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A B S T R A C T

Volcanic rocks harbor an interesting biota well-adapted to the stressful conditions imposed by the environment. 
Lichens species, with their remarkable resilience, are the most conspicuous organisms colonizing these ecosys
tems reflecting higher percentages of volcanic rocks coverage. This study provides a comprehensive analysis of 
lichen diversity across mainland Spain, focusing on the different locations of the volcanic zones and volcanism 
type, aiming to investigate differences in species richness, frequency, and functionality in four volcanic zones: 
central, northeastern, southeastern coastal, and southeastern inland. Fieldwork and literature review were used 
to compile a dataset of 360 lichen species from 85 localities. The results indicate that regional differences in 
species composition are driven by location of the volcanic zones. Functional traits such as growth forms, pho
tobiont types, and secondary metabolites exhibit similarities across volcanic zones. At a local scale, differences in 
lichen composition appear influenced by the chemical composition of volcanic rocks. The findings underscore 
that despite high species turnover between volcanic zones, functionality remains consistent, with a clear 
dominance of species developing crustose thalli with green algal photobionts and secondary metabolites offering 
photoprotection in these harsh environments. This research helps fill the knowledge gap on lichen diversity in 
the Iberian Peninsula’s volcanic regions.

1. Introduction

In Spain (Iberian Peninsula, southern Europe), aside from the Canary 
Islands, several distinct volcanic zones are distributed throughout the 
central and eastern regions: the northeastern zone in Olot (Girona), the 
central region known as Campo de Calatrava (Ciudad Real), the south
eastern zone (from southern Levante to Cabo de Gata in Almería), the 
Gulf of Valencia area, best represented by the Columbretes Islands, and 
the North African zone, which includes the Chafarinas and Alborán 
Islands (López-Ruiz, 1999). Within the peninsular territory, the central, 
northeastern, and southeastern zones exhibit a greater surface extent 
compared to the Levante area, which is limited to two small outcrops of 
volcanic rocks (Ancochea, 1999).

Although volcanic phenomena in these zones primarily occurred 

during the Neogene and with sporadic manifestations during the Qua
ternary in some northeastern areas, the magmatic compositions 
observed in the Iberian Peninsula varied significantly both across and 
within zones (Ancochea, 1999; López-Ruiz, 1999). In the central and 
northeastern areas, the volcanism is characterized by alkaline magmas 
(primarily basalts), whereas in the southeastern zone, the compositional 
variability is greater, ranging from calc-alkaline rocks (more acidic) in 
southern coastal areas to ultrapotassic rocks (more mafic) in inland 
areas (López-Ruiz, 1999; Ancochea et al., 2004).

Lichens are among the most conspicuous and resilient organisms 
colonizing sun-exposed volcanic rocks. The extreme hardness of these 
substrates, coupled with their irregular morphology, creates a chal
lenging environment that lichens successfully colonize thanks to their 
remarkable adaptive strategies (Egea and Llimona, 1994; Yanes, 2017; 
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E-mail addresses: gregorio.aragon@urjc.es (G. Aragón), gilferetuerta@gmail.com (G.F. Giménez), v.negron.2021@alumnos.urjc.es (V. Negrón), marta.rincon@ 
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Nelson et al., 2018). This is due to several factors such as their attach
ment structures that allow easy establishment on the rocks (Büdel and 
Scheidegger, 2008), their poikilohydric and poikilothermic physiology 
allowing prolonged dormancy (Green et al., 2008), their ability to 
achieve optimal photosynthesis with minimal hydration levels (Green 
et al., 2008), their synthesis of secondary metabolites that protect the 
thallus (especially the photobiont) from excessive irradiation (Molnár 
and Farkas, 2010) and limited competition from higher plants in such 
environments (Green et al., 2008).

Two factors are especially relevant for understanding the diversity of 
lichens in the peninsular volcanoes: the physicochemical properties of 
rocks at the local scale, and geographic location of the volcanic zones at 
the regional scale. The physicochemical properties of rocks are crucial 
for lichen colonization (Easton, 1994; Rajakaruna et al., 2012; Arm
strong, 2024). The chemical properties of rocks influence pH levels, 
which affect nutrient availability and partly explain the diversity of 
lichen communities on limestone and siliceous rocks (Grube and Mug
gia, 2021). Additionally, the chemical composition of rock affects their 
morphology, defining the habitats available for lichens (Jung and Büdel, 
2021; Armstrong, 2024). In volcanic rocks, SiO2 content variations 
indicate the acidity or basicity of lavas (Ancochea and Ibarrola, 1982; 
Ancochea et al., 2004), which favors the colonization of certain species 
over others (Egea et al., 1987; Egea and Llimona, 1994). On the other 
hand, the geographic location of the volcanic zones is associated with 
significant climatic variation, ranging from the semi-arid environment 
of the southeast to the sub-humid environment of the northeast. At 
regional scale, this climatic variability often results in marked differ
ences in species composition on identical substrates, affecting both 
saxicolous species (Favero-Longo et al., 2004, 2018) and epiphytic 
species (Fos, 1998; González-Montelongo and Pérez-Vargas, 2022).

However, this species turnover does not necessarily affect their 
functionality (Favero-Longo et al., 2018). While past studies often 
focused on species as taxonomic units, recent approaches emphasize 
functional traits, offering better insights into ecological responses to 
abiotic and biotic gradients (Giordani et al., 2014; Ellis et al., 2021). 
Therefore, the diverse growth forms of lichens and their photobiont 
types are closely related to water uptake and loss (Nash, 2008), while 
the presence of secondary metabolites is associated with photo
protective functions (Molnár and Farkas, 2010). Thus, water availability 
(ambient humidity or precipitation) and solar irradiation in ecosystems 
are determinants for the colonization of species exhibiting specific 
functional traits (Kranner et al., 2008; Gauslaa, 2014; Armstrong, 2017; 
Ellis et al., 2021), shaping the structure and dynamics of communities 
(Giordani et al., 2014; Benítez et al., 2018; Hurtado et al., 2020).

Previous studies on lichen diversity on volcanic rocks in the Iberian 
Peninsula have focused on the southeast (Llimona and Werner, 1975; 
Egea and Llimona, 1994, 1997) and the northeast (Maheu and Werner, 
1935; Llop et al., 2013; Llop, 2018). In the southeastern coastal area, 
dominated by acidophilic lavas (andesites, dacites, rhyolites), 146 
lichen species have been identified (Egea and Llimona, 1994, 1997). 
Conversely, in the inland southeast, mainly dominated by basic lavas 
(jumillites, cancalites, fortunites, verites), 84 species have been recorded 
(Egea and Llimona, 1997). In the northeast, where basaltic lavas pre
dominate, 108 species have been documented (Maheu and Werner, 
1935; Llop et al., 2013; Llop, 1918). In this latter volcanic zone, erosion 
and sedimentation have obscured many volcanic formations, with some 
entirely overgrown by vegetation (Pallí and Pujadas, 1999). Despite 
significant research about lichens during the second half of the 20th 
century, substantial gaps persist in the southern half of the peninsula, 
where studies remain infrequent. In fact, despite the importance of more 
than 300 volcanic structures in the Central Zone (Campo de Calatrava), 
spanning 5000 square kilometers (Becerra-Ramírez et al., 2020), there 
are surprisingly no studies on the lichens that colonize these volcanic 
rocks.

This study aims to compare lichens colonizing volcanic rocks in the 
Iberian Peninsula, addressing two primary questions: (a) At a regional 

scale, do species richness and frequency significantly differ among the 
studied zones, considering the substantial climatic variability associated 
with geographic location? Do these differences persist in the function
ality of the species, considering growth forms, photobiont type and 
secondary metabolites? The term “zone” refers to each of the four vol
canic areas considered in this study (C, NE, SE-coast, SE-inland), which 
are distinguished by specific types and age of volcanic activity 
(Ancochea, 1999; López-Ruiz, 1999). (b) At a local scale, considering the 
presence of different types of volcanic rocks in the southeastern penin
sula, is there a correlation between lichen species and the rock type 
based on chemical composition? We hypothesize that given the 
considerable geographical distance between volcanic zones, which 
corresponds to different climatic conditions, the composition of lichen 
species (species identity) could differ greatly. However, as the volcanic 
rocks studied are exposed to direct solar radiation, significant variation 
in functional attributes such as growth forms, photobiont type or sec
ondary metabolites is not expected, as these reflect the saxicolous 
habitat, solar exposure, and water availability. Notable differences may 
occur in the northeastern zone, where precipitation is more frequent, 
and in the southeastern coastal zone, influenced by marine conditions 
(moisture-laden winds). Locally, the chemical composition of the rocks 
could explain differences in lichen colonization between acidic and basic 
lavas in the southeastern zone.

2. Methodology

2.1. Study area

The study was conducted in four volcanic zones: central, north
eastern, southeastern coastal, and southeastern inland, following the 
criteria of Ancochea (1999) and López-Ruiz (1999) (Fig. 1). The char
acteristics of each zone are summarized in Table 1.

2.2. Sampling and literature review

Sampling was conducted in the central zone, as comprehensive 
lichen inventories for the other three volcanic zones have been docu
mented in prior studies. During 2023 and 2024, lichen inventories were 
conducted across 26 volcanic edifices located in the central zone. 
Additionally, literature concerning lichens and volcanic rocks in the 
Iberian Peninsula was sourced through an exhaustive review of the 
“Checklist of the Iberian Lichens” (Llimona and Hladun, 2001) and its 
later updates (e.g., Burgaz, 2017, 2018). Due to the limited area covered 
by the volcanic zones, the number of relevant studies was relatively 
scarce. A total of 15 references were identified (Appendix I), which, 
combined with the material collected from the central zone, resulted in a 
dataset comprising 2440 records (https://zenodo.org/records 
/13827719). This dataset included 85 localities (Fig. 1) and detailed 
360 lichen species on volcanic rocks. Species nomenclature followed 
MycoBank (www.mycobank.org).

2.3. Species diversity and traits

Presence/absence data of species were used to determine the total 
species richness for each volcanic zone. Additionally, frequency data for 
each species in each volcanic zone was obtained. This data was calcu
lated as the ratio between the number of localities with the presence of a 
given species in a volcanic zone and the number of localities in each 
zone.

The following qualitative functional traits were considered: growth 
forms (crustose, crustose placodioid, squamulose, broad foliose, narrow 
foliose, umbilicate foliose, fruticose, leprose, and mixed), the photobiont 
types (green algae other than Trentepohlia, cyanobacteria, and Trente
pohlia), and secondary metabolites (absent, photoprotection, others 
different to photoprotection).

Lichen growth form has been associated with water-use strategies 

G. Aragón et al.                                                                                                                                                                                                                                 Journal of Arid Environments 231 (2025) 105455 

2 

https://zenodo.org/records/13827719
https://zenodo.org/records/13827719
http://www.mycobank.org


and physiological adaptations to hydration regimes (Ellis et al., 2021). 
These morphological traits also play a pivotal role in ecological suc
cession by mediating interspecific competition and spatial niche occu
pation (John, 2011). The identity of the photobiont partner is a critical 
determinant of thallus hydration dynamics, influencing both water up
take efficiency and water retention capacity, which are key parameters 
essential for sustaining photosynthetic activity under variable moisture 
conditions (Lange et al., 1993; Green et al., 2002). Furthermore, the 
biosynthesis of secondary metabolites—including atranorin, calycin, 
pinastric acid, usnic acid, vulpinic acid, rhizocarpic acid, xanthones, and 
anthraquinones—contributes significantly to photoprotection. These 
compounds enhance the resilience of lichens in high-radiation envi
ronments, thereby supporting their ecological success in exposed habi
tats (Rundel, 1978; Molnár and Farkas, 2010; Bhattacharyya et al., 

2016).
For the growth form and the photobiont type, we followed the data 

provided by Nimis (2024). The information regarding secondary me
tabolites was obtained mainly from Nimis (2024) and LIAS light (2025). 
Subsequently, the percentage and frequency data for each trait were 
calculated for each volcanic zone.

2.4. Comparative similarity analysis among zones

The complete dataset, which consisted of a list of all species recorded 
in the four zones, was used for similarity analyses. Jaccard similarity 
indices were calculated. Similarly, Bray-Curtis’ similarity indices were 
obtained for pairwise comparisons between the four volcanic zones, 
considering the frequency of each species. Because the number of 

Fig. 1. Map showing the location of the four volcanic zones studied in the Iberian Peninsula: Central (C), northeastern (NE), southeastern coastal (SE-C), and 
southeastern inland (SE-I). Lithological background is based on the 1:2000000 scale geological map produced by the IGME (Instituto Geológico y Minero de España). 
Coordinates are provided in degrees to highlight the latitudinal variability of the region. The inset zooms in on each zone, indicating the specific sampling points.
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sampled localities and the area covered in each zone were different, we 
selected five localities from each zone, ensuring that the sampled area 
was similar across all zones. We used the species from these five local
ities per zone to compare the composition (Jaccard and Bray-Curtis 
similarity) among the four zones. Additionally, the Bray-Curtis index 
was used to compare similarities between the four zones, considering 
the percentages of species from each trait (growth form, photobiont type 
and secondary metabolites) relative to the total species in each volcanic 
zone. Calculations were performed using the vegdist function from the 
Vegan package (Oksanen et al., 2024). All analyses were performed 
using R programming language version 4.4.2 (R Core Team, 2024).

2.5. The role of rock chemistry in shaping lichen composition

To determine how differences in volcanic rock chemistry affect 
lichen composition at local scale, an NMDS (Non-metric Multidimen
sional Scaling) analysis considering the presence/absence of species in 
each of the 49 localities in the southeast (SE-coast and SE-inland) was 
conducted. These zones were selected due to their wide variety of rocks 
and minimal climatic variability, owing to their geographic proximity. 
The metaMDS function from the Vegan package was used for this anal
ysis (Oksanen et al., 2024). To identify significant differences between 
the four substrate types, an analysis of similarities (ANOSIM) with 
Jaccard distance was performed, followed by Bonferroni tests to 
examine differences between pairs of substrates. The vegdist and anosim 
functions from the Vegan package (Oksanen et al., 2024) and the pair
wiseAdonis function from the pairwiseAdonis package (Martínez-Arbizu, 
2020) were used for these analyses. For rock types considering the 
chemical composition, we followed the classifications provided by 
López-Ruiz (1999) as follows: calc-alkaline (CA), potassic calc-alkaline 
(CA-P), ultrapotassic (U), and basalts (B). All analyses were performed 
using R programming language version 4.4.2 (R Core Team, 2024).

3. Results

3.1. Species richness, frequency, and similarities between zones

A total of 360 species have been identified on volcanic rocks across 
four zones of the Iberian Peninsula (Appendix II). The best represented 
were Teloschistaceae (60 species) and Acarosporaceae, Lecanoraceae, and 
Physciaceae, with 29 species each (Appendix II). The central zone 
harbored the highest number of species (171 species), followed by the 
SE-coastal zone (mainly acidic lavas) with 146 species, the NE zone with 
108 species and the SE-inland zone (mainly basic lavas) with 84 species 
(Appendix II). Only 11 species were common to all four zones. The 
percentage of species unique to each zone was notably high in the 
central and northeastern zones, exceeding 60 %, while somewhat lower 
in the other two zones (Table 2). Besides, almost a third of the species 
(144 species) appeared in a single locality out of the 85 considered. The 
average number of species per locality varied greatly and was higher in 
the central zone (Table 2).

The similarity between zones considering the presence/absence of 
species (Jaccard index) was considerably low except between the SE- 
coastal and SE-inland zones (Fig. 2). When evaluating species fre
quency (Bray-Curtis’ index), the similarity between pairs of zones 
showed a similar pattern to the previous index, albeit with higher values 
(Fig. 2). Interestingly, despite the substrate differences between the SE- 
coastal and SE-inland zones, they exhibited the highest similarity values. 
The similarity (Jaccard index) within each zone (between localities) 
showed extremely low values, indicating a high species turnover 
(Table 2).

3.2. Diversity of growth forms, photobiont types and secondary 
metabolites, and similarities between volcanic zones

The 360 species are classified into 9 growth forms (Appendix II). 
When assessing the representativeness of each growth form in each zone 
- as the percentage of species of a given growth form relative to the total 
species in that zone - the similarity values between zones (Bray-Curtis 
index) were consistently high, above 0.75 (Fig. 3). The most represented 
was the crustose growth form, found in 61.6 % of the species (Fig. 4). 
Regarding the type of photobiont, green algae other than Trentepohlia 
are the most represented, in 85.8 % of the species (Fig. 5). Considering 
the proportion of each type of photobiont relative to the total species of 
each zone, similarity values between zones (Bray-Curtis index) were 
high, exceeding 0.85 (Fig. 3). In the four volcanic zones, approximately 
half of the species contained photoprotective secondary metabolites 
(Fig. 6). Based on the proportion of species with each type of secondary 
metabolite in each zone, similarity values between zones (Bray-Curtis 
index) were high, exceeding 0.50 (Fig. 3).

3.3. Species composition between localities in the southeast

The graphical representation of the localities according to rock type 
considering the chemical composition reveals a clear separation be
tween lavas with more acidic petrochemical compositions (CA and CA- 
P) versus more basic lavas (U-B) (Fig. 7). Axis 1 explains 53 % of the 
variance, while axis 2 accounts for 15 %. The similarity analysis 

Table 1 
Summary of the characteristics of the four volcanic zones considered. P: pre
cipitation; T: temperature.

C NE SE-coast SE-inland

Number of 
localities

26 10 36 13

Altitude 
(m)

640–870 460–665 45–400 150–670

T average 
(◦C)

14.5–15.6 12.5–13.5 17.5–18.5 16.5–18

P annual 
(mm)

400–500 870–1023 200–300 250–350

Age Neogene Neogene- 
Quaternary

Neogene Neogene

Volcanism Alkaline Alkaline Calc-alkaline, 
potassic calc- 
alkaline, 
ultrapotassic, 
basalts

Ultrapotassic

Rock types Basalts Basalts Pyroxene 
andesites, 
dacites, 
rhyolites, 
potassium 
andesites and 
dacites, verites, 
fortunites, some 
basalts

Jumillites, 
cancalites, 
fortunites, 
verites

Land use Mining, 
agriculture, 
livestock 
farming, 
tourism

Mining, 
agriculture, 
livestock 
farming, 
tourism

Agriculture, 
tourism, urban 
growth

Agriculture, 
tourism, 
urban growth

Vegetation Quercus ilex, 
Q. coccifera, 
shrublands, 
grasslands

Quercus ilex, 
Q. robur, 
Fagus 
sylvatica

Shrublands Quercus 
coccifera, 
shrublands

Table 2 
General diversity data for each volcanic zone.

SE-coast SE-inland NE C

Number of species 146 84 108 171
Exclusive species 66 (45.2 

%)
14 (16.7 
%)

70 (64.8 
%)

110 (64.3 
%)

Average species per 
locality

27.47 21.00 15.20 30.84

Jaccard index 0.231 0.223 0.060 0.281
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(ANOSIM) showed significant differences between the 4 groups (R =
0.45, p = 0.0001). In the pairwise analysis, CA and CA-P did not show 
significant differences, while CA and CA-P with U were vastly different. 
B showed differences with CA.

4. Discussion

The total number of lichens inhabiting rocks in the four volcanic 
zones is remarkably high, with 360 identified species. This represents 
nearly 25 % of the saxicolous species of the Iberian Peninsula, concen
trated in a relatively small area (<1 %). The number of species per zone 
was slightly higher compared to other volcanic sites, such as Lanzarote 
Island, Spain (105 species) (Van den Boom, 2010), Pantelleria Island, 
Italy (99 species) (Ottonello et al., 2011), Mt. Tokachi, Japan (89 spe
cies) (Shimizu, 2004), and Khosrov, Armenia (72 species) (Gasparyan 

et al., 2015). However, these data should be interpreted with caution, as 
the number of sampled localities varied and the sampling effort was not 
standardized.

The lichen biota associated with volcanic substrates in the Iberian 
Peninsula displays notable singularity, with an estimated 10–15 % of 
taxa either confined to or showing a marked preference for these li
thologies. This pattern is particularly pronounced in the central region, 
where volcanic outcrops—despite being embedded within a matrix of 
siliceous mountains composed mainly of slates, quartzites, and sand
stones—support a distinct lichen flora. This differentiation is likely 
driven by the contrasting geochemical properties of the volcanic rocks. 
Noteworthy examples include Acarospora assimulans, Caloplaca interna, 
and Pisutiella phaeothamnos, which are known exclusively from volcanic 
substrates in the Iberian Peninsula (Aragón et al., 2024b). Similarly, in 
the southeastern coastal region, species such as Acarospora heufleriana, 
A. maroccana, Gyalecta schisticola, Lecanora sulphurella, or Opegrapha 
durieui exhibit a clear ecological preference for volcanic habitats 
(Llimona and Werner, 1975; Llimona & Egea, 1984; Egea and Llimona, 
1994).

Regionally, the high number of species can be attributed to climatic 
differences among four volcanic zones, while locally, it appears to be 
influenced by variations in the chemical composition of the rocks. 
Species composition differs significantly across the four volcanic zones, 
partially driven by the high proportion of unique species, which also 
reflects low intrazonal similarity in community structure.

4.1. Lichen composition among volcanic zones

At the regional level, the differences in composition among the four 
volcanic zones are related to climatic differences associated with the 
geographic location of the four zones rather than the physicochemical 
properties of the rocks. This can also be observed in the models of five 
localities covering a similar area, where the similarity between zones is 
extremely low. In fact, while the chemical composition of the rocks 
differs between the inland and coastal areas of the southeast, the lichen 
composition similarity between these two nearby zones is higher than 
that between the central and northeastern zones, even when they share 
the same rock type.

This observation aligns with Bjelland’s (2003) suggestion that 
large-scale factors, acting beyond individual rock exposures, are more 
important for community structuring than microhabitat variables. 
Chagnon et al. (2021) found a higher species turnover with distance 
along a 640 km latitudinal gradient, showing that a high percentage of 
the variability in community composition is related to climatic factors 
associated with distance. Comparable results have been found for 
epiphytic species in similar gradients, showing greater species turnover 

Fig. 2. Similarities between zones: (A) considering all the localities within each zone, and (B) considering five selected localities within zone. Black values represent 
the Jaccard index (presence/absence). Red values represent the Bray-Curtis index (species frequency). Values range from 0 to 1, with higher values indicating more 
similar lichen communities. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Similarities between volcanic zones. The Bray-Curtis index is used, 
considering the percentages of species of each trait (growth form, type of 
photobiont and secondary metabolites) relative to the total species in each 
zone. Secondary metabolites are shown in black, growth forms in red, and types 
of photobionts in green. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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with increasing geographic range (Werth et al., 2005; Aragón et al., 
2012).

Despite the high species turnover, functional similarity remains 
relatively high with values over 60 %. This functional convergence is 
particularly pronounced in volcanic environments, where extreme 
abiotic conditions such as intense solar radiation, limited water avail
ability, and pronounced thermal fluctuations act as strong ecological 
filters. These stressors constrain the range of viable functional traits, 
resulting in communities characterized by low functional diversity and 
dominated by stress-tolerant species with convergent ecological strate
gies (Solhaug and Gauslaa, 2012; Matos et al., 2015; Ellis et al., 2021). 
Species capable of persisting under such conditions typically exhibit 
crustose growth forms, high desiccation tolerance, and photobionts 
adapted to rapid hydration–dehydration cycles. Furthermore, the pro
duction of secondary metabolites with photoprotective properties re
flects the intense selective pressure exerted by high levels of solar and 
ultraviolet radiation.

Some species have adapted through the production of anthraqui
nones, secondary metabolites that offer protection against UV radiation. 
These substances are especially abundant in the Teloschistaceae family 
(Gaya et al., 2015), providing enhanced protection against irradiation 

(Rikkinen, 1995; Nguyen et al., 2013; Gaya et al., 2015). This adaptation 
has evolutionarily enabled these lichens to thrive in open, 
high-radiation habitats (Gaya et al., 2015). In fact, the Teloschistaceae 
family is the most abundant, comprising up to 26 % of the species in the 
southeast inland. Examples of species with anthraquinones on volcanic 
rocks included Calogaya arnoldii, Caloplaca irrubescens, Variospora aur
antia, and V. flavescens. Another group of species, such as those in the 
families Physciaceae and Caliciaceae, produce protective lichen sub
stances (atranorin, norstictic acid) and often present pruina (e.g., Buellia 
sequax, B. subdisciformis). In these highly exposed environmental con
ditions, the pruinose surface increases light reflectance, protecting the 
thallus from excess of light irradiation (Veres et al., 2022).

The similarity in species composition among volcanic zones, 
considering growth forms, is also high, primarily due to the dominance 
of crustose species (including placodioid), which account for 62 %–77 % 
of the species. In these harsh environmental conditions, characterized by 
high irradiation and water deficit, crustose species thrive due to their 
thin thalli and exposed horizontal surfaces. These species also exhibit 
internal anatomical adaptations, such as increased hyphal wall density 
and thickness, to prevent water loss (Rundel, 1988; Armstrong, 2017).

However, variations in growth forms between volcanic zones reflect 

Fig. 4. Representativeness of different growth forms (as a percentage) in each of the 4 zones.

Fig. 5. Representativeness of photobiont types (as a percentage) in each of the 4 zones.
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the different environmental conditions of each zone, independent of 
their lithology. For instance, the percentage of foliose species is signif
icantly higher in the central and northeastern zones, where they are 
adapted to more humid conditions, in contrast to the semi-arid envi
ronment of the southeast. Fruticose forms are linked to moisture-laden 
winds, as seen in species of the genera Ramalina and Roccella, which 
inhabit coastal environments (Egea and Llimona, 1994; Tehler et al., 
2004). In our study, several of these species were found on volcanic 
rocks along the southeast coast.

Species with green algae predominate under these exposed envi
ronmental conditions. The similarity between zones, based on algae 
type, is notably high, with values exceeding 0.9, due to the high per
centage of species with green algae, excluding Trentepohlia (83 %–91 %). 
Species with green algae are better suited to high-insolation environ
ments, achieving optimal photosynthesis levels with minimal hydration 
from ambient humidity (Green et al., 2008).

Additionally, differences are observed among smaller groups of 
species that contain Trentepohlia or Cyanobacteria as photobionts. 

Species with Trentepohlia are scarce and absent in the central zone due to 
the thermal amplitude and continental climate. Although this genus 
exhibits a broad ecological and climatic range, it often prevails in areas 
characterized by moderate temperatures, limited thermal contrasts, and 
humid conditions, although it is also capable of thriving in more extreme 
environments (Hametner et al., 2014; Stanton et al., 2023). These cli
matic conditions are more common in coastal areas than in inland re
gions. Notably, small lichens with cyanobacteria, mainly from the 
families Lichinaceae and Peltulaceae, are present in the southeastern and 
central zones (7 % of the species), which experience drier and more 
exposed conditions, but absent in the more humid and cooler northeast 
region. Although lichens using cyanobacteria as photobionts require 
more water than those with green algae, these lichens frequently inhabit 
arid and semi-arid regions of the Iberian Peninsula (Egea, 1989; Moreno 
and Egea, 1991; Marques et al., 2013). The ecological requirements of 
lichens associated with Nostoc as their cyanobacterial partner differ 
markedly from those of the Lichinaceae and Peltulaceae families, which 
belong to distinct evolutionary lineages and are generally better adapted 

Fig. 6. Representativeness of secondary metabolites (as a percentage) in each of the 4 zones.

Fig. 7. NMDS graphical representation of the 49 localities in the southeast, based on lichen composition. Black circles (CA), white circles (CA-P), crosses (U), stars 
(B). Stress = 0.1421.
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to xeric environments (Jung et al., 2021). They are thermophilic species 
located in runoff areas, such as small fissures and cavities, where rain
water or dew accumulated (Llimona and Egea, 1985; Moreno and Egea, 
1991).

The diversity of these organisms in xeric environments, where 
photosynthesis requires liquid water, is remarkable (Moreno and Egea, 
1991). Their ability to remain inactive for extended periods, coupled 
with adaptations that prevent water loss, enables them to colonize areas 
inaccessible to other lichens (Moreno and Egea, 1991). Some species 
develop crustose or small squamulose forms, minimizing their 
surface-to-volume ratio to reduce water loss. Additionally, they form a 
dense gelatinous layer over the thallus, further enhancing their resis
tance to dehydration (Moreno and Egea, 1991).

4.2. Influence of the chemical composition of volcanic rocks

At the local level, lichens are influenced by the chemical environ
ment, with several aspects of their micro-distribution depending on the 
rock substrate’s chemistry (Jung and Büdel, 2021). This highlights the 
importance of fine-scale factors in structuring saxicolous lichen com
munities (John and Dale, 1990). The geochemistry and mineralogy of 
underlying rocks are crucial in forming lichen communities (Purvis and 
Halls, 1996). We observed a clear separation of two groups based on 
lichen composition in the southeastern Iberian Peninsula: acidic lavas 
(calc-alkaline and calc-alkaline potassium) and basic lavas (basalts and 
ultrapotassic). Species such as Caloplaca irrubescens, Lecanora praepos
tera, Protoparmelia montagnei, and Usnochroma scoriophila on acidic 
lavas, and Circinaria hoffmanniana, Buellia dispersa, and Buellia sequax on 
basic lavas, play a key role in the observed differences. For instance, 
studies on saxicolous lichen communities on different substrates (ul
tramafic and non-ultramafic rocks) revealed they shared less than 5 % of 
species (Rajakaruna et al., 2012). Even among siliceous substrates, such 
as granites, slates, and quartzites, the number of exclusive species, 
particularly on quartzites and slates, was extremely high at the local 
level (Aragón et al., 2024a).

Some authors suggest that common acids in lichens can influence 
their tolerance to acidity and, consequently, their substrate choice 
(Hauck and Jürgens, 2008). For instance, gyrophoric, rhizocarpic, and 
stictic acids are frequent in crustose lichens inhabiting metal-poor en
vironments, while species with anthraquinones and lichens without 
secondary metabolites are more common on limestone (alkaline and 
metal-poor) (Paukov et al., 2019). These authors conclude that various 
relationships exist between lichen acids, rocks, and climatic parameters, 
and that the same metabolite can influence both metal accumulation 
and stress tolerance under unfavorable conditions (Paukov et al., 2019).

5. Conclusions

Our findings indicate that, on a regional scale, lichen species 
composition is primarily shaped by climatic differences associated with 
the geographic location of volcanic zones. In contrast, at a local scale, 
lithological variation plays a key role in determining community 
composition. Crustose lichens with green algae other than Trentepohlia 
as photobiont and photoprotective secondary metabolites are predom
inant on volcanic substrates. Minor functional differences reflect specific 
environmental conditions of each volcanic zone.

This study, based on extensive field sampling and literature review, 
addresses a significant knowledge gap regarding lichen diversity in the 
volcanic regions of the Iberian Peninsula. It reveals not only a high 
number of species but also an unusually large proportion of unique 
species (i.e., found in only one of the 85 surveyed localities). Despite 
marked differences in species composition among zones, functional 
traits related to survival in harsh volcanic conditions remain remarkably 
consistent, offering insights into ecological resilience in these ecosys
tems. However, this study would have certain limitations, such as a 
limited sample size, uneven documentation of sampling effort, and 

reliance on older data from the 1990s, which could reduce taxonomic 
resolution due to the absence of molecular phylogenetic methods.

CRediT authorship contribution statement

Gregorio Aragón: Writing – review & editing, Writing – original 
draft, Investigation, Formal analysis, Data curation, Conceptualization. 
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vulcanismo neógeno peninsular. In: Vera, J.A. (Ed.), Geología de España, 
pp. 635–682.
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