocene (Scotti-Saintagne et al. 2019). As there are no documented 

zygotic or gametic barriers to fertilization between sub-species, hybridization with P.n. laricio 

and P.n. nigra is possible and recognized as a potential threat to autochthonous P.n. 

salzmannii populations, particularly in France (Isajev et al. 2005, Fady et al. 2016, Scotti-

Saintagne et al. 2018).  

Here, we describe the steps undertaken for the development and implementation of a 

comprehensive program for the conservation of genetic diversity of P.n. salzmanni, a forest 

tree species whose census size is low, whose habitat is threatened but which still has sizable 

forests where natural regeneration is possible and encouraged by management agencies. We 

consider that this strategy applies broadly to widespread forest tree species, across distribution 

ranges and particularly at range edges, whether they are fragmented or not. 

For this, our specific objectives are the following: 

1- We test whether P.n. salzmanni is an original lineage within the western European and 

Mediterranean Pinus nigra sub species. 

2- Sampling autochthonous diversity in France, we test that fragmented forests 

correspond to differentiated lineages and we identify representative regions for in-situ 

gene conservation.  

3- Using individual tree genotypic data from all French lineages, we propose a method for 

the creation of an ex-situ core collection, representative of genetic originality and 

lineage diversity, excluding non- autochthonous and hybrid individuals, and maximizing 

allelic diversity. 

 
MATERIAL AND METHODS 

Sampling of autochthonous material 

P.n. salzmannii leaf samples were collected during the period 2008 - 2012 from seven forest 

areas in two regions of south-eastern France: (1) Conflent in the Pyrenees and (2) St-Guilhem, 

Ardeche, Col d'Uglas, Tour-de-Palau and Gorges du Tarn in the southern Massif Central - 

Cevennes region (Table 1, Figure 1, Table S1 in Online Resource ESM01.xls). These forests 

sample the entire distribution of the French Salzmann’s pine stands identified by relevant public 

and private forest management agencies as likely to be autochthonous. Black pine 

autochthony is a difficult issue to solve in France as intraspecific exotic material has been 

extensively used in plantations since 1860 when forest restoration laws were passed and 

implemented for erosion control and pasture land reclamation (Combes 1989). Here, we 

considered that individuals born before 1860 were very likely to be autochthonous. Thus, 

based on phenotype, all potentially old-enough trees were cored, their tree rings counted, and 

only those that passed the age threshold were sampled (Figure 2). As a result, out of the 4500 

trees cored, 580 were retained for genotyping as likely autochthonous individuals (Table S1 in 



Online Resource ESM01.xls). Detailed information on the genotyped and phenotyped 

individuals are available in Fady et al. (2023).  

As pre-1860 plantations cannot be entirely excluded (Flaugère 1925), we selected a subset of 

trees older than 250 years, established between 1542 and 1758, as our baseline genetic 

reference for the endemic P.n. salzmannii (Figure 2). We chose these trees from a single 

population, the one with the highest number of very old trees, St-Guilhem. These 49 samples 

were used for comparison with the most commonly planted black pines in France (see testing 

step 1 below): P.n. laricio (49 samples from Corsica in France and Calabria in Italy) and P.n. 

nigra (49 samples from Austria, Romania and Serbia) (Table S2 in Online Resource 

ESM01.xls).  

 

Genetic data acquisition and analysis of genetic diversity within population 

For genotyping, we used the 13 nuclear microsatellite markers developed by Giovannelli et al. 

(2017) and their DNA extraction and scoring protocols. 

To test for the presence of null alleles in our 13-marker dataset, we used INEST 2.2 (Chybicki 

& Burczyk 2009) and its Bayesian approach (IIM) by running 5x105 Markov chain Monte Carlo 

iterations, of which the first 5x104 were discarded as a burn-in phase. We compared all 

available model combinations, from the full model (nfb, including null alleles (n), genotyping 

failures (f), and inbreeding (b)), to the one-parameter models (n, f, or b). The best-fitting model 

was indicated by the lowest value of the deviation information criterion (DIC). Null allele 

frequencies were estimated for each locus as the mode of the posterior distribution. We also 

estimated null allele frequencies using the method of Dempster et al. (1977) and generated a 

null allele corrected dataset in FreeNA (Chapuis and Estoup 2007) using 1,000 replicates. 

Within population diversity indices were calculated using Spagedi 1.5 (Hardy & Vekemans 

2002): number of alleles (Na), number of rarefied alleles (Nae), gene diversity corrected for 

sample size (Nei 1978) (He), observed heterozygosity (Ho), inbreeding coefficient (Fi). The 

two-sided p-values of Fi were obtained after 10000 randomization of gene copies among 

individuals. 

 

Differentiation and identification of evolutionary lineages 

Blind approach to explore population genetic structure 

To test for the presence of a population genetic structure without a priori on the geographic 

origin of the individuals, we used the popular software STRUCTURE v2.3 (Pritchard et al. 

2000). It uses a Bayesian clustering analysis to group individuals into K groups according to 

their genotype and maximizing Hardy-Weinberg equilibrium. As among subspecies divergence 

is recent in black pine (Scotti-Saintagne et al. 2019), we used an admixture model, for which 

individuals can have a mixed ancestry and thus belong to several groups with different 

membership rates. We carried out fifteen independent iterations for each of the values of K, 

exploring values of K from 1 to 10, with a burn-in of 50,000 steps followed by 500,000 Markov 

chain Monte Carlo replications for each iteration. We relied on the mean likelihood L(K) and 

rate of variation (ΔK) values between successive values of K as described by Evanno et al. 

(2005) and provided by StructureHarvester (Earl and von Holdt 2012) to estimate the most 

probable number of K for each analysis. The results of the fifteen iterations were then compiled 

and visualized using the CLUMPAK web application (Kopelman et al. 2015) which uses the 



CLUMPP software (Jakobsson & Rosenberg 2007) for compilation and the DISTRUCT 

software (Rosenberg 2004) for graphical visualization. 

Testing if Salzmann’s pine is a true taxonomic entity – step 1 

To test whether endemic Salzmann pines represent an original taxonomic entity, distinct from 

other neighboring black pines, we ran STRUCTURE v2.3 (Pritchard et al. 2000) using three 

populations of an equal size of 49 individuals each and P.n. salzmannii individuals older than 

250 years (see “sampling of autochthonous material” above and Figure 2, and Table S2 in 

Online Resource ESM01.xls). Assuming no gene flow from exotic plantations, we considered 

the level of "non-Salzmann" genetic admixture observed in these old Salzmann’s pines as a 

background value of historical origin. 

Testing the presence of sub-structure in Salzmann’s pine and identifying 

potential hybrids – step 2 

We re-analyzed the three populations of reference used in step 1 with all other P.n. salzmannii 

samples. In total 678 trees were analyzed using STRUCTURE v2.3 (Pritchard et al. 2000). We 

considered the maximum value of the membership coefficient Q of "non-Salzmann" observed 

in individuals of the Salzmann pine reference population as a threshold value above which 

admixture is probably of anthropogenic origin.  

Genetic diversity among populations 

The distribution of genetic diversity among the sampled populations was explored using a 

principal correspondence analysis (PCA) performed on the allelic frequencies at the individual 

level using the dudi.pca function of the ade4 package in R (Dray et al. 2007). Variables were 

standardized around a mean of zero with a standard deviation of one. 

The genetic differentiation for each pair of populations was estimated in several ways. The Fst 

of Weir (1996) was estimated using and without using the ENA correction for the presence of 

null allele as described in Chapuis and Estoup (2007). We also estimated Hedrick’s G'st (2005) 

and Jost’s D (2008), as unbiased alternatives to Fst and Gst, unaffected by within-population 

diversity values. Their significance was tested with a test of 999 permutations using GenAlEx 

(Smouse & Peakall 2012). 

 

Construction of a core collection 

The core collection was built using the Core Hunter v3 R-package (Thachuk et al. 2009; De 

Beukelaer et al. 2018) with a double objective. The first was to maximize the representation of 

the alleles present in the full collection, reaching 100 % of allele coverage (CV criterion, Odong 

et al. 2013). The second was to obtain a uniform sampling of the genetic diversity and the 

genetic structure observed in the full collection. For this, we minimized the average distance 

between each individual (from the full collection) and the closest selected individual 

(accession) for the core collection (Average accession-to-nearest-entry distance (AN criterion), 

Odong et al. 2013). In the first step we explored the minimum and maximum ranges of AN and 

CV for different core collection sizes. We identified the minimum size of the core collection as 

the size to achieve 100% allele coverage (CV). Working from this minimum size based on the 

CV criterion (14% of all individuals, see results), we then designed two additional core 

collections, with 20% and 30% of all available individuals, to increase the AN criterion. Since 

the two objectives (CV & AN) can be achieved from different combination of clones, we 



performed several replicates until the same clonal combinations were drawn five times. The 

genetic diversity (He and Ho) and the genetic structure of the core collections obtained were 

compared to the full data set. The R scripts we created for this step are available upon request. 

 

RESULTS 

Genetic diversity within populations 

As individuals from Tour-de-Palau that were not hybrids clustered mostly with individuals from 

St-Guilhem (Table S3 in Online Resource ESM01.xls, and see below), all following analyses 

were done grouping the two populations as one, St-Guilhem. More than 80% of the tests 

performed did not detect null alleles or only at low frequencies (<0.08) (Table S4 & S5 in Online 

Resource ESM01.xls). The threshold of 8% null allele frequency was chosen as the threshold 

below which population genetic parameters may be mostly unbiased (Oddou-Muratorio et al. 

2009). The two methods tested (FreeNA & INEst) gave similar results. Among the 13 loci used, 

only locus PtTX4001 presented null allele frequencies higher than 0.08 in half of Salzmann’s 

pine populations with both methods while null allele frequencies were non-significant at eight 

loci, and non-significant overall in all populations over all loci. Although the presence of null 

alleles slightly underestimates expected and observed heterozygosity (Table S6 in Online 

Resource ESM01.xls), we decided to use raw data uncorrected for the presence of null alleles. 

This is because null alleles were not present in most populations, and because our analyses 

showed that other factors such as inbreeding and amplification failure, and not just null alleles, 

could explain deviations from Hardy-Weinberg equilibrium (Table S4 in Online Resource 

ESM01.xls). Also, although possible at population level, deciding which homozygote 

individuals in a population should be assigned a null allele is impossible.  

The genetic diversity (He) of Pinus nigra salzmannii was similar to that observed in P.n. nigra 

and P.n. laricio (0.73, 0.72 and 0.72, respectively). The rarefied number of alleles (Nae, sample 

size of 44) varied from 5.64 (Col d’Uglas) to 9.71 (P.n. nigra). The coefficient of inbreeding, 

Fis, was always positive indicating a deficit of heterozygotes. The deficit was especially strong 

in the two populations Col d’Uglas and Gorges du Tarn (0.14 and 0.13, respectively) which 

were also those displaying the lowest rarefied number of alleles (Table 2).  

 

Differentiation and identification of evolutionary lineages 

Testing if Salzmann’s pine is a true taxonomic entity 

The best number of genetic clusters obtained was K=3 (Figure S1 in Online Resource 

ESM02.doc). The three genetic groups corresponded to the three populations used as genetic 

references: Pinus nigra nigra, P.n. laricio and P.n. salzmannii. The individual assignment of 

the P.n. salzmannii individuals to their own cluster varied from 0.58 to 0.99. Whatever the 

cluster, a non-negligible number of individuals displayed a shared genetic background with at 

least one other cluster (Figure 3). The first two axes of the PCA, which explained respectively 

3% and 2.6% of the total variance, also showed a clear difference between Salzmann’s pines, 

Austrian black pines and Corsican black pines (Figure 3). The overlapping scatterplots 

indicated again that some trees of the different subspecies share similar allele frequencies 

Testing the presence of sub-structure in Salzmann’s pine and identifying 

potential hybrids 



When all sampled trees were analyzed (step 2), the STRUCTURE results indicated that the 

best number of genetic clusters was K = 7 (Figure S2 in Online Resource ESM02.doc). The 

exotic black pines (P.n. nigra and P.n. laricio) formed a single genetic cluster while Salzmann’s 

pines were grouped into six different clusters: St-Guilhem (two clusters with admixed 

individuals), Col d’Uglas, Gorges-du-Tarn, Conflent and Ardeche. The trees from Tour-de-

Palau appeared as a mix of different genetic clusters: over 50% were hybrids with the non-

Salzmann group, while the remaining clustered with St-Guilhem, Gorges du Tarn, or result 

from a mixture of Salzmann populations (Figure 4 and Table S3 in Online Resource 

ESM01.xls). K = 4 was also statistically likely, indicating a genetic proximity between the 

Gorges du Tarn and Conflent populations one the hand, and Col d’Uglas and Ardeche 

populations on the other hand (Figure S2 in Online Resource ESM02.doc). Although K = 4 is 

meaningful from a phylogeographic point of view, we used the more detailed K = 7 structure 

to proceed with our analysis. 

In order to set an admixture threshold above which trees were of likely anthropogenic origin 

(due to RTM plantations) we observed the distribution of the membership coefficient Q 

corresponding to the "nigra-laricio" group in the St-Guilhem Salzmann’s pine trees older than 

250 years. The membership coefficient Q corresponding to the "nigra-laricio" group was of 

0.046 on average in the St-Guilhem trees older than 250 years. We used the maximum value 

of Q observed in this 250-year-old group of trees (Q = 0.38) as a threshold value above which 

admixture is likely due to anthropogenic factors. We finally identified 12 trees (among the 580 

P.n. salzmannii analyzed) with a probable anthropogenic origin ("nigra-laricio" Q between 

0.384 and 0.91, Table S3 in Online Resource ESM01.xls). Six trees were from Tour-de-Palau, 

three from St-Guilhem and three from Ardeche (Table S7 in Online Resource ESM01.xls).  

The first two axes of the PCA, which explained respectively 1.8% and 1.5% of the total 

variance, separated Salzmann black pines from the other two black pines along the x-axis 

(Figure 4). Within the Salzmann black pine group, the St-Guilhem population was central and 

clustered, while the Col d'Uglas, Gorges du Tarn and Conflent populations were scattered. The 

distribution of trees older than 250 years in St-Guilhem overlapped that of the younger trees.  

Genetic differentiation indices 

Differentiation indices (Hedrick’s G'st and Jost’s D) were significant for all provenance pairs 

(Table 3 and Table S8 in Online Resource ESM01.xls). We did not detect genetic differentiation 

between the 49 trees of St-Guilhem older than 250 years and the other trees from St-Guilhem. 

The highest differentiation values were observed between the Col d'Uglas population and all 

the others. The highest differentiation within the P.n. salzmannii group was between Col 

d'Uglas and Gorges du Tarn (Table 3), often showing Fst values higher than those between 

populations from different subspecies (Fst between 0.03 and 0.054).  

 

Core collection 

To keep all alleles observed in the full Salzmann’s pine data set (208 alleles), the minimum 

number of clones required in the core collection was 80 (14% of the full dataset, Figure S3 in 

Online Resource ESM02.doc). The selected clones optimized both the allele coverage CV 

(100%) and the representativeness of the genetic structure with AN equal to 0.44. We also 

constructed core collections representing respectively 20% (117 clones) and 30% (170 clones) 

of the full dataset. While allelic coverage remained at 100%, the AN target was slightly 

optimized (0.40 and 0.34 respectively). The list of the selected clones is given in table S9 in 

Online Resource ESM01.xls. The genetic diversity (He) of each core collection is given in Table 



S10 in Online Resource ESM01.xls. While we observed a deficit of heterozygotes in the 

complete collection as well as in the 20% and the 30% collections, conversely, an excess of 

heterozygotes was observed in the 14% collection (Figure S4 in online Resource ESM2.doc). 

The relative proportion of each genetic group in the complete collection was maintained in all 

three core collections (Figure S5 in online Resource ESM2.doc).  

 

DISCUSSION 

Pinus nigra salzmannii is an original genetic lineage within the western European and 

Mediterranean black pine subspecies. It appears clearly differentiated from P.n. nigra and P.n. 

laricio. Our results confirm several studies (Aguinagalde et al. 1996) and the botanical 

nomenclature proposed by leading botanical initiatives such as the World Flora Online (WFO, 

www.worldfloraonline.org) which identifies P.n. salzmanni as a recognized taxon at subspecies 

level within the Pinus nigra group. Many autochthonous individuals appear as of mixed 

ancestry, indicating porous boundaries between genetic lineages that were explained by a 

recent (late Pleistocene) evolutionary divergence and incomplete lineage sorting (Scotti-

Saintagne et al. 2019). Excess admixture above this baseline porosity indicates hybridization 

of anthropic origin, including some dated before the onset of large reforestation programs in 

1860, a threshold date before which possible anthropic effects on observed patterns of genetic 

diversity can be generally ruled out. However, historical archives mention some plantations of 

P.n. laricio around 1830 in the Cevennes, south eastern Massif Central (Faugère 1925).  

Populations in France, which are at the very northern edge of the distribution of Salzmann’s 

pine in western Europe, belong to three genetic groups sub-structured into six clearly identified 

clusters of individuals. While St Guilhem is made of two genetic groups, all other groups form 

geographically identified populations, some located within short distances (25-125 km) of one 

another. The most isolated populations were also those displaying the lowest within-population 

genetic diversity (Col d’Uglas, notably). While unsurprising as low census size and isolation 

are classically linked to low genetic diversity (although numerous counter-examples exist, 

particularly within the conifers, see for example Eliades et al. 2011, Wachowiak et al. 2011 or 

Sękiewicz et al. 2020), it is a clear sign of threat to their persistence as their habitat might 

continue shrinking with global climate change. The five lineages are probably recent, as with 

all black pine lineages (Scotti-Saintagne et al. 2019), and it can be speculated that recurrent 

deforestation during the late Holocene (Roiron et al. 2013) has increased genetic differentiation 

overall and loss of allelic diversity via genetic drift in the smallest populations. 

Our results have consequences for conservation. Our relatively small dataset of thirteen SSR 

loci can be used for the management of protected areas where Salzmann’s pine is present 

and the target of conservation management. Phenotypic traits in black pines often overlap 

among subspecies and botanical identifications can be far from straightforward (Isajev et al. 

2005). Undesirable individuals in the context of conservation of autochthonous biodiversity, 

whether belonging to another subspecies or lineage than the local resource, or being a hybrid, 

can now be identified by genotyping using our set of thirteen SSR loci.  

The five genetic groups identified in France can be the basis for in-situ conservation, where 

five different gene conservation units (GCU) need to be identified and implemented in natural 

forests for optimum genetic diversity and differentiation coverage overall (Koskela et al. 2013, 

Potter et al. 2017). As one GCU already exists for the Ardeche group (Bois d’Abeau), and St-

Guilhem is a large population currently located in a biodiversity protected area, priority should 

be placed on designing and implementing GCUs in the small populations of Gorges du Tarn 

and especially the highly differentiated Col d’Uglas which also experiences significant genetic 



drift. Pending further investigations, Conflent might also serve as a GCU for the Spanish side 

of the Pyrenees as genetic diversity in the Pyrenees tends to be shared between the French 

and Spanish sides for multiple species, while differentiation occurs along the east-west axis of 

the mountain (Scotti-Saintagne et al. 2021). In the Conflent, however, the issue of hybridization 

must be resolved as plantations with Austrian black pine and Corsican black pine abound. 

In the European Union, Pinus nigra and its subspecies are regulated under Council Directive 

1999/105/EC on the marketing of forest reproductive material. In most European countries, 

recommendations for the use of forest reproductive material in forest plantations is linked to 

subsidies or mandatory practices. In France, because of hybridization and introgression risks, 

exotic black pine forest reproductive material is not recommended (and thus cannot be 

subsidized for plantation) within one kilometer of natural forests in regions where P.n. 

salzmannii is autochthonous. As hybridization between lineages is not negligible, 

recommended good practice for the use of reproductive material in Europe should similarly 

discourage or ban plantations of exotic material, whether from one subspecies or another, in 

the close vicinity of documented autochthonous black pine forests, particularly when they are 

protected forests where black pine is a keystone species. 

To reduce hybrid gene flow and safeguard existing resources in this threatened pine, our 

objective was to produce an ex-situ core collection maximizing overall genetic diversity while 

maintaining among population diversity, with as few trees as possible. Among the available 

methods to design core collections (Jeong et al. (2017) for a review) we used Core Hunter 

which proposes clearly defined criteria for measuring the quality of the core collection under 

different, simultaneous objectives. A full representativeness of alleles was achieved using a 

set of only 80 individuals (14% of the entire data set) which is rather low compared to the 

effective population size of 500 generally suggested for in-situ gene conservation to prevent 

genetic erosion and maintain an ability to adapt (Hoban et al. 2020). Although we have used 

a few neutral genetic markers, our sampling scheme for the core collection of Salzmann’s pine 

in France provides for a wide representation of the existing diversity in each population, making 

it likely that we also incorporated ample adaptive diversity. However, using genomic scans of 

functional gene variants would provide an additional insurance that the core collection includes 

all of the adaptive diversity available. 

The size of this collection can be tailored to fit the needs of conservation agencies, for example 

in terms of land available for planting. As grafting is possible in this pine, the core collection 

can be planted ex-situ. Such an ex-situ collection exists in southern France, on communal land 

in Saint Paul lez Durance and managed by the forest service (ONF). It can be duplicated as 

needed for conservation and is also intended to be used as a seed orchard where selection is 

focused on increased diversity rather than, classically, a group of specific traits, for diversifying 

the portfolio of seeds available to adapt plantation strategy to climate change (Fady et al. 2016; 

Hof et al. 2017).  

Finally, our strategy of combining in-situ and ex-situ conservation and the methods we used to 

achieve this goal for a species that is widely distributed, with fragmented patches of 

occurrence, in which gene flow is substantial, can be easily transferred to many forest tree 

and, possibly, plant species. Microsatellites continue to demonstrate significant statistical 

power at a reasonable cost, providing a valuable tool for conservation agencies. Their 

sequencing (rather than length polymorphism which we used here) might prove an interesting 

way forward that could generate increased statistical power, if need be (Barthe et al. 2012). At 

a time when funds are not necessarily plentiful for protecting biodiversity and as climate change 

increasingly threatens forest tree species, we advocate the systematic use of a combined in-

situ and ex-situ strategy. Our ex-situ strategy does not include seed banking. Installing trees 

on suitable land and letting them grow and reproduce is an alternate and opportune dynamic 



ex-situ conservation strategy, both safeguarding threatened genetic resources outside of their 

environment and letting natural selection in a non-native environment generate an evolved 

collection of genotypes within each seed crop (EUFORGEN, 2021).  
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Figure 1: a) Occurrence of natural populations of the different Pinus nigra sub species in 

Europe (based on Isajev et al. 2005); b) Location of the French populations analyzed in this 

study; c) photograph of the population sampled in Ardeche.  
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Figure 2: Age distribution of the sampled Salzmann’s pines. 

Genotyped trees were all older than 163 years (thus born before 1860). The 250 year-old threshold 

was used to select a group of 49 autochthonous trees, all from population Saint Guilhem. This group 

was used as the genetic reference for Salzmann’s pine in France in step 1 of our analysis.  
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Figure 3: Structure of the genetic diversity between three sub-species of Pinus nigra (nigra, 

laricio and salmannii) a. Principal component analysis. The confidence ellipses shown are 

defined as the regions that contain 95% of all samples that can be drawn from the underlying 

Gaussian distribution. The first two axes of the PCA, which explain respectively 3% and 2.6% 

of the total variance, show the degree of separation between Salzmann’s, Austrian and 

Corsican black pines. b. Results of the STRUCTURE analysis considering the best number 

of genetic groups, K=3. Each vertical bar represents the membership coefficients of one 

individual and each of the three colors indicates the proportion of ancestry in a particular 

genetic group.  
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Figure 4: Results of the STRUCTURE analysis obtained from 678 Pinus nigra trees 

belonging to three sub-species used as reference (nigra, laricio, salzmannii, 147 trees) and 

531 additional trees established before 1860 and likely belonging to Pinus nigra salzmannii  

a. Principal component analysis. The confidence ellipses shown are defined as the regions 

that contain 95% of all samples that can be drawn from the underlying Gaussian distribution. 

The first two axes of the PCA, which explain respectively 1.8% and 1.5% of the total 

variance, show the degree of separation between Salzmann’s, Austrian and Corsican black 

pines. Within the Salzmann’s pine group, the Saint Guihlem population is central and 

clustered, while there is a splintering of the point cloud for the trees of the Col d'Uglas, the 

Gorges du Tarn and Conflent populations.The distribution of trees older than 250 years in 

Saint Guilhem overlaps with the distribution of younger trees in Saint Guilhem.Trees with a 

label in the PCA are considered as antropogenic hybrids (see results from STRUCTURE) 

and were excluded from the Core collection. 

b. Results of the STRUCTURE analysis considering the best number of genetic groups, K=6. 

Each vertical bar represents the membership coefficients of one individual and each of the 

six colors indicates the proportion of ancestry in a particular genetic group. Sub-populations 

are identified by number, their full name is given in Table S1 in Online Resource ESM01.xls)  
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Table 1: Information on sampled Salzmann’s pine populations: names, sample size, 
average, minimum and maximum date of seedling installation based on tree ring width of 
individual trees, geographic coordinates in decimal degrees. 
 

 

  

Population 
Sample 
size 

Date of seedling installation 

Longitude Latitude Mean Maximum  Minimum  

Conflent 132 1847 1778 1859 2.346622 42.553448 

Ardeche 117 1836 1752 1859 4.0901849 44.342144 

Gorges du Tarn   37 1790 1539 1843 3.2883365 44.2941212 

St-Guilhem 240 1790 1539 1843 3.554148 43.7675598 

Tour-de-Palau 16 1847 1837 1858 3.1849491 43.6390566 

Col d'Uglas 38 1831 1766 1859 3.9204612 44.1413098 

Total 580 1817 1539 1859     



Table 2: Within-population genetic diversity in Pinus nigra salzmannii, nigra and laricio 
 

Population 
Sample 

size NA Nae 
AR 

(k=44) He Ho Fi 

nigra 49 11.92 6.04 9.71 0.716 0.658 0.085 

laricio   49 11.31 5.6 9.01 0.724 0.671 0.074 

St-Guilhem>250 49 10.54 5.63 8.78 0.733 0.680 0.073 

Ardeche 114 12.08 6.00 8.84 0.729 0.678 0.070 

Col d'Uglas 38 6.00 3.53 5.64 0.641 0.537 0.165 

Gorges du Tarn 37 7.62 4.68 6.99 0.669 0.571 0.148 

St-Guilhem 198 13.77 5.55 8.92 0.719 0.651 0.095 

Conflent 132 12.77 6.00 8.74 0.737 0.674 0.086 

 

NA: number of alleles 

NAe: Effective number of alleles, i.e. the number of alleles at equal frequencies according to the He of 

the population, Nielsen et al. (2003) 

AR(k=44): Allelic richness (expected number of alleles among 44 gene copies) 

He: gene diversity corrected for sample size, Nei (1978) 

Ho: observed heterozygosity 

Fi: inbreeding coefficient (all values are highly significant, as determined by their p-value after 10000 

randomizations of gene copies among individuals) 

 

  



Table 3: Genetic differentiation between pairs of black pine populations - Fst values are 

below the diagonal, Joost's D values above the diagonal.  

 

 nigra 
Laricio 
Corsica 

Laricio 
Calabria 

St-
Guilhem 
250 Ardeche 

Col 
d'Uglas 

Gorges 
du 
Tarn 

St-
Guilhem Conflent 

nigra - 0.216 0.155 0.141 0.185 0.306 0.206 0.136 0.162 

Laricio Corsica 0.051 - 0.095 0.238 0.178 0.294 0.335 0.229 0.214 

Laricio Calabria 0.037 0.030 - 0.221 0.171 0.325 0.297 0.197 0.196 

St-Guilhem 250 0.032 0.054 0.048 - 0.074 0.149 0.112 -0.005 0.051 

Ardeche 0.038 0.041 0.038 0.017 - 0.150 0.139 0.071 0.071 

Col d'Uglas 0.074 0.078 0.080 0.040 0.038 - 0.277 0.167 0.198 

Gorges du Tarn 0.050 0.082 0.070 0.030 0.034 0.076 - 0.107 0.127 

St Guilhem 0.029 0.051 0.043 0.003 0.015 0.042 0.028 - 0.063 

Conflent 0.033 0.047 0.041 0.013 0.015 0.048 0.031 0.013 - 
 

All values are significant (p-value<=0.001) except two that appear in bold. Cells highlighted in grey 

emphasize comparisons involving Corsican and Austrian black pine populations. 

 

 

 


