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Abstract

Understanding habitat extension that limits species distribution is a crucial tool for management and
conservation, in which habitat mapping plays a pivotal role. The mesovoid shallow substratum (MSS)
is a type of shallow subterranean habitat with an important conservation value for invertebrate com-
munities, functioning as climatic/reproductive refuge, biogeographic corridor and/or permanent habitat.
Methodologies to map the mesovoid shallow substratum (MSS) are currently lacking. We propose a novel
method for colluvial MSS habitat mapping, combining geographic information systems, geological maps,
and geological knowledge on the habitat genesis. We tested and validated the efficiency of the method
using the Arrdbida karst area (Portugal) as a model. The method allowed the remote detection of MSS
habitats suitable for invertebrate communities ex sizz within the study area, and enabled the estimation of
habitat extent. The faunal communities sampled in the selected location were dominated by arthropods,
especially insects, showcasing the efficacy of this mapping method to detect suitable MSS habitats. The use
of this method considerably reduces the in situ scouting area, providing a more efficient way of locating
these habitats. The MSS is protected under EU legislation concerning floral communities and geological
features, completely neglecting its faunal communities. This method also allows to estimate potential MSS
habitat extension in several lithologies, facilitating the implementation of invertebrate prospections, and

the establishment of more effective conservation measures.
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Introduction

The Mesovoid Shallow Substratum (or Stratum) was described in French as the “Mi-
lieu Souterrain Superficiel” (MSS) by Juberthie et al. (1980) in the Pyrenees, as an
extensive type of shallow subterranean habitat, “formed by a network of air-filled voids
and open spaces in between rock fragments” (for recent review on terminology see
Mammola et al. 2016). Like caves, the MSS is characterized by total darkness, sta-
ble temperatures, and high humidity levels (Culver and Pipan 2014; Mammola et al.
2016; Nitzu et al. 2018).

Colluvial MSS, one of the four recognized types of MSS (Mammola et al. 2016), is
typically composed of homogeneous rock material (depending on the type of bedrock)
in various and heterogeneous sizes. The colluvial material consists of unconsolidated
free sediments that have been deposited on hillslopes by either rain-wash, slow con-
tinuous downslope creep, or a combination of both these processes (Juberthie et al.
1980; Jiménez-Valverde et al. 2015). This type of MSS, when exposed is referred to
as a scree slope, but can also be covered by a layer of soil and vegetation (Culver and
Pipan 2009).

The MSS can be inhabited by organisms with different adaptations to life in sub-
terranean habitats, from surface ones living in the soil (edaphic), to species with some
aflinities to the subterranean habitats (troglophile), to animals fully adapted and de-
pendant on the subterranean habitat to survive (troglobiont) (Ortuno et al. 2013;
Culver and Pipan 2014; Nitzu et al. 2014). It has been studied in several countries,
mainly for its faunal communities, which are dominated by insects and other arthro-
pods (Pipan et al. 2010; Rendos$ et al. 2012; Ortuno et al. 2013; Nitzu et al. 2014;
Jiménez-Valverde et al. 2015; Eusébio et al. 2021).

This habitat is an ecotone between surface and deeper subterranean habitats (Gers
1998), and can serve three very distinct, but equally important functions: 1) climatic/
reproductive refuge for surface species, as in this habitat temperature variations along
the year are much less extreme than at surface (Nitzu et al. 2011, 2014, 2018; Mam-
mola et al. 2016); 2) biogeographic corridor to deeper ecosystems, as in many cases
the MSS is connected to caves by a system of fissures, especially in karstic landscapes
(Ortufio et al. 2013; Jiménez-Valverde et al. 2015); 3) permanent habitat for some spe-
cies (Culver and Pipan 2009; Pipan et al. 2010; Eusébio et al. 2021).

Habitat mapping is a critical step for the management and conservation of habitats
and their faunal communities (McDermid et al. 2005), as it allows an estimation of
species distribution and richness patterns (Lecours et al. 2015), leading to the develop-
ment of better monitoring protocols (Cogan et al. 2009; Lecours et al. 2015). Regard-
ing subterranean habitats, improving habitat mapping methods will aid answering two
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of the fundamental research questions on subterranean biology: “What is the species
richness pattern of subterranean organisms globally?” and “What would be the best
monitoring protocols to quantify long-term changes in the distribution and abun-
dance of subterranean invertebrates?” (Mammola et al. 2020).

Subterranean habitats, “the most widespread non-marine environments on Earth”
(Mammola et al. 2019), are particularly difficult to map due to their challenging ac-
cess for humans (Mammola et al. 2019; Tanalgo et al. 2022). Caves have been mapped
throughout the world since the beginning of speleological studies (Martel 1894),
evolving into digital mapping (Trimmis 2018; Jones 2022; Kampolis et al. 2022),
which include robots (Chang et al. 2022; Tabib et al. 2022) and remote sensing from
space (Sharma and Srivastava 2022), using terrestrial lava tubes as models (Bell Jr. et al.
2022). On the other hand, the network of spaces and voids that composes the major-
ity of subterranean habitats, which is inaccessible to humans, has never been mapped
(Mammola et al. 2019).

This inaccessible underground network is the habitat that most subterranean spe-
cies occupy, placing them “among the least documented fauna on our planet” (Mam-
mola et al. 2019). Despite the different MSS types being properly described (Mam-
mola et al. 2016), the worldwide extent of this habitat is currently unknown, with no
available mapping methods proposed so far. Currently, its prospection relies solely on
in situ visual verifications.

We propose a methodology to locate and estimate the areas of colluvial MSS habi-
tats, using a combination of geographic information systems, geological maps, and
geological knowledge on the genesis of this habitat. The Arrdbida massif in Portugal
was selected as the study area to develop, test, and validate the mapping method. The
work conducted was divided into six steps: 1) defining a geological area to map, 2) de-
fining main geological criteria for habitat genesis, 3) selecting potential locations using
satellite imagery, 4) combining the potential sites with geological maps, in order to ap-
ply the criteria, 5) performing an iz sizu verification of the sites that met all the criteria,
6) assessing biodiversity in order to verify if the habitats selected by the method are
suitable for typical MSS invertebrate communities.

Materials and methods

Literature review

Data on mapping methodology of shallow subterranean habitats was obtained from
the available literature using: i) Elsevier Scopus with the following search topics “meso-
void AND shallow AND substratum” or “shallow AND subterranean AND habitats”
or “milieu AND souterrain AND superficiel”; ii) Clarivate Web of Science with the
same topics as i). Information harvested contains study location, MSS type, rock type,
how the habitat was found, its extent, mapping method used, faunal taxonomic in-
formation, and type of results obtained in the study (Diversity, Taxonomy, Ecology).
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Study area

The Arrabida karst massif (Portugal) was selected for the development of the habitat map-
ping method, due to its location in an area rich in invertebrate subterranean fauna (Reb-
oleira et al. 2011), and the availability of geological maps and satellite images of the area.

The Arrdbida chain is located in the southern edge of the Settbal peninsula (Fonse-
ca et al. 2014; Ramalho 2015), and is included in the homonymous Natural Park, cre-
ated in 1976. The chain is particularly rich and diverse from a geological point of view
(Parque Natural da Arrdbida 2000), being comprised of a small group of mountains,
oriented E-W and extending for 35 km, with the major accidents (thrusts and faults)
verging to the South (Presas 2012; Fonseca et al. 2014), and a maximum altitude of
around 500 m (Fonseca et al. 2015).

It is defined as a hard (high) relief, i.e., reliefs that stand out in height in com-
parison to the average altitudes of a region. This kind of hard reliefs are formed by the
interaction of both erosive and tectonic processes (Fonseca et al. 2014). The erosive
process occurs when there is a strong lithological contrast (Fonseca et al. 2014), i.e.,
when a relief has two different types of rock in contact with each other, one with a
harder lithology (for example, crystalline limestones) and one with a softer lithology
(for example, claystone or marlstone). In this case, there is a rapid erosion of the softer
type of rock, leaving the harder one topographically exposed. This exposed hard rock
will then erode slowly, first into boulders, and then into smaller and smaller rock frag-
ments as they move down the slopes forming alluvial and colluvial fans. When rocky
fragments reach the bottom of these slopes (and sometimes accumulate in deep struc-
tures) colluvial MSS is formed (Fonseca et al. 2015). The tectonic process consists of
a compressive regime that resulted in the formation of faults and folds that sometimes
duplicate by imbrication of the entire sequence. In the case of the Arrdbida chain, these
alternations oriented along the coast form cornices and cliffs, at the base of which the
eroded sediments are deposited with little or no consolidation, forming colluvial MSS
(Fonseca et al. 2014).

The Arrabida chain has a typical Mediterranean climate, characterized by two ex-
treme seasons (a warm and dry summer, with prolonged drought periods, and a cold
humid winter), and two mild seasons (spring and autumn) (ICNF 2015; Almeida et
al. 2017). The fact that this chain faces the Atlantic Ocean leads to high air humidity
levels (ICNF 2015). Its vegetation consists of a typical Mediterranean scrub, with Ulex
densus and Genista tournefortii gorses, Cistus albidus, C. ladanifer and C. monspeliensis
rockroses, Quercus coccifera and Rhamnus alaternus evergreen shrubs, and Juniperus
phoenicea juniper (Parque Natural da Arrdbida 2000).

Habitat mapping method

The first step in defining the mapping method for colluvial MSS habitats, of the scree
slope type, was to define five main criteria for the selection of a location where this
habitat might occur, taking into consideration all the conditions necessary for the geo-
logical formation of colluvial MSS (Table 1).
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The second step was to select locations that seemed to possess “colluvial MSS prop-
erties”, i.e., locations where slopes filled with rocky fragments could be detected visu-
ally, using Google Earth software.

The third step was to rasterize the geological map of the area, in this case section
38-B Setdbal, Portugal (Industry and Energy Ministry, Geology and Mining Institute)
in QGiS 3.14.16 software (QGIS Development Team 2020), and select the following
lithological features from the Jurassic and Cretaceous periods: limestone, conglomerate
and dolomite. These three formation types were chosen according to the general lithol-
ogy of the study area, and within the parameters of Criteria 4 (Table 1).

The fourth step was to overlap the coordinates of the selected potential colluvial
MSS locations with the rasterized map in QGIiS 3.14.16 software, using a mapping
system that provides contour lines to better identify erosion run-off zones. Each loca-
tion was tested on the resulting map for the fulfilment of all five criteria established for
potential colluvial MSS habitat identification (Table 1).

The fifth step was to conduct an iz situ verification for the locations which met all
the five criteria. These locations were characterized for facing direction (registered in
situ) and estimated area (calculated using Google Earth software) (Suppl. material 1).

The total estimated colluvial MSS area within the Arrdbida Natural Park was cal-
culated based on the individual estimated area of each scree slope.

Maps were produced in QGiS 3.14.16 software. An open access “World Topo-
graphic Map” layer (Esri 1995), which allows the identification of the erosion run-off
zones at a 96 dpi resolution, was used in the details of Fig. 3 to provide contour lines.

Preliminary biodiversity assessment

A preliminary biodiversity assessment was performed following previous methodologies
of measuring biodiversity in MSS habitats (Lépez and Oromi 2010; Eusébio et al. 2021),
installing five modified pitfall traps (Fig. 1: Location 15) at a depth of 50 — 60 cm during
two months (February and March of 2022) in one of the sites detected as MSS habitats by
this method. The collected specimens were identified to order level, using a Leica SGE ster-
eomicroscope, were stored in 96% alcohol and deposited at the Faculty of Sciences and
the National Museum of Natural History and Science, University of Lisbon, Portugal.

Results

Literature review

Methodologies to detect and map MSS habitat were not found in any of the papers
surveyed, neither methodologies to estimate habitat extent (Suppl. material 2).

MSS habitats have been studied for diversity, taxonomy, and ecology of invertebrate
fauna in 15 countries, where around 65% focus on colluvial MSS, and around 43% do
not inform the reader about the lithology of the study area, being the dominant lithology
(when mentioned) karst areas (around 39%) (Suppl. material 2).
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Figure |. Potential colluvial MSS locations within the Arrabida Natural Park area, located between Ses-

imbra and Settibal municipalities, Portugal.

Table 1. Criteria for identifying potential colluvial MSS habitats.

Criteria Description Justification
1 Reliefs present in Reliefs consist of an exposed rock matrix that is elevated above ground level by
the terrain either tectonic and/or erosive processes. This exposed matrix suffers subsequent
erosion forming MSS habitats.
2 Strong lithological | A strong lithological contrast means that there is a rapid erosion of a softer type
contrast in the relief of rock leaving adjacent harder rock exposed, leading to its later slow erosion
into rock fragments and to the formation of scree slopes.
3 Erosion run-off zones | Considering that the parent rock is part of a relief, and that its erosion forms

scree slopes, colluvial habitats form in steep slopes, below the exposed parent
rock in the erosion run-off zone.

4 Adequate lithology The type of rock selected needs to erode into fragments that can produce

colluvial deposits. Example: limestones, conglomerates and marls (in karst

areas), basalt (resultant of the erosion of volcanic cones).
5 Natural formation The habitat needs to be formed by natural causes, and not by anthropogenic
activities such as road construction and explosions associated with quarries,

which form structures similar to colluvial MSS that are quite shallow or not

connected with deep subterranean habitats.

Habitat mapping method

Potential colluvial MSS was initially indicated in 24 locations (Fig. 1). After applying
the five criteria established for potential colluvial MSS habitat identification, 11 loca-
tions were considered eligible for an 77 sizu verification (Suppl. material 3), of which
eight were effectively confirmed to consist of scree slopes in the field (Figs 2, 3). The
remaining three locations that fulfilled all criteria were observed in the field as com-
pletely covered by vegetation, and not as bare scree slopes.
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Figure 2. Locations that met all the five criteria established for potential colluvial MSS habitat identifica-
tion. Locations: A1 B2 C 5D 15 E 16.

Justification for locations meeting the defined criteria

Locations 1 through 4 are all within the erosion run-off zone right under 200 m a.s.l
(Fig. 3, Table 1: Criteria 1, 3). Location 5 is located in the erosion run-off zone at an
elevation of 280 m (Fig. 3, Table 1: Criteria 1, 3). Locations 1 through 3 consist of
dolomitic rocky fragments, while locations 4 and 5 are crystalline limestone (Fig. 3,
Table 1: Criteria 2, 4). All factors point to a natural formation of these scree slopes
(Fig. 3, Table 1: Criteria 5) as they are situated in low human intervention areas, and
are quite exposed facing south and southeast (Suppl. material 1) which in this case
means that they face the sea being, therefore, very prone to erosion by strong winds
and rain.

Locations 15 and 16 are also within the erosion run-off zone right under 300 m
a.s.l., on a limestone area (Fig. 3, Table 1: Criteria 1-4). Again, these scree slopes
are very likely formed by natural processes as there is a parent rock exposed to the
elements which faces northwest (Suppl. material 1), in a pristine area (Table 1:
Criteria 5).

Location 21 is situated within the erosion run-off zone at 240 m a.s.l., in a lime-
stone area (Fig. 3, Table 1: Criteria 1—4). This scree slope is likely formed by natural
processes as there is a parent rock exposed to the elements (Table 1: Criteria 5), which
faces northeast (Suppl. material 1).
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Figure 3. Map of the colluvial MSS locations confirmed i7 sitse. Map of the Arrdbida Natural Park, with the
selected lithological feature layers (dolomite, limestone, and conglomerate), contour lines (in the three details),

and colluvial MSS locations obtained with the proposed mapping method (numbered) confirmed i sizu.

Estimated habitat area

The estimated areas for each of the scree slopes (Suppl. material 1) resulted in a total of
approximately 30,500 m?. This represents the total estimated surface area of colluvial
MSS within the Arrdbida Natural Park.

Habitat suitability for invertebrate fauna

A total of 551 invertebrate specimens were collected over the two winter months.
About 98% of this community was represented by arthropods, with the remaining
fauna being composed by molluscs (Suppl. materials 4, 5A). Over half of the arthro-
pod specimens were insects, followed by Collembola (Suppl. materials 4, 5B). Within
insects, Diptera’s dominance was followed by Coleoptera and Hymenoptera (Suppl.
materials 4, 5C). Among all taxa, a pseudoscorpion and a beetle presented troglomor-
phisms, such as reduced eyes and depigmentation (Suppl. material 4), but the lack of
male specimens precluded the determination to species level.

Discussion

This new habitat mapping method, combining geographic information systems with
geological maps and information on MSS genesis, allows tracking and mapping
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colluvial MSS habitats, improving the current habitat location technique, which is
based on in situ verification.

This method also allows for the estimation of habitat distribution, and when ap-
plied to faunal studies allows the estimation of species distribution areas. This knowl-
edge will in turn contribute to improve the establishment of protection and conserva-
tion measures for this habitat and its faunal communities.

The application of this method requires: 1) deciding whether the formation of
the scree slope is natural or anthropogenic, as this criteria can be biased; 2) selecting
appropriate rock types within the lithology of the study site, as long as they allow the
formation of scree slopes (this includes non-karst areas) and 3) taking into account
vegetation coverage of the area, which can mask scree slopes in the 77 sizu verification
stage (Rendos et al. 2014; Rudy et al. 2018; Jaksov4 et al. 2019). One method to over-
come this last complication is to add an updated vegetation layer to the mapping step,
when available, in order to better predict these events. Other approaches can involve
long term surveys, as vegetation coverage varies over time, especially in areas prone to
wildfires (Bastos et al. 2011).

The initial scan of the study area using satellite imagery resulted in 24 locations for
potential MSS habitats. With the use of geographic information systems and geologi-
cal maps this number was reduced to eleven. After the visual i sizu verification, eight
locations were confirmed as the intended habitat, i.e., bare scree slopes. Our method
has, therefore, proven to be effective in locating potential colluvial MSS habitats with
around 75% accuracy after the in situ verification, and also considerably reducing the
scouting area in the field.

Odur results suggest that the sole use of GIS software to locate MSS habitats is less
effective than our mapping method. This can be attributed to the lack of satellite im-
age updating on certain areas of the country, especially natural areas, where vegetation
grows fast, drastically changing the landscape in a short time (Clemente et al. 1996;
Meira-Neto et al. 2011). The discrepancy between the locations meeting all the crite-
ria, and the ones detected in the field can be explained by vegetation cover. Therefore,
the “missing” locations are in fact colluvial MSS habitats covered by the thick vegeta-
tion found all over the area of the natural park, mainly Quercus coccifera shrubs (Parque
Natural da Arrdbida 2000).

The in situ verification for the presence of colluvial MSS in these locations was pre-
vented due to the extremely dense vegetation in the field, which would require cutting
down natural vegetation patches. MSS covered with soil and vegetation is common in
the margins of bare scree slopes, which are gradually covered by mature soils, leading to
more extensive plant coverage over time (Mammola et al. 2016; Giupponi et al. 2023).
Therefore, our method also has the potential to detect “hidden” MSS areas, which are
covered by soil and vegetation, continuous to the detected bare scree slopes.

In fact, the lithology of the area, previous observations, especially historical events
related to wildfires (Clemente et al. 1996; Cruz and Viegas 1997), and knowledge of
the natural park landscape (Parque Natural da Arrdbida 2000) indicate the presence of
MSS covered by soil and vegetation in those “missing” locations.
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The mapping method also proved to be efficient in locating habitats suitable for inver-
tebrate fauna. Scree slope habitats can host both surface and subterranean-adapted species
(Pipan etal 2010; Nitzu etal. 2011, 2014; Jiménez-Valverde etal. 2015). The communities
found in the sampled location have a similar composition to communities typically found
in the MSS in other European countries, i.e., the absolute dominance of arthropods, more
specifically insects (Rendos$ et al. 2012; Ortufio et al. 2013; Jiménez-Valverde et al. 2015;
Eusébio et al. 2021), and few troglobiont species (Pipan et al. 2010; Jiménez-Valverde
et al. 2015). However, we found an unusual pattern, the clear dominance in number of
individuals of Diptera over Collembola. This can be linked with the lower altitude of our
study (300 m a.sl.), in contrast with the high mountain location of the previous studies
(Rendo$ et al. 2012; Jiménez-Valverde et al. 2015), as the abundance of several Diptera
are known to be affected by elevational gradients and other climatic variables (Hodkinson
2004; Rhoner et al. 2015), but also by the lack of soil and vegetation coverage of bare scree
slopes, that may facilitate the colonization of this habitat by flying insects.

This method allows a habitat extent estimation, which in the case of the colluvial MSS
within the Arrdbida Natural Park is approximately 30,500 m?. This value corresponds to
the surface area of habitat. However, like in other habitats, such as coral reefs (Dustan et al.
2013), the real extension of the MSS habitat is higher than its surface area, due to its three-di-
mensionality. Future studies to quantify the total MSS 3D area and volume will have to con-
sider habitat depth and slope, rock fragment size, and rock occupied volume versus air filled
spaces. It is also important to consider the area of the habitat that is covered by vegetation.

In Portugal, MSS habitats are protected by EU legislation in the Habitat Directive
as “Western Mediterranean and thermophilic deposits”, in the “Limestone scree slopes
(8130pt1)” subcategory, regarding plant communities and geological features (ICNB
2000). However, this protection completely disregards faunal communities, and, in
a recent study, the Portuguese MSS was considered a habitat with high conservation
value for invertebrate communities (Eusébio et al. 2021).

The use of this mapping method might facilitate the detection of MSS, which
can later be studied and contribute to overcome the main shortfalls of subterranean
biodiversity (Mammola et al. 2019) in shallow subterranean habitats. It will enable
the increase of knowledge about habitat distribution (Racovitzan shortfall), which will
facilitate new faunal community studies (Mammola et al. 2019).

This new mapping method has the potential to be used worldwide, paying special
attention to integrate topography, geomorphology, lithology and tectonic structures
of the studied location, improving work efficiency for studies that deal with colluvial
MSS, a more and more important habitat in the context of global changes as a cli-
matic/reproductive refuge (Eusébio et al. 2021).

The possibility to survey the area of shallow subterranean habitats worldwide will
help define conservation perimeters, and estimate the extent of occurrence (EOO) and
area of occupancy (AOO) according to the IUCN Red List criteria IUCN 2021) for
species that inhabit shallow subterranean habitats. Moreover, our method allows for
the estimation of the extension of this type of habitat around the world, which will
certainly contribute to establish more effective conservation measures for land-use at
surface and for faunal conservation.
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