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Marine caves constitute vulnerable habitats with unique and diverse biocoenoses. Monitoring these habitats is
still challenging, which hinders the ability to evaluate global and local pressures that threatens their ecological
value. In this study, ecological quality is estimated in twenty-one marine caves distributed along the northern
and southern coasts of the Alboran Sea, a highly understudied area regarding marine caves. For that purpose,
adjustments on the original Cave Ecosystem Based Quality Index (CavEBQI) are suggested in order to efficiently
estimate the ecological quality of marine caves. Several methodological aspects regarding the assessment of
biotic coverage, the visual census of motile fauna and the plasticity of the index usability were evaluated.
Ecological quality of marine caves was in average “good” although it ranged between “poor”, “moderate” and
“good” depending on the features of each cave. This study emphasizes the importance of adapting biotic in-

dicators to biogeographical differences and technological advancements.

1. Introduction

Marine caves are unique and vulnerable habitats occurring across the
Mediterranean coastline (Gerovasileiou and Voultsiadou, 2012; Gia-
koumi et al., 2013). They harbour a rich biodiversity including rare,
cave-exclusive, endangered, protected, and deep-water species which
form distinct communities (Gerovasileiou and Bianchi, 2021 and therein
references). Caves’ biocoenoses are commonly shaped by strong envi-
ronmental gradients such as the gradually reduced light intensity and
hydrodynamism (Morri et al., 1994; Fichez, 1991; Gerovasileiou and
Bianchi, 2021) and the steep decrease of allochthonous organic matter
(Fichez, 1991; Rastorgueff et al., 2011) along the inner semidark and
dark cave sections. As a result, different cave communities develop
within distinct ecological zones. Hard substrates of the semidark
ecological zone are characterised by the absence of photosynthetic

organisms and the abundance of large sponges, cnidarians and bryo-
zoans, while the dark zone, being more oligotrophic, mostly hosts
smaller sized encrusting sponges, serpulids, and brachiopods (Péres and
Picard, 1964; Harmelin et al., 1985; Gili and Ballestero, 1991;
Dimarchopoulou et al., 2018; Sempere-Valverde et al., 2019; Ger-
ovasileiou and Bianchi, 2021). Some cave-dwelling species are endemic
to these environments and/or can be restricted to certain Mediterranean
regions, creating a large-scale spatial heterogeneity between marine
cave communities in different biogeographic areas (Gerovasileiou and
Voultsiadou, 2012; Bussotti et al., 2015; Gerovasileiou et al., 2015).
However, even communities of closely located marine caves can differ
due to their cave-specific morphological features inducing small-scale
heterogeneity also known as “individuality” (Marti et al., 2004; Bus-
sotti et al., 2006; Gerovasileiou and Voultsiadou, 2016; Gerovasileiou
et al., 2017; Digenis et al., 2022).
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Although “Submerged or partially submerged sea caves” have been
characterised as a protected habitat type (code 8330) under the Euro-
pean Union’s Habitats Directive (92/43/EEC) and the “Dark Habitats
Action Plan” of the Barcelona Convention (Pergent et al., 2015), various
anthropogenic pressures and threats affect their communities (Bussotti
et al., 2006; Giakoumi et al., 2013; Sempere-Valverde et al., 2019;
Montefalcone et al., 2023). Among the main disturbances to marine cave
communities are the impact of unregulated SCUBA diving (Di Franco
et al., 2009; Terron-Sigler et al., 2016), accumulation of marine litter
(Macic et al., 2018), coastal infrastructure construction (Nepote et al.,
2017), expansion of non-indigenous species (Gerovasileiou et al., 2016;
Digenis et al., 2022; Gerovasileiou et al., 2022) and the increasing water
temperature (Parravicini et al., 2010; Rastorgueff et al., 2015; Mon-
tefalcone et al., 2018, 2023). For this reason, in the context of envi-
ronmental monitoring, standardised methodologies that considers
biogeographical variation and uses consistent up-to-date methodologies
are essential for the development of ecosystem-based management ac-
tions and long-term strategies (Giakoumi et al., 2013; Bussotti et al.,
2015; Boudouresque et al., 2020; O’Higgins et al., 2020).

Ecological indicators constitute useful tools in synthesizing scientific
knowledge towards policy makers as they simplify complex ecosystem
processes and dynamics (Bevilacqua et al., 2020). With the use of
ecosystem-based indices (EBQI), the ecological status is assessed by
considering different functional components, which have a different
weight depending on their relative importance in the functioning of the
given ecosystem (Personnic et al., 2014). Ecological quality of Medi-
terranean marine cave ecosystems was first assessed by Rastorgueff et al.
(2015), who developed the Cave Ecosystem Based Quality Index (Cav-
EBQI) based on the EBQ], a previously developed index to evaluate the
status of Posidonia oceanica meadows (Personnic et al., 2014). According
to the conceptual model of the cave ecosystem functioning developed by
Rastorgueff et al. (2015), this ecological indicator considers three
functional groups of sessile biota, distinguished by their feeding strategy
(passive or active filterers) and size, vertical stratification, the presence
of mysids inside the cave and finally the species richness and abundance
of three different functional groups of motile fauna.

However, the CavEBQI was developed and originally applied in only
22 marine caves of France and Italy, and thus Rastorgueff et al. (2015)
suggested modifications on the implementation of the index, consid-
ering biogeographical adaptations and methodological improvements.
Since then, published information on the application of the CavEBQI are
available from only one marine cave of the northern Alboran Sea
(Western Mediterranean) by Navarro-Barranco (2015) and six marine
caves of the Aegean Sea (Eastern Mediterranean) by Digenis et al.
(2022). Both studies highlighted limitations, particularly the need for
improvements and cross-calibration exercises to address large-scale
biogeographic heterogeneity.

The Alboran Sea, the westernmost sub-basin of the Mediterranean
Sea, is characterised by high productivity levels and rich biodiversity
when compared to other Mediterranean sub-basins (Rodriguez et al.,
1994; Real et al., 2021; Rueda et al., 2021), mainly driven by upwelling
events (Sarhan et al., 2000) and the coexistence of Atlantic and Medi-
terranean species (Cebrian and Ballesteros, 2004; Bermejo et al., 2015;
Navarro-Barranco et al., 2022). In addition, it encompasses multiple
Marine Protected Areas that are well known from taxonomical and
ecological studies (Cebrian and Ballesteros, 2004; Garcia Munoz et al.,
2008; Navarro-Barranco et al., 2022), some of which focus on moni-
toring the ecological quality on a long-term basis (Bermejo et al., 2013;
Marina et al., 2015). However, European and North African Alboran Sea
coasts constitute the Mediterranean regions with the lowest number of
known marine caves across their coastline, as well as the areas with the
lowest numbers of studies regarding their cave biota (Giakoumi et al.,
2013; Gerovasileiou and Voultsiadou, 2014; Gerovasileiou and Bianchi,
2021). Although a few studies aimed to fill part of this gap in the Alboran
Sea, they were mainly focused on a small number of caves of its northern
coasts and particular taxa, namely amphipods (Navarro-Barranco, 2015)
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and sessile benthos (Sempere-Valverde et al., 2019).

This study aims to assess the ecological quality of twenty-one (21)
marine caves distributed along the northern and southern part of the
Alboran Sea by applying the CavEBQI index. For this reason, we focus
our work on a) investigating an optimal methodology for the assessment
of biotic coverage with image analysis and b) elaborating a suitable list
of key motile species inhabiting marine caves in the Alboran Sea. The
implementation of this index in the westernmost sub-basin of the Med-
iterranean Sea led to the suggestion of several modifications to the
CavEBQI index, one decade after its original development.

2. Materials and methods
2.1. Study area

During the years 2022 and 2023, a team of scientific divers surveyed
twenty-one marine caves distributed along the Alboran Sea in collabo-
ration with different management bodies of the area. Seventeen caves
are located along the southern coast of the Iberian Peninsula [distrib-
uted in the Spanish provinces of Cadiz (1), Malaga (4), Granada (8) and
Almeria (4)], while four are located in the northern coast of Africa [one
cave in Belyounech (Morocco) and three caves in Chafarinas Islands,
Spain] (Fig. 1). Nineteen of the studied caves are within the Natura 2000
Special Areas of Conservation (SAC) network including the protected
areas ES000037-“Estrecho”, ES6170002-“Acantilados de Maro-Cerro
Gordo”, ES6140016-“Acantilados y Fondos Marinos de la Punta de la
Mona”, ES6140014-“Acantilados y Fondos Marinos de Calahonda-
Castell de Ferro”, ES0000046-“Cabo de Gata-Nijar”, and ES6300001-
“Islas Chafarinas”. Sampling of multiple caves were carried out by the
technicians of the Agencia de Medio Ambiente y Agua within the life
INTEMARES project (LIFE15 IP ES012), which aimed the preparation of
a marine cave’s inventory for the Andalusian region, the modification of
the index for the Alboran Sea and the data collection for monitoring
(Junta de Andalucia, 2015-2023, Remon et al., 2024). Studied caves
have been named differently at multiple times, therefore, a table with all
corresponding names of every cave is included (Table S1).

Among the surveyed caves, Cerro Gordo cave (Fig. 1) stand out due
to its length (>100 m long) and topography (two distinct chambers
separated by a narrow passage; Sempere-Valverde et al., 2019 and
therein references). Its first chamber hosts a semidark community while
the inner second chamber hosts a quite different dark cave community.
Due to the high differentiation between the two chambers, Cerro Gordo
semidark (SD) and Cerro Gordo dark (D) cave section were evaluated
independently in order to investigate whether different cave zones
within the same cave can be characterised by different ecological sta-
tuses. A single evaluation is provided for all other caves, which do not
exhibit dark biocoenoses (their lengths range between 5 and 45 m). In
general, most caves are either semisubmerged (12) or shallow (2)
(although the bottom of the entrance might be deeper depending of the
entrance morphology), and only a few of them are deeper than 7 m (4)
and 15 m (2). In relation to topography of the cave, seventeen of the
caves are blind ended (although they may have additional small en-
trances) and four of them are tunnel shaped.

2.2. Ecological quality assessment and adaptations of CavEBQI

In order to assess the ecological status of marine cave ecosystems in
the Alboran Sea, CavEBQI was applied firstly as proposed by Rastorgueff
et al., 2015. Then, some methodological modifications were incorpo-
rated to the index with the aim of maximizing and standardising sam-
pling and data processing, and therefore to facilitate and improve
monitoring tasks.

According to Rastorgueff et al. (2015), the main components of the
CavEBQI are: i) the percent coverage of Passive Filter Feeders (PFF),
Small Active Filter Feeders (SAFF) and Large Active Filter Feeders
(LAFF); ii) the volumetric stratification of sessile taxa (as indicator of the
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Fig. 1. Map of the Alboran Sea (top left) with more detailed coloured maps showing the location of the twenty-one studied marine caves as well as their
morphological type (top), the depth range of their entrance and the cave name (right). Caves located within the Natura 2000 network are presented in bold. Caves
that presented small air chambers at their inner semidark and/or dark sections and fully submerged cave entrances were considered as submerged.

health condition and food availability for erect growth forms); iii) the
presence of mysid swarms inside the cave; iv) the species richness and
abundance of motile taxa categorised into “Detritus Feeders and Om-
nivores”, “Characteristic Cave Carnivores” and “Associate Carnivores”.
These components are evaluated in a semi-quantitative scale (“status™)
from O to 4, with 4 being the maximum status obtained. The methodo-
logical reliability is estimated through a Confidence Index (CI) ranged
from O to 4, with 4 representing the recommended optimal methodol-
ogy. Calculation of the final ecological status for each cave and CI
consists of a weighted average of all the components (Rastorgueff et al.,
2015). A complete description of the original methodology can be found
along the manuscript of Rastorgueff et al., 2015. However, the following
modifications to the original scheme are suggested.

e Coverage of the different sessile morphofunctional groups (PFF,
SAFF and LAFF) was evaluated by a status of 4 for >30 % coverage, a
status of 3 for >10-30 % coverage and a status of 2, 1 and 0 for
>3-10 %, 0-3 % and no biotic coverage respectively. The respective
percentages in the original guidelines are >75 %, 50-75 %, 25-50 %,
0-25 % and 0 %, respectively (Rastorgueff et al., 2015), however,
new percentages were based on the highest coverage (per morpho-
functional group) found at marine caves of the Alboran Sea, which
barely exceeds a 30 %. The Confidence Index (CI) for coverage
estimation ranges from O to 4, depending on if the applied method-
ology follows the recommendations in the photoquadrat analysis
section (*see below).

Volumetric Stratification of sessile cave-dwelling species was calcu-
lated by the average value of ten random measurements taken
perpendicularly to the wall, while originally it was suggested to
assign only one value through a visual assessment of an area between
1 m? and 4 m? (Rastorgueff et al., 2015). Thus, representativity of

this component is increased within the same diving time as it can be
conducted simultaneously with the photoquadrat collection.
Regarding CI, if in situ measurements are not possible, estimating the
vertical stratification from photoquadrats would correspond to a CI
level of 3 while giving one single value per cave or using expert
statement with no quantitative measurements would imply to a CI of
2 and 1, respectively.

Motile cave fauna was assessed by a single diver during a 20-25 min
dive, recording species richness and abundance of three trophic
functional groups and semi-quantitatively checking for the presence
of mysids (following Rastorgueff et al., 2015). Dives were conducted
between 10:00 and 16:00 UT during the warm season, which spans
from late spring to early autumn (Personnic et al., 2014). Aside from
mysids, only taxa larger than 3 cm were considered during the visual
census. It is important to note that for species forming schools (e.g.,
Apogon imberbis), the recommended maximum count of individuals
was capped at 50, as higher numbers are difficult to estimate accu-
rately and do not significantly affect the quality score. To facilitate
the application of this methodology, a list of 66 motile taxa poten-
tially present in marine caves of the Alboran Sea was compiled. Since
the original methodology included only 24 motile species across the
three trophic functional groups, the number of taxa considered for
determining status was adjusted as follows:

Detritus feeders/Omnivores: Species richness was scored with a
maximum status of 4 for >8 species, and a status of 3, 2 and 1 for 8-6,
5-2 and 1 species, respectively. Abundance was scored by a status of
4 for >15 individuals, and a status of 3, 2 and 1 for 15-10, 9-5, 4-1
individuals, respectively. However, the respective numbers in the
original guidelines are >5, 5-3, 2 and 1 species and > 10, 5-10, 3-4
and 1-2 individuals, respectively (Rastorgueff et al., 2015).
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e Characteristic cave carnivores: Species richness was scored with a
maximum status of 4 for >8 species, and status 3, 2 and 1 for 8-7, 6-4
and 3-1 species, respectively. The respective numbers in the original
guidelines are 4 for fish species and 4-5 for decapod species for the
maximum status followed by 3, 2 and 1 species for both, respectively
(Rastorgueff et al., 2015). Abundance was scored with a maximum
status of 4 for >80 individuals, and a status of 3, 2 and 1 for 80-30,
29-10 and 9-1 individuals, respectively. The original version of the
CavEBQI does not incorporate abundance of -characteristic
carnivores.

e Associate carnivores: Species richness was scored with a maximum
status of 4 for >6 species, and status 3, 2 and 1 for 6-5, 4-3 and 2-1
species, respectively. The respective numbers in the original guide-
lines are 2, 2, 1, 1 for fishes, 3, 2, 2, 1 for decapod crustaceans and >
2, 1-2 and 0 for associate carnivore anemones. Abundance was
scored with a maximum status of 4 for >80 individuals, and a status
of 3, 2 and 1 for 80-30, 29-10 and 9-1 individuals respectively. The
original version of the CavEBQI does not incorporate abundance of
associate carnivores.

As proposed by Rastorgueff et al. (2015), in each case, the final status
of these last three components was calculated through the rounded
mean of the 2 values obtained (in this case, values for species richness
and abundance). Regarding motile fauna components, any non-
compliance of the proposed mentioned methodology (e.g. census time
being lower than 20-25 min, or census being conducted in winter season
or at night) may affect the fauna encountered at the caves and would
imply a CI of 3. If data was obtained merely from suitable expert
statement (non-quantitatively assessed data from people familiar with
local cave fauna), CI would decrease to 2. Given the same scenario but
being non-recent data (>10 years according to Rastorgueff et al., 2015),
CI would decrease to 1.

2.3. Photoquadrat analysis for coverage assessment

Functional groups of sessile benthic community (PFF, LAFF and
SAFF) were evaluated through replicate quadrats (25 x 25 c¢m in size),
randomly placed and photographed along each opposite vertical cave
wall of the semidark or dark ecological zone of the twenty-one marine
caves. All photoquadrats were captured through SCUBA diving with an
Olympus TG-4 or similar underwater camera, always with flash, within
the hours 10:00-16:00 UT during the warm season (late spring to early
autumn) (Personnic et al., 2014).

The percent coverage of sessile morphofunctional groups was
calculated through the PhotoQuad software (Trygonis and Sini, 2012)
by randomly overlaying points on each photoquadrat image and
assigning them into different morphofunctional groups. In order to find
the most representable and time efficient method, both the optimal
density of points and the number of quadrats were tested.

Firstly, the coverage (%) of the sessile morphofunctional groups was
calculated four times (n = 4), with six different densities of points (p):
25, 50, 75, 100, 125 and 150 points, along 10 randomly selected pho-
toquadrats. For every density of points (p) and morphofunctional group
(), the “Mean Deviation by Category” (MDC) was calculated through the
equation

1 q
MDC, ; = EZ PN

X — X;

where X; is the mean coverage of each morphofunctional group (PFF,
LAFF and SAFF) in a selected quadrat and x; represents each replicate
coverage value for n replicates (with n = 4 in this study) of each quadrat
(q = 10). MDC can be interpreted as the variability of coverage data
within replicate quadrats, which is expected to decrease when
increasing the number of points used. Differences on MDC values were
tested for the fixed factor “points number” (six levels) through one-way
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ANOVA analysis and Pairwise tests.

Secondly, the optimal number of analysed photoquadrats for each
cave was tested. To do so, the coverage (%) of each morphofunctional
group (f) (PFF, LAFF and SAFF) was measured in a total of sixteen
photoquadrats of four randomly selected caves (¢ = 4). In every pho-
toquadrat, the previously calculated and selected optimal number of
points was used (*see Results). Dispersion was evaluated through a
comparison of the “accumulated Mean Deviation” (accMD) of each
morphofunctional group cover (f), through the equation

1 _
accMD;y = EZ X;i — Xi6
1

where X; corresponds to the mean coverage (with “i” being the number
of photoquadrats) and Xj¢ corresponds to the mean cover, computed
with the maximum number of 16 photoquadrats per cave. For the
calculation of %;, quadrats were randomly collected from vertical cave
walls (left and right), since this factor could act as a source of variation
(Sempere-Valverde et al., 2019). The accMD shows the variability in
percent coverage obtained when using different number of quadrats per
cave. Thus, when more quadrats are used, less variability is expected.
Selection of the optimal number of photoquadrats would be indicated by
a stabilisation in the accMD, as it should happen as well for each points
density and the MDC.

Once the preferred methodology was assessed, the biotic coverage of
the three morphofunctional groups was calculated. The typical sessile
community that can be found on marine cave walls of the Alboran Sea
host multiple taxa including sponges, anthozoans, polychaetes, mol-
luscs, brachiopods, bryozoans and ascidians (Table 1). Consequently,
any deviation from the proposed methodology would imply a variation
in the CI of this component. Evaluating photoquadrats collected outside
the proposed range (e.g., the cave entrance), not randomly collected, or
with low quality photos would lower the CI from 4 to 3. Using a lower
density of points or using less quadrats along the cave than proposed
would lower the CI to 2, and a visual in situ estimation of cover data
would result in a CI of 1, since expert statement should imply the lowest
CI (Rastorgueff et al., 2015).

3. Results

In this study, multiple modifications of the original CavEBQI index
were required to evaluate the ecological quality of marine caves in the
Alboran Sea. To start with, sessile functional components PFF, LAFF and
SAFF were evaluated through multiple sampling efforts (i.e. points
density per quadrat and number of photoquadrats per cave) in order to
find the most efficient methodology. The evaluation of densities of
points used per quadrat resulted with the lowest Mean Deviation by
Category (MDC) when 150 points were used. This outcome was
consistent among the three morphofunctional groups, as expected.
However, according to the pairwise analysis, MDC significantly
decreased only from 25 to higher numbers of points (at least for LAFF
and SAFF functional groups) and then stopped decreasing significantly
from 50 points (Fig. 2; left). Regarding the evaluation of the optimal
number of quadrats analysed per cave, accumulated Mean Deviation
(accMD) started to stabilise after 10 quadrats per cave, showing little
improvements when higher numbers were used (Fig. 2; right). Conse-
quently, 10 quadrats per cave (5 from each opposite wall, when
possible) analysed with 50 points per quadrat would be the minimum
recommended effort for a reliable coverage assessment of sessile mor-
phofunctional groups.

The total biotic coverage of sessile taxa ranged from 32.6 % for the
“Cerro Gordo Dark” cave to 74 % for the “Gorgonias” cave, with most of
the caves (17/21) presenting over 50 % of average total biotic coverage.
In average, SAFF presented the highest percent coverage (33.35 %),
followed by PFF (14.03 %) and PFF (8.25 %) (Fig. S1).

Regarding motile fauna, a list of 66 taxa potentially present in
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Table 1
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Sessile taxa commonly covering the hard substrate in marine caves of the Alboran Sea, categorised in morphofunctional groups and taxonomical groups (columns)
(Ocana et al., 2000; Sempere-Valverde et al., 2019; authors’ pers. obs.). Mol.: Molusca. MFG: Morphofunctional Group, TXG: Upper Taxonomical Group.

MFG TXG Sessile taxa MFG TXG Sessile taxa
Passive filter feeders Cnidaria Parazooanthus axinellae (Schmidt, 1862) Small Active Filter Porifera Crambe crambe (Schmidt, 1862)
Astroides calycularis (Pallas, 1766) Feeders Dysidea fragilis (Montagu, 1814)
Leptopsammia pruvoti Lacaze-Duthiers, Spirastrella cunctatrix Schmidt, 1868
1897
Hydrozoa Annelida Serpulidae
Large Active Filter Porifera Petrosia (Petrosia) ficiformis (Poiret, 1789) Sabella spallanzanii (Gmelin, 1791)
Feeders Chondrosia reniformis Nardo, 1847 Bryozoa Celleporina magnevillana (Lamouroux,
1816)
Haliclona sp. Flustrina
Clathrina sp. Ascidiacea Didemnum sp.
Mol. Lithophaga lithophaga (Linnaeus, 1758) Pycnoclavella sp.
Bryozoa Myriapora truncata (Pallas, 1766) Brachiopoda  Argyrotheca sp.
Joania sp.
Novocrania sp.
Adeonella sp.
Cellaria fistulosa (Linnaeus, 1758)
Ascidiacea  Phallusia sp.
Halocynthia papillosa (Linnaeus, 1767)
*
12 10.0 Functional groups
W PFF
B LAFF
SAFF
75
8
%) * o
S E 5.0
4 x
d il ”
0 N I
25 50 75 100 125 150 2 [ 6 12 14 16

N° of points

8 10
N° photoquadrats

Fig. 2. Mean Deviation by Category (MDC) among quadrats analysed with different number of points for each morphofunctional group (left) and the accumulated
Mean Deviation (accMD) for the different number of quadrats analysed per cave (right). *: Pairwise comparisons that were significantly different to the following
category (p threshold <0.05). PFF: Passive Filter Feeders; LAFF: Large Active Filter Feeders; SAFF: Small Active Filter Feeders.

marine caves of the Alboran Sea is provided, along with the number of
the herein studied caves where the species were recorded. In total, 59
motile species were recorded within the visual census conducted for this
study (some species are rare and don’t always appear in the visual
census surveys), with species richness recorded in each cave ranging
from 2 to 26 taxa (Fig. S1). Some of the most frequently recorded taxa
were the cardinal fish Apogon imberbis, the European conger Conger
conger, the shrimps Stenopus spinosus, Palaemon serratus and those of the
genus Lysmata, echinoderms of the genus Holoturia, sea urchins and
ophiuroids (Table 2).

When assessed with the adapted version of the index ten caves had a
good status (6 < CavEBQI <8), eleven caves had a moderate status (4 <
CavEBQI <6), and only “Karim” cave showed poor ecological quality (2
< CavEBQI <4). The ecological quality estimated with the original
CavEBQI is generally lower for most of the caves (e.g. only five caves
with good status) and the difference between the minimum and
maximum quality (range) is also smaller (Table 3). Regarding the Con-
fidence Index, nine caves presented a high confidence level (CI > 8),
while ten caves were assessed with good confidence (6 < CI < 8),
“Karim” cave showed moderate confidence (4 < CI < 6) and “Ttnel
Naranja” cave showed a poor confidence (2 < CI < 4) (Fig. 3).

4. Discussion
4.1. Considerations on the adapted CavEBQI

The implementation of ecosystem-based quality indices comes with
important advantages such as the use of non-destructive methodologies,
the collection of simplified data on ecosystem functioning and the
limited required taxonomical skills. Despite the challenges concerning
biogeographical heterogeneity, image analysis and post-processing
(Giakoumi et al.,, 2013; Navarro-Barranco et al.,, 2023), using
ecosystem-based approaches is essential for monitoring ecosystems
(Personnic et al., 2014; Rastorgueff et al., 2015; Thibaut et al., 2017).

In this study, multiple methodological aspects were evaluated and
adjusted in order to standardise and facilitate the use of the CavEBQI for
the assessment of the ecological quality of marine caves in the Alboran
Sea (Table 4). The suggested methodology is time effective, considering
that all necessary data can be collected in a single dive by divers with
basic taxonomic expertise.

The calculation of the CI provides the possibility of evaluating the
cave’s ecological status with poor or low-quality data, since the index
allows a certain degree of flexibility (Table 5). In this sense, monitoring
CI along with the ecological status is indeed relevant, since the appli-
cation of significant changes in the methodology might alter the results
on the ecological status and increase unreliability of such data. For this
reason, it is highly recommended to apply the index only when Cl is 2 or
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Table 2
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Commonly observed motile taxa used for visual census in marine caves of the Alboran Sea. FG: Functional Group, TXG: Upper taxonomical
category, n: number of caves in which the taxa were present, Ech: Echinoderms, P: Platyhelminthes, C: Cnidarians.

FG TXG Taxa name n FG TXG Taxa name n
- Dardanus arrosor (Herbst, 1796) 2 Anthias anthias (Linnaeus, 1758) 4
E Dardanus calidus (Risso, 1827) 5 § Boops boops (Linnaeus, 1758) 1
§ Dardanus sp. 4 E Chromis chromis (Linnaeus, 1758) 8
a
Dromia personata (Linnaeus, 1758) 3 Coris julis (Linnaeus, 1758) 5
2 Galathea strigosa (Linnaeus 1761) 5 Diplodus sargus (Linnaeus, 1758) 2
= . . e e
g Herbstia condyliata (Fabricius, 1787) 7 IDSIII) 170)dus vulgaris (Geoffroy Saint-Hilaire, 6
| I 4
g Ilf’ggcs*r)mn gibbesi (H. Milne Edwards, 2 Epinephelus marginatus (Lowe, 1834) 7
> Scyllarus arctus (Linnaeus, 1758) 1 Mullus surmuletus Linnaeus, 1758 5
=
% Arbacia lixula (Linnaeus, 1758) 8 Muraena helenna Linnaeus, 1758 4
9]
59 L S
= lc‘gzgi;ostep hanus longispinus (Philippi, 0 Oblada melanura (Linnaeus, 1758) 3
= Holothuria sanctori Delle Chiaje, 1823 - Gobius auratus Risso 1810 / Gobius .
+~ . . .
8 £ Holothuria tubulosa Gmelin, 1791 9 bucchichi Steindachner, 1870
§ Holothuria sp. 3 Parablennius sp. 6
b= Ophioderma longicauda (Bruzelius, 0 .
£ 1805) 9 o Scorpaena scrofa Linnaeus, 1758 / S. porcus 9
S Lo 3 Linnaeus, 1758
= Ophiuroidea 1 é
Paracentrotus lividus (Lamarck, 1816) 10 5 Serranus cabrilla (Linnaeus, 1758) 7
Psammechinus sp. 1 ﬂ.»(; Serranus scriba (Linnaeus, 1758)
Annelida (e.g. Hermodice carunculata 0 g Serranus s 1
(Pallas, 1766) 2 p-
Apogon imberbis (Linnaeus, 1758) - < Thalassoma pavo (Linnaeus, 1758) 0
Conger conger (Linnaeus, 1758) 8 Torpedo marmorata Risso, 1810 2
1G7a Slg;t)p sarus mediterraneus (Linnacus, 0 Tripterygion tripteronotum (Risso, 1810) 6
Grammonus ater (Risso, 1810) 0 3 Homarus gammarus (Linnaeus, 1758) 0
=3
§ Phycis phycis (Linnaeus, 1766) 3 %‘ Maja squinado (Herbst, 1788) 2
w
A Sciaena umbra Linnaeus, 1758 4 a Palinurus elephas (Fabricius, 1787) 0
§ Scorpaena notata Rafinesque, 1810/ S. 6 ﬁ Marthasterias glacialis (Linnaeus, 1758) 5
g maderensis Valenciennes, 1833 H Ophidiaster ophidianus (Lamarck, 1816) 8
é Thorogobius ephippiatus (Lowe, 1839) Mitridae 2
s Corcyrogobius liechtensteini - Muricopsis cristata (Brocchi , 1814) 3
9 (Kolombatovic, 1891) / Didogobius 2 %‘ Naria spurca (Linnacus, 1758) 1
Z splechtnai Ahnelt & Patzner, 1995 / = . .
5 Gammogobius steinitzi Bath, 1971 E Nudibranchia 4
3 - -
§ ?;Zg;’y carpus biunguiculatus (Lucas, 4 Stramonita haemastoma (Linnaeus, 1767) 4
< =
6 E Lysmata nilita Dohrn & Holthuis, 1950 3 ~ Platyhelmintes
§ Iseticaudata (Risso, 1816) Q Cerianthus membranaceus (Gmelin, 1791) 2
= Palaemon serratus (Pennant, 1777) 7
Plesionika narval (Fabricius, 1787) 3
Scyllarides latus (Latreille, 1803) 3
] Stenopus spinosus Risso, 1827 8
w»
£ Lurialurida (Linnaeus, 1758) 4
= Peltodoris sp. 3

higher for long-term monitoring purposes. Data sampled in the past,
expert statement and semiquantitative estimation of coverage are sug-
gested to be avoided.

The assessment of percent coverage of sessile morphofunctional
groups was optimized with the analysis of multiple quadrats through the
PhotoQuad image analysis software. When 50 points were randomly
overlayed in each of 10 quadrats (5 from each opposite wall, when
possible) collected from each cave, dispersion levels (MDC and accMC of
sessile functional groups) of coverage measurements were acceptably

low. Lack of differences when higher sampling effort was applied (>50
points in >10 quadrats), indicated that this methodology provided a
representative estimation of the coverage of different morphofunctional
groups in the studied caves.

4.2. Ecological assessment of marine caves of the Alboran Sea

The adapted CavEBQI has represented the ecological status of
different marine caves with acceptable reliability, since the sampled
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Table 3

Ecological quality of the twenty-one marine caves of the
Alboran Sea calculated with the original version of CavEBQI
(Rastorgueff et al., 2015) and the herein adapted version of
CavEBQI. Cerro Gordo SD and D corresponds to the semidark
(9a) and dark (9b) chamber of the same cave respectively.

CavEBQI CavEBQI
(2015) (Alboran)
Range (min - max) 2.71-5.54 3.54-7.93
Histogram
El Boquete 1 5.22 7.50
Karim 2 2.71 3.54
Lobo Marino 3 3.70 5.22
Tercera 4 5.54 5.65
Gorgonias 5 5.54 7.93
Cantarrijan 6 5.54 7.83
Palomas 7 5.00 7.07
Los Ladrones 8 391 5.11
Cerro Gordo SD  9a 5.11 7.72
Cerro GordoD  9b 5.11 5.76
Los Gigantes 10 3.48 5.00
ElJarro 11 5.43 7.17
Palomas Calah. 12 5.43 6.74
La Grieta 13 4.13 6.74
Bombas 14 4.02 6.41
El Pedregal 15 3.75 4.34
Lobo Marino 16
Chaf. 3.75 4.74
Tajo del Pirata 17 4.17 4.34
Tunel Naranja 18 4.17 7.92
El Francés Grieta 19 4.13 5.87
Cueva del Frio 20 2.83 4.67
El Templo 21 3.80 5.00

caves ranged from “good” to “poor”, falling into multiple outcomes, and
following a Gaussian distribution. The ecological quality for most of the
assessed caves (21 of the 22 caves studied, considering that Cerro Gordo
has two sections) ranged between “moderate” and “good”. The range of
values obtained through the adapted index is wider than the original,
which indicates it is more sensitive to natural variations within the
components. For example, Gorgonias, Cantarrijan and Palomas caves,
all of them hosting high coverage sessile morphofunctional groups,
never reach as good an ecological status with the original index than
they do with the adapted one. This ensures the index gives accurate
information about those caves with remarkable positive and negative
ecological features. Although the index has been well adapted to the
conditions of the Alboran Sea, there may be differences in reliability
between caves with high and low CI.

Marine cave communities can have a strong degree of individuality
even when they are proximate (Bussotti et al., 2006; Digenis et al., 2022)
and exhibit similar environmental gradients (Marti et al., 2004; Ger-
ovasileiou and Bianchi, 2021). Geomorphological factors (e.g., total
length and width, number of entrances, cave entrance size) usually ac-
count for this spatial heterogeneity (Radolovic et al., 2015; Ger-
ovasileiou et al., 2017; Digenis et al., 2022). Similar differences were
observed when three closely located caves with the same depth (Can-
tarrijan, Gorgonias and Tercera) were compared. The Tercera cave
(CavEBQI = 5.65) is quite smaller in size and with an evident input of
freshwater from its rear end (Digenis et al., 2024), which may cause
some impoverishment in most sessile communities (Harmelin et al.,
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1985; Radolovic et al., 2015). On the other hand, the Gorgonias cave
(CavEBQI = 7,93) constitutes a small semi-submerged canyon-shaped
cave, favouring the water flow and thus inducing suitable conditions for
the growth of gorgonians (Eunicella labiata, Eunicella verrucosa, Lep-
togorgia sarmentosa) and erect bryozoans (Myriapora truncata and Mar-
garetta sp.) (Harmelin et al., 1985; Morri and Bianchi, 2003),
contributing to its good ecological status (the highest of all studied
caves). The Cantarrijan cave (CavEBQI = 7.83) has a small entrance,
which may cause the rapid depletion of nutrients and large sessile taxa
(Gerovasileiou et al., 2017) and thus resulting a higher coverage of
SAFF. In this case, other stochastic factors such as the shape of the inner
chambers, orientation towards coastal currents and wave exposure
might be defining its diverse and rich biocoenosis. In this regard, it is
important to note the fact that a moderate-good CavEBQI ecological
status can be achieved in caves dominated by either large passive or
active filter feeders (e.g., Los Gigantes cave), small filter feeders or even
in those presenting a remarkable richness of motile taxa (e.g., El Tem-
plo), which reflects natural variations in cave ecosystems’ quality.

This study compares for the first-time the ecological status of
different zones of the same cave. The natural gradients and morphology
of Cerro Gordo cave produce two differentiated communities, one in the
semidark zone (SD) which is dominated by massive sponges and scler-
actinian corals, and one in the dark zone (D) which is dominated by
encrusting sponges, brachiopods and serpulids (Harmelin et al., 1985;
Gerovasileiou and Bianchi, 2021). This could be mainly caused by its
length (>100 m) and the existence of a narrow passage which separates
its two chambers (Navarro-Barranco et al., 2012; Sempere-Valverde
et al., 2019) escalating the oligotrophic conditions in the inner darker
section (Harmelin et al., 1985; Zabala et al., 1989). As expected, dif-
ferences between the SD and D communities of Cerro Gordo cave leaded
to a higher ecological status at SD (CavEBQI = 7.72) than D (CavEBQI =
5.76). This noticeable transition has also been quantitively exhibited in
other Mediterranean caves such as Jarre cave in France (Rastorgueff
et al., 2015) and Fara cave in Greece (Gerovasileiou and Voultsiadou,
2016; Gerovasileiou et al., 2017). Cave entrances have not been assessed
in Alboran Sea caves, since the area included strictly as “entrance” was
too small to be representative and their sessile community was mainly
comminated by photosynthetic organisms such as Rhodophyta and
other algae. Nonetheless, in other Mediterranean regions cave entrances
are indeed a representative habitat, therefore it would be interesting to
incorporate them to the adapted index and evaluate their ecological
status along time (Péres and Picard, 1964; Harmelin et al., 1985; Digenis
et al., 2022).

Although sessile biotic coverage is expected to differ between the
Alboran Sea and other Mediterranean regions due to its high produc-
tivity and diversity (Cebrian and Ballesteros, 2004; Real et al., 2021),
values here reported are similar to those obtained in previous studies
conducted in other marine caves of Italy and Greece. In order to achieve
comparable monitoring of the sessile components of CavEBQI between
different biogeographical regions, it is suggested to use consistent
methodologies and report coverage data for each ecological cave zone.
One example on how community structure varies between regions, is the
dominance of massive sponges dominating the semidark communities of
the Aegean Sea caves (East Mediterranean), while in the Alboran Sea
caves, coverage is mainly determined by encrusting active filter-feeders
(SAFF) and cnidarians (PFF) (Sempere-Valverde et al., 2019 Digenis
et al., 2022; this study). These biogeographical differences are also re-
flected in motile organisms, which also show a different chorological
behaviour towards dark environments (Bianchi et al., 2022). For
example, the swallowtail seaperch (Anthias anthias) is considered to
mostly inhabit marine caves or circalittoral bottoms in some Mediter-
ranean regions (Bussotti et al., 2015; Digenis et al., 2022; Kovacic et al.,
2024) while its occurrence in shallow waters of the Alboran Sea is not
limited to dark environments (Pena and Sanchez Tocino, 2013). This
highlights the importance of understanding the biogeographical pat-
terns of habitats and adapting ecological indicators to the necessities of
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Confidence Index :
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Fig. 3. Ecosystem-based ecological quality assessment of the 21 studied caves of the Alboran Sea. Each chart corresponds to a different cave with the ecological
status (bars) and the Confidence Index (points) for the components: PFF: Passive Filter Feeders; LAFF: Large Active Filter Feeders; SAFF: Small Active Filter Feeders;
V.STR: Volumetric Stratification; MYS: Mysids; DF/OMN: Detritus Feeders /Omnivores; C.CARN: Characteristic Carnivores; A.CARN: Associated Carnivores. The
Cave Ecosystem-Based Quality Index (EBQI) and its corresponding Confidence Index (CI) are shown at the top right of each chart. The Cerro Gordo cave was assessed

independently for its semidark (9a) and its dark zone (9b).
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Fig. 3. (continued).
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Fig. 3. (continued).

each region. Otherwise, comparing ecological quality at a geographical
scale using the same methodology could lead to the false conclusion that
habitats in certain regions (for example, those with less productive

ecosystems or affected by other natural environmental gradients) have a
lower ecological status when it is not the case.
It should be noted that the values here obtained do not determine the
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Table 4
Weight, parameter units and criteria used to assess the status of CavEBQI components in the marine caves of the Alboran Sea.
Component Status
Name Weight Unit 0 1 2 3 4
1. Passive Filter Feeders 5 Biotic cover (%) 0 0-3% >3-10 % >10-30 % >30 %
(PFF)
2. Large Active Filter Feeders (LAFF) 3
3. Small Active Filter Feeders (SAFF) 2
4. Volumetric Stratification (V. STR) 2 Size scale of sessile taxa 0 <1lcm 1-10 cm > 10 cm
5. Cave-dwelling mysids (MYS) 4 Semi-quantitative abundance 0 Few Swarm
6. Detritus feeders/omnivores (DF/OMN) 3 Species richness 0 1 2-5 6-8 >8
Abundance 0 1-4 5-9 10-15 >15
7. Characteristic carnivores (C. CARN) 3 Species richness 0 1-3 4-6 7-8 >8
Abundance 0 1-9 10-29 30-80 >80
8. Associate carnivores (A. CARN) 1 Species richness 0 1-2 3-4 5-6 >6
Abundance 0 1-9 10-29 30-80 >80
Table 5
Suggested data collection and methodology for all CavEBQI components and alternatives that imply CI lowering.
Component Methodology Confidence Index (CI)
Data Collection through Parameter Estimation 0 1 2 3 4
Scuba Diving
Passive Filter Photos of 25x25cm Mean biotic coverage Not Expert semi- Lower density of Lack of methodological Suggested
Feeders quadrats randomly placed (%) of 10 quadrats using  assessed quantitative points/Less quadrats aspect - not randomly method
Large Active over the opposite walls of 50 randomly placed estimation of than suggested taken/out of
Filter Feeders  the semidark and dark points per quadrat coverage recommended area/
Small Active cave zones. lower quality pictures
Filter Feeders
Volumetric Measuring the Average of 10 Not Semiquantitative Estimation through Suggested
Stratification stratification at 10 measurements of assessed estimation, expert quadrats method
random stations volumetric stratification statement or other
perpendicularly to the methods
cave walls
Cave-dwelling 20-25 min visual census Semiquantitative Not Non recent Recent expert statement Suggested
mysids (not at the cave entrance) assessment: absence, few  assessed expert statement method
or swarm
Detritus
feeders/
omnivores 20-25 min visual census . . Lack of methodological
Characteristic for targeted species of the Qalculatlon of species Not Non recent Recent expert aspect (season, duration, Suggested
. richness and abundance assessed expert statement  statement method
carnivores cave (not at the entrance) area of the cave)
Associate

carnivores

conservation status of the caves, which should be only determined by a
detailed assessment and temporal monitoring of their communities. Low
ecological quality values could be found even in caves in pristine con-
dition due to their natural environmental conditions. For example,
sometimes the presence of freshwater springs in marine caves might
result in impoverished communities (Radolovi¢ et al., 2015) and
therefore lower the status with the updated CavEBQI. However, some-
times there might be a relationship between the conservational status
and the CavEBQL For example, a poor ecological status was found only
for the Karim cave (although with a low CI), a cave located in a non-
protected area of intense diving activity (Sempere-Valverde et al.,
2021; per. Obs.). Meanwhile, Cantarrijan and Gorgonias cave (included
in a protected area) have showed good and high ecological status. Thus,
lower pressures and threats (e.g., diving visit frequency, fishing activ-
ities) as a result of management and protection actions might be related
with a better ecological status of these caves.

4.3. Threats and temporal approach for monitoring strategies

Taxonomical and morphological changes in marine cave commu-
nities have been related to multiple threats and pressures, mainly marine
heatwaves (Parravicini et al., 2010; Rastorgueff et al., 2015; Sempere-
Valverde et al., 2019; Montefalcone et al., 2023) and damage by phys-
ical contact (Sala et al., 1996; Guarnieri et al., 2012). In this respect,
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massive/erect sponges and corals are more affected than encrusting taxa
(Gerovasileiou et al., 2018; Garrabou et al., 2022). Additionally, the
invasive behaviour of the non-indigenous species such as the brown alga
Rugulopteryx okamurae is a major threat for many marine ecosystems of
the area, even for some sciaphilic habitats (Garcia-Gomez et al., 2021;
Sempere-Valverde et al., 2021; Florido et al., 2023). Given the example
of two well characterised caves with good ecological status and confi-
dence index (Cantarrijan and Cerro Gordo SD), a potential effect of
repeated strong heatwaves might reduce coverage of SAFF by a 9 %,
LAFF by a 10 % and PFF by a 5 % approximately inside the main
chambers of marine caves (Montefalcone et al., 2023). After those hy-
pothetical events happening in the Alboran Sea (and assuming it would
only affect sessile fauna), the ecological status of Cantarrijan and Cerro
Gordo SD would decrease from 7.83 to 6.63 and from 7.72 to 7.39 with
the adapted index respectively, however, it would decrease from 5.54 to
5.22 and from 5.11 to 4.89 with the original index respectively. Despite
having a greater sensibility to changes, long-term studies are needed in
order to assess the suitability of the CavEBQI as an indicator of com-
munity responses against natural and anthropogenic disturbances. In
this sense, the lack of long-time data series of sessile and motile com-
munities also hinders the evaluation of past changes and impacts.
Therefore, the ecological assessments conducted in this study constitute
a relevant baseline for future long-term monitoring strategies in the
Alboran Sea.



P. Lanza-Arroyo et al.
4.4. Recommendations for the use of the CavEBQI

Spatially heterogeneous and remote habitats such as marine caves
are especially challenging to study and monitor (Navarro-Barranco
et al., 2023). When using ecological indicators, their evaluation can
easily lead to different outcomes depending on various stochastic fac-
tors. As previously stated, differences in cave-dwelling communities
might be determined by human-induced impacts, but also caused by
natural factors (e.g., freshwater input) (Giakoumi et al., 2013; Digenis
et al., 2022). Consequently, when comparing the ecological status of
different caves, several parameters need to be considered before draw-
ing conclusions. In this sense, stakeholders are encouraged to use Cav-
EBQI values for monitoring surveys individually for every cave and not
for the comparison of caves, taking as well into account the potential
biogeographical heterogeneity.

Studies on monitoring the ecological quality of marine ecosystems in
the Alboran Sea are scarce (Cebrian and Ballesteros, 2004; Marina et al.,
2015; Navarro-Barranco et al., 2022). Developing an optimal manage-
ment strategy would require embracing studies across ecosystems
through an integrative approach and a high-resolution knowledge of its
biodiversity (Rowell et al., 2022). This is essential for marine caves and
other strongly interconnected habitats since they rely on allochthonous
resources (Harmelin et al., 1985; Rastorgueff et al., 2011, 2015; Bussotti
et al., 2018). Additionally, monitoring these habitats located within
Marine Protected Areas could show the performance of the environ-
mental protection offered by the management bodies of the Natura 2000
network in surrounding habitats.

5. Conclusions

This study highlights the importance of assessing the ecological
quality of marine caves of the Alboran Sea. The adapted CavEBQI pro-
vides a reliable, standardised and time-efficient methodology (mainly
regarding biotic cover assessment and visual census) that improves
marine cave monitoring strategies. Twenty-one marine caves have been
assessed with this index, delivering mostly positive results in terms of
biotic coverage, species richness and ecological quality while providing
a good insight into this habitat functioning and indicating the high
spatial heterogeneity between the different caves and also the ecological
zones within each cave. Additionally, this study serves as a baseline for
future monitoring strategies in the Alboran Sea and offers the potential
to adapt methodologies of ecological indicators to other Mediterranean
regions.
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