
1 
 

Interspecific gene flow and vicariance in Northern African rear-edge white 

oak populations revealed by joint analysis of microsatellites and flanking 

sequences. 

Olivier Lepais1*, Abdeldjalil Aissi2, Errol Véla3, Yassine Beghami2. 

1BIOGECO, INRAE, Univ. Bordeaux, 33610 Cestas, France. 

2LAPAPEZA, Université Batna 1 Hadj Lakhdar, ISVSA, Batna, Algeria. 

3AMAP, Université de Montpellier/CIRAD/CNRS/INRA/IRD, Montpellier, France. 

*corresponding author: olivier.lepais@inrae.fr. 

 

Abstract 

Rear-edge populations represent reservoirs of potentially unique genetic diversity but are 

particularly vulnerable to global changes. While continental-scale phylogeographic studies usually do 

not cover these populations, more focused local scale study of rear-edge populations should help 

better understand both past evolutionary history and its consequences for the persistence and 

conservation of these potentially unique populations. We studied molecular variation at 36 

sequenced nuclear microsatellites in 11 rear-edge Quercus faginea and Q. canariensis populations 

across Algeria to shed light on taxonomic relationship, population past evolutionary history and 

recent demographic trajectory. We used descriptive approach and simulation-based inference to 

assess the information content and complementarity of linked microsatellite and flanking sequence 

variations. Genetic differentiation among populations classified into eight well-defined genetic 

clusters do not allow to unambiguously delineate two species. Instead, continuous level of genetic 

differentiation indicates interspecific gene flow or drift in isolation. Whereas the analysis of 

microsatellite variation allowed inferring recent interspecific gene flow, additional nucleotide 

variation in flanking sequences, by reducing homoplasy, pointed towards ancient interspecific gene 

flow followed by drift in isolation. The assessment of the weight of each polymorphism in the 

inference demonstrates the value of linked variation with contrasted mutational mechanisms and 

rates to refine historical demographic inference. Past population size decline inferred in some of 

these oak populations as well as low contemporary effective population size for most populations is a 

concern for the persistence of these populations of high evolutionary significance and conservation 

value. 

 

Keywords: Quercus faginea, Quercus canariensis, relict populations, hybridization, drift, effective 

population size, taxonomy, conservation. 
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Introduction  

Repeated climate changes during the Holocene drove continental-scale species migration with 

alternative periods of vicariance (drift in isolation) within glacial refugees during glacial periods and 

secondary contact and gene flow at mid-latitude following post-glacial recolonizations (Hewitt, 1999; 

Schmitt, 2007). This historical legacy shapes contemporary within-species genetic diversity 

distribution. As a consequence, current patterns of population genetic structure can shed light on 

evolutionary history of species (Hewitt, 2001; Petit et al., 2003). While mid-latitudinal landscapes 

have seen profound climate changes following glacial period leading to major shifts in ecosystems, 

the situation in low-latitudinal landscapes is less clear (Feliner, 2011). In these regions, including the 

Mediterranean basin, the effect of climate change is buffered by heterogeneous topoclimates in 

mountain ranges. As a result, many low-latitude mountain range that are now located at the rear-

edge of species distribution acted a glacial refugee sheltering populations from climate variability 

during glacial cycles (Petit, Hampe & Cheddadi, 2005; Hampe & Jump, 2011). Some of these 

population effectively acted as a source for postglacial recolonization, while more isolated relict 

population have evolved locally without taking part to postglacial recolonization (Hampe & Petit, 

2005). Unfortunately, continental-scale phylogeographic studies have often failed to sample these 

relict populations and thus cannot capture their unique evolutionary trajectory. Yet these relict 

populations represent reservoirs of genetic diversity (Hampe & Petit, 2005), including of adaptive 

genetic variation (Temunović et al., 2020). Populations located at the rear-edge of species 

distribution range are also particularly vulnerable to extinction risks posed by ongoing climate 

changes and increased anthropogenic pressures (Aguinagalde et al., 2005). These threats are 

especially critical for rear-edge population that persist as small and fragmented populations that face 

extinction risks due to high demographic and environmental stochasticity (Hampe & Jump, 2011; 

Alberto et al., 2013). Thus local scale study of rear-edge population should help better understand 

both past evolutionary history and its consequence for the persistence and conservation of these 

potentially unique populations. 

Trees have been model organisms to understand broad-scale postglacial colonisation pattern 

following the end of the last glacial maximum (Hewitt, 1999). Their unique life history traits, such as 

long generation time, and the use of uniparentally inherited chloroplast DNA markers allowed to 

trace back glacial refugia and postglacial recolonization routes (Petit et al., 2002) or even Tertiary 

geological events (Magri et al., 2007). Nevertheless, studies at a more local scale in region known to 

harbour glacial refugia have identified fine-scale population genetic structure within refugia (Gómez 

& Lunt, 2007), highlighting the value of more spatially focused studies to understand complex 
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evolutionary processes such as vicariance and secondary contact and gene flow at play within these 

relict populations throughout the Pleistocene and the Holocene (Rodríguez-Sánchez et al., 2010; 

Feliner, 2014). While the Mediterranean basin is a major centre of biodiversity for the European 

biota, studies of the North African side of the Mediterranean basin that harbour biodiversity hotspot 

and potential glacial refugee (Médail & Diadema, 2009) remain scarce (Feliner, 2014). Understanding 

evolutionary processes in the region is particularly pressing as anthropogenic pressure is rising and 

likely increases threats posed by ongoing climate change (Hampe & Petit, 2005).  

Quercus canariensis Willd. and Quercus faginea Lam. are two oak species that are good illustration of 

the complexity of evolutionary processes that shape present-day biodiversity within species and the 

threats faced by rear-edge populations. While the taxonomy of Q. canariensis is well defined, the 

taxonomic statute of Q. faginea has been the object of debates among taxonomists with two sub-

species (broteroi and faginea) differing by morphological and environmental characteristics being 

recognized in Algeria among the four subspecies described within Q. faginea (Aissi et al., 2021). The 

origin of such high level of intraspecific variability is unclear and might involve a combination of 

genetic drift in isolated populations (Moracho et al., 2016) and interspecific gene flow. Whereas 

interspecific gene flow is frequent among related European oak species (Leroy et al., 2017), it is 

scarcely documented for Q. faginea or Q. canariensis (Mir et al., 2006). A better understanding of the 

origin of this diversity and of the recent demographic trajectory is paramount for evaluating the 

evolutionary value and conservation status of these populations. The species are located in the 

western part of the Mediterranean basin within the Mediterranean conifer and mixed forests 

ecoregion, classified as critically endangered due to deforestation and vulnerability to climate 

changes (PA1214 ecoregion (Olson et al., 2001)). Q. canariensis is listed as Near Threatened at 

European level in the IUCN’s Red List (García Murillo & Harvey-Brown, 2017) due to population 

decline and increasing drought within the Iberian Peninsula. At the global level, the species is 

considered as Data Deficient because the species lacks information on population size and status 

across its range especially in North Africa (Gorener, Harvey-Brown & Barstow, 2017). The species is 

present in forest stands across Morocco, Algeria and Tunisia; in view of ongoing climate change, 

these stands deserve specific attention. In Algeria, Q. canariensis is located in either vast strands near 

the coastal area and in few isolated populations in more remote southern mountain locations. 

Q. faginea is listed as Least Concern both at the European scale (Harvey-Brown, García Murillo & 

Buira, 2017) and at the global level (Jerome & Vasquez, 2018) due to widespread and stable 

abundance within its main range in Spain, Portugal and to a lesser extent to Morocco. In Algeria 

however, Q. faginea is only found in four locations in the form of small and isolated populations of a 

few tens of hectares including scattered individuals in mountainous landscape (Aissi, Beghami & 

Heuertz, 2019). Being located at the rear-edge of the distribution range of the species in area of 
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putative refugia and regional hotspot of biodiversity (Médail & Diadema, 2009) and under the direct 

threat of environmental changes, these populations deserve specific evaluation of their conservation 

status and value. 

Recent developments of sequence-based microsatellite genotyping (Darby et al., 2016; De Barba et 

al., 2016; Vartia et al., 2016) have improved our understanding of molecular variation at 

microsatellite repeats and in surrounding flanking sequences (Barthe et al., 2012; Viruel et al., 2018; 

Lepais et al., 2020). A few previous studies demonstrated that jointly accounting for linked 

microsatellite and flanking sequence substitutions allows exploiting complementary information 

provided by polymorphism evolving at different rates and in different ways (Hey et al., 2004; 

Ramakrishnan & Mountain, 2004; Payseur & Cutter, 2006). Assuming complete linkage due to short 

physical distance, linked polymorphisms must have experienced the exact same genealogical history. 

As a result, microhaplotypes combining fast evolving microsatellite repeat variations with the much 

slowly evolving flanking DNA sequence should provide refined insights about past demographic 

history with improved temporal range and resolution (Ramakrishnan & Mountain, 2004). 

While early works demonstrated that these compound loci can improve biological inference (Hey et 

al., 2004; Ramakrishnan & Mountain, 2004), they were rarely studied given the difficulty to genotype 

such compound loci (Mountain et al., 2002; Šarhanová et al., 2018; but see Barthe et al., 2012). 

These difficulties do not hold true anymore given the development of sequence-based microsatellite 

genotyping that greatly improves characterisation at microsatellites and flanking sequences 

(Bradbury et al., 2018; Viruel et al., 2018; Curto et al., 2019; Layton et al., 2020). However, to 

investigate such data, new statistical approaches that harness information from such 

microhaplotypes are needed (Payseur & Cutter, 2006).  

We report a study of the molecular diversity at sequenced microsatellites to shed light on the 

taxonomic status of Algerian Q. faginea and Q. canariensis populations, on their past evolutionary 

history and on their recent demographic trajectory. Given high pollen dispersal distance, high 

effective population size and generation time typical of wind-pollinated tree species such as oaks, we 

expect high local genetic diversity and low regional genetic structure at neutral nuclear loci. This 

would imply significant gene flow among stands that function as a single population, or recent 

demographic changes that did not have time to imprint genetic structure. Alternatively, forest 

fragmentation, reduced effective population size and limited pollen dispersal between remnant 

forest stands might have led to population isolation and genetic drift resulting in low local genetic 

diversity and high regional genetic differentiation typical of relict populations (Hampe & Petit, 2005). 

These two hypothetical demographic histories can be further confounded by historical or 

contemporary interspecific gene flow that will additionally blurs species limits and contribute to 

reshuffle genetic diversity across populations. To identify the most likely processes that shape 
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current population genetic diversity, we first compared pattern of molecular variation at 36 

sequenced microsatellites across the 11 Algerian Q. faginea and Q. canariensis populations using 

standard descriptive approaches. We then used simulation-based inference, flexible enough to 

model specific linked-polymorphisms observed at each loci and alternative past demographic 

scenarios. We derived specific summary statistics that account for linked microsatellite and flanking 

sequence variations. We then applied a Random Forest implementation of approximate Bayesian 

computation (ABC) that allows assessing the information content of each summary statistics and type 

of polymorphism to differentiate between concurrent demographic models and to estimate 

mutational and demographic parameters for the most likely demographic scenario. Implication of the 

results for the taxonomic status of the species as well as the conservation status and value of the 

studied populations are discussed in the light of their rear-edge context that makes them especially 

vulnerable to environmental changes. 

 

Materials and methods  

Sampling 

Fresh leaves from thirty individuals were sampled in seven Q. canariensis and four Q. faginea 

population across Algeria (Table 1; Figure 3d). Geographical coordinates of each sampled individual 

were recorded and leaves were stored dried in silica gel until DNA extraction.  

Table 1: Description of the sampled Q. faginea and Q. canariensis Algerian population. 

Site 
Taxonomic 
identity Location Latitude Longitude 

Number of 
sampled 
individuals 

Proportion of 
standing individual 
sampled 

S01 Q. canariensis Hafir Tlemcen 34.8326 -1.3748 30 5% 

S02 Q. faginea Terni Tlemcen 34.7772 -1.3440 30 40% 

S03 Q. faginea Baloul Saïda 34.9844 0.4041 30 60% 

S08 Q. faginea Safalou Tiaret 35.4053 1.3486 30 10% 

S07 Q. canariensis Thniet El Hed Tessemssilt 35.8655 1.9776 30 5% 

S06 Q. canariensis Errich Bouira 36.4057 3.8664 30 5% 

S10 Q. canariensis Akfadou Tizi-Ouzou 36.7218 4.4546 29 <1% 

S09 Q. canariensis Hamza Jijel 36.7483 5.6065 28 <1% 

S11 Q. faginea Chélia Aurés 35.3679 6.6320 28 5% 

S04 Q. canariensis Mechrouha Souk Ahras 36.3856 7.8606 30 <1% 

S05 Q. canariensis Ghora Bougous El-Taref 36.6739 8.4702 29 <1% 

 

Microsatellite genotyping by sequencing 

DNA from each individual was extracted using Invisorb DNA Plant HTS 96 Kit (Invitek) and sequence-

based microsatellite genotyping (SSRseq) was used to analyse polymorphism at 36 loci as described 
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elsewhere (Lepais et al., 2020). In short, 60 genomic and EST-derived microsatellites (Kampfer et al., 

1998; Durand et al., 2010) were co-amplified in a single multiplexed PCR and sequenced on an 

Illumina MiSeq sequencer (Supporting Material File 1). After sequence demultiplexing, a 

bioinformatics pipeline (Lepais et al., 2020) integrating the FDSTools analysis toolkit (Hoogenboom et 

al., 2016) was used to convert raw sequence into genotypic data (microhaplotypes) integrating all 

polymorphisms identified within the microsatellite itself (number of repeats, SNP and Indel) and in 

the flanking sequences (SNP and Indel). The bioinformatics pipeline also compares genotypes from 

repeated individuals to estimate allelic error rate and compute the overall missing data rate for each 

locus. This information about data quality allows optimising the bioinformatics analysis strategy. In 

particular, it can help identify loci that cannot be reliably genotyped or for which the genotyping 

accuracy is only acceptable when analysing the polymorphism within the repeat motif itself, i.e. not 

accounting for the polymorphism in the flanking sequence (Lepais et al., 2020). Finally, for each 

locus, every allele differing from the other by any polymorphism was coded under an arbitrary three-

digit scheme with a unique number assigned to each microhaplotype within each locus. 

Population genetic diversity and structure 

Assuming Hardy-Weinberg equilibrium, we tested for heterozygote deficit or excess for each locus in 

each population using Genetix (Belkhir et al., 2004) to identify outlier loci presenting extreme 

inbreeding coefficient that could indicate presence of null allele (positive Fis) or paralogs (negative 

Fis). 

As clonal reproduction has been reported for oaks in harsh environmental conditions (Alberto et al., 

2010), we identified clones using Colony (Wang, 2016) and kept only one genotype from each 

detected genet. 

The studied loci were partly derived from expressed transcripted sequences (Durand et al., 2010) or 

selected to differentiate Q. robur and Q. petraea (Scotti-Saintagne et al., 2004; Lepais, Leger & 

Gerber, 2006), therefore all may not behave neutrally. Bayescan v2.1 (Foll & Gaggiotti, 2008) was 

used to identify and remove loci departing from neutrality as most of the following analyses assume 

neutral genetic evolution. 

Gene diversity (Nei’s unbiased heterozygosity), allelic richness after rarefaction to 16 diploid 

individuals, Fis and Fst were computed for each sampled location with FSTAT (Goudet, 1995), genetic 

differentiation accounting for allele distance in number of repeat at microsatellite alleles (Rst) was 

computed using SPAGeDi (Hardy & Vekemans, 2002) and genetic differentiation between species 

tested using 10000 permutations of individual between species. Different genotypic datasets 

accounting either for the whole haplotype, the flanking sequence haplotype, the number of 

microsatellite repeat or the whole allele size were used to highlight potential difference in genetic 
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structure between polymorphisms. Statistical difference of genetic diversity and differentiation 

within species were tested by comparing locus-level statistics using a Mann-Whitney test. The most 

informative whole haplotype genotypic dataset was used for subsequent analysis. 

The contemporary effective population size was estimated for each sampled location using the 

linkage disequilibrium method implemented in NeEstimator v2.1 (Do et al., 2013) assuming random 

matting, removing alleles with frequency below 0.02 (Waples & Do, 2010) and using the parametric 

chi-squared method to estimate 95% confidence interval. 

Structure v 2.3.4 (Pritchard, Stephens & Donnelly, 2000; Falush, Stephens & Pritchard, 2003) was 

used to explore the genetic structure between and within species. We applied the Admixture model 

and the Correlated Allele Frequency model with 20 replicated runs for an assumed number of genetic 

clusters (k) ranging from 1 to 12. To remove runs that did not converged and produced outlier 

results, the 15 most likely runs for each k value were kept for further inspection. Structure Harverster 

(Earl & vonHoldt, 2012) was used to inspect likelihood trends of the runs and Clumpak (Kopelman et 

al., 2015) to identify and filter-out sub-optimal runs. 

The geographical context of the population genetic structure was illustrated using a network graph 

built with EDENetworks (Kivelä, Arnaud-Haond & Saramäki, 2015) with node location representing 

the geographical coordinates of samples locations and edges linking sites showing pairwise genetic 

differentiation value (Fst) lower than 0.04 (determined by automatic thresholding), with edge width 

inversely proportional to Fst. 

Population demographic history 

While the Structure results revealed that each of the 11 studied populations can be unambiguously 

assigned to one of the eight delineated genetic clusters (see Results), each population cannot be 

unambiguously assigned to one of the two expected species due to genetic continuity of the studied 

populations. We thus investigated the most likely demographic history that led to the observed 

continuous pattern of genetic differentiation. One hypothesis is that the populations diverged 

separately from the main core populations and that different levels of genetic drift across 

populations led to a continuous gradient of genetic differentiation that blurs species delineation. A 

second hypothesis is that gene flow taking place after a divergence period (secondary contact) 

produced admixed genotypes that, following recombination and drift, have mingled to form a variety 

of intermediate populations. While interspecific gene flow following secondary contact has been 

found to be the rule for sympatric European white oak species (Leroy et al., 2017), the studied 

species are not sympatric due to different ecological requirements. As a result, interspecific gene 

flow could only happen during secondary contact or through continuous levels of low interspecific 

gene flow over long distances. We simulated concurrent demographic models consisting of 
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population divergence without gene flow (model A), population divergence with a single interspecific 

gene flow event (model B) or with continuous interspecific gene flow (model C) after a period of 

divergence without gene flow (Figure 1). Three additional models include long-term continuous 

interspecific gene flow between core populations of the two species (model Ab, Bb and Cb, 

respectively, Figure 1). Gene flow between current populations and unsampled core range of the 

other species was modelled as directional from the core to the isolated heterospecific population 

because we were interested in the effect of interspecific gene flow on the studied population. In 

addition, we allowed interspecific gene flow only for populations showing hypothetical admixture 

from Structure results (Figure 3). Prior distribution of demographic parameters has been setup wide 

to reflect the lack of knowledge about the history of these populations (Table 4, Supporting File 1) 

and checked for their capacity to produce realistic genotypic data by comparing observed and 

simulated genotyping datasets (Cornuet, Ravigné & Estoup, 2010; Leroy et al., 2017, Supporting 

Material File 3). 

Molecular variability was simulated following each of the demographic model using the coalescent 

implemented in fastsimcoal2 v2.6.0.3 (Excoffier et al., 2013). We simulated realistic molecular 

diversity that closely matches the characteristics of each of the studied loci. We focused on two kind 

of variability that can be simulated: variation in repeat number at the 36 microsatellites and 

substitutions in the flanking sequence for the 20 loci for which flanking sequence could be reliably 

analysed (called HapSTR loci thereafter) and assuming complete linkage between the microsatellites 

and their flanking sequences. This procedure accounts for 90% of the source of variations in the 

dataset (Lepais et al., 2020), leaving additional polymorphisms (SNP in the repeated motif or indel in 

the flanking sequence) that is far more complex to model due to uncertainty of the mutational 

mechanisms and rates. 

Each microsatellite could mutate at rates ranging from 10-5 to 10-2 mutation/generation/haploid 

genome following Generalized Mutation Model with parameter p between 0.1 and 0.5. Similarly, 

substitution in the flanking sequence could mutate at rates ranging between 10-9 and 10-6 following 

neutral model of evolution. Each locus system had its own prior distributions for these parameters 

allowing them to have a wide range of mutational dynamics. 

To compare the six alternative demographic models, 12,000 genotypic datasets were simulated for 

each model with demographic and mutational parameter values sampled from prior distributions. To 

summarize the distribution of genetic diversity among populations and locus, a total of 530 summary 

statistics were derived (Supporting Material File 2). We used arlsumstat (Excoffier & Lischer, 2010) to 

compute 294 summary statistics that take into account the different sources of molecular variation.
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Figure 1: Alternative Q. faginea and Q. canariensis Algerian populations demographic history models simulated. Present-day populations diverged from their 
respective species main distribution area without any additional interspecific gene flow (models A and Ab), or with interspecific gene flow represented 
either by an instantaneous single event of interspecific gene flow (models B and Bb) or a continuous interspecific gene flow (models C and Cb). Models Ab, 
Bb and Cb account for long-term interspecific gene flow between species whereas models A, B and C assume that species diverged without interspecific 
gene flow. Unsampled (ghost and ancestral) populations are indicated in white, samples population are coloured according to their main Structure’s genetic 
cluster. Arrow with continuous line indicates single instantaneous interspecific gene flow, arrow with dashed line indicates continuous interspecific gene 
flow. N: effective population size, t: time of event, tx: time of secondary contact; R and M: instantaneous and continuous interspecific migration rate, s: 
sampled population code. Rectangle indicates fixed effective population size, isosceles trapezoid indicates variable effective population size since time of 
divergence; shapes and sizes are not to scale in term of time of event or effective population size. 
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A first set of 98 statistics were computed with microsatellites and, when available, flanking 

sequences combined as microhaplotypes “considered as mutationally equidistant from each other” 

(standard data in Arlequin nomenclature) using the 36 loci. A second set of 135 statistics were 

computed based on the number of repeats from all 36 loci (microsatellite data type in Arlequin). 

Finally, for the 20 HapSTR loci, an additional set of 61 statistics were computed based on substitution 

in the flanking sequences. The covariation in diversity at linked polymorphisms might contain useful 

information about mutational and demographic processes (Payseur & Cutter, 2006). We thus 

computed 224 additional summary statistics taking advantage of linked polymorphism at HapSTR loci 

level using a custom R script (Supporting Material File 4). First, 136 of these statistics were locus-level 

variability such as variance in allele size for the microsatellite (V), number of microsatellite alleles, 

number of flanking haplotypes, nucleotide diversity (theta). Second, 88 statistics interrogate the 

association between the repeated motif number and the flanking haplotype, such as the correlation 

between theta and V (Payseur & Cutter, 2006) or the mean number of microsatellite alleles per 

flanking sequence haplotype across microhaplotypes. 

We performed model choice by comparing simulation-based summary statistics from the six models 

to the observed summary statistics from the real dataset within the Approximate Bayesian 

Computation framework (Beaumont, Zhang & Balding, 2002) and using the Random Forest approach 

implemented in the R package abcrf (Marin et al., 2015; Raynal et al., 2016).  

We first built a classification random forest model using 1000 trees and a training dataset consisting 

of simulation-based summary statistics obtained from all models. We estimated the classification 

prior error rate for each model using an “out-of-bag” procedure to estimate the power of the genetic 

data to differentiate between the demographic models given the model and prior specifications 

(Marin et al., 2015). Then, we used the summary statistics computed based on the observed 

genotypic data to predict the demographic model that best fit the data using a regression forest with 

1000 trees. In addition, we also repeated the model choice analysis using only the 231 summary 

statistics derived from the microsatellite motifs from the 36 loci.  

We then used the overall most likely scenario to simulate 100,000 additional genetic datasets using 

parameters and prior distributions described above to estimate demographic model parameters. We 

built a regression random forest model implemented in the R package abcrf based on the summary 

statistics using 1000 trees. The out-of-bag procedure (Raynal et al., 2016) was used to assess the 

prediction error and inference power by comparing true (simulated) and estimated parameter 

values. We then estimated the posterior median, 0.05 and 0.95 quantiles of demographic and 

mutational parameters using random forest regression model based on all summary statistics 

computed from of the observed haplotypic dataset. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2021. ; https://doi.org/10.1101/2021.07.12.452011doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.12.452011
http://creativecommons.org/licenses/by/4.0/


11 
 

Finally, we assessed the value of different polymorphisms for demographic inference by quantifying 

summary statistics importance for both model choice and parameter estimation (Estoup et al., 2018). 

To better interpret the significance of variable importance, we introduced 12 additional random 

summary statistics (“noise variable”) in the datasets (Chapuis et al., 2020). These consisted in four 

random floating point variables sampled between 0 and 1, four random floating variables sampled 

between 0 and 10 and four random natural number variable sampled between 1 and 30. Being 

random, these noise variables should not contribute to the inference, and thus will provide a 

benchmark to assess the significance of the variable importance metrics reported for each summary 

statistics (Chapuis et al., 2020). 

 

Results 

Genotyping 

After filtering for missing data, genotyping error, Hardy-Weinberg equilibrium, neutrality and 

clonality (see Supporting Material File 2), the final genotypic dataset consisted in 36 high quality loci 

(20 linked flanking sequence and microsatellite loci, called HapSTR thereafter, and 16 loci that failed 

been reliably analysed across the whole haplotype and for which only the microsatellite motif was 

analysed, called STR thereafter, Supporting Material File 2) genotyped in 318 individuals. 

Molecular variation over loci 

In addition to variation in the number of repeats, polymorphisms within the repeated microsatellite 

motif and the flanking sequences were the rule rather than the exception (Supporting Material File 

2). The number of alleles when considering allele size only (438 alleles in total) is half the number of 

alleles when considering all source of molecular variations (899 haplotypes in total, Supporting 

Material File 2). As a result, size homoplasy amounts to 51% overall (56% for HapSTR and 31% for 

STR). Across the 36 loci, 32 showed SNP within the repeat motif (for a total of 115 SNP), nine show 

indel within the repeat motif (for a total of 10 indel) and nine consisted of more than one repeat 

motif (compound microsatellites). Nucleotide substitutions among the flanking sequence for the 20 

HapSTR were widespread with an average of 7.5 SNP per loci (min: 3, max: 14) and an average of 1 

substitution every 6.7 nucleotides (15% of flanking sequence position showed a substitution). Half of 

the HapSTR showed an indel with an average of 0.9 indel per loci (min: 0, max: 4). 

Molecular variation across populations 

Interspecific genetic differentiation (Fst) varies from 0.030 when computed based on flanking 

sequence haplotype to 0.045 when computed from the whole haplotype (Table 2). Differentiation 

among Q. canariensis populations (average: 0.026) was lower than among Q. faginea populations 
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(average: 0.043) irrespectively of the polymorphism considered. The comparison of Fst computed 

from the whole haplotypes among Q. canariensis populations (Fst=0.026) and among Q. faginea 

populations (Fst=0.049) was statistically significant (Mann-Whitney z-score = -3.73, p-value = 0.0002). 

The inflation of differentiation among Q. faginea populations is mostly driven by differentiation at 

microsatellite variation which translated into higher Fst estimates based on allele size, repeat 

number or whole haplotype (Table 2). By contrast, differentiation at flanking sequence is not 

statistically different among Q. canariensis and Q. faginea populations (z-score = -0.35, p.value = 

0.7363) and Q. canariensis differentiation is similar at the microsatellite and the flanking sequence 

(0.027 and 0.024 respectively, Table 2). 

Table 2: Between and within species genetic diversity and differentiation computed using different 
polymorphisms. 

 Parameter \ Dataset Allele size Repeat number Flanking sequence 
SNP haplotype 

Whole 
haplotype 

Genetic 
differentiation 

Fst 

Interpsecific 0.044 0.043 0.030 0.045 
Q. canariensis 0.028 0.027 0.024 0.026 
Q. faginea 0.047 0.046 0.030 0.049 
Mann-Whitney z-
score (p-value) 

-2.78 (0.0054) -2.80 (0.0051) -0.35 (0.7263) -3.73 (0.0002) 

Rst 

Interpsecific  0.035   
Q. canariensis  0.028   
Q. faginea  0.048   

 
Mann-Whitney z-
score (p-value) 

 -1.52 (0.1285)   

Genetic 
diversity 

Variance in 
allele size 

Q. canariensis  4.31   
Q. faginea  4.65   

 
Mann-Whitney z-
score (p-value) 

 -0.34 (0.7279)   

Nucleotidic 
diversity 

Q. canariensis   0.0073  
Q. faginea   0.0065  

  Mann-Whitney z-
score (p-value) 

  -0.20 (0.8415)  

 

Genetic differentiation based on microsatellite allele distances (Rst) was not statistically significant 

from genetic differentiation considering only allele identity (Fst) at the intraspecific and interspecific 

level (all permutation tests not significant) indicating that mutation is not the driving factor of 

microsatellite variation distribution across population and species. This suggests that other factors, 

such as drift or interspecific gene flow, are involved in the increased differentiation at microsatellite 

for Q. faginea. 

Genetic diversity did not differ between species (Table 2): variance of allele size at microsatellites 

amount to 4.31 and 4.65 and nucleotide diversity at flanking sequence to 7.3.10-3 and 6.5.10-3 for 

Q. canariensis and Q. faginea, respectively. Locus-level comparison showed low and not significant 

correlation between variance of allele size at microsatellite and nucleotide diversity at linked flanking 

sequence (Pearson product moment correlation: 0.15 (t = 0.62, df = 16, p-value = 0.54) and 0.20 (t = 

0.84, df = 17, p-value = 0.41) for Q. canariensis and Q. faginea respectively).  
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Microhaplotype genetic diversity distribution across species and populations 

Genetic diversity expressed as heterozygosity, allelic richness and private alleles showed similar 

values across populations (Figure 2), except for populations S02 and S03 that harbour higher and 

lower diversity, respectively (Figure 2a, 2c and 2e). Inbreeding coefficients present a geographical 

pattern of variation from lower values to the west to higher values to the east of the studied area but 

were all not significant from 0 after Bonferroni correction for multiple testing (Figure 2b). Population-

specific genetic differentiation is the highest for S03, S08 and S11 populations and shows the highest 

variability for Q. canariensis S04, S05, S09 and S10 populations (Figure 2d) which is consistent with 

Q. canariensis populations showing low divergence from each other and Q. faginea populations 

showing higher distinctiveness in the genetic differentiation network (Figure 3d). Contemporary 

effective population size shows high variability with estimates ranging as low as 50 individuals for S03 

and S08 population to 350 individuals for S05 (Figure 2f). Excluding the S04 population for which 

sampled size is too low to get a point estimate indicating a higher effective population size (95% 

lower bound confidence interval estimated at 524 individuals), the averaged contemporary effective 

population size amount to 150 individuals. 

Structure analysis assuming two genetic clusters broadly delineate the two species (Figure 3a): 

Q. canariensis S04, S05, S06, S09, S10 populations in the one hand and Q. faginea S03 and S08 

populations in the other hand clearly fall apart in their own specific cluster. However, Q. canariensis 

S01, S06 and S07 populations and Q. faginea S02 and S11 populations showed admixture or unsorted 

ancient ancestry. While the population S01 had been morphologically affected as Q. canariensis, it 

was found to be more genetically similar to Q. faginea. Assuming a higher number of genetic clusters 

resulted in a more refined view of the intraspecific genetic structure (Figure 3b, Supporting Material 

File 1). Assuming eight genetic clusters (Supporting Materiel File2) results in a clear delineation of 7 

populations into specific clusters in addition to a genetic cluster regrouping 4 Q. canariensis 

populations (Figure 3b). Differentiation between genetic clusters do not showed a bipartite 

hierarchical structure expected when analysing two species (Figure 3c). Instead, five of the cluster 

showed gradual level of differentiation starting from the Q. canariensis side (right part of the tree in 

Figure 3c), while three genetic cluster on the Q. faginea side showed high genetic divergence (right 

part of the tree in Figure 3c). Populations with intermediate ancestry coefficient assuming two 

genetic clusters (S02, S01, S06, S07 and S11) now constitute independent clusters that located at 

intermediate positions between the two species extremities (Figure 3c). 
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Figure 2: Genetic diversity of Q. faginea (S02, S03, S08, S11) and Q. canariensis (S01, S04, S05, S06, 
S07, S09, S10) Algerian populations: (a) genetic diversity, (b) inbreeding coefficient, (c) allelic 
richness, (d) genetic differentiation (summarized by averaging all pairwise genetic differentiation 
estimates that involved the focal population), (e) private alleles and (f) contemporary effective 
population size. Point represents the mean over loci and the bar shows estimate variability (plus and 
minus two standard deviations over loci). Population are ordered from west to east along the x-axis, 
colours refer to Structure results, horizontal dashed lines represent the average value across 
populations and (f) vertical dashed lines uncertain effective population size estimates.  
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Figure 3: Population genetic structure of Q. faginea and Q. canariensis Algerian populations: 
Bayesian genetic clustering Structure results assuming (a) two or (b) eight genetic clusters, (c) 
phylogenetic tree illustrating the allele frequency divergence (Structure’s Net nucleotide distance) 
among the eight genetic clusters; (d) EDENetwork network graph projected on a geographic map 
with nodes indicating geographical location of the sampled sites, node size is proportional to the 
number of connection with other nodes and colours reflect the dominant genetic cluster, edges link 
population with a pairwise genetic differentiation (Fst) below 0.04  with edge width and greenness 
inversely proportional to genetic differentiation. O: Oran, A: Alger and S: Skikda. 

 

 

Demographic inferences 

Model choice 

When using the information from the microsatellite and the linked flanking sequence (HapSTR), the 

most likely model to explain the observed data was model Ab (posterior probability: 0.47, Table 3a) 

which consisted in species divergence with gene flow followed by independent divergence of 

populations without additional more recent interspecific gene flow (Figure 1). The out-of-bag 

procedure estimated that given the choice of the model Ab and the uncertainty in differentiating the 

models given the data and the prior distribution settings, there is 49% probability that the true model 

is indeed the model Ab, and a 18% or 17% probability that the true model is model Cb and Bb 

respectively (Table 3b). 
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Table 3: Random forest ABC Model choice (a) by using jointed microsatellite and flanking sequence 
information (HapSTR) or information derived only from the microsatellite variations (SSR only). 
Power to differentiate alternative demographic models for HapSTR dataset (b) given the model and 
prior range specifications. The table reports how many of the 12,000 simulated datasets generated 
under a specific scenario (in rows) are classified into each demographic scenario (in column). The 
overall scenario classification error is computed based on the number of incorrectly classified 
dataset; the last column shows the percentage of simulated datasets classified as Ab, the most likely 
scenario for the observed genetic dataset. Bold numbers indicate >10% incorrect classification, 
underlined number indicates correct classifications. 

(a) 
Votes 
Model A 

Votes 
Model B 

Votes 
Model C 

Votes 
Model Ab 

Votes 
Model Bb 

Votes 
Model Cb 

Most 
likely 
model 

Posterior 
probability  

HapSTR 163 103 114 271 191 158 Ab 0.47  

SSR only 31 113 82 169 286 319 Cb 0.40  

(b)          

HapSTR- 
Classified 
models Model A Model B Model C Model Ab Model Bb Model Cb total 

Scenario 
classification 
error 

Probability 
given the 
selected best 
model is Ab 

HapSTR-
Simulated 
models          

Model A 10142 183 290 1042 183 160 12000 15.5% 8% 

Model B 54 8017 2087 623 765 454 12000 33.2% 5% 

Model C 479 3905 5905 562 520 629 12000 50.8% 4% 

Model Ab 450 228 227 6685 2419 1991 12000 44.3% 49% 

Model Bb 35 559 305 2248 5488 3365 12000 54.3% 17% 

Model Cb 37 366 522 2380 3769 4926 12000 59.0% 18% 

total 11197 13258 9336 13540 13144 11525  42.8%  

 

 

A total of 98 summary statistics had variable importance higher than randomly generated statistics, 

and thus were considered informative to differentiate alternative scenario (Figure 4a). These 

informative summary statistics represented 44% of the total variable importance. Among them, 24% 

derived from linear discriminant axes, 35% from summary statistics computed from microsatellite 

variation, 33% from haplotype and only 8% from the substitution within the flanking sequences 

(Figure 4a).  

It should be noted that when considering the microsatellite variability only, the most likely scenario 

was model Cb (posterior probability: 0.40, Table 3b) which consisted in species divergence with gene 

flow followed by independent divergence of populations followed by interspecific gene flow after a 

period of strict isolation (Figure 1). However, because HapSTR integrates more molecular 

information, this strategy is more decisive (posterior probability of 0.48 and 0.40 for HapSTR and STR 

respectively) and powerful (overall classification error of 42.7% and 44.4% for HapSTR and STR 

respectively), we further investigate the scenario Ab to estimate its demographic parameters using 

the HapSTR dataset.
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Figure 4: Contribution of different types of polymorphism measured as Variable Importance (y-axis) for (a) model choice and parameter estimation: (b) 
samples and (c) unsampled population effective population size, (d) time of event, (e) interspecific gene flow, HapSTR microsatellite (f) mutation rate, (g) 
mutation steps and substitution rate (h), SSR microsatellite mutation rate (i) and mutation steps (j). In each subfigure, the leftmost bar shows the proportion 
of total Variable Importance resulting from informative summary statistics, while the rightmost bar shows the contribution of the different groups of 
summary statistics derived from different type of polymorphisms. The abscise legend reports the number of estimated demographic or mutational 
parameter in each group and the mean number of informative summary statistics per parameter. 
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Demographic and mutational parameter estimations 

Microsatellite mutation and substitution rates were accurately estimated (all posterior MNSE lower 

than 0.11; Supporting Material File 2) with an average of 65 and 68 informative summary statistics 

representing 89% and 88% of the total variable importance for microsatellite mutation rate at 

HapSTR loci and SSR loci respectively (Figure 4f and 4i) and an average of 16 informative parameters 

for substitution rate that represents 47% of the total variable importance (Figure 4h). On the 

contrary, the parameter p controlling the number of mutational steps at microsatellite was difficult 

to estimate (posterior MNSE between 2.6 and 7.6; Supporting Material File 2) and had only an 

average of 3 informative summary statistics per parameters that represented 7.6% of the total 

variable importance for all loci (Figure 4g and 4j).  

Estimated microsatellite mutation rates varied from 2.2 × 10-5 to 2.1 × 10-3 mutation per generation 

per haploid genome (mean: 3.1 × 10-4, 95% CI: 4.5 × 10-5 – 2.4 × 10-3) and flanking sequence 

substitution rate varied from 4.5 × 10-8 to 4.8 10-7 (mean: 2.5 × 10-7, 95% CI: 2.8 × 10-8 – 9.0 × 10-7, 

Supporting Material File 2).  

Posterior effective population size parameters showed restricted ranges compared to prior and 

reduced estimation error (posterior NMAE below 0.32, Table 4). Contemporary and ancestral 

effective population sizes of sampled populations were estimable with an average of 39 informative 

summary statistics (Figure 4b) that represented 64% of the total variable importance. Effective 

population size of unsampled populations (i.e. Q. canariensis and Q. faginea core range, and their 

ancestor) were estimable with an average of 46 informative summary statistics (Figure 4c) that 

represented 61% of the total variable importance. 

Effective population size estimates showed some variation between populations (Table 4). Effective 

population size at divergence time were generally higher than recent effective population size, with 

clear sign of effective population size decreases for S08 (ratio N5a/N5 = 9.3, N5 = 3908 haploid 

genomes), S11 (ratio of N7a/N7 = 10.3, N7 = 1898 haploid genomes) and S3 (ratio of N2a/N2 = 24.3, 

N2 = 1667 haploid genomes). Populations that did not experienced significant effective population 

size change showed relatively moderate (~10000 for S09, ~20000 for S01, S06 and S07) or high 

(~40000 for S02) effective population size. 

Overall, only 36 out of the 518 summary statistics were not informative for demographic or 

mutational parameter estimations, most of them were associated with the flanking sequence 

diversity or divergence and the correlation between diversity at microsatellite and flanking sequence 

(Supporting Material File 2).
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Table 4: Demographic parameter prior specification and posterior estimations for the most likely model Ab. 

  Prior distribution Posterior distribution 

Parameter 
Sampled 
site distribution min max median 

lower 95% 
confidence 
interval 

upper 95% 
confidence 
interval 

posterior 
NMAE 

median 
effective 
population 
size natural 
values 

lower 95% 
confidence 
interval 

upper 95% 
confidence 
interval 

Ancient / 
contemporary 
effective 
population size 

N0a S01 log uniform 1 6 4.407 1.820 5.963 0.28 25546 66 918883  
N0 S01 log uniform 1 6 4.224 2.744 5.890 0.14 16753 555 777048 1.5 
N1a S02 log uniform 1 6 4.587 2.064 5.936 0.27 38661 116 863569  
N1 S02 log uniform 1 6 4.600 2.988 5.911 0.13 39792 972 814631 1.0 
N2a S03 log uniform 1 6 4.607 1.663 5.920 0.28 40447 46 831414  
N2 S03 log uniform 1 6 3.222  1.863 5.487 0.18 1667 73 307105 24.3 
N3a S06 log uniform 1 6 4.432 2.072 5.908 0.26 27060 118 808269  
N3 S06 log uniform 1 6 4.334 2.713 5.935 0.14 21576 516 860303 1.3 
N4a S07 log uniform 1 6 4.400 2.176 5.926 0.26 25102 150 842604  
N4 S07 log uniform 1 6 4.226 2.582 5.921 0.16 16814 382 834116 1.5 
N5a S08 log uniform 1 6 4.559 1.531 5.909 0.32 36232 34 811686  
N5 S08 log uniform 1 6 3.592 2.004 5.818 0.19 3908 101 658238 9.3 
N6a S09 log uniform 1 6 4.128 1.708 5.899 0.30 13424 51 792957  
N6 S09 log uniform 1 6 4.077 2.412 5.915 0.17 11948 258 821561 1.1 
N7a S11 log uniform 1 6 4.292 1.398 5.935 0.31 19576 25 861619  
N7 S11 log uniform 1 6 3.278 1.785 5.936 0.19 1898 61 863933 10.3 
N8  log uniform 1 6 4.517 2.332 5.919 0.18 32859 215 829199  
N9  log uniform 1 6 4.577 2.666 5.914 0.16 37758 463 820374  
N10  log uniform 1 6 3.751 1.079 5.538 0.30 5631 12 345095  
t0 S01 uniform 10 400 152 32 320 0.76     

t1 S02 uniform 10 400 152 32 346 0.77     

t2 S03 uniform 10 400 161 32 342 0.76     

t3 S06 uniform 10 400 155 30 337 0.69     

t4 S07 uniform 10 400 161 32 344 0.75     

t5 S08 uniform 10 400 167 29 330 0.74     

t6 S09 uniform 10 400 153 29 335 0.77     

t7 S11 uniform 10 400 167 31 346 0.72     

ta  uniform 401 10000 5462 723 9772 0.81     

M89  uniform 0.0001 0.001 0.00490 0.00033 0.00978 1.62     

M98  uniform 0.0001 0.001 0.00449 0.00025 0.00983 2.10     

NMAE (normalized mean absolute error): average difference between estimated and true value normalized over the average of all true values. 
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Discussion 

Sequence information around microsatellite loci can uncover molecular variations caused by 

different mutation dynamics and mechanisms that generate complementary patterns across 

populations and species (Hey et al., 2004; Barthe et al., 2012). If the dataset combining all 

polymorphisms under microhaplotypes showed the most clear-cut results to depict the geographical 

distribution of the genetic clusters, we also observed different patterns of diversity distribution 

across populations according to the polymorphisms considered. For instance, microsatellite variation 

drives the build-up of genetic differentiation among Q. faginea populations, but not among 

Q. canariensis populations. Given that microsatellite loci evolve faster than DNA sequence, increased 

differentiation at fast-evolving loci might suggest recent demographic events affecting Q. faginea 

populations. Pattern of microsatellite differentiation is not linked to newly acquired mutations 

because accounting for phylogenetic distance between microsatellite alleles does not yield a higher 

population differentiation. However, highly polymorphic multi-allelic microsatellite should be more 

sensitive to the recent effect of genetic drift. Remarkably, estimates of genetic differentiation among 

Q. faginea populations were similar to interspecific genetic differentiation, suggesting that 

interspecific gene flow might blur species boundaries with morphologically undetected hybridization 

and directional introgression introducing heterospecific alleles within Q. faginea populations. A 

combination of interspecific gene flow and recent demographic events might account for this pattern 

of molecular variation, highlighting the limits of descriptive analysis to resolve complex demographic 

history. Nevertheless, contrasted variability between differently evolving polymorphisms suggests 

complementary information about past population history. Simulation-based inferences that allow 

for realistic modelling of molecular evolution at linked loci in populations should leverage such 

complementary information for improved historical inferences. 

We found alternative most likely demographic scenarios when considering microsatellites alone or in 

conjunction with variation in their flanking sequences. Recent interspecific gene flow was inferred 

when using microsatellite variation while divergence without interspecific gene flow was the most 

probable scenario when accounting for flanking sequence variation. Homoplasy (identical allelic state 

derived from different ancestor alleles) at microsatellite loci explains this discrepancy: with the 

underestimation of interspecific divergence due to homoplasy (Estoup, Jarne & Cornuet, 2002) 

interspecific gene flow needs to be invoked to explain the observed pattern of microsatellite 

variation between species. Indeed, homoplasy at STR loci is expected to overestimate hybridization 

rate and underestimates the timing of interspecific gene flow events (Dickey et al., 2013; Henriques, 

von der Heyden & Matthee, 2016). 
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Contrary to previous implementation of ABC, Random Forest ABC is not sensitive to the number and 

relevance of the summary statistics (Marin et al., 2018) and can assess the weight of each summary 

statistics in the inference (Raynal et al., 2016; Estoup et al., 2018). We leveraged these new 

opportunities to compare the value of microsatellite variations and flanking sequence substitutions 

or the combination of both to inform biological inferences. For model choice, all types of 

polymorphisms provide some information to differentiate the concurrent demographic models. For 

population demographic parameters, population-level diversity and pairwise difference between 

populations computed from haplotype and microsatellite inform about effective population size of 

sampled populations, while for ancient events such as effective population size of ancestral 

populations, the level of genetic diversity within flanking sequence brings some additional 

information. While population-level correlation between genetic diversity at flanking sequence and 

microsatellite was suggested to be sensitive about past demographic events (Payseur & Cutter, 

2006), nine of those summary statistics were among the 33 uninformative summary statistics out of 

the total of 518 summary statistics derived in this study. Microsatellite mutation rate at HapSTR and 

SSR loci and substitution rate at flanking sequence are overall informed by population level summary 

statistics, while locus-specific mutation parameters are specifically informed by the corresponding 

locus-level summary statistics. These results confirm the relevance of inference at the locus level in 

order to capture realistic picture of mutational dynamic variability across loci (Chapuis et al., 2020). 

Beside assessing the informative content of molecular variation to infer past demographic history, 

the aims of the study was to evaluate the role of (1) interspecific gene flow and (2) recent 

demographic dynamics in structuring population genetic diversity.  

The genetic clustering analysis assuming two genetic clusters showed highly admixed populations, 

which might be interpreted as evidence for recent interspecific gene flow. However, these admixed 

populations differentiated into specific genetic cluster when assuming eight genetic clusters. 

Contrary to expectations, the genetic distance between the eight genetic clusters does not clearly 

delineate species boundary, but instead shows a continuous gradient in genetic distance that might 

be due to ancient hybridization or retention of ancestral polymorphism. Notably, within-species 

genetic differentiation of 0.028 and 0.047 for Q. canariensis and Q. faginea microsatellite allele sizes 

are intermediate between typical estimates of microsatellite genetic differentiation among European 

white oaks core range populations (Muir et al., 2004; Alberto et al., 2010; Neophytou et al., 2015) 

and isolated marginal populations (Buschbom, Yanbaev & Degen, 2011; Moracho et al., 2016). Our 

results indeed suggested that interspecific gene flow predated population divergence in isolation. 

Divergence by drift was found to be the driving factor shaping genetic structure of small isolated 

Q. faginea and Q. canariensis populations. Recent drift in isolation was exacerbated in declining 

Q. faginea populations and affected to a lesser extent the remaining Q. faginea and some 
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Q. canariensis populations. This has led to the formation of independent genetic clusters in a context 

of constant effective population size, allowing them to retain some admixed characteristics from 

ancient hybridization events as shown by intermediate genetic characteristics of their respective 

genetic clusters. At the opposite, costal Q. canariensis populations form a single cohesive genetic 

cluster despite the significant geographic distance separating them. In addition, these populations 

show no sign of ancient admixture, contrary to smaller Q. canariensis populations. For sympatric 

species, species imbalance can increase hybridization rate and directional introgression (Lepais et al., 

2009). In a parapatric context, pollen limitation in small isolated population could increase 

opportunity for hybridization by long distance heterospecific pollen flow. This would explain the 

intermediate genetic characteristics of the smallest Q. canariensis populations. However, the most 

likely demographic scenario rather suggested that interspecific gene flow events predated 

population divergence. Thus other factors than purely demographic ones might explain the retention 

of admixed ancestry in smaller populations such as geographical proximity with heterospecific 

populations, or increased selection against hybrids in large Q. canariensis or declining Q. faginea 

populations. In addition, populations that experienced stable environment for extended periods of 

time are expected to retain ancestral characters (Petit, Hampe & Cheddadi, 2005), and thus in our 

context, the footprint of ancient interspecific gene flow.  

Irrespectively of the precise complex demographic history, it is clear that small Q. faginea and 

Q. canariensis populations have recently evolved in isolation with random genetic drift. As a result, 

each population constitutes an original and significant contribution to the total genetic diversity of 

the species and provides a good illustration that rear-edge populations effectively act as reservoirs of 

evolutionary history (Petit, Hampe & Cheddadi, 2005; Médail & Diadema, 2009), as suggested by the 

description of subspecies in the region (Aissi et al., 2021). Given their small population size, these 

populations are vulnerable to rapid decline, as illustrated by our simulations showing demographic 

decline that did not translate yet into a decrease of genetic diversity. While quantitative estimates of 

historical effective population sizes (coalescent-based estimates) depend on model specification 

including mutation rates (Fady & Bozzano, 2021), ratios of ancestral over current effective population 

size do not depend on mutation rates and provide valuable information about past demographic 

trends. In contrast, contemporary effective population sizes estimated using linkage disequilibrium is 

independent on mutation rate (Hoban et al., 2021) and provide a more compelling evaluation of the 

conservation status of populations (Allendorf & Luikart, 2007; Hoban et al., 2020). Historical declines 

in some Q. faginea populations was not always congruent with small contemporary effective 

indicating that these populations might not follow the same recent demographic trends. 

Nevertheless, most of the studied populations have effective population size confidence interval 

below 500 individuals, a critical level for the long term maintenance of evolutionary potential 
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(Jamieson & Allendorf, 2012; Hoban et al., 2020), and estimates of effective population sizes as low 

as 50 individuals in isolated Q. faginea populations suggest short-term risk of detrimental effect of 

inbreeding depression on population persistence (Jamieson & Allendorf, 2012). If these populations 

are probably more likely to be in immediate threat posed by demographic stochasticity rather than 

generic risks, long term retention of evolutionary potential is however paramount for adaptation to 

environmental changes (Allendorf & Luikart, 2007) and is clearly challenged by low effective 

population size of the studied rear-edge Q. faginea and Q. canariensis populations. 

Being at the forefront of harmful effect caused by environmental changes, these populations deserve 

special conservation action because any loss of one of such small population will immediately 

translate into a net loss of genetic diversity at the species level. This adverse conservation status is 

recognised for Q. canariensis classified as Near Threatened at European level in the IUCN Red List 

(García Murillo & Harvey-Brown, 2017; Rivers, 2019); even though the species is classified as Data 

Deficient at global level (Gorener, Harvey-Brown & Barstow, 2017). However, Q. faginea is only 

classified as Least Concern at European and global scales (Harvey-Brown, García Murillo & Buira, 

2017; Jerome & Vasquez, 2018; Rivers, 2019). While more abundant at the distribution range scale, 

Q. faginea is located in isolated patches that evolve in isolation, resulting in a mosaic distribution of 

the genetic diversity with evolutionary potential that should deserve better scrutiny. In the light of 

these results and because of historical taxonomic confusions with Q. canariensis leading to 

overestimation of Q. faginea distribution in Morocco and Algeria, a regional assessment at the 

African level as well as a global reassessment of conservation status of the species would be of great 

interest. Appropriate conservation strategy at the infra-specific level should be considered to 

maintaining the highest number of such local populations (Hampe & Petit, 2005). The complex 

demographic history uncovered in this local study might explain range-wide taxonomic difficulties 

with multiple subspecies proposed within Q. faginea. However, we cannot provide a clearer 

Q. faginea taxonomic resolution (for instance, the relationship between identified genetics clusters 

and subspecies) due to lack of reference samples from Q. faginea subspecies and availability of 

molecular and morphological data at individual level. Additional studies at the species distribution 

range level, including core and marginal populations should provide a better understanding of the 

history and evolutionary significance of intraspecific genetic diversity within these Mediterranean 

oak species. 
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