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Abstract
A better understanding of long-term effects of climate and historical anthropogenic changes is needed to define effective 
conservation measures of endangered forest inhabiting managed landscapes. Diversification and distribution of Mediterranean 
firs are attributed to the global climate change during the Miocene and Quaternary as well as to the effects of human-driven 
deforestation. We evaluated the impact of climate change and anthropogenic activities in shaping the genetic diversity and 
structure of Abies pinsapo Boiss. (Pinaceae), a relict fir endemic from SW Spain. We genotyped a total of 440 individuals 
from 44 populations by using two different molecular markers (cpSSRs and nSSRs). Overall, low genetic structure was 
found; however, incipient differentiation appeared within mountain ranges. Analyses suggest that the effects of isolation by 
distance and lithological or topographical diversity were not enough to structure the populations of the different mountain 
ranges. The combined role of genetic drift in the small populations and the anthropogenic action associated with forest 
management has shaped the current genetic pattern of this fir species in the study area. Demographic inference analyses 
pointed to a very recent synchronic divergence (eleventh–sixteenth century) of the ancestral A. pinsapo population into its 
current scattered distribution range. Although population bottlenecks were supported by several analyses, the conservation 
of this endangered species seems not to be limited by lacking genetic diversity, while threats of current climate change and 
habitat loss must be regarded.

Keywords Abies pinsapo · Approximate Bayesian computation (ABC) · Climate change · Conservation genetics · Past 
demographic events · Tertiary relict forests

Introduction

The current genetic diversity and structure of populations 
across their distribution range have been strongly influenced 
by climate changes over the course of the Quaternary ice 
age (Hewitt 2000). During interglacial periods, distribution 
ranges of cold-adapted species, such as boreal and alpine 
trees, shrank massively, sometimes causing vicariant distri-
butions where small remnant populations became genetically 
isolated and severely bottlenecked (Hewitt 2000). These spe-
cies expanded their refugium ranges during glacial periods 
reducing the genomic variability at the leading edge due to 
founder effects, although some genetic admixture between 
refugium populations increased diversity in newly colonized 
areas (Petit et al. 2003). Therefore, repeated cycles of range 
expansion and contraction result in a heterogeneous mosaic 
of genome diversity across extant populations that determine 
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the evolutionary potential of relict tree species (Hampe and 
Petit 2005; Hampe and Jump 2011). Identifying those areas 
of reduced and increased diversity and evaluating the impact 
of historical demographic processes that underlie them are 
of utmost importance if we aim to guarantee their persis-
tence in an increasingly warming world.

Beside climate changes, human-driven deforestation also 
impairs evolutionary processes that shape the genetic diver-
sity of populations by extirpating trees (and their genes) 
while slowing down gene flow as fragmentation increases 
(Di Marco and Santini 2015; Frankham et al. 2017). Overall, 
deforestation exacerbates the genetic erosion of tree popula-
tions already depauperated by several cycles of range expan-
sion and contraction (Dale 1997). However, we lack reliable, 
empirical estimates on the relative impact of climate driven 
quaternary range changes vs. human-driven deforestation in 
shaping the observed patterns of genetic variation in rel-
ict alpine trees highly threatened by climate warming. This 
knowledge gap can be addressed by applying chloroplast and 
nuclear genetic markers to depict spatial genetic patterns 
and to infer their historical demographic trends. Chloroplast 
markers (cpSSRs) are paternally inherited in most conifers, 
haploid, and show slow-paced mutation rate which, overall, 
make them little variable, while nuclear markers (nSSRs) are 
biparentally inherited, diploid, and show a fast-paced muta-
tion rate, which make them highly variable (Avise 2004).

Here we evaluate the impact of climate change and 
anthropic activities in underlying the genetic diversity 
and structure of the Tertiary relict fir Abies pinsapo Boiss. 
(Pinaceae). Colonization and diversification patterns of firs 
in the Mediterranean are shaped by global climate change 
during the Miocene, while Quaternary climatic cycles would 
prompt secondary contact zones and posterior isolation of 
species (Balao et al. 2020). Further, human-driven deforesta-
tion threatens Mediterranean firs with a geographic scat-
tered distribution, many of them endemic to few mountain 
ranges. Currently, this species occupies three mountain 
ranges at the southwestern region of the Iberian Peninsula: 
Sierra de Grazalema (ca. 400 ha), Sierra de las Nieves (ca. 
1000 ha), and Sierra Bermeja (ca. 50 ha). Scattered stands 
and isolated trees, assumed to represent the remains of for-
mer larger populations, are rather common throughout the 
current A. pinsapo range. Modeling studies, supported by 
pollen fossil records, evidence that the distribution range 
of A. pinsapo has massively shrunk during the Holocene 
(Alba-Sánchez et al. 2010, 2019) due to a combination 
of climate warming and an intense anthropic activity that 
includes severe deforestation driven by a flourished naval 
industry during the sixteenth century, an indiscriminate log-
ging during the nineteenth century onwards for timber, and 
uncontrolled livestock that hampered natural regeneration 
during the twentieth century (Becerra Parra 2006). Previous 
genetic studies on a few populations suggested evidence for 

bottlenecks and genetic drift, as well as low among-popu-
lation genetic differentiation (Sánchez-Robles et al. 2014b; 
Cobo-Simón et al. 2020). Based on an exhaustive sampling 
across 44 populations that span the complete distribution 
range and by combining cpSSR and nSSR markers, we 
aim to: (1) quantify the spatial distribution of the genetic 
diversity. Based on known distribution range shifts and an 
intense deforestation documented in the area (Linares et al. 
2010; Alba-Sánchez et al. 2019; Cobo-Simón et al. 2020), 
we expect low levels of genetic diversity and increased 
values of genetic structure particularly when dealing with 
small and geographically isolated populations, presumably 
subject to severe bottlenecks in the past; (2) test whether 
geographic features explain observed genetic patterns. To 
that end we apply landscape genetic models to test for isola-
tion by distance (i.e., an increased genetic distance as the 
geographic distance increases caused by reduced levels of 
gene flow, Wright 1943). Extant populations are distributed 
across mountain ranges and, therefore, we expect that, in 
addition to geographic distance, orographic features and 
effective pollen dispersal distance would limit gene flow 
(Sánchez-Robles et al. 2014a). To support this hypothesis, 
we further identify genetic clusters that typically arise when 
populations become genetically isolated and we depict the 
location of geographic barriers to gene flow (Balkenhol et al. 
2016); and (3) seek for, quantify and date past bottlenecks 
that might have contributed to shape current genetic pat-
terns. On this account, we use cpSSRs and nSSRs to date 
demographic bottlenecks inferred by applying Approximate 
Bayesian Computation models (Cornuet et al. 2018). Bot-
tlenecks caused by climate changes are expected to happen 
as the southern distribution range limit retreated after the last 
glaciation ca. 10 kya. Finally, we discuss the evolutionary 
consequences of past bottlenecks for relict and cold adapted 
trees in the light of increasing climate warming.

Materials and methods

Study site, sampling and genotyping

A. pinsapo is a critically endangered Mediterranean fir 
(IUCN red list), monoecious (subdioecious), wind-pol-
linated with a mixed mating system, i.e., trees produce a 
mixture of self-fertilized and outbred seeds (Arista and 
Talavera 1997; Sánchez-Robles et al. 2014a). The study 
area included the three mountain ranges present in south-
west Spain that comprise the current total distribution 
area of A. pinsapo: Sierra (Sª hereafter) de Grazalema 
(36°43′–36°46′N; 5°23–5°28′W), in the province of Cádiz, 
and Sª de las Nieves (36°36′–36°45′N; 4°48′–5°01′W) and 
Sª Bermeja (36°29′–36°30′N; 5°12′–5°13′W), in the prov-
ince of Málaga. We selected 44 populations, which were 



651European Journal of Forest Research (2022) 141:649–663 

1 3

distributed proportionally to the extension of each mountain 
range: 27 populations from Sª de las Nieves, 13 from Sª de 
Grazalema and four from Sª Bermeja (Fig. 1). All popula-
tions were GPS georeferenced (Garmin Geko 201; Garmin 
International Inc., Olathe, KS, USA). Details of the different 
populations are shown in Table 1. From each population, 
needle tissue was collected from 10 adult individuals (total 
440 individuals), and samples were subsequently stored in 
silica gel until DNA extraction.

Microsatellite genotyping: cpSSRs and nSSRs

We used 4 cpSSR primer pairs designed for Pinus thunber-
gii. The Pt63718 and the Pt71936 primers were originally 
designed by Wakasugi et al. (1994), whereas the Pt30141 
and the Pt30249 primers were derived from the composed 
locus Pt30204 to avoid homoplasy (Liepelt et al. 2001). We 
also applied 11 nSSR primer pairs: NFF3, NFH15, NFH3, 
and NFF7 were designed for A. nordmanniana (Hansen 
et al., 2005), SF331 and SFb4 for A. alba (Cremer et al. 
2006), and the remaining five primers (Pin8, Pin20, Pin29, 
Pin48, and Pin49) were designed for A. pinsapo (Sánchez-
Robles et al. 2012). See Supplementary Material for more 
detailed methodology (Appendix A, Tables S1 and S2).

cpSSR and nSSR molecular analyses

The genotyping error rate for cpSSRs was estimated by 
genotyping a replicate taken at random from each popula-
tion (44 samples in total; 10% of the total). Repetitions were 
carried out starting from the same DNA extraction. Allele 
combinations across the four cpSSR loci were treated as 
a haplotype, considering different haplotypes as a unique 
size variant combination of each cpSSR locus. The haplo-
type variation present in the different populations, as well 
as in the three mountain ranges as a whole, was explored by 
calculating the number of haplotypes (Nh) and the number 
of private haplotypes (Nhpriv) using the software Arlequin 
v3.5 (Excoffier et al. 2005) and SPAGeDi v1.4 (Hardy and 
Vekemans 2002).

Regarding the nuclear markers, several tests were car-
ried out to detect the different types of errors present in the 
nSSR data: (i) Micro-Checker v2.2.3 (van Oosterhout et al. 
2004) was used to estimate the rate of null alleles (alleles 
that are present but that cannot be genotyped); (ii) Pedant 
v1.0 (Johnson and Haydon 2007) was used to estimate the 
rate of dropout alleles (e1; homozygous individuals geno-
typed as heterozygous due to random failure to amplify an 
allele) as well as false alleles (e2; poorly genotyped alleles) 
using 10,000 iterations; and (iii) Fstat v2.9.3.2 (Goudet 
2001) was used to test linkage disequilibrium between 
pairs of loci applying the Bonferroni correction for multiple 

Fig. 1  Distribution map of the 44 populations sampled in the three mountain ranges of Abies pinsapo 
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comparisons. Additionally, the different mountain ranges, 
as well as the different populations within them, were 
genetically characterized by estimating the mean number 
of alleles and effective alleles (Ne) corrected for the sample 
size (Nielsen et al. 2003), the genetic diversity based on 
expected heterozygosity (He; Nei 1978), and the inbreed-
ing index (FIS). Such diversity estimates were obtained 
with SPAGeDi and Fstat. ANOVAs were used to analyze 
mountain range differences, assessed as a fixed effect, for 
Ne, He, and FIS (the latter ones, previously arcsine-square 
root transformed as their values, after rescaling for FIS, are 
0–1 limited,); Tukey’s HSD post-hoc tests (α = 0.05) were 
applied to test for pairwise differences. These analyses were 
performed with the JMP v6 software (SAS Institute Inc.).

Furthermore, Spearman correlation tests were applied 
for both markers to detect the possible relationship between 
altitude and genetic diversity (based on the expected het-
erozygosity: He). In a similar way, we proceeded to detect 
the relationship between He and the degree of isolation 
of a population (measured as the average distance to the 
other populations within the same mountain range), which 
was not correlated with the altitude (Spearman's ρ = 0.026, 
P = 0.865, n = 44). These analyses were also performed with 
the JMP v6 software (SAS Institute Inc.).

Genetic structure

To evaluate different hypotheses about the partition of the 
genetic variance, analyses of molecular variance were per-
formed (AMOVAs; Arlequin v3.5). Groupings were carried 
out to represent the different mountain ranges and the dif-
ferent possible pairwise combinations between them. Addi-
tionally, based on the presence of peridotite, a grouping 
represented the different lithology outcrop areas. Variance 
components were tested for significance using an exact non-
parametric test with 10,000 permutations.

For both markers, the global genetic structure was ana-
lyzed by Bayesian assignment analysis using the Structure 
v2.3.3 (Pritchard et al. 2000) software. Correlated allelic 
frequencies were considered (since due to migration or exist-
ence of common ancestors it was expected that there would 
be similar allele frequencies among populations) and 10 
independent repetitions for each K were employed (K = 1–9). 
The number of iterations was 1 ×  106, with a burn-in period 
of 150,000. To determine the optimal number of clusters 
(K), we checked the Structure results with the web-based 
Structure Harvester (Earl and vonHoldt 2012), which 
implements the Evanno et al. (2005) method using the ad-
hoc statistics ΔK.

Furthermore, a phylogeographic test was carried out 
in order to study the genetic differentiation under differ-
ent evolutionary models (Pons and Petit 1996). For this 
test, both markers were used independently (cpSSRs and 

nSSRs). The test compared observed randomly permuted 
NST (pNST = GST) values. GST estimates are based on allele 
frequencies and follow an infinite allele mutational model 
(IAM) for microsatellites, whereas NST takes into account 
the distance between different haplotypes, following a step-
wise mutational model (SMM). Significantly higher NST than 
GST values indicate the presence of phylogeographic struc-
ture, i.e., different alleles are more related at a within- than 
at an among-population level (Lynch and Crease 1990; Pons 
and Petit 1996). The test was performed using SPAGeDi 
through 20,000 permutations. NST was computed using a 
matrix of genetic distances based on the sum of the squared 
differences (RST; Hardy et al. 2003). In order to detect the 
existence of phylogeographic signals at different scales, the 
test was applied independently for the three mountain ranges 
and for pairs of mountains (i.e., pairwise approach).

In order to explore the relationships between the dif-
ferent chlorotypes found, a haplotype network (Minimum 
Spanning Network) was constructed in ARLEQUIN using a 
matrix of FST distances based on the number of the different 
alleles found.

Isolation by distance and barriers to gene flow

The possible existence of isolation by distance (IBD) was 
analyzed by a Mantel test using the R package ecodist v2.0.7 
(Goslee and Urban 2007). The Nei's genetic distance matrix 
(Nei 1972) was compared with the geographic distance 
matrix. The test was carried out using Spearman's nonpara-
metric correlation with 10,000 permutations.

Likewise, genetic barriers (i.e., geographic areas with 
pronounced genetic discontinuity among populations) were 
explored with the Barrier v2.2 (Manni et al. 2004) soft-
ware. The boundaries among the mountain ranges associ-
ated with the highest rates of genetic differentiation were 
detected based on a geographic distance matrix, and using 
the Delaunay triangulation and the Voronoi polygons. To 
evaluate barrier robustness, the population pairwise genetic 
distance matrix based on Jost’s D index (Jost 2008) was 
bootstrapped 1,000 times with the R package boot v1.2-43 
(Canty and Ripley 2019) and, subsequently, run in Barrier.

Lastly, to explore and characterize the complex topol-
ogy resulting from ancient and recent genetic interactions, 
we used a model based on Graph Theory (Dyer and Nason 
2004). The genetic covariation between the different popula-
tions was analyzed for each marker by using the R package 
popgraph v1.2 (Dyer 2013). For each marker, the relation-
ships between populations (nodes) were taken into account 
at a significance level of 0.050. Subsequently, we assessed 
the congruence among the connectivity patterns (Structural 
Congruence), as well as among the pairwise distances (Dis-
tance Congruence) of the graphs obtained for each marker 
(Dyer et al. 2010).
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Demographic analysis

Finally, to trace the demographic history of A. pinsapo, the 
approximate Bayesian computation (ABC) analysis proce-
dure (Beaumont et al. 2002) implemented in DIYABC v2.1 
(Cornuet et al. 2014) was performed based on both cpSSR 
and nSSR datasets. The different cpSSR and nSSR loci were 
treated separately and the default values of the priors were 
used for all parameters. The summary statistics used were 
mean gene diversity, FST, and the classification index. An 
estimate of 20 years was used for the generation time in 
order to calculate the number of generations (Arista and 
Talavera 1994; Cobo-Simón et al. 2020). Four evolutionary 
scenarios were tested with DIYABC, based on the results 
obtained in the different analyses. Briefly, we tested a syn-
chronic and asynchronic divergence of the three mountain 
ranges (scenarios 1 and 2) and we also tested the presence of 
bottlenecks just for Sª Bermeja (scenario 3) and for the three 
ranges (scenario 4). For more details, see Supplementary 
Material, Appendix B and Table S4.

Additionally, Migraine software (Leblois et al. 2014) was 
used to detect changes in population size (i.e., bottlenecks or 
expansion) for the three mountain ranges using maximum 
likelihood estimation (MLE). For each range and genetic 
marker (i.e., cpSSRs and nSSRs), we ran the software under 
the OnePopVarSize demographic model (a single population 
model with a single continuous past variation in population 
size) in order to estimate the bounds of the demographic 
parameters: current effective population size (2Nµ current), 
scaled duration of population size change (Dg/2N), ancestral 
effective population size (2Nµ ancestral), and the current 
population/ancestral population ratio (N-ratio). A general-
ized stepwise mutation model (GSM) was used for nSSR, 
whereas a strict stepwise mutation model was set for cpSSR. 
Preliminary parameter bounds were estimated with 4 itera-
tions, 500 point estimates and 2000 runs per point. Final 
inferences were performed setting 8 iterations with 500 point 
estimates and 2000 runs per point. We evaluated significant 

changes in population size checking if 95% confidence inter-
vals (CIs) excluded N-ratio = 1.0.

Results

Genetic diversity and spatial distribution 
of the Spanish fir

The overall total error rate for the cpSSR markers was 
1.14%. For the nSSR ones, we found null alleles for most 
of the loci used when all populations were considered as a 
whole (Table S2); however, when populations were treated 
separately, null alleles were found for: NFF7 locus in pop. 
39 (0.235), Pin48 locus in pop. 31 (0.192), NFF3 locus in 
pop. 15 (0.179), NFH15 locus in pop. 7 (0.203) and SFb4 
locus in pop. 19 (0.218). No linkage was found between the 
different nSSR loci after Bonferroni correction for multiple 
comparisons (P-value adjusted to the significance level of 
0.05 = 0.000909). The frequency (95% confidence intervals) 
of dropout (e1) and false (e2) alleles was 0.008 (0.001–0.067) 
and 0.005 (0.001–0.028), respectively.

We recorded 30 different cpSSR haplotypes and 86 nSSR 
alleles (Table S2). The number of effective alleles (Ne) 
showed no significant difference among mountain ranges 
for cpSSRs (F2,41 = 0.85, P = 0.433) but did show a signifi-
cant one for nSSRs (F2,41 = 3.31, P = 0.047), between Sª Ber-
meja (Ne = 2.11) and Sª de las Nieves (Ne = 2.70). Genetic 
diversity showed no significant difference among mountain 
ranges both for cpSSRs (F2,41 = 1.65, P = 0.205) and nSSRs 
(F2,41 = 3.15, P = 0.053). Furthermore, we found significant 
differences for the inbreeding coefficient (FIS; F2,41 = 4.66, 
P = 0.015) between Sª Bermeja (FIS = − 0.16) and the other 
two mountain ranges (Sª de Grazalema: FIS = 0.01; Sª de las 
Nieves: FIS = − 0.01). For more details, see Table 2.

The global analysis of molecular variance (AMOVA; 
Table S3) showed that most of the genetic diversity was 
found within populations (cpSSRs: 80.4%; nSSRs: 90.1%). 
Mountain ranges played a significant role in structuring the 

Table 2  Global and within 
mountain ranges genetic 
diversity obtained for cpSSRs 
and nSSRs

n: number of individuals sampled; N: mean number of haplotypes; Ne: number of effective alleles (Nielsen 
et  al. 2003); Nh: number of haplotypes; Nhpriv: number of private haplotypes; He: genetic diversity cor-
rected for the size of the samples (Nei 1978); FIS: inbreeding index; FST: distance among populations 
within each of the three mountain ranges
*Significant sign of inbreeding (P-value = 0.05)

Mountain range n cpSSRs nSSRs

N Ne He Nh Nhpriv FST N Ne He FIS FST

Sª de Grazalema 130 4.00 2.69 0.490 13 5 0.121 5.64 2.76 0.563 0.070* 0.063
Sª de las Nieves 270 4.75 2.27 0.388 23 13 0.125 7.18 2.91 0.580 0.079* 0.084
Sª Bermeja 40 3.25 2.25 0.519 8 2 0.246 3.45 2.37 0.502 − 0.015 0.156
Global 440 5.00 2.72 0.465 30 20 0.196 7.82 3.02 0.580 0.088* 0.099
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genetic variance, although this effect was low (cpSSRs: 
12.5%; nSSRs: 3.3%). However, the effect increased when 
we considered Sª Grazalema and Sª de las Nieves as a single 
unit separated from Sª Bermeja (cpSSRs: 18.2%; nSSRs: 
3.8%). Individually, Sª Bermeja hosted the highest levels 
of genetic variance (cpSSRs: 24.6%; nSSRs: 14.7%), fol-
lowed by Sª de las Nieves (cpSSRs: 12.5%; nSSRs: 8.4%) 
and Sª de Grazalema (cpSSRs: 12.1%; nSSRs: 6.4%). Lithol-
ogy showed a low effect in structuring the genetic variance 
(cpSSRs: 3.1%; nSSRs: 0.7%).

Although the clustering analysis (Figs. S1 and S2) 
showed that sampled individuals could be grouped accord-
ing to K = 4 (cpSSRs) and K = 2 (nSSRs) following the ΔK 
approach, these clusters did not fit any well-defined geo-
graphic pattern, i.e., clusters contained individuals sampled 
across all populations and mountain ranges. For nSSRs, the 
likelihood increased as K increased, whereas the mean likeli-
hood reached a maximum in K = 4–5 for the cpSSR analysis.

The combination of alleles from the different cpSSR loci 
resulted in a total of 30 different haplotypes. Fig. S3 shows 
the relationship among the different haplotypes found, not 
appreciating defined patterns of relationship among them 
across the different mountain ranges.

The Monmonier’s maximum-difference, conducted on 
the two markers, showed a genetic border that separated Sª 
Bermeja from the other two mountain ranges, Sª Grazalema 
and Sª de las Nieves (Fig. 2a). 

The phylogeographic test resolved that the most probable 
mutation model that occurs for both markers, considering all 
populations together, was the infinite allele model (IAM). 
However, the significance for both markers varied consid-
erably, being this model more appropriate for the cpSSR 
markers (NST = 0.143 vs. pNST = 0.147; P = 0.493) than for 
the nSSR ones (NST = 0.116 vs. pNST = 0.061; P = 0.051). 
When the test was conducted for pairs of mountain ranges, 
the presence of genetic structure for the cpSSR markers was 
only observed when Sª de las Nieves and Sª Bermeja were 
compared (NST = 0.197 vs. pNST = 0.092; P = 0.036), indicat-
ing that, for these markers, Sª Bermeja is more differentiated 
from Sª de las Nieves than from Sª de Grazalema.

Environmental factors that shape the distribution 
of the genetic diversity across the landscape

We observed a positive and significant correlation between 
geographic distance and genetic distance between popu-
lations, suggesting an overall isolation by distance pat-
tern (cpSSRs: Spearman's ρ = 0.286; nSSRs: Spearman's 
ρ = 0.267; both P < 0.001). On the one hand, altitude and 
genetic diversity (He) were not correlated (cpSSRs: Spear-
man's ρ = 0.036, P = 0.815; nSSRs: Spearman's ρ = 0.096, 
P = 0.534). On the other hand, whereas cpSSRs revealed 
that the level of geographic isolation of a population 
and its genetic diversity (He) were negatively correlated 

99.6 100

98.6 100

Sierra de Grazalema

Sierra de las Nieves

Sierra Bermeja

cpSSR

nSSR

A B

Fig. 2  a Genetic discontinuity found by Monmonier’s maximum-
difference algorithm for the three mountain ranges analyzed by the 
cpSSR and the nSSR markers. Bootstrap supports are indicated for 
each genetic barrier. b Covariance genetic network (Graph) for the 
cpSSR and the nSSR combined markers, showing significant genetic 

covariations (links) between the 44 populations (nodes). Colors indi-
cate different significance levels: 0.050 (all, black, red and yellow 
links), 0.015 (only yellow and red links) and 0.010 (only red links). 
(Colour figure online)
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(Spearman's ρ = − 0.429, P = 0.004), nSSRs did not show 
any relationship (Spearman's ρ = 0.103, P = 0.508).

The genetic covariance networks obtained at signifi-
cance level of 0.050 for both markers showed congruence 
in their structure (Structural Congruence: CDF = 0.024) 
and distances (Distance Congruence: r = 0.076; P = 0.020). 
The combined network of both markers (Fig. 2b) showed a 
greater connectivity (number of connections between popu-
lations) between Sª Grazalema and Sª de las Nieves than 
between these mountain ranges and Sª Bermeja. Four popu-
lation connections were observed between Sª Bermeja and Sª 
de las Nieves, which were weaker than the only connection 
found between Sª Bermeja and Sª Grazalema (which still 
remained at the P = 0.015 significance level). Only the con-
nections between populations present within each mountain 
range, and between populations of Sª de las Nieves and Sª 
Grazalema, remained when the significance level increased 
to a higher value (P = 0.010), remaining Sª Bermeja isolated 
from the other two mountain ranges.

Historical demographic events: quantification 
and dating of demographic bottlenecks

ABC demographic inference analyses showed that the 
‘synchronic divergence’ (scenario 1) and the ‘synchronic 
divergence with general bottleneck’ (scenario 4) were the 
most likely scenarios that would have underlain the observed 
genetic population divergence across mountain ranges 
(Fig. 3), with a posterior probability (95% confidence inter-
val) of 0.4066 (0.3131–0.5001) and 0.9080 (0.9030–0.9130) 
for cpSSRs and nSSRs, respectively (Table S5). cpSSRs 
showed that the mean values of the posterior distribution 
of the population sizes were 9750, 4510, 2350, and 781 for 
Na1, N1, N2, and N3, respectively, which indicates that N1, 
N2, and N3 diverged 46.8 (13.1–147) generations ago (t2), 
corresponding to 936 (262–2940) yr BP. In addition, these 
markers showed a general bottleneck at 30.4 (10–104) gen-
eration ago (t1), which corresponds to 608 (200–2080) yr 
BP, where the mean value of the posterior distribution of 
the population size after the bottleneck were 461, 715, and 
185 for Sª de las Nieves (N1bot), Sª de Grazalema (N2bot) 
and Sª Bermeja (N3bot), respectively (see Table S6). nSSRs 
showed that the mean values of the posterior distribution 
of the population sizes were 3520, 1170, 349, and 74.6 for 
the ancestral population (Na1), Sª de las Nieves (N1), Sª de 
Grazalema (N2), and Sª Bermeja (N3), respectively, which 
indicates that N1, N2, and N3 diverged 21.8 (1–102) gen-
erations ago (t2), corresponding to 436 (21.8–2040) yr BP 
(Table S6).

The results of the maximum likelihood estimation under 
the single population model with a single continuous past 
variation in population size were mostly congruent with 
ABC analyses. Significant population contractions between 

the ancestral and the current A. pinsapo populations were 
detected for the three mountain ranges for cpSSR genetic 
markers. Additionally, significant population bottlenecks 
were detected for Sª Bermeja and Sª de Grazalema for nSSR 
genetic markers, whereas N-ratio was not significantly dif-
ferent from 1.0 in Sª de las Nieves (see Table S7).

Discussion

Contrasted genetic diversity patterns 
among markers

The global pattern observed in our study supports a high 
population genetic diversity for plastidial and nuclear mark-
ers, which contrasted with the long-term isolation and the 
relict character of this species (Hampe and Petit 2005; 
Hampe and Jump 2011). Similar genetic diversity values 
have been previously shown in A. pinsapo (Terrab et al. 
2007; Dering et al. 2014; Sánchez-Robles et al. 2014b; 
Cobo-Simón et al. 2020), as well as in other relict Mediter-
ranean firs, such as those from north Africa (A. marocana, 
A. tazaotana, and A. numidica; Terrab et al. 2007; Sánchez-
Robles et al. 2014b) and the eastern Mediterranean fir group 
(Awad et al. 2014; Hrivnák et al. 2017). These studies found 
relatively high within-population genetic diversity, as a pre-
sumable consequence of recurrent admixture events among 
isolated populations (Aleksić and Geburek 2014). This is 
contrary to what has been observed in conifers with wide 
distribution range, where high genetic diversity relies on 
their vast population sizes (Vendramin et al. 1999; Bouillé 
and Bousquet 2005).

On the one hand, genetic diversity for the plastidial mark-
ers was similar to that obtained by Sánchez-Robles et al. 
(2014b) and Cobo-Simón et al. (2020). The larger sam-
pling in our study did not result in an increase in cpSSR 
genetic diversity, suggesting that populations show similar 
diversity values along the complete range. Regarding the 
nSSR markers, the genetic diversity obtained in our study 
revealed that, overall, the pinsapo fir exhibits a high genetic 
diversity (overall mean He = 0.523; overall mean Ne = 2.63), 
which was largely congruent with previous results (mean 
He = 0.596; mean Ne = 2.83), using the same markers (Cobo-
Simón et al. 2020).

Remarkably, there was incongruence in terms of genetic 
diversity between cpSSRs and nSSRs, which showed dif-
ferent patterns for the different mountain ranges. This could 
be due to the fact that genetic diversity can be considered 
from two different methodological perspectives for haploid 
and diploid genomes: genetic identity and heterozygosity. 
Considering that plastidial markers are more sensitive to 
genetic drift than nuclear ones (Birky et al. 1983; Birky 
1995), populations with a small effective size would be 
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much more affected by stochastic effects than large popula-
tions. Therefore, the former ones could differentiate more 
easily by the fixation of different alleles (Wright 1982; Slat-
kin 1985). Moreover, being other factors equal (as mutation 
rates), this would increase the global genetic diversity when 
all populations are considered as a whole (Wahlund 1928). 
In this way, Sª Bermeja, with the smallest size in comparison 
to the rest of mountain ranges, could be the most affected 
one by drift processes. This is supported by the greatest 
genetic differentiation among its populations. Moreover, its 
FIS values, the lowest ones in comparison to those from Sª 

de Grazalema and Sª de las Nieves, might also be explained 
by drift, but by selection based on inbreeding depression as 
well (Table 2). By contrast, due to their larger sizes, Sª de 
Grazalema and Sª de las Nieves mountain ranges would be 
less affected; congruently, populations within these ranges 
were genetically more similar (lower FST values).

It is noteworthy that a potential relationship between 
genetic diversity and altitude, which might be based on 
lithology, slope, land-use history, or climate change refuges 
(Feurdean et al. 2013), was not found. In addition, a relation-
ship of isolation by distance was detected for the plastidial 

Scenario 1. Synchronic divergence

000

t2t2t2

N2N1 N3
000

t1t1

t2t2

000

t1

t2t2t2

N2N1 N3

N3bot

N1a

000

t1t1t1

t2t2t2

N2N1 N3

N1a
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N2N1 N3

N1a N1a

N1b

nSSR

cpSSR

Scenario 2. Asynchronic divergence

Scenario 4. Synchronic divergence and general bottleneckScenario 3. Synchronic divergence and N3 bootleneck

Fig. 3  Results of the model comparison using approximate Bayes-
ian computation analyses (ABC) for the cpSSR and the nSSR mark-
ers. Four evolutionary scenarios are represented and the most prob-
able scenarios are indicated in orange (cpSSRs) and yellow (nSSRs). 

N1: Sª de las Nieves; N2: Sª de Grazalema; N3: Sª Bermeja; 0: recent 
time; t1: split and bottleneck time; t2: split time. (Colour figure 
online)
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markers, resulting in lower genetic diversity values (this 
effect was not detected for the nuclear ones).

Regarding the nSSRs, it is remarkable the high presence 
of null alleles found for most loci, as well as the presence of 
endogamous effects when all populations were considered as 
a whole or grouped into the mountain range they belonged to 
(with the exception of Sª Bermeja). However, these effects 
disappeared when populations were considered indepen-
dently. This lack of congruence could be due to the Wahl-
und effect (Wahlund 1928), where an excess of observed 
homozygotes (greater expected than observed heterozygo-
sity) results from merging of populational units rather than 
to the presence of null alleles or inbreeding effects them-
selves, indicating that the mountain ranges as a whole could 
be composed by small nuclei isolated from each other, which 
is consistent with the isolation effect found.

Low genetic structure but incipient differentiation

The results obtained by the AMOVA, the Bayesian analyses 
and the phylogeographic tests indicated a low genetic struc-
ture when all populations were considered globally, which 
is congruent with a previous study using AFLP markers 
(Sánchez-Robles et al. 2014b). However, there are some 
signs of genetic structure at a mountain range level. Overall, 
the cpSSR markers showed greater genetic differentiation 
(FST = 0.196) than the nSSR markers (FST = 0.099). Addi-
tionally, the restricted pollen dispersal of the genus Abies 
in general (Mazier et al. 2008) and A. pinsapo in particular 
(average pollen dispersal distance of 113–227 m; Sánchez-
Robles et al. 2014a) would increase the drift effect due to 
the limited gene flow, also for cpSSRs.

The results obtained by the analyses of molecular vari-
ance (AMOVAs), population covariance graphs and the 
Monmonier algorithm were congruent with the highest dif-
ferentiation found in Sª Bermeja, which had the smallest 
population size of the three mountain ranges and, therefore, 
where drift could act faster (Wright 1982; Nora et al. 2011). 
The FST value found for both markers were two times higher 
for Sª Bermeja than for Sª de las Nieves and Sª de Grazal-
ema populations, suggesting that Sª Bermeja populations, 
despite their proximity (see Fig. 1), were more differentiated 
than those from Sª de las Nieves and Sª de Grazalema, both 
with a similar genetic differentiation value. Moreover, the 
phylogeographic tests for the cpSSR markers indicated that 
Sª Bermeja was genetically closer to Sª de Grazalema than 
to Sª de las Nieves. This relationship was also indicated by 
the genetic covariance graphs (Fig. 2b), where population 
connections between these two mountain ranges showed 
greater significance values. However, we found this phylo-
geographic signal between both mountain ranges only for 
one marker. This, together with the high number of connec-
tions, although less significant, present between Sª Bermeja 

and Sª de las Nieves populations in the genetic covariance 
graphs, suggest that this differentiation is very weak, and 
that it may indicate a practically contemporary separation of 
Sª Bermeja from the other two mountain ranges.

Recent divergence and demographic decline 
of the pinsapo fir

In this regard, the results obtained by the ABC analyses point 
to ‘synchronic divergence with general bottleneck’ scenario 
as the most probable scenario for the cpSSR markers. For 
nSSRs, the ‘synchronic divergence’ among the three moun-
tain ranges was the most probable one. However, according 
to the posterior probability obtained (95% CI), there was 
no significant difference between both scenarios. However, 
population bottlenecks were also suggested by the Migraine 
analysis of nSSR and cpSSR but just for Sª de Grazalema 
and Sª Bermeja mountain ranges. Sª de las  Nieves would 
have maintained its effective population size in spite of the 
population decline. The ABC- and Migraine-based estimates 
for divergence times and effective population sizes should be 
considered a crude approximation since these algorithms do 
not take into account continuous migration or pollen-medi-
ated gene flow, which counteracts differentiation, underes-
timating the assessed divergence and bottleneck time values 
(van Loo et al. 2015; Hrivnák et al. 2017).

Evidences of genetic isolation and genetic drift found for 
geographically isolated populations within each mountain 
range indicated a restricted gene flow. Furthermore, the 
fact that no significant effect of inbreeding was found when 
populations were considered individually, even for the most 
isolated and less diverse populations, supported that the cur-
rent distribution of A. pinsapo could have originated from 
a relatively recent fragmentation (given the longevity of the 
species), probably due to unfavorable environmental condi-
tions, recurrent fires and/or human activity (Becerra Parra 
2006; Soto García 2006; Linares et al. 2009; Esteban et al. 
2010), still maintaining levels of heterozygosity that are high 
enough to allow these symptoms to manifest.

A. pinsapo would have suffered expansion and contrac-
tions in its distribution range due to climatic oscillation 
along the Holocene (Alba-Sánchez et al. 2010). The Abies 
macro- and microfossil records found in localities in the 
south of the Iberian Peninsula, where it is not present today, 
leave evidence of the presence of the Spanish fir after the 
Holocene Thermal Maximum (c. 6000 yr BP), even in the 
last two millennia (Pantaléon-Cano et al. 2003; Olmedo-
Cobo et al. 2017; Pardo-Martínez et al. 2021). Moreover, a 
palaeoecological study for the recent Holocene indicates an 
initial phase of great stability during the Islamic period, fol-
lowed by significant degradation after Christian reconquest 
(ca. 1487–1530 cal AD). The Modern Era (1530–1800 cal 
AD) marked the beginning of forest management with cycles 
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of conservation and deforestation related to the use of the 
Spanish fir for the construction of road network and iron 
foundry, among other uses (Guzmán Álvarez et al. 2013). 
After that, there was a progressive reduction in its represen-
tation until current date (Alba-Sánchez et al. 2018).

Finally, all western Mediterranean firs are narrow endem-
ics and many populations have undergone considerable 
reductions in historical times due to an intensive manage-
ment that has stretched well into the twentieth century. For 
A. pinsapo, many studies and recent historical photographs 
(Barbey 1931; Ceballos and Vicioso 1933; Gil Albarracín 
2002; Garrido Domínguez 2006; Becerra Parra 2006; among 
others) suggest that the pinsapo fir landscapes have suffered 
depletion since the middle of the eighteenth century and, 
especially, during the nineteenth century, as a consequence 
of higher demand for coal, firewood and beams for con-
struction. Additionally, the overgrazing derived from the 
numerous goat and sheep herds would have avoided further 
regeneration, added to the action of fires in reducing the area 
of the species. Nevertheless, the recent (last half of the twen-
tieth century) expansion of several fragmented populations 
of A. pinsapo from scattered remaining stands, following the 
implementation of conservation measures (Guzmán Álvarez 
et al. 2013), could have diluted some populational differen-
tiations and bottlenecks (e.g., Sª de Grazalema).

Implications for conservation

Our results showed that A. pinsapo populations have appar-
ently been able to maintain relatively high levels of plas-
tidial DNA diversity. Moreover, their genetic variation is 
little structured and the evolutionary “uniqueness” of single 
populations (in terms of endemic haplotypes; see Petit et al. 
2003; Hampe and Petit 2005) is, therefore, relatively low.

The observed molecular patterns have several implica-
tions for the conservation and management of the species. 
The 44 A. pinsapo populations, taken as a whole, represent 
two delimited major evolutionarily units (ESUs): Sierra de 
Grazalema-Sierra de las Nieves vs. Sierra Bermeja (Moritz 
1994). Most stands could serve as sources of plant material 
for restoration programs, although populations from Horno 
de la Miera, Sª del Pinar, and Sª de Zafalgar (from Sª de 
Grazalema), Los Sauces, Cubero, Caucón, Lajar, Froncaile, 
Yedra, Navas, Pilones, Cañada del Cuerno, Cañadas bajo, 
Cañada de Enmedio, and Cañada de las Ánimas (from Sª de 
las Nieves), and stands from the southern area of Sª Bermeja 
seem to be the most suitable ones in terms of haplotype rich-
ness (for more details, see Fig. S4). Genetic factors such as 
inbreeding depression may be of relatively little importance 
for population performance. Hence, conservation measures 
should mainly dealing to diminish the probability of sto-
chastic events such as fires and the prevention of further 
habitat loss due to climate change and/or human impact. 

The endangered situation of this species under a climate 
change scenario might be enhanced, regarding conservation 
and adaptive management insights. Recent climate change 
has been related to increasing drought and A. pinsapo for-
est decline. Recurrent mortality events, mainly at low-ele-
vation sites within the elevation range of A. pinsapo have 
been noted, whilst the high-elevation sites yielded a recent 
growth enhancement and increasing forest cover. Given the 
limited migration potential of this climate relict, adaptive 
management programs should consider assisted migra-
tion, upward in elevation or searching for potential sites by 
species distribution modelling for the conservation of this 
species. Furthermore, despite it is not plausible the exist-
ence contrasting lineages inhabiting every single population 
within the mountain ranges, the existence of gene frequency 
shifts associated with drought-induced mortality suggests 
some selective pressures that might enhance the differentia-
tion (see for instance, Kuparinen et al. 2010; Cobo-Simón 
et al. 2021). Finally, collections of plant material for ex-situ 
activities or restoration programs could help by maximiz-
ing the number of populations rather than the number of 
individuals within populations.

Conclusions

This study contributes to a better understanding of the effects 
of historical climatic and recent anthropogenic changes on 
forest species inhabiting managed landscapes. Analyses sug-
gest the existence of significant bottlenecks. This, together 
with genetic drift and isolation by distance, underlies the 
current genetic diversity distribution of the pinsapo fir across 
mountain ranges.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10342- 022- 01467-3.

Acknowledgements This work was funded by FEDER funds allocated 
to projects from the Junta de Andalucía, “Consejería de Economía y 
Conocimiento” and the Spanish Ministerio de Economía y Competitivi-
dad (P08-RNM-03703, P18-RT-1170 and CGL2013-45463-P). JMS-R 
was supported by a PhD fellowship from the Junta de Andalucía. CG 
was funded by the Investigator FCT Programme (IF/01375/2012) 
and EXPANDTREE (PTDC/BIA-BIC/5233/2014—POCI-01-0145-
FEDER-016817). We thank L. Navarro-Sampedro and M. Lorenzo 
for helpful advice in the laboratory. Finally, the University of Seville 
Biology Service (CITIUS) allowed the use of its facilities. A very spe-
cial posthumous acknowledgement goes to JLG-C, which studied the 
genetic structure of Abies in the last years. Rest in peace.

Authors contribution This research was part of JMS-R's PhD thesis, 
which focused on gene flow and genetic structure of Abies pinsapo. 
JLG-C, FB and AT contributed to field sampling, data analyses and 
paper writing. CG contributed to data analyses. ST substantially con-
tributed to the conception and design of this work. All authors contrib-
uted to the elaboration of the manuscript.

https://doi.org/10.1007/s10342-022-01467-3


661European Journal of Forest Research (2022) 141:649–663 

1 3

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Alba-Sánchez F, López-Sáez A, Benito de Pando B, Linares JC, Nieto-
Lugilde D, López-Merino L (2010) Past and present potential dis-
tribution of the Iberian Abies species: a phytogeographic approach 
using fossil pollen data and species distribution models. Divers 
Distrib 16:214–228. https:// doi. org/ 10. 1111/j. 1472- 4642. 2010. 
00636.x

Alba-Sánchez F, Abel-Schaad D, López-Sáez JA, Ruiz SS, Pérez-Díaz 
S, González-Hernández A (2018) Paleobiogeography of Abies 
spp. and Cedrus atlantica in the Western Mediterranean (Iberian 
Peninsula and Morocco). Ecosistemas 27:26–37. https:// doi. org/ 
10. 7818/ ECOS. 1441

Alba-Sánchez F, López-Sáez A, Abel-Schaad D, Sabariego Ruiz S, 
Pérez-Díaz S, González-Hernández A, Linares JC (2019) The 
impact of climate and land-use changes on the most southerly 
fir forests (Abies pinsapo) in Europe. Holocene 29:1176–1188. 
https:// doi. org/ 10. 1177/ 09596 83619 838043

Aleksić JM, Geburek T (2014) Quaternary population dynamics of an 
endemic conifer, Picea omorika, and their conservation impli-
cations. Conserv Genet 15:87–107. https:// doi. org/ 10. 1007/ 
s10592- 013- 0523-6

Arista M, Talavera S (1994) Pollen dispersal capacity and pollen viabil-
ity of Abies pinsapo Boiss. Silvae Genet 43:2–3 

Arista M, Talavera S (1997) Gender expression in Abies pinsapo 
Boiss., a Mediterranean fir. Ann Bot 79:337–342. https:// doi. org/ 
10. 1006/ anbo. 1996. 0353

Avise JC (2004) Molecular markers, natural history and Evolution. 
Sinauer Associates, Sunderland

Awad L, Fady B, Khater C, Roig A, Cheddadi R (2014) Genetic struc-
ture and diversity of the endangered fir tree of Lebanon (Abies 
cilicica Carr.): Implications for conservation. PLoS One 9:e90086. 
https:// doi. org/ 10. 1371/ journ al. pone. 00900 86

Balao F, Lorenzo MT, Sánchez-Robles JM, Paun O, García-Castaño 
JL, Terrab A (2020) Early diversification and permeable species 
boundaries in the Mediterranean firs. Ann Bot 125:495–507. 
https:// doi. org/ 10. 1093/ aob/ mcz186

Balkenhol N, Cushman SA, Storfer AT, Waits LP (2016) Landscape 
genetics. Concepts, methods, and applications. John Wiley & 
Sons, Chichester

Barbey A (1931) A través de los bosques de pinsapo de Andalucía. 
Librairie Agricole, París. Seville: Consejería de Medio Ambiente 
edition (Junta de Andalucía, 1996)

Beaumont MA, Zhang W, Balding DJ (2002) Approximate Bayesian 
computation in population genetics. Genetics 162:2025–2035. 
https:// doi. org/ 10. 1093/ genet ics/ 162.4. 2025

Becerra Parra M (2006) Ordenación y aprovechamiento de los pin-
sapares rondeños durante el siglo XIX. La memoria de Antonio 
Láynez. Editorial La Serranía, SLL, Ronda

Birky CW (1995) Uniparental inheritance of mitochondrial and chloro-
plast genes: mechanisms and evolution. Proc Natl Acad Sci USA 
92:11331–11338. https:// doi. org/ 10. 1073/ pnas. 92. 25. 11331

Birky CW, Maruyama T, Fuerst P (1983) An approach to population 
and evolutionary genetic theory for genes in mitochondria and 
chloroplasts, and some results. Genetics 103:513–527. https:// doi. 
org/ 10. 1093/ genet ics/ 103.3. 513

Bouillé M, Bousquet J (2005) Trans-species shared polymorphisms at 
orthologous nuclear gene loci among distant species in the conifer 
Picea (Pinaceae): implications for the long-term maintenance of 
genetic diversity in trees. Am J Bot 92:63–73. https:// doi. org/ 10. 
3732/ ajb. 92.1. 63

Canty A, Ripley B (2019) boot: Bootstrap R (S-Plus) functions. R 
package version 1, pp 2–43

Ceballos L, Vicioso C (1933) Estudio sobre la vegetación y la flora 
forestal de la provincia de Málaga. Instituto Forestal de Investi-
gaciones y Experiencias, Madrid

Cobo-Simón I, Méndez-Cea B, Jumpc AS, Seco J, Gallego FJ, Linares 
JC (2020) Understanding genetic diversity of relict forests. Link-
ing long-term isolation legacies and current habitat fragmentation 
in Abies pinsapo Boiss. For Ecol Manag 461:117947. https:// doi. 
org/ 10. 1016/j. foreco. 2020. 117947

Cobo-Simón I, Méndez-Cea B, Seco JI, Wegrzyn J, Linares JC, Gal-
lego FJ (2021) Gene frequency shift in relict Abies pinsapo forests 
associated with drought-induced mortality: preliminary evidence 
of local-scale divergent selection. Forests 12:1220. https:// doi. org/ 
10. 3390/ f1209 1220

Cornuet JM, Pudlo P, Veyssier J, Dehne-García A, Gautier M, Leblois 
R, Marín JM, Estoup A (2014) DIYABC v2.0: a software to make 
approximate Bayesian computation inferences about population 
history using single nucleotide polymorphism, DNA sequence and 
microsatellite data. Bioinformatics 30:1187–1189. https:// doi. org/ 
10. 1093/ bioin forma tics/ btt763

Cornuet JM, Santos F, Beaumont MA, Robert CP, Marin JM, Balding 
DJ, Guillemaud T, Estoup A (2018) Inferring population history 
with DIY ABC: a user-friendly approach to approximate Bayes-
ian computation. Bioinformatics 24:2713–2719. https:// doi. org/ 
10. 1093/ bioin forma tics/ btn514

Cremer E, Liepelt S, Sebastiani F, Buonamici A, Michalczyk IM, 
Ziegenhagen B, Vendramin GG (2006) Identification and char-
acterization of nuclear microsatellite loci in Abies alba Mill. Mol 
Ecol Notes 6:374–376. https:// doi. org/ 10. 1111/j. 1471- 8286. 2005. 
01238.x

Dale VH (1997) The relationship between land-use change and cli-
mate change. Ecol Appl 7:753–769. https:// doi. org/ 10. 1890/ 1051- 
0761(1997) 007[0753: TRBLUC] 2.0. CO;2

Dering M, Sękiewicz K, Boratyńska K, Litkowiec M, Iszkuło G, Romo 
A, Boratyński A (2014) Genetic diversity and inter-specific rela-
tions of western Mediterranean relic Abies taxa as compared to 
the Iberian A. alba. Flora 209:367–374. https:// doi. org/ 10. 1016/j. 
flora. 2014. 03. 011

Di Marco M, Santini L (2015) Human pressures predict species’ geo-
graphic range size better than biological traits. Glob Chang Biol 
21:2169–2178. https:// doi. org/ 10. 1111/ gcb. 12834

Dyer RJ (2013) Popgraph: this is an R package that constructs and 
manipulates population graphs. R package v1.2

Dyer RJ, Nason JD (2004) Population graphs: the graph theoretic shape 
of genetic structure. Mol Ecol 13:1713–1727. https:// doi. org/ 10. 
1111/j. 1365- 294X. 2004. 02177.x

Dyer RJ, Nason JD, Garrick RC (2010) Landscape modelling of gene 
flow: improved power using conditional genetic distance derived 
from the topology of population networks. Mol Ecol 19:3746–
3759. https:// doi. org/ 10. 1111/j. 1365- 294X. 2010. 04748.x

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1472-4642.2010.00636.x
https://doi.org/10.1111/j.1472-4642.2010.00636.x
https://doi.org/10.7818/ECOS.1441
https://doi.org/10.7818/ECOS.1441
https://doi.org/10.1177/0959683619838043
https://doi.org/10.1007/s10592-013-0523-6
https://doi.org/10.1007/s10592-013-0523-6
https://doi.org/10.1006/anbo.1996.0353
https://doi.org/10.1006/anbo.1996.0353
https://doi.org/10.1371/journal.pone.0090086
https://doi.org/10.1093/aob/mcz186
https://doi.org/10.1093/genetics/162.4.2025
https://doi.org/10.1073/pnas.92.25.11331
https://doi.org/10.1093/genetics/103.3.513
https://doi.org/10.1093/genetics/103.3.513
https://doi.org/10.3732/ajb.92.1.63
https://doi.org/10.3732/ajb.92.1.63
https://doi.org/10.1016/j.foreco.2020.117947
https://doi.org/10.1016/j.foreco.2020.117947
https://doi.org/10.3390/f12091220
https://doi.org/10.3390/f12091220
https://doi.org/10.1093/bioinformatics/btt763
https://doi.org/10.1093/bioinformatics/btt763
https://doi.org/10.1093/bioinformatics/btn514
https://doi.org/10.1093/bioinformatics/btn514
https://doi.org/10.1111/j.1471-8286.2005.01238.x
https://doi.org/10.1111/j.1471-8286.2005.01238.x
https://doi.org/10.1890/1051-0761(1997)007[0753:TRBLUC]2.0.CO;2
https://doi.org/10.1890/1051-0761(1997)007[0753:TRBLUC]2.0.CO;2
https://doi.org/10.1016/j.flora.2014.03.011
https://doi.org/10.1016/j.flora.2014.03.011
https://doi.org/10.1111/gcb.12834
https://doi.org/10.1111/j.1365-294X.2004.02177.x
https://doi.org/10.1111/j.1365-294X.2004.02177.x
https://doi.org/10.1111/j.1365-294X.2010.04748.x


662 European Journal of Forest Research (2022) 141:649–663

1 3

Earl DA, vonHoldt BM (2012) STRU CTU RE HARVESTER: a website 
and program for visualizing STRU CTU RE output and implement-
ing the Evanno method. Conserv Genet Resour 4:359–361. https:// 
doi. org/ 10. 1007/ s12686- 011- 9548-7

Esteban LG, de Palacios P, Aguado LRL (2010) Abies pinsapo forests 
in Spain and Morocco: threats and conservation. Oryx 44:276–
284. https:// doi. org/ 10. 1017/ S0030 60531 00001 90

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clus-
ters of individuals using the software Structure: a simulation 
study. Mol Ecol 14:2611–2620. https:// doi. org/ 10. 1111/j. 1365- 
294X. 2005. 02553.x

Excoffier L, Laval G, Schneider S (2005) Arlequin (version 3.0): an 
integrated software package for population genetics data analy-
sis. Evol Bioinform 1:47–50. https:// doi. org/ 10. 1177/ 11769 34305 
00100 003

Feurdean A, Bhagwat SA, Willis KJ, Birks HJB, Lischke H, Hickler T 
(2013) Tree migration-rates: narrowing the gap between inferred 
post-glacial rates and projected rates. PLoS ONE 8(8):e71797. 
https:// doi. org/ 10. 1371/ journ al. pone. 00717 97

Frankham R, Ballou JD, Eldridge MDB, Dudash MR, Fenster CB, 
Lacy RC, Sunnucks P (2017) Genetic management of fragmented 
animal and plant populations. Oxford University Press, Oxford

Garrido Domínguez A (2006) Viajeros del XIX cabalgan por la Ser-
ranía de Ronda. El camino inglés. Editorial la Serranía, Ronda

Gil Albarracín A (ed) (2002) Simón de Rojas Clemente Rubio. Viaje a 
Andalucía. Historia Natural del Reino de Granada (1804–1809). 
GBG Editora, Almería-Barcelona

Goslee SC, Urban D (2007) The ecodist package for dissimilarity-based 
analysis of ecological data. J Stat Softw 22:1–19. https:// doi. org/ 
10. 18637/ jss. v022. i07

Goudet J (2001) Fstat, a program to estimate and test gene diversities 
and fixation indices version 2.9.3. Website https:// www2. unil. ch/ 
popgen/ softw ares/ fstat. html

Guzmán Álvarez JR, Catalina MÁ, Navarro Cerrillo RM, Quinta-
nilla JL, Sánchez Salguero R (2013) Los paisajes del pinsapo a 
través del tiempo. In Los pinsapares en Andalucía (Abies pinsapo 
Boiss.): conservación y sostenibilidad en el siglo XXI. Universi-
dad de Córdoba, Córdoba

Hampe A, Jump AS (2011) Climate relicts: past, present and future. 
Annu Rev Ecol Evol Syst 42:313–333. https:// doi. org/ 10. 1146/ 
annur ev- ecols ys- 102710- 145015

Hampe A, Petit RJ (2005) Conserving biodiversity under climate 
change: the rear edge matters. Ecol Lett 8:461–467. https:// doi. 
org/ 10. 1111/j. 1461- 0248. 2005. 00739.x

Hansen OK, Kjær ED, Vendramin GG (2005) Chloroplast microsatel-
lite variation in Abies nordmanniana and simulation of causes 
for low differentiation among populations. Tree Genet Genomes 
1:116–123. https:// doi. org/ 10. 1007/ s11295- 005- 0016-y

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer pro-
gram to analyse spatial genetic structure at the individual or popu-
lation levels. Mol Ecol Notes 2:618–620. https:// doi. org/ 10. 1046/j. 
1471- 8286. 2002. 00305.x

Hardy OJ, Charbonnel N, Fréville H, Heuertz M (2003) Microsatellite 
allele sizes: a simple test to assess their significance on genetic 
differentiation. Genetics 163:1467–1482. https:// doi. org/ 10. 1093/ 
genet ics/ 163.4. 1467

Hewitt GM (2000) The genetic legacy of the ice ages. Nature 405:907–
913. https:// doi. org/ 10. 1038/ 35016 000

Hrivnák M, Paule L, Krajmerová D, Kulaç Ş, Şevik H, Turna İ, Tvauri 
I, Gömöry D (2017) Genetic variation in Tertiary relics: the case 
of eastern Mediterranean Abies (Pinaceae). Ecol Evol 7:10018–
10030. https:// doi. org/ 10. 1002/ ece3. 3519

Johnson PC, Haydon DT (2007) Maximum-likelihood estimation of 
allelic dropout and false allele error rates from microsatellite gen-
otypes in the absence of reference data. Genetics 175:827–842. 
https:// doi. org/ 10. 1534/ genet ics. 106. 064618

Jost L (2008) GST and its relatives do not measure differentiation. Mol 
Ecol 17:4015–4026. https:// doi. org/ 10. 1111/j. 1365- 294x. 2008. 
03887.x

Kuparinen A, Savolainen O, Schurr FM (2010) Increased mortality can 
promote evolutionary adaptation of forest trees to climate change. 
For Ecol Manag 259:1003–1008. https:// doi. org/ 10. 1016/j. foreco. 
2009. 12. 006

Leblois R, Pudl P, Néron J, Bertaux F, Reddy Beeravolu C, Vitalis 
R, Rousset F (2014) Maximum-likelihood inference of popula-
tion size contractions from microsatellite data. Mol Biol Evol 
31:2805–2823. https:// doi. org/ 10. 1093/ molbev/ msu212

Liepelt S, Kuhlenkamp V, Anzidei M, Vendramin GG, Ziegenhagen 
B (2001) Pitfalls in determining size homoplasy of microsatellite 
loci. Mol Ecol Notes 1:332–335. https:// doi. org/ 10. 1046/j. 1471- 
8278. 2001. 00085.x

Linares JC, Delgado-Huertas A, Camarero JJ, Merino J, Carreira JA 
(2009) Competition and drought limit the response of water-use 
efficiency to rising atmospheric carbon dioxide in the Mediterra-
nean fir Abies pinsapo. Oecologia 161:611–624. https:// doi. org/ 
10. 1007/ s00442- 009- 1409-7

Linares JC, Camarero JJ, Carreira JA (2010) Competition modulates 
the adaptation capacity of forests to climatic stress: insights from 
recent growth decline and death in relict stands of the Mediter-
ranean fir Abies pinsapo. J Ecol 98:592–603. https:// doi. org/ 10. 
1111/j. 1365- 2745. 2010. 01645.x

Lynch M, Crease TJ (1990) The analysis of population survey data on 
DNA sequence variation. Mol Biol Evol 7:377–394. https:// doi. 
org/ 10. 1093/ oxfor djour nals. molbev. a0406 07

Manni F, Guerard E, Heyer E (2004) Geographic patterns of (genetic, 
morphologic, linguistic) variation: how barriers can be detected 
by using Monmonier’s algorithm. Hum Biol 76:173–190. https:// 
doi. org/ 10. 1353/ hub. 2004. 0034

Mazier F, Broström A, Gaillard MJ, Sugita S, Vittoz P, Buttler A 
(2008) Pollen productivity estimates and relevant source area of 
pollen for selected plant taxa in a pasture woodland landscape of 
the Jura Mountains (Switzerland). Veg Hist Archaeobot 17:479–
495. https:// doi. org/ 10. 1007/ s00334- 008- 0143-0

Moritz C (1994) Defining evolutionarily significant units for conserva-
tion. Trends Ecol Evol 9:373–375. https:// doi. org/ 10. 1016/ 0169- 
5347(94) 90057-4

Nei M (1972) Genetic distance between populations. Am Nat 106:283–
292. https:// doi. org/ 10. 1086/ 282771

Nei M (1978) Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics 89:583–590. 
https:// doi. org/ 10. 1093/ genet ics/ 89.3. 583

Nielsen R, Tarpy DR, Reeve HK (2003) Estimating effective paternity 
number in social insects and the effective number of alleles in 
a population. Mol Ecol 12:3157–3164. https:// doi. org/ 10. 1046/j. 
1365- 294x. 2003. 01994.x

Nora S, Albaladejo RG, Martínez SG, Robledo-Arnuncio JJ, Aparicio 
A (2011) Movimiento de genes (polen y semillas) en poblaciones 
fragmentadas de plantas. Ecosistemas 20:35–45

Olmedo-Cobo JA, Cunill-Artigas R, Martínez-Ibarra E, Gómez-Zotano 
J (2017) Paleoecology of Abies sp. in Sierra Bermeja (southern 
Iberian Peninsula) during the mid-holocene from a pedoanthra-
cological analysis. Bosque 38:259–270. https:// doi. org/ 10. 4067/ 
S0717- 92002 01700 02000 04

Pantaléon-Cano J, Yll E-I, Pérez-Obiol R, Roure JM (2003) Palyno-
logical evidence for vegetational history in semi-arid areas of the 
western Mediterranean (Almería, Spain). Holocene 13:109–119. 
https:// doi. org/ 10. 1191/ 09596 83603 hl598 rp

Pardo-Martínez R, Gómez-Zotano J, Olmedo-Cobo JA (2021) The 
history of Abies pinsapo during the Holocene in southern Spain, 
based on pedoanthracological analysis. Veget Hist Archaeobot. 
https:// doi. org/ 10. 1007/ s00334- 021- 00855-w

https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1017/S0030605310000190
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1177/117693430500100003
https://doi.org/10.1177/117693430500100003
https://doi.org/10.1371/journal.pone.0071797
https://doi.org/10.18637/jss.v022.i07
https://doi.org/10.18637/jss.v022.i07
https://www2.unil.ch/popgen/softwares/fstat.html
https://www2.unil.ch/popgen/softwares/fstat.html
https://doi.org/10.1146/annurev-ecolsys-102710-145015
https://doi.org/10.1146/annurev-ecolsys-102710-145015
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1007/s11295-005-0016-y
https://doi.org/10.1046/j.1471-8286.2002.00305.x
https://doi.org/10.1046/j.1471-8286.2002.00305.x
https://doi.org/10.1093/genetics/163.4.1467
https://doi.org/10.1093/genetics/163.4.1467
https://doi.org/10.1038/35016000
https://doi.org/10.1002/ece3.3519
https://doi.org/10.1534/genetics.106.064618
https://doi.org/10.1111/j.1365-294x.2008.03887.x
https://doi.org/10.1111/j.1365-294x.2008.03887.x
https://doi.org/10.1016/j.foreco.2009.12.006
https://doi.org/10.1016/j.foreco.2009.12.006
https://doi.org/10.1093/molbev/msu212
https://doi.org/10.1046/j.1471-8278.2001.00085.x
https://doi.org/10.1046/j.1471-8278.2001.00085.x
https://doi.org/10.1007/s00442-009-1409-7
https://doi.org/10.1007/s00442-009-1409-7
https://doi.org/10.1111/j.1365-2745.2010.01645.x
https://doi.org/10.1111/j.1365-2745.2010.01645.x
https://doi.org/10.1093/oxfordjournals.molbev.a040607
https://doi.org/10.1093/oxfordjournals.molbev.a040607
https://doi.org/10.1353/hub.2004.0034
https://doi.org/10.1353/hub.2004.0034
https://doi.org/10.1007/s00334-008-0143-0
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1086/282771
https://doi.org/10.1093/genetics/89.3.583
https://doi.org/10.1046/j.1365-294x.2003.01994.x
https://doi.org/10.1046/j.1365-294x.2003.01994.x
https://doi.org/10.4067/S0717-92002017000200004
https://doi.org/10.4067/S0717-92002017000200004
https://doi.org/10.1191/0959683603hl598rp
https://doi.org/10.1007/s00334-021-00855-w


663European Journal of Forest Research (2022) 141:649–663 

1 3

Petit RJ, Aguinagalde I, de Beaulieu J-L, Bittkau C, Brewer S, Ched-
dadi R, Ennos R, Fineschi S, Grivet D, Lascoux M, Mohanty 
A, Müller-Starck G, Demesure-Musch B, Palmé A, Martín JP, 
Rendell S, Vendramin GG (2003) Glacial refugia: hotspots but not 
melting pots of genetic diversity. Science 300:1563–1565. https:// 
doi. org/ 10. 1126/ scien ce. 10832 64

Pons O, Petit RJ (1996) Measuring and testing genetic differentiation 
with ordered versus unordered alleles. Genetics 144:1237–1245. 
https:// doi. org/ 10. 1093/ genet ics/ 144.3. 1237

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population 
structure using multilocus genotype data. Genetics 155:945–959. 
https:// doi. org/ 10. 1093/ genet ics/ 155.2. 945

Sánchez-Robles JM, Balao F, García-Castaño JL, Terrab A, Navarro-
Sampedro L, Talavera S (2012) Nuclear microsatellite primers 
for the endangered relict fir, Abies pinsapo (Pinaceae) and cross-
amplification in related Mediterranean species. Int J Mol Sci 
13:14243–14250. https:// doi. org/ 10. 3390/ ijms1 31114 243

Sánchez-Robles JM, García-Castaño JL, Balao F, Terrab A, Navarro-
Sampedro L, Tremetsberger K, Talavera S (2014a) Effects of tree 
architecture on pollen dispersal and mating patterns in Abies pin-
sapo Boiss. (Pinaceae). Mol Ecol 23:6165–6178. https:// doi. org/ 
10. 1111/ mec. 12983

Sánchez-Robles JM, Balao F, Terrab A, García-Castaño JL, Ortiz MÁ, 
Vela E, Talavera S (2014b) Phylogeography of SW Mediterranean 
firs: different European origins for the North African Abies spe-
cies. Mol Phylogenet Evol 79:42–53. https:// doi. org/ 10. 1016/j. 
ympev. 2014. 06. 005

Slatkin M (1985) Gene flow in natural populations. Annu Rev Ecol 
Evol Syst 16:393–430. https:// doi. org/ 10. 1146/ annur ev. es. 16. 
110185. 002141

Soto García D (2006) Núcleos residuales de pinsapo perdidos en Anda-
lucía en el siglo XX. For Syst 15(S1):79–86. https:// doi. org/ 10. 
5424/ srf/ 20061 5S1- 00983

Terrab A, Talavera S, Arista M, Paun O, Stuessy TF, Tremetsberger K 
(2007) Genetic diversity and geographic structure at chloroplast 

microsatellites (cpSSRs) in endangered West Mediterranean firs 
(Abies spp., Pinaceae). Taxon 56:409–416. https:// doi. org/ 10. 
1002/ tax. 562012

van Loo M, Hintsteiner W, Pötzelsberger E, Schüler S, Hasenauer H 
(2015) Intervarietal and intravarietal genetic structure in Douglas 
fir: Nuclear SSRs bring novel insights into past population demo-
graphic processes, phylogeography, and intervarietal hybridiza-
tion. Ecol Evol 5:1802–1817. https:// doi. org/ 10. 1002/ ece3. 1435

van Oosterhout C, Hutchinson WF, Wills DP, Shipley P (2004) Micro-
checker: software for identifying and correcting genotyping errors 
in microsatellite data. Mol Ecol Notes 4:535–538. https:// doi. org/ 
10. 1111/j. 1471- 8286. 2004. 00684.x

Vendramin GG, Degen B, Petit RJ, Anzidei M, Madaghiele A, Ziegen-
hagen B (1999) High level of variation at Abies alba chloroplast 
microsatellite loci in Europe. Mol Ecol 8:1117–1126. https:// doi. 
org/ 10. 1046/j. 1365- 294x. 1999. 00666.x

Wahlund S (1928) The combination of populations and the appear-
ance of correlation examined from the standpoint of the study 
of heredity. Hereditas 11:65–106. https:// doi. org/ 10. 1111/j. 1601- 
5223. 1928. tb024 83.x

Wakasugi T, Tsudzuki J, Ito S, Shibata M, Sugiura M (1994) A physi-
cal map and clone bank of the black pine (Pinus thunbergii) chlo-
roplast genome. Plant Mol Biol Report 12:227–241. https:// doi. 
org/ 10. 1007/ BF026 68746

Wright SW (1943) Isolation by distance. Genetics 28:114–138. https:// 
doi. org/ 10. 1093/ genet ics/ 28.2. 114

Wright S (1982) The shifting balance theory and macroevolution. 
Annu Rev Genet 16:1–20. https:// doi. org/ 10. 1146/ annur ev. ge. 
16. 120182. 000245

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1126/science.1083264
https://doi.org/10.1126/science.1083264
https://doi.org/10.1093/genetics/144.3.1237
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.3390/ijms131114243
https://doi.org/10.1111/mec.12983
https://doi.org/10.1111/mec.12983
https://doi.org/10.1016/j.ympev.2014.06.005
https://doi.org/10.1016/j.ympev.2014.06.005
https://doi.org/10.1146/annurev.es.16.110185.002141
https://doi.org/10.1146/annurev.es.16.110185.002141
https://doi.org/10.5424/srf/200615S1-00983
https://doi.org/10.5424/srf/200615S1-00983
https://doi.org/10.1002/tax.562012
https://doi.org/10.1002/tax.562012
https://doi.org/10.1002/ece3.1435
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1046/j.1365-294x.1999.00666.x
https://doi.org/10.1046/j.1365-294x.1999.00666.x
https://doi.org/10.1111/j.1601-5223.1928.tb02483.x
https://doi.org/10.1111/j.1601-5223.1928.tb02483.x
https://doi.org/10.1007/BF02668746
https://doi.org/10.1007/BF02668746
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1146/annurev.ge.16.120182.000245
https://doi.org/10.1146/annurev.ge.16.120182.000245

	Anthropogenic deforestation and climate dryness as drivers of demographic decline and genetic erosion in the southernmost European fir forests
	Abstract
	Introduction
	Materials and methods
	Study site, sampling and genotyping
	Microsatellite genotyping: cpSSRs and nSSRs
	cpSSR and nSSR molecular analyses
	Genetic structure
	Isolation by distance and barriers to gene flow
	Demographic analysis

	Results
	Genetic diversity and spatial distribution of the Spanish fir
	Environmental factors that shape the distribution of the genetic diversity across the landscape
	Historical demographic events: quantification and dating of demographic bottlenecks

	Discussion
	Contrasted genetic diversity patterns among markers
	Low genetic structure but incipient differentiation
	Recent divergence and demographic decline of the pinsapo fir
	Implications for conservation

	Conclusions
	Acknowledgements 
	References




