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Abstract
One of the conservation priorities of the Natura 2000 Network is the ecological connectivity of forests and species of com-
munity interest to facilitate compliance with the obligations of the EU Habitats Directive. The location of paleo-populations 
and past distribution areas is a first step towards creating an ecological corridor which, with the protection enjoyed by 
Special Areas of Conservation, could positively impact the resilience of forest species in the face of Climate Change. The 
endangered relict forests of Spanish fir (Abies pinsapo) are endemic in the Serranía de Ronda (Baetic Cordillera, Southern 
Spain) and form a highly fragmented habitat of community interest. Amongst these forests, the Spanish fir forests that grow 
on serpentine soils are particularly interesting. This ultramafic mountain range has suffered the highest recurrence of forest 
fires in all the Serranía de Ronda, and as a result, the Spanish fir forests have been subject to processes of local extinction 
throughout history. In this research, we used pedoanthracology to uncover ancient locations of Abies pinsapo; in this way, 
forest fires are the main cause of the disappearance of this emblematic species in Sierra Bermeja, and their charcoal remains 
allowed us to make a precise reconstruction of its past distribution area. On the basis of the data obtained, an ecological 
corridor linking these relict forests was proposed. This corridor has now begun to be implemented with the participation of 
public and private social agents.
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Introduction

The temperate Mediterranean Mountains of Europe host crit-
ical natural forest systems which make up habitats of interest 
and are a refuge for relict and/or endangered emblematic tree 
species located at the southern and altitudinal extremes of 
their geographical distribution areas (López-Albarrado and 
Farris 2022; Médail and Diadema 2009; Médail et al. 2019). 
The preservation of these orophile forests has been and con-
tinues to be an essential objective in government policies to 
ensure nature conservation and sustainable development in 
countries, such as Spain, France, Italy, Greece, or Portugal. 
In these countries, mountains and forests were among the 
first places to arouse public interest in nature protection, and 

their eco-cultural values were recognized in the declarations 
of the first National Parks. They have also been the subject 
of the most recent protection actions at the European level 
in that the EU’s Natura 2000 Network is primarily made up 
of forests (Brambilla et al. 2015; Catalan et al. 2017; Kula-
kowski et al. 2017).

In this sense, and within the framework of the conserva-
tion priorities established in the management plans of the 
Special Areas of Conservation (SAC) of the Natura 2000 
Network, declared as such because of the importance of their 
natural forest systems, particular emphasis is being placed 
on the ecological connectivity of both forest formations and 
species of community interest (Jongman 1995; Pino and 
Marull 2012; Van der Windt and Swart 2007). The preser-
vation of montane conifer forests made up of paleo-endemic, 
endangered species is of particular interest, especially in the 
case of Mediterranean forests situated at the southern and 
altitudinal extremes of their geographic distribution area and 
included in the Natura 2000 Network (Becker et al. 2007; 
Holtmeier and Broll 2007; Ruíz-Labourdette et al. 2013).
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However, the degree to which the management plans set 
out in this European framework have been implemented var-
ies significantly from country to country. In Spain, for exam-
ple, the limited implementation of these plans has resulted in 
numerous Habitats of Community Interest (HCI) containing 
montane conifer forests suffering excessive fragmentation 
due to deforestation, grazing, and forest fires over the cen-
turies. This highly fragmented forest pattern is associated 
with a qualitative reduction in connectivity, which harms the 
resilience of many organisms in the face of Climate Change 
(Krosby et al. 2010).

One clear example is the Spanish fir or Abies pinsapo 
Boiss. (HIC 9250), relict tree formations descended from 
ancient tertiary forests, which find biogeographical refuge 
in relatively inaccessible mountain enclaves in the Serranía 
de Ronda (Andalusia, Spain). These include SAC Sierra 
Bermeja y Real; SAC Los Reales de Sierra Bermeja; SAC 
Sierra de las Nieves; SAC Sierra de Grazalema; SAC Sierra 
Blanca. A survivor of the postglacial retreat of the south-
ernmost Mediterranean fir forests, this species is classified 
as endangered under Andalusian Law (Law 8/2003, of 28th 
October, on Wild Flora and Fauna).

Within its small distribution area, the Spanish fir is espe-
cially endangered in the ultramafic massif of Sierra Ber-
meja, where a centuries-long process of local extinctions has 
combined with a current alarming situation of isolation of 
its populations due to the fragmentation of its habitat. This 
jeopardizes the viability and gene exchange of this circum-
Mediterranean fir species on serpentine soils (Arista 1995; 
Gómez-Zotano and Olmedo-Cobo 2021; Guzmán et  al. 
2012; Linares 2011; Linares et al. 2009; Olmedo-Cobo 
et al. 2017; Pérez-Latorre et al. 2001). The main risk factors 
threatening A. pinsapo today are forest fires, the isolation of 
the populations and their monostructural characteristics, the 
alteration of their habitats, diseases associated with fungi 
and insects, and to a lesser extent, hybridization and atmos-
pheric pollution (López-Quintanilla 2013). These factors 
have partially halted the recovery that the species had been 
showing since the mid-twentieth century once the anthropic 
pressure (in the form of tree felling, charcoal making and 
overgrazing) on its ecological niches had subsided.

Although there have been significant advances in the 
paleo-biogeographical knowledge of this species in recent 
years, there is a lack of paleo-ecological analyses that com-
plement the small number of palynological and pedoanthra-
cological studies so far conducted in Spanish fir refuge areas 
(Alba-Sánchez and López-Sáez 2013; Gómez-Zotano and 
Olmedo-Cobo 2021; Gómez-Zotano et al. 2017; Olmedo-
Cobo et al. 2017, 2021; Pardo-Martínez 2020; Pardo-Mar-
tínez et al. 2021).

These forests are essential for the ecological continuity 
of this species and remain exposed to real threats which 
have devastated these forests in the last centuries. With this 

premise, a series of hypotheses were established for this 
research:

(a) The existence in the past of more extensive, more con-
tinuous distribution areas of A. pinsapo in Sierra Bermeja 
based on evidence from historical sources, studies of its 
present-day habitats, and species distribution models 
(SDMs).
(b)  The deteriorated state of conservation of A. pinsapo 
in Sierra Bermeja is a sign that this species is on the point 
of local extinction and, consequently, must be treated as 
an endangered, highly unusual relict species.
(c) The ecological conditions of the micro-habitats where 
these conifers take refuge and the demographic character-
istics of their populations make natural regeneration and 
expansion very difficult.
(d)  The recovery of these conifers seems possible 
through the establishment of a suitable strategy for their 
conservation based on the protection of their ecological 
niches, particularly reforestation.

Bearing in mind these initial hypotheses and the conserva-
tion priorities of the SAC of forestry interest. This research aims 
to develop a proposal to improve the ecological and landscape 
quality and connectivity of the serpentine-soil Spanish fir forests 
of Sierra Bermeja based on past locations of Abies sp. discov-
ered through pedoanthracological analysis (populations that 
have disappeared after being subject to recurrent fires through-
out the Holocene). The data obtained enabled us to propose a 
solid model for an ecological corridor linking the Spanish fir 
forests. We also aim to transfer the results of this research to 
the relevant public administrations with powers to manage this 
emblematic forest resource to improve the ecological connectiv-
ity of the serpentine-soil Spanish fir forests of Sierra Bermeja.

Methodology

Study area

Sierra Bermeja is a mountainous area of the Serranía de 
Ronda, which acts as a hinterland of the Western Costa del Sol 
(province of Malaga). It is a medium-altitude coastal mountain 
range that reaches 1508 m a.s.l. (Cerro Abanto). Moreover, it 
is one of the most extensive ultramafic outcrops on the planet. 
The area is part of the Natura 2000 Network as SAC “Los 
Reales de Sierra Bermeja” and SAC “Sierras Bermeja y Real”. 
They have an area of 1236 ha and 30,824 ha, respectively 
(Fig. 1). The natural forest systems associated with peridotites 
are of particular importance, creating plant associations that 
form HCI 9520 (Abies pinsapo Spanish fir forests) and HCI 
9540 (Mediterranean pine forests with endemic Mesogean 
pines). Protecting these habitats and ecological connectivity 
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are the two main Conservation Priorities identified in the 
SACs’ management plan and the reason for the declaration of 
Los Reales de Sierra Bermeja as a protected Natural Space in 
1989. Of all these forest habitats, the HCI 9520 stands out in 
that it is classified in the Plan as very rare; the Spanish fir for-
ests that grow on serpentine soils are a relict plant community 
that is unique in the world (Cabezudo et al. 1989; Gómez-
Zotano et al. 2014; Pérez-Latorre and Hidalgo-Triana 2017; 
Pérez-Latorre et al. 2020). Due to its high natural and cultural 
values, this area is part of the Andalusia (Spain)—Morocco 
Intercontinental Biosphere Reserve of the Mediterranean. 
Recently, the eastern half of Sierra Bermeja was included in 
the Sierra de las Nieves National Park.

Method

The first phase of the method involves the analysis of all 
those earlier sources of information that enable us to esti-
mate the past, present, and potential future distribution 
area of A. pinsapo, as represented above all in the stud-
ies by Becerra (2006), Gil (2002), Gómez-Zotano (2004), 

Gómez-Zotano and Olmedo-Cobo (2021), Guzmán et al. 
(2012) and López-Quintanilla (2013), and to characterize 
its habitat in geographical and phytogeographical terms.

The second phase of the method is based on pedoanthra-
cological analysis. In this research, we followed the pedoan-
thracological protocols established by Talon et al. (1998) 
and adapted by Cunill et al. (2012). According to the basic 
information, 11 pedological surveys were conducted in areas 
considered potential hosts of serpentine-soil Spanish fir for-
ests in Sierra Bermeja (Fig. 1). Between one and eight sam-
pling levels were identified in each site. These were partly 
delimited using soil horizons, and between 3 and 15 kg of 
soil were collected for each level. The samples were then 
processed in the laboratory using the water-sieving tech-
nique (mesh sizes of 5, 2, and 0.8 mm) (Fig. 2). Later, once 
the mineral fraction collected in the meshes during the siev-
ing process had dried, we conducted manual triage of the 
charcoal it contained with the help of a binocular magnify-
ing glass. After calculating the absolute anthracomass (mg 
of charcoal/kg of mineral residue) for each sampling level, 
we then conducted a detailed study of the three anatomi-
cal sections of the wood (transversal, longitudinal radial, 

Fig. 1  Study area and location of the pedoanthracological surveys conducted during this research. Source: Andalusia Spatial Data Network
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and longitudinal tangential) using an incident light epis-
copic microscope (differential interference contrast of 50×, 
100×, 200×, and 500×). The next stage was to try to identify 
the taxa of the charcoal samples we had collected using the 
wood anatomy identification keys provided by Schweingru-
ber (1990) and Vernet et al. (2001), and by comparing them 
with the charcoal samples from the reference collection at 
the anthracotheque at the Terra Laboratory at the University 
of Granada. A total of 3565 fragments were analyzed, of 
which 28 were sent for  C14 AMS radiometric dating at two 
specialized laboratories: Poznań Radiocarbon Laboratory 
(Poznań, Poland) and Alfred-Wegener-Institut (Bremer-
haven, Germany). They were then calibrated with Oxcal v. 
4.4 using the IntCal20 database (Reimer et al. 2020), to 2 
sigma (95% probability). Figure 2 shows some of the tasks 
conducted during this second phase of the pedoanthracologi-
cal method.

This method’s third and final phase involved designing 
and mapping a proposal for the ecological connectivity of 
A. pinsapo based on the results of the previous two phases.

Results

Analysis of the information sources

A few diachronic studies have been conducted to reconstruct 
the evolution of the Spanish fir forest in Sierra Bermeja 
over time. The most interesting for these purposes is the 

historical data set out in Gómez-Zotano (2004), Gómez-
Zotano and Olmedo-Cobo (2021), Guzmán et al. (2012), 
and Junta de Andalucía (2012). These studies highlighted 
increased fragmentation of Spanish fir habitats and a decline 
in its surface area since the eighteenth century, most spe-
cifically in the Spanish fir forests in Los Reales, Abanto, 
Armas, and Corona. They also confirmed the extinction of 
other smaller forest formations in Trincheruelas, Duque, and 
Cerro del Pollo. The main risk factors that have endangered 
populations of A. pinsapo in the recent past are forest fires 
(especially the ones in 1991 and 2021), the isolation of the 
populations and their monostructural characteristics, the 
modification of their habitats, the diseases associated with 
fungi and insects, and, to a lesser extent, hybridization and 
atmospheric pollution (López-Quintanilla 2013). These fac-
tors have helped halt, at least in part, the expected recovery 
since the mid-twentieth century, once the anthropic pressure 
on its ecological niches (tree felling, traditional charcoal pro-
duction, and overgrazing) had declined.

Regarding the research into this species’ habitats and 
ecological niches, the phytogeographic studies by Gómez-
Zotano et al. (2017) and Pérez-Latorre and Hidalgo-Triana 
(2017) are especially interesting. These studies described the 
singularity of the vegetation in the bermejense sector (bioge-
ographical territory of Sierra Bermeja). At a broader scale, 
Liétor et al. (2003) analyzed the causal relations established 
between the characterization of the edaphic medium and 
the availability of the macro- and micro-nutrients required 
for the development of A. pinsapo. Torres-Cabañete et al. 

Fig. 2  Photographs illustrating 
the pedoanthracological method 
applied at the “Palmitera 1” 
site: a carrying out the survey; 
b preparing the edaphologi-
cal profile; c charcoal sample; 
d sieving; e selected charcoal 
fragments
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(2009) centred their research on the flows of the nutrients of 
the Spanish fir forest, concluding that the structural modi-
fications of the microbial community present in the soils 
inhabited by A. pinsapo depended on the bioogeochemical 
variability between the different types of Spanish fir forests. 
Other research studies, such as those carried out by Carreira 
de la Fuente et al. (2013) and Lázaro-Gimeno et al. (2013), 
respectively, analyzed the effects of atmospheric pollution 
and of tropospheric ozone on Spanish fir populations. The 
phytosanitary state of the forest masses of this species was 
explored by Cobos-Suárez et al. (2013), who concluded 
that the population density and state of conservation of the 
serpentine-soil Spanish fir forest varied considerably from 
one place to another.

For their part, the main SDMs applied to A. pinsapo 
(Alba-Sánchez and López-Sáez 2013; Alba-Sánchez et al. 
2010; Gonzalo et al. 2004; Gutiérrez-Hernández 2017, 2018; 
López-Tirado and Hidalgo 2014; Navarro et al. 2006) have 
been based on suitability patterns and multivariable regres-
sions for establishing different degrees of the potentiality of 
this species in the mountains in the South and Southeast of 
Spain. As regards Sierra Bermeja, these models indicate a 
high number of habitable areas for the Spanish fir in almost 
all its territory above 800–1000 m a.s.l., covering all the 
mountain ridges that link the present-day Spanish fir forests 
that have taken refuge in the peripheral peaks of the massif. 
From a prospective point of view, the models applied by the 
Regional Government of Andalusia are of particular interest 
(Junta de Andalucía 2014). These models show a significant 
reduction in the habitat suitability area of the Spanish fir at 
the end of the current century. In this way, the high levels of 
suitability manifested in the previous years are now giving 
way to medium and low values, so revealing how climate 

change is ushering in an uncertain future for the survival of 
this species (González-Hernández 2021; Lenoir and Sven-
ning 2014).

Pedoanthracological analysis

In this study, we analyzed 3565 charcoal fragments (Fig. 3), 
of which 2341 (62.8%) were correctly identified. The 
remaining 1224 fragments (34.3%) were impossible to iden-
tify. The most frequent causes preventing us from identifying 
the taxa of these fragments included vitrification processes, 
the deformation of the anatomical structure of the wood, 
and/or the presence of fungi.

We identified up to 144 Abies fragments in 4 of the 11 
sites sampled. Palmitera 1 and Fuenfría Alta were con-
sidered to be Abies paleo-populations (Fig. 4), as, in both 
sites, this genus is not present today. The specific anthraco-
masses were relatively small, with values varying between 
233.6 mg/kg in Palmitera 1, 37.5 mg/kg in Reales 2, 9.8 mg/
kg in Fuenfría Alta, and 8.4 mg/kg in Reales 1.

The most frequently identified taxon in the pedoanthraco-
logical record was P. pinaster with 765 charcoal fragments 
(21.5% of the total). Its specific anthracomass values ranged 
between 14,295.2 mg/kg for Palmitera 1 and 7.3 mg/kg for 
Palmitera 4.

The second most common genus was Quercus with 679 
fragments identified (19% of the total). This genus was found 
in seven out of the 11 surveys conducted. The anthracomass 
values varied between 63,601.5 mg/kg in Palmitera 1 and 
8.4 mg/kg in Reales 4.

The pedoanthracological record was completed by fami-
lies and genera such as Pinus (1.3%), Lamiaceae (0.7%), 
Juniperus (0.5%), Leguminosae (0.5%), Rosaceae (0.4%), 

Fig. 3  Taxonomic identifications in each of the sampling sites in Sierra Bermeja
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evergreen Quercus (0.3%), deciduous Quercus (0.2%), Eri-
caceae (0.2%), and Cistaceae (0.1%).

Regarding radiocarbon dating, 28 fragments of Abies 
were dated, obtaining chronologies ranging between 9931 
and 9616 years cal BP and 282–82 years cal BP (Table 1).

Proposal for the connectivity

Following the results of the pedoanthracological analysis 
and the previous information analyzed, we propose setting 
up an ecological corridor for the Spanish fir forests that grow 
on serpentine soils to create a continuous habitat connecting 
its two core areas (Figs. 4, 5 and 6). Core Area A is at the 
western end and hosts the largest Spanish fir forest, located 
on the peak known as Los Reales (1452 m a.s.l.). For its 
part, Core Area B, at the Eastern end, is made up of the lit-
tle Spanish fir forest in the Plaza de Armas (1330 m a.s.l.). 
Between the two, an isoaltitudinal ridge runs parallel to the 
coast from which various peaks of over 1000 m a.s.l. jut 
out (these include, from southwest to northeast, Porrejón 
1192 m a.s.l., Anícola 1212 m a.s.l., Canalizo 1166 m a.s.l., 
Caballo 1092 m a.s.l., and Sauces 1157 m a.s.l.). This ridge 
occupies the western half of the massif. In its eastern half, 
various peaks reach higher altitudes than Sierra Bermeja, 
namely Sierra Palmitera (Encinetas 1473 m a.s.l.), Cerro 
del Duque (1342 m a.s.l.), Cerro Abanto (1508 m a.s.l.), and 
Cerro Corona (1299 m a.s.l.). In the first of these enclaves, 
charcoal fragments from paleo-populations of Spanish fir 
were found, while in the others, there are a few surviving 
remains of Spanish fir forests (individual trees and small 
copses), most of which were seriously damaged by the big 
fire of 1991.

Overall, the ridge forming the backbone of Sierra 
Bermeja shows a high level of ecological homogeneity: 

Fig. 4  Core areas for the serpentine-soil Spanish fir corridor (a Los Reales; b Plaza de Armas)

Table 1  Chronologies obtained by radiocarbon dating for samples of 
Abies sp

Survey Laboratory code Conventional age 
(C14 years BP)

Calibrated age 
(years cal BP) 
(95%)

Palmitera 1 5173.1.1 8707 ± 37 9931–9616
5174.1.1 8573 ± 35 9719–9551
5176.1.1 8549 ± 36 9552
5175.1.1 8300 ± 40 9266–9206
5177.1.1 8155 ± 39 9245–9076
5170.1.1 8003 ± 128 9236–8615
5171.1.1 8057 ± 111 8672
Poz-83921 7300 ± 50 8342–8053
5169.1.1 7142 ± 34 8001–7944
Poz-78851 6480 ± 40 7516–7356
5172.1.1 6239 ± 35 7224–7085
Poz-78852 5710 ± 40 6651–6473
Poz-83920 5840 ± 40 6607–6573
Poz-83922 5770 ± 40 6553–6523
Poz-83924 4605 ± 35 5441–5145

Reales 1 Poz-83919 8860 ± 50 9810
Poz-83918 6160 ± 40 7014
Poz-78858 200 ± 30 326–208
Poz-78859 195 ± 30 325–143
Poz-78885 60 ± 30 294–102

Reales 2 Poz-82525 3270 ± 30 3516–3476
Poz-82527 1800 ± 30 1832–1674
Poz-83914 45 ± 30 295–103
Poz-83913 40 ± 30 295–103
Poz-83912 110 ± 30 282–82

Fuenfría Alta Poz-113780 8740 ± 50 9619
Poz-113779 4970 ± 35 5897–5668
Poz-113778 5015 ± 35 5726–5679
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serpentine soils, humid–hyperhumid ambrotype, non-rainfall 
water inputs, and a meso-supramediterranean bioclimatic 
stage (the latter at altitudes of over 1200–1400 m a.s.l.). This 
mesological continuity is only interrupted at the headwaters 
of the River Guadalmansa, where metamorphic materials 
(gneisses and schists) appear along about 6 km of the drain-
age divide. Aside from the lithological differences, the cold 
temperatures and humidity are also important factors as 
the ridge continues at altitudes of over 1000 m a.s.l. (Cerro 
Jardón, 1158 m a.s.l.). This sector, which belongs to the SAC 
Valle del Genal, was excluded from the SAC Sierra Bermeja 
y Real, because it hosts plantations of sweet chestnut (Cas-
tanea sativa) and Monterey pine (Pinus radiata).

The ridge forming the ecological corridor has a mini-
mum length of 36 km, interrupted only by narrow moun-
tain passes, such as Peñas Blancas (972 m a.s.l.), Chap-
arral (932 m a.s.l.), Hoyo (963 m a.s.l.), Allanadillas 

Fig. 5  Map of the corridor for the serpentine-soil Spanish fir and its main gene flow. Source: drawn up by the authors using layers of geographic 
information from the Andalusia Spatial Data Network as the cartographic base

Fig. 6  Ridge of Sierra Bermeja which would form part of the ecolog-
ical corridor of the serpentine-soil Spanish fir forest
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(1065 m a.s.l.), and Refriega (916 m a.s.l.), which act 
as minor natural barriers to gene exchange (passage of 
individuals, seeds, pollen, spores, etc.), without this cre-
ating an obstacle for the future viability of the naturally 
disjointed populations. No remains of Abies sp. were 
identified in the pedoanthracological survey conducted 
in Puerto del Hoyo.

The ecological corridor has clear, well-defined bound-
aries to the northwest (Genal Valley) and south (Medi-
terranean coast). In the East and Northeast, there might 
be exchanges with Spanish fir populations that grow on 
carbonated and schistose soils in Sierra Blanca de Mar-
bella, Bornoque, and Sierra de las Nieves, included in the 
SAC. In addition, the extension of the corridor towards 
Sierra Blanca de Igualeja (Cascajares, 1416 m a.s.l.) in 
the north is necessary to connect the isolated Spanish fir 
forests in this marble-stone mountain, which also belongs 
to the SAC Sierra Bermeja y Real.

Reforestation activities

The transfer of the results of this research to the Public 
Administrations and to private actors with competencies in 
this field has enabled us to implement the proposal for a 
network of ecological corridors of A. pinsapo, which con-
nect their fragmented populations in Sierra Bermeja. Using 
the pedoanthracological data, in combination with SDMs 
(Navarro et al. 2006), the species has been reintroduced in 
15 localities where it no longer grew, through the Plan for 
the Recovery of the Spanish Fir being implemented by the 
Department of Agriculture, Livestock-Farming, Fishing and 
Sustainable Development of the Regional Government of 
Andalusia (Fig. 7).

The reforestation activities involved a combination of 
seeding (7200 seeds planted in the shaded areas of Jubrique, 
Pujerra and Igualeja from the end of 2020 to January 2021) 
and direct plantation from 2019 of 1094 plants with 3–7 

Fig. 7  Localities in which A. pinsapo has been reintroduced. Source: Andalusia Spatial Data Network
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internodes in publicly owned mountainsides (880 plants 
from Core Area A between Jubrique and Igualeja and 214 
from Core Area B in the Sierra Real de Istán), and 13–15 
internodes in private estates. In the latter, which made up 2 
of the 15 localities, the work was carried out with the active 
collaboration of the Asociación El Glaucal de La Nava and 
an extensive volunteer network. Projects of particular inter-
est include planting Spanish firs in the Venta del Madroño 
and the project known as "Bosque Eterno" or Eternal Forest 
involving sponsoring Spanish firs (Fig. 8). All these actions 
have brought about a significant improvement in the local 
environment, given the minimal territorial representation of 
A. pinsapo, the threats to which it is exposed and the eco-
logical requirements which have led to it being classified as 
an endemic species with a very closely confined distribution 
area.

Discussion

Paleo‑ecological bases

The application of the pedoanthracological method in 
different locations of Sierra Bermeja has enabled us to 
propose a model of ecological connectivity based on the 
following paleo-ecological aspects: (1) enhanced knowl-
edge of the present and potential future distribution of A. 
pinsapo in Sierra Bermeja; (2) the confirmation through 

the analysis of the soil charcoal uncovered in the surveys 
that A. pinsapo once had a larger distribution area in Sierra 
Bermeja; (3) a more precise knowledge of the dynamics 
of the Spanish fir forests after the Last Glacial Maximum, 
the causes that led to its local extinction, and the conse-
quent shrinking of its past distribution area to its current 
one; (4) the assessment of the role played by climate and 
of the autochthonous nature of the conifer forest during 
the Holocene in Sierra Bermeja; (5) the verification of the 
critical role played by fire in the configuration of the plant 
landscape during the last millennia in this area; (6) the 
confirmation using charcoal fossil records of the veracity 
of the historic sources and of the SDMs.

The identification of various fragments belonging to the 
Abies genus (presumably A. Pinsapo) in Palmitera 1 and 
Fuenfría Alta, localities where this genus is no longer pre-
sent today, enabled us to confirm that the Spanish fir once 
covered a much larger area. This idea, first raised by Lin-
ares (2011), was later reinforced by the findings of different 
paleo-pollen records from the Holocene in various differ-
ent locations of the South and East of the Iberian Peninsula 
(see Alba-Sánchez and López-Sáez 2013; Alba-Sánchez 
et al. 2018), although the very limited representation of this 
taxon in the pollen diagrams did not enable this claim to be 
verified with a sufficient degree of certainty (see Carrión 
2013). This hypothesis was later ratified by the discovery 
of up to four extinct populations of Abies in the Serranía de 
Ronda as a whole (Palmitera 1, Fuenfría Alta, Jaraestepar 2, 

Fig. 8  a Seeding work in the 
publicly owned mountainside 
of Sierra Bermeja de Igualeja; 
b seeds classified according to 
the Spanish fir forest of origin; c 
and d private Spanish fir planta-
tion project in the Venta del 
Madroño; e and f reforestation 
activities for the creation of the 
Bosque Eterno (Eternal Forest)



 Environmental Earth Sciences (2023) 82:220

1 3

220 Page 10 of 15

and Arroyo de los Lobos 2), after the application of pedoan-
thracological analysis (Olmedo-Cobo et al. 2021; Pardo-
Martínez et al. 2021), a paleo-ecological discipline with a 
high spatial resolution which verifies the local presence of 
the identified taxa (Cunill et al. 2012; Talon et al. 1998).

In general, our findings reveal the important role played 
by Sierra Bermeja as a postglacial refuge for different spe-
cies of conifers (such as A. pinsapo and P. pinaster) after the 
Last Glacial Maximum. This discovery enabled us to fill an 
important gap in our knowledge of the southern part of the 
Iberian Peninsula. This is because, until relatively recently, 
a large percentage of the paleo-ecological studies carried 
out in this region focused on the Southeast (see Anderson 
et al. 2011; Carrión et al. 2007; Gil-Romera et al. 2010), or 
coastal areas and/or areas at relatively low altitude in the 
Southwest of the Iberian Peninsula (see Carrión, 2013). 
Besides, the bermejense sector and the Serranía de Ronda 
as a whole form an interesting biogeographical crossroads 
(Gómez-Zotano and Olmedo-Cobo 2021), which gives it a 
great variety of climatic and historic singularities—within 
its regional context—all of which make it a unique space 
from a paleo-biogeographical point of view (Gómez-Zotano 
2004). The data obtained have also confirmed that both spe-
cies make up the climax vegetation in Sierra Bermeja, so 
revealing that P. pinaster is an autochthonous species on 
ultramafic soils, thus bringing to an end a debate that had 
long divided the scientific community (Olmedo-Cobo et al. 
2019).

On the one hand, the radiocarbon dating of 28 charcoal 
fragments belonging to the Abies genus has made it possi-
ble to theorize about the dynamics of the Spanish fir in the 
bermejense sector after the Last Glacial Maximum; and on 
the other hand, these data confirm the critical role played 
by fire in the configuration of the plant landscape of Sierra 
Bermeja, and how for thousands of years fire has been one 
of the leading causes of local extinction of A. pinsapo in 
areas where this fir no longer grows. The Spanish fir for-
est in Sierra Bermeja was affected by up to five episodes 
of fire in the first stages of the Holocene, with chronolo-
gies dating from 9931–9616 to 9552 years cal BP. This time 
interval coincided with a period of maximum heat and dry-
ness around the Alboran Sea approximately 9500 years ago 
(Cacho et al. 2001; Jalut et al. 2000), which, together with 
the still limited representation in the paleo-pollen diagrams 
of agricultural practices in locations near the study area 
(Aura et al. 2002; Cortés-Sánchez et al. 2008; Jordá and 
Aura 2008; López-Sáez et al. 2007), suggests that natural 
factors caused these perturbations. It seems likely that these 
episodes of fire became more intense during the mid-Holo-
cene, coinciding with a period in which there is evidence of 
an increase in the prehistoric population—and of associated 
agricultural and livestock farming activity—in areas near the 

coast of Andalusia and the Ronda Depression (Castaño-Agu-
ilar 2021; Fernández et al. 2007; Ramos-Muñoz et al. 2017). 
The aridity of the Mediterranean climate was also increasing 
at that time (Jalut et al. 2000). This dynamic, which can be 
viewed within the context of the progressive aridification 
of the environment, may have favoured the conifers that 
best adapted to xeric conditions such as P. pinaster. The 
decline of A. pinsapo continued until about 5500 years ago 
when it disappeared from the pedoanthracological record in 
Palmitera 1 and Fuenfría Alta. This finding, together with 
the progressive decline in Abies pollen in most of the fossil 
records from the south of the Iberian Peninsula over the last 
few thousand years (Carrión 2013), could help explain the 
extinction of the Spanish fir in these two localities in Sierra 
Bermeja.

At a nearer timescale, the statistics on forest fires show 
that they have affected a larger area and have been especially 
devastating in recent decades (Stephen et al. 2013). In Spain, 
the risk factors that give rise to forest fires have increased in 
recent years, although the number of fires, many of which 
are started deliberately, has fallen in most Spanish provinces 
(Urbieta et al. 2019). Unfortunately, Sierra Bermeja is not 
following this positive trend and is currently one of the areas 
of the Iberian Peninsula most affected by fire (MITECO, 
2022), with 46,227 ha burnt since 1950 (Martos-Martín and 
Gómez-Zotano 2021). Five major forest fires have affected 
the serpentine-soil Spanish firs since the 1950s (1956, 1966, 
1969, 1991, and 2021), causing the loss of ± 4494 trees. The 
last of these fire episodes was the most devastating, affecting 
almost 10,000 ha and destroying ± 3000 A. pinsapo trees. 
Forest fires cause severe damage in terms of the direct disap-
pearance of thousands of individual trees and the destruction 
of potential habitat areas for the natural dispersion of this 
species, with the resulting negative effects on connectivity 
(Martín-Martín et al. 2013).

Connectivity

The results of the historical and pedoanthracological analy-
ses verified the existence of historic and paleo-populations 
of A. pinsapo in four enclaves in S. Bermeja. The second-
ary-succession scrub typical of the serpentine-soil forests 
of A. pinsapo can also be found in these ecological niches 
(Gómez-Zotano et al. 2014). These findings show that these 
areas have the right ecological conditions to establish an 
ecological corridor that would facilitate the regeneration of 
existing Spanish fir forests and the links between them. To 
this end, within the framework of the Natura 2000 Network, 
it is necessary to implement both a more ambitious strategy 
for the protection/regeneration of the ecological conditions 
of these habitats—including those where the species cur-
rently finds refuge—and a plan for the reforestation of the 
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species given the demographic characteristics of its popula-
tions, which typically have a limited capacity for natural 
regeneration and expansion. To date, the various actions 
taken to restore and recover the Spanish fir forest have been 
based on historical sources, studies of the present-day habi-
tats and SDMs, which are not free of uncertainties and inac-
curacies. The pedoanthracological approach provides much 
more accurate answers to the unknowns that inevitably arise 
in theoretical modelling.

In this sense, the restoration of ecosystems of this kind, 
understood as a set of activities aimed at re-establishing 
the functionality and the capacity of ecosystems to develop 
towards a mature state (Law 42/2007—State Agency, Offi-
cial State Gazette, 2007), must guarantee the maintenance 
and improvement of connectivity so as to ensure the con-
servation of these ecosystems in a profoundly disturbed 
territory (basically by forest fires) faced with the threat of 
Climate Change, which will bring about an increase in tem-
peratures and a decline in rainfall.

This connectivity would bring about the recovery of for-
ests that have been affected by fire for millennia and would 
improve the habitats that sustain the Spanish fir as an endan-
gered emblematic species. The ecological corridor for the 
Spanish fir in Sierra Bermeja would reduce the isolation of 
the different local populations and promote gene exchange, 
enhancing genetic variability. At the same time, it would 
prevent phenomena, such as endogamy and genetic drift. 
It would also help the small populations in decline, halt-
ing trends towards local extinction. In addition, it would 
enable the recolonization of habitats, the re-establishment 
of populations after episodes of local extinction, and the 
maintenance of greater richness and diversity of native spe-
cies. Finally, it would provide a habitat, a refuge and other 
necessary resources for numerous forest species.

With these results, it will also be possible to comple-
ment and expand the “Green Corridor for the Spanish Fir” 
proposed by Gavira (2006), which was designed to connect 
the calcicole Spanish Fir forests in the Sierra de las Nieves 
National Park with those in the Sierra de Grazalema Natural 
Park. In addition, Sierra Bermeja could also become a wider 
ecological corridor for other plant and animal species. The 
connectivity study for the development of flora, some of 
which is endemic and exclusive to Sierra Bermeja, is also 
of great interest (Gómez-Zotano et al. 2014). For example, 
according to Pérez-Latorre and Hidalgo-Triana (2017), three 
species of endemic serpentinophyte flora are present exclu-
sively in Core Area A of Los Reales (Peucedanum offici-
nale subsp. brachyradium, Centaurea lainzii and Euphor-
bia flavicoma subsp. bermejense), which could benefit from 
the ecological corridor. In general, Sierra Bermeja, as an 
essential refuge area for flora and one of the most important 
speciation areas for Mediterranean vegetation in typological, 

landscape, and physiographical terms (Cabezudo et al. 1989; 
Gómez-Zotano 2004), could therefore be considered an eco-
logical corridor of utmost importance.

This proposal for ecological connectivity would enable 
compliance with one of the legal requirements established 
by the Habitats Directive, i.e., the preservation of the 
ecological connectivity and integrity of the natural areas 
included in the Natura 2000 Network (García-Quiroga and 
Abad-Soria 2014). It would also allow certain endangered 
species of flora, such as the Spanish Fir, to consolidate 
and expand their distribution areas. This is an essential 
prerequisite for complying with one of the fundamen-
tal principles of the biogeographic conservation theory, 
namely that protected areas must have the greatest possible 
surface area to improve their interconnection (Worboys 
et al. 2010). All this is within a context in which habi-
tat fragmentation is one of the main causes of worldwide 
biodiversity loss (Farjalla et al. 2018). This explains why 
guaranteeing gene exchange between the different popu-
lations of the species concerned has been a common task 
in the defence of biodiversity conservation for decades. 
Within this context, implementing ecological corridors 
has proved the most effective option for restoration work 
and improving the connections between vegetal organisms 
(Bennet 2004; Morera et al. 2021).

The lack of validation procedures with accessible data 
can inhibit the evaluation of the effectiveness of ecological 
corridors (Lalechère and Bergès 2021). However, a wide 
array of experiences in different parts of the world, with 
representation of all kinds of ecosystems (see Hilty et al. 
2020), endorse the positive effects of these mechanisms in 
the management of biodiversity, especially when compared 
to other methods, such as assisted migration (Gurrutxaga 
and Lozano-Valencia 2008; Krosby et al. 2010; Morera et al. 
2021). Most of the species involved respond positively to 
initiatives of this kind (Gilbert-Norton et al. 2010), which 
have proved especially effective in the case of vulnerable 
species such as A. pinsapo, with a low dispersal capacity 
(Merenlender et al. 2022), something that should be moni-
tored periodically (Rudnick et al. 2012). It is also important 
to incorporate human activities when planning corridors of 
this kind, especially in a context in which the study of eco-
logical processes must necessarily go beyond the traditional 
ecosystem level and be addressed from a holistic approach 
to landscape (Martín-Martín et al. 2013).

To guarantee the successful fulfilment of these objectives, 
authors, such as Hodgson et al. (2009) and Krosby et al. 
(2010), argue that it is essential to increase the number of 
protected areas in both quantitative and qualitative terms. 
In this sense, the inclusion of Sierra Bermeja as a whole 
within the recently declared Sierra de las Nieves National 
Park should be viewed as a priority, especially if we take 
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into account that National Parks are generally equipped with 
greater public resources to prevent and fight forest fires, the 
main threat to which the Spanish fir is exposed (Rodríguez-
Rodríguez and Martínez-Vega 2017). This would bestow a 
higher degree of protection on the only Spanish fir Forest on 
peridotites in the world, which, combined with reinforcing 
environmental education and awareness in a heavily popu-
lated area, would guarantee real progress in safeguarding 
ecological and landscape values that are unique in the world.

Conclusions

The location of paleo-populations and past distribution areas 
provides a significant advance on the current state of scien-
tific knowledge for the conservation and sustainability of 
Abies pinsapo, as a basis for the ecological and socio-cul-
tural coherence of its populations in the south of the Iberian 
Peninsula and as a model for sustainable human develop-
ment. By transferring this knowledge to the relevant authori-
ties and the wider general public, this project aspires to con-
tribute to the safeguarding of the Spanish fir, a symbolic tree 
that provides valuable ecosystem services and enhances the 
well-being of the societies that live in its vicinity.

The results of this research could be of interest to envi-
ronmental volunteer networks and local companies working 
in the forestry sector, who could apply the pedoantracologi-
cal methodology in their research. It could also help solve 
various technical problems arising in forest restoration and 
treatment (reconversion of reforestations to native masses 
of Spanish fir, broadleaved, pine forest, mixed masses, etc.). 
The results obtained could also help resolve other issues 
related to the processes that take place within the biota, the 
ecological function of biodiversity (co-evolutionary mecha-
nisms, connectivity, or isolation of species) or the identifica-
tion of new present or past populations.

In this sense, it is worth highlighting the possibilities 
offered by this project for the application of the principle of 
ecological connectivity contained in Law 42/2007 of 13th 
December on Natural Heritage and Biodiversity: Article 20 
of Title I “Ecological corridors and mountain areas” states 
that “Public Administrations shall provide, in their envi-
ronmental planning or in the natural resource management 
plans, mechanisms to achieve the ecological connectivity 
of the territory, establishing or re-establishing corridors, in 
particular within the protected areas of the Natura 2000 Net-
work and the natural areas of special importance for biodi-
versity”. This objective is also included in the Management 
Plans of the Special Areas of Conservation (SAC) declared 
due to the importance of the Natural Habitats of Community 
Interest Type 9520 “Abies pinsapo forests” (a habitat listed 

as very rare in the case of serpentine fir forests); these plans 
emphasize the ecological connectivity of both the species 
and its forests.
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