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Photogrammetry as a promising 
tool to unveil marine caves’ benthic 
assemblages
Torcuato Pulido Mantas 1, Camilla Roveta 1*, Barbara Calcinai 1, Martina Coppari 
1, Cristina Gioia Di Camillo 1, Veronica Marchesi 1, Teo Marrocco 1, Stefania Puce 1 & 
Carlo Cerrano 1,2,3

Traditionally, monitoring approaches to survey marine caves have been constrained by equipment 
limitations and strict safety protocols. Nowadays, the rise of new approaches opens new possibilities 
to describe these peculiar ecosystems. The current study aimed to explore the potential of Structure 
from Motion (SfM) photogrammetry to assess the abundance and spatial distribution of the sessile 
benthic assemblages inside a semi-submerged marine cave. Additionally, since impacts of recent 
date mussel Lithophaga lithophaga illegal fishing were recorded, a special emphasis was paid to its 
distribution and densities. The results of SfM were compared with a more “traditional approach”, by 
simulating photo-quadrats deployments over the produced orthomosaics. A total of 22 sessile taxa 
were identified, with Porifera representing the dominant taxa within the cave, and L. lithophaga 
presenting a density of 88.3 holes/m2. SfM and photo-quadrats obtained comparable results regarding 
species richness, percentage cover of identified taxa and most of the seascape metrics, while, in terms 
of taxa density estimations, photo-quadrats highly overestimated their values. SfM resulted in a 
suitable non-invasive technique to record marine cave assemblages. Seascape indexes proved to be a 
comprehensive way to describe the spatial pattern of distribution of benthic organisms, establishing a 
useful baseline to assess future community shifts.

Caves represent a unique pocket of biodiversity in the oceans as on land. The stability of their peculiar envi-
ronmental conditions can trigger important isolation processes and lead to the evolution and selection of rare 
endemic species. In the marine environment these conditions, when occurring in the photic zone, offer scientists 
the opportunity to explore and to study, in accessible “natural laboratories”, the mesophotic and the deep-sea 
ecosystem biodiversity and  functioning1, 2, where they can be transposed and studied along a horizontal gradient 
instead of a vertical one. Moreover, caves can create refuges for various species and reveal unexpected trophic 
 webs1. Strong environmental gradients (e.g., hydrodynamics, light, nutrient concentrations, among others) occur 
towards the inner parts of the caves, shaping their biotic communities and defining different ecological  zones3–6. 
And even though the ecological uniqueness and importance of these habitats have been repeatedly acknowledged 
by the scientific  community7–10, only a relatively small number of marine caves have been explored and assessed 
in terms of their biotic component [e.g.,4, 10–25].

Global and local stressors strongly affect coastal  ecosystems7, 26, and marine caves are not an exception. In 
fact, these habitats are characterised by highly stable and fragile  biocenosis9, 27, and different studies showed 
how the synergy of climate change and human activities can deeply modify their communities [e.g.,7, 28]. Illegal 
harvesting (e.g., of Corallium rubrum (Linnaeus, 1758), Lithophaga lithophaga (Linnaeus, 1758) among others), 
spearfishing, unregulated visit of divers and tourist boats, and the deep modification of coastal areas, together 
with the more and more frequent marine heat  waves29, are also threatening the sessile benthic communities of 
marine caves, which are known to have a low recovery  potential7, 9, 27, 30. In the Mediterranean Sea, marine caves 
are listed as priority habitats by the Habitat Directive (92/43/ECC, code 8330) and included in the Dark Habitats 
Action  Plan31. Effective management plans or protection/conservation measures are still  lacking10, 32. Although 
some studies have addressed the vulnerability characterising marine  caves7, 9, 33, it is difficult to generalise the 
main threats of this habitat at a local scale. For the proper development of targeted and effective measures, ad-hoc 
surveys are crucial to identify the main pressures affecting  them7, 10.

OPEN

1Dipartimento di Scienze della Vita e dell’Ambiente, Università Politecnica delle Marche, Via Brecce Bianche, 
60131 Ancona,  Italy.  2Fano Marine Center, Viale Adriatico 1/N, 61032 Fano,  Italy.  3Stazione Zoologica di Napoli 
Anton Dohrn, Villa Comunale, 80121 Naples, Italy. *email: c.roveta@staff.univpm.it

http://orcid.org/0000-0002-0260-8373
http://orcid.org/0000-0001-8629-7113
http://orcid.org/0000-0002-9004-0051
http://orcid.org/0000-0002-3178-9409
http://orcid.org/0000-0002-4031-8158
http://orcid.org/0000-0002-3851-9858
http://orcid.org/0000-0002-8163-1554
http://orcid.org/0000-0001-9580-5546
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-34706-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7587  | https://doi.org/10.1038/s41598-023-34706-7

www.nature.com/scientificreports/

Traditionally, monitoring approaches to survey marine caves have been constrained by equipment limitations 
and the strict safety protocols of cave  diving34. Different methods have been used to describe the biodiversity 
hosted in these enclosed habitats, including among others, photo-quadrats, linear transects or video  surveys10, 25, 

35–38. Nowadays, the development of new technologies and the minimization of underwater equipment contrib-
uted to the emergence of new tools: such as vehicles (e.g., Autonomous Underwater Vehicles (AUVs)), sensors 
(e.g., compact echosounders), and methods (e.g., Structure from Motion (SfM) photogrammetry), which opened 
new possibilities to assess changes also occurring inside  caves39–41. Thanks to its ability to digitally reconstruct 
a whole scenario from a series of overlapping images, SfM-photogrammetry is considered a cost-effective tech-
nique to monitor a great variety of underwater environments from a three-dimensional (3D)  perspective42–56. 
Additionally, it offers the possibility to better assess organisms with complex architectures, constituting a suitable 
method for in-situ non-invasive  evaluations57. The feasibility of this approach has been confirmed in different 
habitats, not only by its increased number of applications in the scientific literature, but also by its implementa-
tion in citizen science  initiatives44, as its recent inclusion among citizen science protocols for the monitoring of 
Marine Protected Areas in the Mediterranean (e.g., protocol 11 of the Interreg MED MPA Engage project)56.

In this context, the objective of the current study was to explore the potential of SfM-photogrammetry to 
assess the abundance and spatial distribution patterns of the sessile benthic assemblages associated with a semi-
submerged marine cave, considering, as a case study, a cave in the North Adriatic Sea. We focussed our attention 
mainly on the sponge diversity, since Porifera represents the predominant taxon within the study cave, thus 
constituting an essential component in this environment, and more generally acting as ecosystem engineers, 
driving substrate and nutrient  availability58–60. Additionally, a special emphasis was paid to L. lithophaga’s hole 
distribution and densities, due to the still current illegal fishing activities occurring in the area (Fig. S1), despite 
being strictly protected under international directives, agreements, and  conventions27. The obtained results 
using photogrammetry were compared with those achieved through a more traditional approach, by simulating 
photo-quadrats deployments over the produced orthomosaics, to assess their efficiency in capturing biodiversity.

Results
Benthic sessile community assessment. Thanks to the photogrammetric approach it was possible to 
obtain a 3D digital reconstruction for the whole cave (Video S1). Additionally, two orthomosaics were produced 
from the orthoplane of each of the walls (Fig. 1a), corresponding to a total projected area of 61.2  m2 (24.5  m2 
and 36.7  m2 for the semidark and dark zone, respectively) (Table 1). Overall, by coupling photogrammetry and 
the sponge samples analysis, a total of 22 sessile taxa were identified, including Rhodophyta (2), Porifera (13), 
Hydrozoa (1), Serpulidae (1), Bilvavia (1) and Tunicata (4) (Table 2). In addition, 2 vagile taxa, the shrimp Pal-
aemon serratus and the echinoid Paracentrotus lividus, were observed (Table 2). Among all identified taxa, only 
two (Aplysina aerophoba and P. lividus) are under protection, being listed in the Annex II and III of the SPA/BD 
Protocol of Barcelona Convention.

Since it was not possible to differentiate some of the sponge species by simple imagery, for the analyses, sev-
eral species were clustered into groups, allowing to identify a total of 16 benthic categories (Table 2). The area 
covered by each category was extracted separately for each eco-zone (Table 2; Figs. 1a and 2a). Apart from the 
Rhodophyta (crustose coralline algae (CCA) and folious red algae), all the other categories were shared between 
the two biocoenosis, with a gradual decrease in the biotic cover towards the inside part of the cave, where the 
percent coverage of bare substrate reached the 55% (Figs. 1a and 2a). In both cave biocoenoses, Porifera resulted 
as the prevalent phylum, with a total of 31.4% and 32.2% in the semidark and dark zone, respectively (Figs. 1a and 
2a,b). The semidark area was dominated by the EP (Erylus mammillaris and Penares euastrum) group (2.91  m2), 
followed by folious red algae (1.97  m2) and hydroid assemblages (1.78  m2), while the less represented taxa were 
the AI (Aaptos aaptos and Iricinia variabilis) group (0.013  m2), Chondrosia reniformis (0.031  m2) and the only 
homoscleromorphan sponge recorded, Oscarella lobularis (0.047  m2) (Table 2; Fig. 1a and 2a). A. aerophoba was 
instead the dominant component of the dark biocenosis (5.31  m2), together with EP group (4.01  m2) and hydroids 
(1.31  m2) (Table 2; Figs. 1a and 2a). Again O. lobularis and C. reniformis were among the taxa with the lowest 
coverage (0.005 and 0.024  m2, respectively), along with Hymedesmia (Hymedesmia) pansa (0.033  m2) (Table 2; 
Figs. 1a and 2a). Additionally, up to a total cover of 1.7  m2 (2.8%) of the cave was classified as “Not applicable” due 
to the low quality of orthomosaic caused by the particulate present in the water column (Table 2; Figs. 1a and 2a).

Overall, the sampling method using the Q50 (n = 40), covering an area of only 10  m2 (Table 1; Figs. 1b and S2), 
allowed to detect of all the 16 benthic categories, while the deployment of Q20 (n = 60, surveyed area = 2.4  m2) 
recorded a total of 15 categories, missing only C. reniformis (Tables 1 and 2; Figs. 1b and S2). Analysing each 
biocenosis separately, C. reniformis was not found in the dark area by the Q50, while the Q20 approach failed to 
detect H. (H.) pansa, O. lobularis and Timea bifidostellata in the dark area and the AI group in the semidark one 
(Table 2). However, the results obtained by each approach in terms of percentage cover do not seem to greatly 
differ (Fig. 2a–f), although some discrepancies can be observed: the CCA cover being underrated by both quadrat 
approaches in the semidark zone (Fig. 2c,e), or the hydroid assemblages of the dark biocoenosis being slightly 
underestimated by the Q20 (Fig. 2f) while overrated by the Q50 ones (Fig. 2d).

In Fig. 3a,b the effect of the sampling effort was investigated better to explore the possible differences among 
the three approaches. In the semidark area, only the Q50 reached to identify all categories after 19 deployments, 
managing to detect 15 out of 16 benthic categories after deploying 10 sampling units (Fig. 3a). On the other 
hand, the Q20 identified 13 categories after 10 deployments, and still missed three at the maximum effort (n = 30) 
(Fig. 3a). In the case of dark biocoenosis, the applied sampling effort was not sufficient to reach the same number 
of categories as the SfM. Even so, the Q50 recorded 11 out of 13 categories after the deployment of 10 sampling 
units, while the Q20 only identified 7 for the same number of deployments (Fig. 3b).
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Assessment of Lithophaga lithophaga holes’ density and distribution. Thanks to SfM-photo-
grammetry, L. lithophaga hole densities were recorded through the walls of the cave, obtaining an average den-
sity of 88.3 holes/m2 at cave scale (Fig. 4). Considering the two ecozones separately, a general decrease on the 
date mussel average densities was detected towards the inner parts of the cave, with a density of 102.95 holes/
m2 in the semidark area against 78.65 holes/m2 in the dark one. Differences between the cave walls were also 
evident, being the semidark area of the left wall the ecozone holding the higher density (139.8 holes/m2) (Fig. 4). 
In addition, taking a close look, a preference of this species for boring into the vertical and sub-vertical parts of 
the walls may be observed (Figs. 4 and S3).

Figure 1.  (a) Cave walls orthomosaics segmented by the categories defined in Table 2; (b) distribution of the 
randomly deployed quadrat approaches. Dashed lines delimit the semidark and dark areas. Q20 = 20 × 20 cm 
quadrats; Q50 = 50 × 50 cm quadrats. The symbol Ω indicates the cave entrance. For categories’ acronyms see 
Table2. Created using QGIS software version 3.12 (http:// www. QGIS. org).

Table 1.  Sampling protocols applied for the cave community characterization. Q20 = 20 × 20 cm quadrats; 
Q50 = 50 × 50 cm quadrats; SfM = Structure from Motion photogrammetry.

Protocol Sampling units Sampling area Description References

SfM Whole cave 61.2  m2 Reconstruction of the whole cave habitat Palma et al.45, Bayley and  Mogg49

Q20 60 2.4  m2 Random deployment of 15 quadrats per cave zone Bianchi et al.36

Q50 40 10.0  m2 Random deployment of 10 quadrats per cave zone Bianchi et al.36

http://www.QGIS.org
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Both Q50 and Q20 methods overestimated L. lithophaga hole densities at cave scale (106.8 and 129.17 holes/
m2, respectively). Considering the different areas separately, in the semidark zone the Q20 obtained very similar 
results to the SfM approach (105 holes/m2) whilst the Q50 method underestimated hole densities (83.7 holes/
m2). Conversely, in the dark area it occurs just the opposite, obtaining a density value of 88.2 holes/m2 with the 
Q50 and 100.83 holes/m2 with the Q20.

The influence of sampling effort on the determination of L. lithophaga hole densities for the two considered 
quadrat sizes is presented in Fig. 5a,b. In the semidark area both quadrat approaches underestimated Lithophaga 

Table 2.  List of identified species and benthic categories with the corresponding coverage per category, 
expressed as total cover for Structure from Motion (SfM) photogrammetry and average cover (av) (± standard 
deviation, sd) for 50 × 50 cm quadrats (Q50) and 20 × 20 cm quadrats (Q20). * = listed in the Annex II and III of 
the SPA/BD Protocol of Barcelona Convention.

Benthic categories Group composition

SfM  (m2) Q50 (area ± sd,  m2) Q20 (area ± sd,  m2)

Semidark Dark Whole Semidark Dark Whole Semidark Dark Whole

Porifera

 AI group
Aaptos aaptos (Schmidt, 
1864)
Ircinia variabilis 
(Schmidt, 1862)

0.013 0.434 0.447 0.010 ± 0.005 0.012 ± 0.019 0.012 ± 0.019 – 0.027 ± 0.047 0.027 ± 0.047

 Aplysina aerophoba 
(Nardo, 1833)* 1.103 5.31 6.413 0.008 ± 0.018 0.020 ± 0.034 0.015 ± 0.028 0.035 ± 0.047 0.09 ± 0.13 0.07 ± 0.11

 Chondrosia reniformis 
(Nardo, 1847) 0.031 0.024 0.055 0.0002 – 0.0002 – – –

 Clathria (Microciona) 
armata (Bowerbank, 
1862)

0.606 0.744 1.35 0.004 ± 0.006 0.005 ± 0.008 0.004 ± 0.007 0.018 ± 0.027 0.018 ± 0.031 0.018 ± 0.029

 EP group
Erylus mammilaris 
(Schmidt, 1862)
Penares euastrum 
(Schmidt, 1868)

2.921 4.008 6.929 0.049 ± 0.079 0.026 ± 0.057 0.037 ± 0.069 0.12 ± 0.11 0.11 ± 0.15 0.11 ± 0.13

 Haliclona (Haliclona) 
michelei Van Soest & 
Hooper, 2020

1.071 0.319 1.39 0.007 ± 0.009 0.004 ± 0.005 0.006 ± 0.008 0.035 ± 0.034 0.03 ± 0.03 0.034 ± 0.033

 Hymedesmia (Hyme-
desmia) pansa Bower-
bank, 1882

0.324 0.033 0.357 0.008 ± 0.140 0.002 ± 0.050 0.007 ± 0.013 0.023 ± 0.040 – 0.02 ± 0.04

 Oscarella lobularis 
(Schmidt, 1862) 0.047 0.005 0.052 0.001 ± 0.001 0.005 ± 0.007 0.002 ± 0.002 0.007 ± 0.008 – 0.007 ± 0.008

 Rhabderemia topsenti 
Van Soest & Hooper, 
1993

0.836 0.666 1.502 0.023 ± 0.026 0.016 ± 0.042 0.021 ± 0.033 0.070 ± 0.068 0.08 ± 0.13 0.08 ± 0.11

 Tedania anhelans (Vio 
in Olivi, 1792) 0.294 0.167 0.461 0.007 ± 0.010 0.011 ± 0.015 0.008 ± 0.012 0.030 ± 0.024 0.04 ± 0.09 0.031 ± 0.061

 Timea bifidostellata 
Pulitzer-Finali, 1983 0.483 0.09 0.573 0.006 ± 0.014 0.012 ± 0.042 0.008 ± 0.023 0.029 ± 0.046 – 0.029 ± 0.046

Others

 Crustose Coralline 
Algae (CCA) 0.757 – 0.757 0.007 ± 0.011 – 0.007 ± 0.011 0.027 ± 0.032 – 0.027 ± 0.032

 Folious red algae 1.974 – 1.974 0.06 ± 0.15 – 0.06 ± 0.15 0.25 ± 0.25 – 0.25 ± 0.25

 Hydroid assemblages 1.776 1.311 3.087 0.051 ± 0.092 0.09 ± 0.12 0.063 ± 0.11 0.19 ± 0.19 0.13 ± 0.13 0.16 ± 0.17

 Tunicates

Didemnidae Giard, 
1872
Ascidiidae Herdman, 
1882
Styelidae Herdman, 
1881
Pyuridae Hartmeyer, 
1908

0.153 0.441 0.594 0.003 ± 0.004 0.002 ± 0.002 0.002 ± 0.003 0.011 ± 0.012 0.013 ± 0.012 0.012 ± 0.012

 Bare substrata 11.876 21.735 33.611 0.045 ± 0.120 0.61 ± 0.23 0.10 ± 0.22 0.22 ± 0.23 0.57 ± 0.23 0.33 ± 0.28

Not considered for cover calculation

 Lithophaga lithophaga 
(Linnaeus, 1758)* – – – – – – – – –

Serpulids – – – – – – – – –

 Palaemon serratus (Pen-
nant, 1777) – – – – – – – – –

 Paracentrotus lividus 
(Lamarck, 1816)* – – – – – – – – –

 Not applicable 0.284 1.44 1.724 – – – – – –
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species with a relatively small number of sampling units, however the Q20 managed to obtain similar results 
that the SfM when reached the maximum sampling effort (Fig. 5a). On the other hand, in the dark area, with the 
deployment of 10 sampling units both quadrat approaches came quite close to the ground truth values, slightly 
overestimating hole’s density at its maximum sampling effort (Fig. 5b).

Seascape metrics. Indices values at seascape level were calculated, according to Table 3, and presented as 
supplementary material in Table S1. Comparing the results obtained applying SfM, an increase in the abundance 

Figure 2.  Ring-charts representing the percentage cover of the sessile benthic taxa identified and of the bare 
substrate per: Structure from Motion Photogrammetry in the (a) semidark and (b) dark zones; 50 × 50 cm 
quadrat approach in the (c) semidark and (d) dark zones; and 20 × 20 cm quadrat approach in the (e) semidark 
and (f) dark zones. For categories’ acronyms see Table2.
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of PN and in the PARA index towards the inside of the cave was observed (Fig. 6). On the other hand, LPI and 
SDPS presented higher values in the semidark area, while MPS was comparable among the two zones (Fig. 6). 
Differences have also been recorded among sampling methodologies: (i) both quadrat approaches obtained 
lower values for PN, MPS and SDPS than SfM, (ii) quadrats recognized more significant patches (> LPI) in the 
dark biocoenosis, and, in terms of shape, (iii) SfM found more complex patch shapes (> PARA) in the dark area, 
Q20 in the semidark area, while Q50 registered similar values for both ecological zoned (Fig. 6).

Regarding aggregation indices, no great discrepancies were found between the two cave zones by any of the 
methods (Fig. 6), yet Q20 and Q50 overestimated the average patch density present in the cave (Fig. 6). Finally, 
the results obtained with SfM for diversity and evenness found higher SHDI and SIEI values in the semidark 
area, indicating a more diverse and equally distributed community than the dark area (Fig. 7). Additionally, 
even though Q20 slightly underestimated both SHDI and SIEI, the values obtained with the three methods are 
similar (Fig. 7).

Seascape indices were also calculated at category level, with all three approaches obtaining comparable results 
(see Table S2). Regarding patch number size and shape indices, for PN and PD, Clathria (Microciona) armata 
and H. (H.) michelei were identified as the more abundant and dense species in the semidark area, while in the 
dark one they were tunicates and A. aerophoba; on the other hand, C. reniformis, O. lobularis and AI group hold 

Figure 3.  Sampling-unit-based rarefaction and extrapolation curves with 95% confidence intervals (shaded 
areas) for benthic diversity data considering the three applied methodologies in the (a) semidark and (b) 
dark areas of the cave. Q20 = 20 × 20 cm quadrats; Q50 = 50 × 50 cm quadrats; SfM = Structure from Motion 
photogrammetry.

Figure 4.  Distribution and density of date mussel (Lithophaga lithophaga) holes through the cave walls 
obtained by the analysis of Structure from Motion photogrammetry results. Dashed lines delimit the semidark 
and dark areas. The symbol Ω indicates the cave entrance. Created using QGIS software version 3.12 (http:// 
www. QGIS. org).

http://www.QGIS.org
http://www.QGIS.org
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the lower values in both biocoenosis (Table S2). Red folious algae and hydroid assemblages were the categories 
presenting the higher LPI, MPS and SDPS in the semidark area, while EP group, A. aerophoba and again hydroids 
where the highest in the dark zone. The categories with the smallest patch, average size and size variability were 
C. (M.) armata, EP group, H. (H.) pansa, O. lobularis, Rhabderemia topsenti and tunicates in both biocenosis 
(Table S2).

Figure 5.  Interpolation curves for Lithophaga lithophaga holes’ density data in function of the sampling effort 
for (a) semidark and (b) dark area. Green line = results obtained by the Structure from Motion (SfM) approach 
analysis of the whole cave is presented as the green line. Q20 = 20 × 20 cm quadrats; Q50 = 50 × 50 cm quadrats.

Table 3.  Seascape descriptors calculated at category and seascape levels for both ecological zones of Grotta 
Azzurra. All metrics not presenting units in the table are dimensionless.

Index Brief description

Patch number, size, and shape

Patch Number (PN) (n patch) Number of patches. It describes the fragmentation of a category, however, does not necessarily con-
tain information about the configuration or composition of the category

Largest Patch Index (LPI) (%)
Correspond to the percentage of the seascape interested at the single largest patch; where 100 
would mean that the seascape consists in a single large patch and approach 0 as this dominant 
patch decreases in size

Mean of Patch Size (MPS)  (m2) The metric summarises each category as the mean of all patch areas belonging to category i

Standard Deviation of Patch Size (SDPS)  (m2) The metric summarises each category as the standard deviation of all patch areas belonging to 
category i

Mean Patch Area Perimeter Ratio (PARA)
It summarises each category as the mean of each patch belonging to category i. The perimeter-area 
ratio describes the patch complexity in a straightforward way. As PARA increases, patches become 
more complex

Dispersion/Aggregation

Patch Density (PD) (n patch / 1  m2) Number of patches per area of the landscape, please notice that it is standardized to area in order 
to be comparable among landscapes with different areas

Landscape Shape Area Index (LSI) (%)
This index measures the perimeter-to-area ratio for the whole. It ranges from 1 to infinite; where 1 
would mean that the seascape consists in a single patch and increases as the patches become more 
disaggregated

Division Index (DIVISION) (ratio)
Correspond to the probability that two pixels chosen randomly in the seascape are not located 
inside the same patch; it presents higher values when a seascape is highly segmented in separate 
patches

Cohesion Index (COHESION) (%)
It characterises the connectedness of patches belonging to a category. It assesses if patches of the 
same category are located aggregated or rather isolated and thereby gives information about the 
landscape configuration

Diversity

Shannon’s Diversity Index (SHDI)
This index is based on the information theory (Shannon & Weaver, 1949) and its value represents 
the amount of “information” per category. Takes both into account the number of categories and 
the abundance of each category, thus a high value corresponds to a higher number of category 
types and/or evenness

Simpson’s Diversity Index (SIDI)
The value of Simpson’s index reflects the probability that two random patches belong to the same 
category. It is less sensitive to rare categories than SHDI. The higher the value, the greater the 
diversity

Shannon’s Evenness Index (SHEI)
This index is based on the proportion of max. SHDI on the distribution of area among patch types; 
its value is 1 when the area covered by the different patch types is evenly distributed. It is under-
stood as a measure of dominance

Simpson’s Evenness Index (SIEI) This index is based on the ratio between the actual SIDI and the theoretical max. SIDI. Its value is 1 
when the area covered by the different patch types is evenly distributed
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Looking at aggregation indices, LSI, division, and cohesion gave us an idea of the configuration and con-
nectedness of the patches. H. (H.) michelei, C. (M.) armata and O. lubularis resulted in the categories more 
disaggregated and less connected in the semidark areas, while AI group, hydroids and red folious algae were the 
categories holding the most compact and aggregated distributions. Towards the dark area, hydroids, and H. (H.) 
michelei were the more aggregated categories against tunicates, O. lobularis and A. aerophoba which were highly 
disaggregated and less compact (Table S2). The PARA index was the only exception in the observed trend. In fact, 

Figure 6.  Seascape metric scores obtained for the three methodologies applied in the two cave zones. 
Q20 = 20 × 20 cm quadrats; Q50 = 50 × 50 cm quadrats; SfM = Structure from Motion photogrammetry.

Figure 7.  Diversity Indices scores obtained for the three different methodologies inspected in the two cave 
zones. SHDI = Shannon Diversity Index; SIDI = Simpson Diversity Index; SHEI = Shannon Evenness Index; 
SIEI = Simpson Evenness Index; Q20 = 20 × 20 cm quadrats; Q50 = 50 × 50 cm quadrats; SfM = Structure from 
Motion photogrammetry.
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the three methods considered showed highly different results: SfM recognized O. lobularis, H. (H.) pansa and 
Tedania anhelans as the species with the most complex patches shapes (> PARA), while both quadrat approaches 
identified C. reniformis, tunicates, C. (M.) armata and O. lobularis (Table S2).

Discussion
All taxa identified in Grotta Azzurra are well-known and typical of Mediterranean marine  caves9, 31, 61, and their 
abundance and distribution along the two cave zones agree with the previous  literature3, 4, 6, 62. Porifera was 
the most representative group, defining Grotta Azzurra as a “sponge realm”, as previously observed for other 
 caves37, 60. Overall, the most abundant sponges in terms of coverage and number of patches along the entire cave 
(Aplysina aerophoba and the EP group, formed by Erylus mammillaris and Penares euastrum) are also described 
in the literature among the most common species and genera of Mediterranean marine  caves31, 61, 63. Addition-
ally, A. aerophoba specimens presented an unusual growth habit characterised by “cushion-shaped individuals 
connected by abundant thin branching processes and forming large encrusting plates’’ (Fig. S4), a type of growth 
only recently described by Costa et al.63, 64 in four semi-submerged Italian caves.

Hydroids were another abundant taxon in both biocenosis, and the only class of Cnidaria found in Grotta 
Azzurra. Cnidarian species (e.g., Leptopsammia pruvoti Lacaze-Duthiers, 1897, Parazoanthus axinellae (Schmidt, 
1862), Astroides calycularis (Pallas, 1766), among others) are typical components of cave communities, especially 
on the ceilings and walls of the entrance and semi dark zones. However, their presence is highly related to various 
abiotic factors, such as depth, water movement and  sedimentation5, 65. The peculiar environmental constraints 
of this semi-submerged cave (i.e., tunnel-shaped morphology, high hydrodynamic conditions) strictly select 
the species that can exploit this challenging niche. Endolithic, encrusting and soft-bodied species can face the 
high-water turbulence, dominating the benthic  assemblage66, 67. These features allowed hydroids to proliferate 
and form significant patches along the walls, and their presence also in the deeper parts of the cave points out 
that high rates of water movement are not limited to the cave  entrance61, 68, 69 thanks to the waves’ reflection 
inside the cave. Additionally, hydroid patches presented a peculiar and marked distribution, occupying almost 
exclusively the overhangs of the walls’ roughness, a pattern possibly driven to intercept the maximum intensity 
of water  movement68, 69.

In terms of species richness, percentage cover of identified taxa and most of the seascape metrics at category 
level, the three sampling methodologies here applied (SfM, Q50 and Q20) obtained comparable results, high-
lighting the reliability of traditional approaches in the general characterization of a cave community, and sug-
gesting the comparability of data obtained by traditional and more innovative methods. Nevertheless, it must be 
considered that the sampling effort implemented in this study for Q50 and Q20 was particularly high compared 
to the typical sampling effort applied in  caves35, 70, usually related to bottom time and other logistic constraints.

The results of random quadrat deployments can strongly vary depending on the quadrat size and sampling 
effort, limiting its potential to capture uncommon species distributions (Table 4)35, 36. The Q50 seemed to be a 
more cost-effective solution than Q20, obtaining more similar results to SfM. Even so, a limitation on its imple-
mentation in these habitats should be acknowledged; in fact, caves often present narrow passages where carrying 
a frame of such dimensions could not be possible or its manipulation risks to damage organisms protruding 
from the surface, especially species with fragile skeletons (Table 4)71. Additionally, in terms of taxa density esti-
mations, both quadrats’ approaches overestimated their values at cave and category levels (Table 4). A similar 
situation occurred for the estimation of Lithophaga lithophaga hole densities. Conversely, the application of 
SfM-photogrammetry allowed not only to define density values accurately, but also to record their distribution 
along the cave walls. The density patterns of L. lithophaga holes could possibly be explained by the hydrodynamics 
occurring in the cave: in fact, by comparing its distribution with the structural complexity of the walls, it is clear 
how the morphology and orientation of the substrate play a crucial role on the settlement of this species, which 
usually thrives in sub-vertical to vertical carbonate substrates, thus avoiding high sedimentation  rates72, 73. Due 
to the high price and demand of the date mussel in the Mediterranean Sea, this species is still intensively col-
lected despite the laws and marine policies forbidding it. For its extraction, the rock is heavily damaged, causing 
a dramatic simplification of the biotic and structural composition of the substrate, leading to an impoverishment 
of the entire  community74, 75, a phenomenon widely spread in the Conero Riviera (Fig. S1).

In this context, when applicable, SfM photogrammetry should be considered as an additional and comple-
mentary tool for marine cave monitoring. Applied over time, short, medium, and long-term changes could be 

Table 4.  List of advantages and disadvantages of the compared methodologies inspected in this study. 
Q20 = 20 × 20 cm quadrats; Q50 = 50 × 50 cm quadrats; SfM = Structure from Motion photogrammetry.

Protocol

Estimated time consumption (h)

Advantages DisadvantagesSampling Analysis

SfM 1 100
Establish a complete baseline
Capture 3D structural complexity
Multiscale approach
Science outreach application

Require longer bottom times
Require longer analysis times
Depending on the extension and scale, possible need of a 
powerful workstation

Q20 0.5 15 Shorter bottom times
No need of a powerful workstation

May miss uncommon species
Densities overestimation

Q50 0.3 30 Shorter bottom times
No need of a powerful workstation

May miss uncommon species
Densities overestimation
Size of the frame
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recorded from seascape to individual level, down to a mm  scale48, 76. By the 3D reconstruction of the substrate 
morphology, a more complete picture of the biological distribution patterns and the processes driving them 
can be  provided47, 77. The implementation of systematic monitoring plans including photogrammetry would 
also help lawmakers in the creation of ad-hoc management and protection measures targeting specific threats 
affecting marine caves  locally46. Furthermore, the obtained 3D models represent a powerful ally for public out-
reach activities, raising awareness by developing interactive experiences where people can explore these hidden 
habitats (e.g., Fig. S5)78, 79.

Nonetheless, given the intrinsic risks related to cave  diving34, some considerations must be made before 
implementing the technique in underwater caves, especially in terms of cave’s depth, size and morphology to 
ensure SfM applicability. Moreover, depending on the main objective of the study, the desired spatial and taxo-
nomical resolution of the digital outputs, and the extension of the area to be mapped, the sampling, processing 
and annotation times may increase exponentially (Table 4). Thus, a cost-benefits evaluation must be made to 
evaluate the different techniques available, reducing operators’ risks and maintaining a cost-effective monitoring 
 effort9, 31. In the assessment of large areas, a more powerful working station or cloud-based processing solutions 
may be needed to process the imagery  dataset47. Additionally automated and semi-automated tools must be 
considered to support and speed up manual annotation process, improving the efficiency of the  method80–84.

Although the rise of compact waterproof cameras provides a high-quality, reasonably-price solution, which 
suggest photogrammetry as an affordable and attractive method for both recreational and scientific scuba  divers57, 
a proper training and the implementation of a standardized protocol is essential for a good application of the 
technique and the acquisition of accurate  reconstructions49, 56.

In conclusion, even if quadrats work great detecting the main coverages and trends in homogeneously dis-
tributed benthic communities, when it comes to sparse heterogeneous communities (e.g., dark cave biocoenosis) 
or rare organisms, they may overlook some of its components. Underwater photogrammetry demonstrated to 
be a suitable non-invasive technique to record the cave benthic assemblages, besides the calculation of a group 
of carefully selected seascape indices proved to be a comprehensive way to describe the present spatial pattern. 
A first baseline was established for Grotta Azzurra: the definition of the current distribution of its biotic com-
ponent represents a crucial information in these times of rapid community shifts due to the synergy of climate 
change and human  stressors10, 29. A bright future awaits photogrammetry in the field of marine environments 
monitoring thanks to its huge potential and versatility, together with the exponential progress of computer vision, 
robotics, and machine  learning80–84.

Materials and methods
Study site. The Conero Riviera (Ancona, Italy) is a shoreline that suffered from strong artificialization over 
the last century, with some of its natural substrates modified or replaced by cemented  structures85. A series of 
shallow marine semi-submerged caves are present along its coastal  cliffs86, and in this study the bigger of these 
caves was explored, locally known as Grotta Azzurra (43° 37′ 17.2" N, 13° 31′ 38.4" E) (Fig. 8a). Its opening rep-
resents a big fissure facing north into the calcareous walls, starting a few metres above the sea surface (Fig. 8b), 
and continuing down to 4.5 m depth. With 15 m in length, this semi-submerged tunnel-shaped cave reaches its 
maximum depth at its entrance (4.5 m), presenting a floor mainly composed of gravels and small rock aggrega-
tions. The dominant wave direction in the area is E–SE (Fig. 8c), leaving the cave partially sheltered from the 
direct action of waves. Nevertheless, the lack of thin sediment accumulation inside the Grotta Azzurra, despite 
the high sediment charge that characterises the bottoms of the Conero  Riviera85, suggests a moderate to high 
hydrodynamic regime.

Data acquisition and photogrammetric processing. The sampling strategy for the characterization 
of the sessile benthic community present inside Grotta Azzurra consisted of the coupling of two sampling meth-
odologies, each one implemented during a dedicated dive. In the first place, a photographic sampling of the 
cave was performed during early September 2021. A GoPro HERO8 Black (Woodman Labs, Inc., San Mateo, 
CA, USA) equipped with an artificial lighting system composed of two AKKIN 5000 underwater lights was 
used. Along the walls and the floor of the cave, a series of metric references were placed to scale-up and control 
the accuracy of the digital reconstructions. The camera was set to time-lapse mode at 2 frames per second, and 
the diving operator adapted the sampling path to capture the whole cave topography by carrying out a vertical 
boustrophedonic pattern, ensuring a minimum of 60% overlapping among consecutive  images45, 47. Maintaining 
an average distance from the substrate of around 40 cm, the images were homogeneously illuminated. A total 
of 3,600 images were collected and controlled to ensure picture quality before being imported into Metashape 
v. 1.8.2. (Agisoft LLC, St. Petersburg, Russia). Images alignment was performed using high accuracy generic 
pair selection settings to produce the point clouds, limiting the key points identification to 100,000 and the tie 
point limit to 10,000 common feature points. Meshes were produced by the arbitrary three-dimensional surface 
type from the depth maps data, medium face count and interpolation disabled. To scale up the model, 5 metric 
references were manually detected in the imagery dataset and used to create scale bars in the reference settings. 
Finally, an orthomosaic of each wall was produced by mosaic blending mode from the mesh surface data and 
exported as tiled tiff in a local coordinate system (m). The overall photogrammetric process to generate both the 
digital reconstruction of the cave and the couple of orthoimages took 16 h of processing time using a Lenovo 
Legion laptop (Beijin, China) with an Intel Core i7-9750H 2.60-GHz processor (Intel Corporation, Santa Clara, 
CA, USA), 32 Gb RAM and a graphic card NVIDIA GeForce RTX 2060 (NVIDIA Corporation, Santa Clara, 
CA, USA).

After identifying the organisms occurring in the orthomosaic, cover percentages of the various sessile organ-
isms were calculated to assess the abundance and the distribution patterns of benthic species in the two ecological 
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zones, semidark and dark, following the cave zonation defined by Pérès and  Picard3. When the sponges were not 
identifiable at species level, the individual’s location in the digitised cave walls was noted using the orthomosaics. 
To increase the taxonomic resolution, a second dive was performed to collect a fragment as small as possible of 
each unidentified sponge. The collected samples were then fixed in ethanol 95% and processed as described by 
Rützler87 for the preparation of slides. Specimens were then identified at species level using a Nikon Eclipse Ni 
compound microscope. Slides were stored as a reference and deposited at the Zoology Laboratory Collection 
(Department of Life and Environmental Sciences), Polytechnic University of Marche (Ancona, Italy). Taxonomic 
identifications were carried out based on Systema  Porifera88, “Proposal for a revised classification of the Dem-
ospongiae (Porifera)”89 and the World Porifera  Database90.

In this study, no live vertebrates and/or higher invertebrates have been used for experimental purposes.

Digitalization and single patch analyses. The orthomosaics produced for both cave walls were 
imported into QGIS software v. 3.1291, the different mega-epibenthic sessile taxa were manually digitised into 
scaled polygons or patches and classified at the lowest taxonomic level possible. Nonetheless, in some cases, 
it was not possible to differentiate between some of the identified species, therefore they were clustered into 
a group of species (Table 2). In particular, the AI group included the sponge species Aaptos aaptos (Schmidt, 
1864) and Ircinia variabilis (Schmidt, 1862), and the EP group consisted in the aggregation of the sponges Erylus 
mammillaris (Schmidt, 1862) and Penares euastrum (Schmidt, 1868) (Table 2). Serpulids and vagile species were 
not considered for the analysis. The whole digitization process required 10 days (i.e., 70 h). Both walls were fully 
segmented and classified, including the bare substrate, and each segmented category’s surface area  (m2) was cal-
culated. Lithophaga lithophaga occurrence was accounted for and digitised throughout the entire walls. The fact 
that among all holes inspected, only L. lithophaga individuals, or shell fragments, were found inside the holes, 
made us assume that the date mussel was only responsible for all the holes present in the cave. However, to main-
tain the non-invasive character of the approach and to contain bottom time during sampling activities, it was not 
possible to confirm if each of the recorded holes was currently inhabited by the bivalve. L. lithophaga density was 
calculated in each cave zone by dividing the number of holes with the surface of each zone and expressed as L. 
lithophaga holes/m2. Additionally, a heatmap (Fig. 4) was produced in QGIS by using the heat map render in the 
layer styling panel with a 1 m radius to visualize density changes through the cave walls.

Two ecological zones were considered for the analysis, the semidark (i.e., entrance of the cave, with sciophil-
ous macroalgae) and dark (i.e., inner section of the cave) biocoenoses, applying the model of cave zonation 
defined by Pérès and  Picard3. To compare the results obtained by photogrammetry and to explore the effects of 

Figure 8.  (a) Location map of Grotta Azzurra (Ancona, Italy), marked with the symbol Ω. (b) Detail of the 
emerged part of Grotta Azzurra entrance. (c) Wave rose of significant wave height, corresponding to the 2021 
full year period at the near-shore waters in front of the cave entrance. Created using QGIS software version 3.12 
(http:// www. QGIS. org).

http://www.QGIS.org


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7587  | https://doi.org/10.1038/s41598-023-34706-7

www.nature.com/scientificreports/

different sampling efforts, a second approach was also applied implementing a virtual simulated quadrat deploy-
ment in QGIS. Two quadrats’ sizes were considered, 20 × 20 cm (Q20) and 50 × 50 cm (Q50), with 60 and 40 
deployments respectively (Table 1). To this end, the tool “Random Points Inside Polygon’’ was applied to place the 
quadrats’ centroids over the walls, discarding those ending up partially out of the orthomosaics or  overlapping45. 
Secondly, the already classified vectorial layers were clipped by each digital quadrat to extract species’ surface 
covers and the L. lithophaga holes densities.

Seascape metric estimations. Key seascape metrics were calculated using landscapemetrics R  package92, 
a drop-in replacement for FRAGSTATS  software93. Using a rasterized version of our digitised cave community 
as an input, this package allowed the quantification of seascape characteristics at a multispatial level by consider-
ing patches size, shape, and distribution. A series of seascape descriptors (Table 3) were selected based on the 
literature and its ecological  relevance45, 46, 82, 83,94,95, and estimated at both category and seascape levels for each 
ecological zone and sampling approach. For the analysis, the category “bare substrate” was not considered, to 
focus our spatial analytical efforts on the biotic components of the cave.

Data availability
The datasets analysed during the current study are available from the corresponding author upon reasonable 
request.
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References
 1. Vacelet, J. & Boury-Esnault, N. Carnivorous sponges. Nature 373, 333–335. https:// doi. org/ 10. 1038/ 37333 3a0 (1995).
 2. Harmelin, J. G. & Vacelet, J. Clues to deep-sea biodiversity in a nearshore cave. Vie Milieu 47(4), 351–354 (1997).
 3. Pérès, J. M. & Picard, J. Nouveau manuel de bionomie benthique de la Mer Méditerranée. Recl. Trav. Station Mar. d’Endoume 

31(47), 5–137 (1964).
 4. Riedl, R. Biologie der Meereshöhlen (Paul Parey, 1966).
 5. Benedetti-Cecchi, L., Airoldi, L., Abbiati, M. & Cinelli, F. Spatial variability in the distribution of sponges and cnidarians in a 

sublittoral marine cave with sulphur-water springs. J. Mar. Biol. Assoc. 78(1), 43–58. https:// doi. org/ 10. 1017/ S0025 31540 00399 53 
(1998).

 6. Morri, C. & Bianchi, C. N. Zonazione biologica. In Grotte Marine: Cinquant’Anni di Ricerca in Italia (eds Cicogna, F. et al.) 257–265 
(Ministero dell’Ambiente e della Tutela del Territorio, 2003).

 7. Montefalcone, M. et al. Thirty-year ecosystem trajectories in a submerged marine cave under changing pressure regime. Mar. 
Environ. Res. 137, 98–110. https:// doi. org/ 10. 1016/j. maren vres. 2018. 02. 022 (2018).

 8. Mačić, V., Panou, A., Bundone, L., Varda, D. & Pavićević, M. First inventory of the semi-submerged marine caves in South Dinarides 
Karst (Adriatic coast) and preliminary list of species. Turk. J. Fish. Aquat. Sci. 19(9), 765–774. https:// doi. org/ 10. 4194/ 1303- 2712- 
v19_9_ 05 (2019).

 9. Gerovasileiou, V. & Bianchi, C. N. Mediterranean marine caves: A synthesis of current knowledge. In Oceanography and Marine 
Biology (eds Hawkins, S. J. et al.) 1–87 (CRC Press, Boca Raton, 2021).

 10. Digenis, M., Arvanitidis, C., Dailianis, T. & Gerovasileiou, V. Comparative study of marine cave communities in a protected area 
of the South-Eastern Aegean Sea, Greece. J. Mar. Sci. Eng. 10(5), 660. https:// doi. org/ 10. 3390/ jmse1 00506 60 (2022).

 11. Pérès, J. M. & Picard, J. Notes sommaires sur le peuplement des grottes sous-marines de la région de Marseille. C. R. Somm. Séances. 
Soc. Biogéogr. 227, 42–45 (1949).

 12. Sarà, M. Distribuzione ed ecologia dei Poriferi in acque superficiali della Riviera ligure di Levante. Arch. Zool. Ital. 49, 181–248 
(1964).

 13. Sket, B. & Iliffe, T. M. Cave fauna of Bermuda. Int. Rev. Gesamten Hydrobiol. Hydrogr. 65, 871–882. https:// doi. org/ 10. 1002/ iroh. 
19800 650610 (1980).

 14. Yager, J. Remipedia, a new class of Crustacea from a marine cave in the Bahamas. J. Crustac. Biol. 1, 328–333. https:// doi. org/ 10. 
2307/ 15479 65 (1981).

 15. Harmelin, J. G. Bryozoan dominated assemblages in Mediterranean cryptic environments. In Bryozoa: Ordovician to Recent (eds 
Nielsen, C. & Larwood, G. P.) 135–143 (Olsen and Olsen, 1985).

 16. Hart, C. W., Manning, R. B. & Iliffe, T. M. The fauna of Atlantic marine caves: Evidence of dispersal by sea floor spreading while 
maintaining ties to deep water. Proc. Biol. Soc. Wash. 98(1), 288–292 (1985).

 17. Manning, R. B., Hart, C. W. & Iliffe, T. M. Mesozoic relicts in marine caves of Bermuda. Stygologia 2(1/2), 156–166 (1986).
 18. Bianchi, C. N., Cattaneo-Vietti, R., Cinelli, F., Morri, C. & Pansini, M. Lo studio biologico delle grotte sottomarine: Conoscenze 

attuali e prospettive. Boll. Mus. Ist Biol. Univ. Genova 60–61, 41–69 (1996).
 19. Cicogna, F., Bianchi, C. N., Ferrari, G. & Forti, P. Grotte Marine: Cinquant’anni di Ricerca in Italia (Ministero dell’Ambiente e della 

Tutela del Territorio, 2003).
 20. Heiner, I., Boesgaard, T. M. & Kristensen, R. M. First time discovery of Loricifera from Australian waters and marine caves. Mar. 

Biol. Res. 5(6), 529–546. https:// doi. org/ 10. 1080/ 17451 00090 29330 09 (2009).
 21. Iliffe, T. M. & Kornicker, L. S. Worldwide diving discoveries of living fossil animals from the depths of anchialine and marine caves. 

Smithson Contrib. Mar. Sci. 38, 269–280 (2009).
 22. Jørgensen, A., Boesgaard, T. M., Møbjerg, N. & Kristensen, R. M. The tardigrade fauna of Australian marine caves: With descrip-

tions of nine new species of Arthrotardigrada. Zootaxa 3802(4), 401–443. https:// doi. org/ 10. 11646/ zoota xa. 3802.4.1 (2014).
 23. Ereskovsky, A. V., Kovtun, O. A. & Pronin, K. K. Marine cave biota of the Tarkhankut Peninsula (Black Sea, Crimea), with empha-

sis on sponge taxonomic composition, spatial distribution and ecological particularities. J. Mar. Biol. Assoc. UK 96(2), 391–406. 
https:// doi. org/ 10. 1017/ S0025 31541 50010 71 (2016).

 24. Perez, T. et al. How a collaborative integrated taxonomic effort has trained new spongiologists and improved knowledge of Mar-
tinique Island (French Antilles, eastern Caribbean Sea) marine biodiversity. PLoS ONE 12(3), 0173859. https:// doi. org/ 10. 1371/ 
journ al. pone. 01738 59 (2017).

 25. Cardone, F. et al. First speleological and biological characterization of a submerged cave of the Tremiti archipelago geomorphosite 
(Adriatic Sea). Geosci. J. 12(5), 213. https:// doi. org/ 10. 3390/ geosc ience s1205 0213 (2022).

 26. Nepote, E., Bianchi, C. N., Morri, C., Ferrari, M. & Montefalcone, M. Impact of a harbour construction on the benthic community 
of two shallow marine caves. Mar. Pollut. Bull. 114(1), 35–45. https:// doi. org/ 10. 1016/j. marpo lbul. 2016. 08. 006 (2017).

https://doi.org/10.1038/373333a0
https://doi.org/10.1017/S0025315400039953
https://doi.org/10.1016/j.marenvres.2018.02.022
https://doi.org/10.4194/1303-2712-v19_9_05
https://doi.org/10.4194/1303-2712-v19_9_05
https://doi.org/10.3390/jmse10050660
https://doi.org/10.1002/iroh.19800650610
https://doi.org/10.1002/iroh.19800650610
https://doi.org/10.2307/1547965
https://doi.org/10.2307/1547965
https://doi.org/10.1080/17451000902933009
https://doi.org/10.11646/zootaxa.3802.4.1
https://doi.org/10.1017/S0025315415001071
https://doi.org/10.1371/journal.pone.0173859
https://doi.org/10.1371/journal.pone.0173859
https://doi.org/10.3390/geosciences12050213
https://doi.org/10.1016/j.marpolbul.2016.08.006


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7587  | https://doi.org/10.1038/s41598-023-34706-7

www.nature.com/scientificreports/

 27. La Mesa, G., Paglialonga, A. & Tunesi, L. Manuali per il monitoraggio di specie e habitat di interesse comunitario (Direttiva 92/43/
CEE e Direttiva 09/147/CE) in Italia: Ambiente marino. ISPRA, Serie Manuali e linee guida 190/2019 (2019).

 28. Chevaldonné, P. & Lejeusne, C. Regional warming-induced species shift in north-west Mediterranean marine caves. Ecol. Lett. 
6(4), 371–379. https:// doi. org/ 10. 1046/j. 1461- 0248. 2003. 00439.x (2003).

 29. Garrabou, J. et al. Marine heatwaves drive recurrent mass mortalities in the Mediterranean Sea. Glob. Change Biol. 58, 5708–5725. 
https:// doi. org/ 10. 1111/ gcb. 16301 (2022).

 30. Iliffe, T. M., Jickells, T. D. & Brewer, M. S. Organic pollution of an inland marine cave from Bermuda. Mar. Environ. Res. 12(3), 
173–189. https:// doi. org/ 10. 1016/ 0141- 1136(84) 90002-3 (1984).

 31. Gerovasileiou, V., Aguilar, R. & Marín, P. Guidelines for Inventorying and Monitoring of Dark Habitats in the Mediterranean Sea, 
Vol. 2017 1–40. SPA/RAC-UNEP/MAP, OCEANA, Tunis, Tunisia (2017).

 32. Petricioli, D., Buzzacott, P., Radolović, M., Bakran-Petricioli, T. & Gerovasileiou, V. Visitation and conservation of marine caves. 
In Book of Abstracts of the International Symposium “Inside and outside the Mountain” 29–30. Comune di Custonaci and Centro 
Ibleo di Ricerche Speleo-idrogeologiche, Custonaci (2015).

 33. Gerovasileiou, V., Bancila, R. I., Katsanevakis, S. & Zenetos, A. Introduced species in Mediterranean marine caves: An increasing 
but neglected threat. Mediterr. Mar. Sci. 23(4), 995–1005 (2022).

 34. Iliffe, T. M. & Bowen, C. Scientific cave diving. Mar. Technol. Soc. J. 35(2), 36–41. https:// doi. org/ 10. 4031/ 00253 32017 88001 901 
(2001).

 35. Benedetti-Cecchi, L., Airoldi, L., Abbiati, M. & Cinelli, F. Estimating the abundance of benthic invertebrates: A comparison of 
procedures and variability between observers. Mar. Ecol. Prog. Ser. 138, 93–101. https:// doi. org/ 10. 3354/ meps1 38093 (1996).

 36. Bianchi, C. N. et al. Hard bottoms. Biol. Mar. Mediterr. 11(1), 185–215 (2004).
 37. Gerovasileiou, V. & Voultsiadou, E. Sponge diversity gradients in marine caves of the eastern Mediterranean. J. Mar. Biol. Assoc. 

UK 96(2), 407–416. https:// doi. org/ 10. 1017/ S0025 31541 50006 97 (2016).
 38. Spaccavento, M. et al. A non-invasive monitoring method to assess the composition of megabenthic communities in semi-sub-

merged marine caves. In 2022 IEEE International Workshop on Metrology for the Sea; Learning to Measure Sea Health Parameters 
(MetroSea) 257–261. https:// doi. org/ 10. 1109/ Metro Sea55 331. 2022. 99508 48 (2022).

 39. Gerovasileiou, V., Trygonis, V., Sini, M., Koutsoubas, D. & Voultsiadou, E. Three-dimensional mapping of marine caves using a 
handheld echosounder. Mar. Ecol. Prog. Ser. 486, 13–22. https:// doi. org/ 10. 3354/ meps1 0374 (2013).

 40. Chemisky, B. et al. Les fonds marins accessibles à tous avec la restitution tridimensionnelle haute resolution. In Proceedings of the 
MerlGéo, de la Côte à l’Océan, l’Information Géographique en Movement 57–60. Brest, 24–26 November. (2015).

 41. Vallicrosa, G., Fumas, M. J., Huber, F. & Ridao, P. Sparus II AUV as a sensor suite for underwater archaeology: Falconera cave 
experiments. In 2020 IEEE/OES Autonomous Underwater Vehicles Symposium (AUV) 1–5. St. Johns, NL, Canada. https:// doi. org/ 
10. 1109/ AUV50 043. 2020. 92679 35 (2020).

 42. Burns, J. H. R., Delparte, D., Gates, R. D. & Takabayashi, M. Integrating structure-from-motion photogrammetry with geospatial 
software as a novel technique for quantifying 3D ecological characteristics of coral reefs. PeerJ 3, e1077. https:// doi. org/ 10. 7717/ 
peerj. 1077 (2015).

 43. Burns, J. H. R. et al. Assessing the impact of acute disturbances on the structure and composition of a coral community using 
innovative 3D reconstruction techniques. Methods Oceanogr. 15, 49–59. https:// doi. org/ 10. 1016/j. mio. 2016. 04. 001 (2016).

 44. Raoult, V. et al. GoPros™ as an underwater photogrammetry tool for citizen science. PeerJ 4, e1960. https:// doi. org/ 10. 7717/ peerj. 
1960 (2016).

 45. Palma, M., Rivas Casado, M., Pantaleo, U. & Cerrano, C. High resolution orthomosaics of African coral reefs: A tool for wide-scale 
benthic monitoring. Remote Sens. 9(7), 705. https:// doi. org/ 10. 3390/ rs907 0705 (2017).

 46. Palma, M. et al. Quantifying coral reef composition of recreational diving sites: A structure from motion approach at seascape 
scale. Remote Sens. 11(24), 3027. https:// doi. org/ 10. 3390/ rs112 43027 (2019).

 47. Bayley, D. T., Mogg, A. O., Koldewey, H. & Purvis, A. Capturing complexity: field-testing the use of ’structure from motion’derived 
virtual models to replicate standard measures of reef physical structure. PeerJ 7, e6540. https:// doi. org/ 10. 7717/ peerj. 6540 (2019).

 48. Piazza, P. et al. Underwater photogrammetry in Antarctica: Long-term observations in benthic ecosystems and legacy data rescue. 
Polar Biol. 42, 1061–1079. https:// doi. org/ 10. 1007/ s00300- 019- 02480-w (2019).

 49. Bayley, D. T. & Mogg, A. O. A protocol for the large-scale analysis of reefs using Structure from Motion photogrammetry. Methods 
Ecol. Evol. 11, 1410–1420. https:// doi. org/ 10. 1111/ 2041- 210X. 13476 (2020).

 50. Fukunaga, A. & Burns, J. H. Metrics of coral reef structural complexity extracted from 3D mesh models and digital elevation 
models. Remote. Sens. 12(17), 2676. https:// doi. org/ 10. 3390/ rs121 72676 (2020).

 51. Furlani, S. Integrated observational targets and instrumental data on rock coasts through snorkel surveys. Mar. Geol. 245, 106191. 
https:// doi. org/ 10. 1016/j. margeo. 2020. 106191 (2020).

 52. Casoli, E. et al. High spatial resolution photo mosaicking for the monitoring of coralligenous reefs. Coral Reefs 40(4), 1267–1280. 
https:// doi. org/ 10. 1007/ s00338- 021- 02136-4 (2021).

 53. Giordan, D. et al. R. Survey solutions for 3D acquisition and representation of artificial and natural caves. Appl. Sci. 11(14), 6482. 
https:// doi. org/ 10. 3390/ app11 146482 (2021).

 54. Ventura, D. et al. Integration of close-range underwater photogrammetry with inspection and mesh processing software: A novel 
approach for quantifying ecological dynamics of temperate biogenic reefs. Remote Sens. Ecol. Conserv. 7(2), 169–186. https:// doi. 
org/ 10. 1002/ rse2. 178 (2021).

 55. Furlani, S. & Antonioli, F. The swim-survey archive of the Mediterranean rocky coasts: Potentials and future perspectives. Geo-
morphology 421, 108529. https:// doi. org/ 10. 1016/j. geomo rph. 2022. 108529 (2023).

 56. Garrabou, J. et al. Monitoring climate-related responses in Mediterranean marine protected areas and beyond: Eleven standard 
protocols. In Spanish Research Council ICM-CSIC, Passeig Marítim de la Barceloneta 37–49 (ed Institute of Marine Sciences) 74, 
08003 Barcelona, Spain. https:// doi. org/ 10. 20350/ digit alCSIC/ 14672 (2022).

 57. Bell, J. J. The functional roles of marine sponges. Estuar. Coast. Shelf Sci. 79, 341–353. https:// doi. org/ 10. 1016/j. ecss. 2008. 05. 002 
(2008).

 58. Voultsiadou, E., Kyrodimou, M., Antoniadou, C. & Vafidis, D. Sponge epibionts on ecosystem-engineering ascidians: The case of 
Microcosmus sabatieri. Estuar. Coast. Shelf 86, 598–606. https:// doi. org/ 10. 1016/j. ecss. 2009. 11. 035 (2010).

 59. Gerovasileiou, V. & Voultsiadou, E. Marine caves of the Mediterranean Sea: A sponge biodiversity reservoir within a biodiversity 
hotspot. PLoS ONE 7(7), 39873. https:// doi. org/ 10. 1371/ journ al. pone. 00398 73 (2012).

 60. Bussotti, S., Terlizzi, A., Fraschetti, S., Belmonte, G. & Boero, F. Spatial and temporal variability of sessile benthos in shallow 
Mediterranean marine caves. Mar. Ecol. Prog. Ser. 325, 109–119. https:// doi. org/ 10. 3354/ meps3 25109 (2006).

 61. Bianchi, C. N. & Morri, C. Studio bionomico comparativo di alcune grotte marine sommerse: Definizione di una scala di confina-
mento. Ist. Ital. Speleol. 6(II), 107–123 (1994).

 62. Costa, G. et al. Sponge community variations within two semi-submerged caves of the Ligurian Sea (Mediterranean Sea) over a 
half-century time span. Eur. Zool. J. 85(1), 381–391. https:// doi. org/ 10. 1080/ 24750 263. 2018. 15254 39 (2018).

 63. Costa, G., Violi, B., Bavestrello, G., Pansini, M. & Bertolino, M. Aplysina aerophoba (Nardo, 1833) (Porifera, Demospongiae): An 
unexpected, miniaturised growth form from the tidal zone of Mediterranean caves: Morphology and DNA barcoding. Eur. Zool. 
J. 87(1), 73–81. https:// doi. org/ 10. 1080/ 24750 263. 2020. 17208 33 (2020).

https://doi.org/10.1046/j.1461-0248.2003.00439.x
https://doi.org/10.1111/gcb.16301
https://doi.org/10.1016/0141-1136(84)90002-3
https://doi.org/10.4031/002533201788001901
https://doi.org/10.3354/meps138093
https://doi.org/10.1017/S0025315415000697
https://doi.org/10.1109/MetroSea55331.2022.9950848
https://doi.org/10.3354/meps10374
https://doi.org/10.1109/AUV50043.2020.9267935
https://doi.org/10.1109/AUV50043.2020.9267935
https://doi.org/10.7717/peerj.1077
https://doi.org/10.7717/peerj.1077
https://doi.org/10.1016/j.mio.2016.04.001
https://doi.org/10.7717/peerj.1960
https://doi.org/10.7717/peerj.1960
https://doi.org/10.3390/rs9070705
https://doi.org/10.3390/rs11243027
https://doi.org/10.7717/peerj.6540
https://doi.org/10.1007/s00300-019-02480-w
https://doi.org/10.1111/2041-210X.13476
https://doi.org/10.3390/rs12172676
https://doi.org/10.1016/j.margeo.2020.106191
https://doi.org/10.1007/s00338-021-02136-4
https://doi.org/10.3390/app11146482
https://doi.org/10.1002/rse2.178
https://doi.org/10.1002/rse2.178
https://doi.org/10.1016/j.geomorph.2022.108529
https://doi.org/10.20350/digitalCSIC/14672
https://doi.org/10.1016/j.ecss.2008.05.002
https://doi.org/10.1016/j.ecss.2009.11.035
https://doi.org/10.1371/journal.pone.0039873
https://doi.org/10.3354/meps325109
https://doi.org/10.1080/24750263.2018.1525439
https://doi.org/10.1080/24750263.2020.1720833


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7587  | https://doi.org/10.1038/s41598-023-34706-7

www.nature.com/scientificreports/

 64. Kruzic, P., Zibrowius, H. & Pozar-Domac, A. Actiniaria and Scleractinia (Cnidaria, Anthozoa) from the Adriatic Sea (Croatia): 
First records, confirmed occurrences and significant range extensions of certain species. Ital. J. Zool. 69(4), 345–353. https:// doi. 
org/ 10. 1080/ 11250 00020 93564 80 (2002).

 65. Pansini, M. et al. Evoluzione delle biocenosi bentoniche di substrato duro lungo un gradiente di luce in una grotta marina super-
ficiale. In Atti del IX Congresso della Società Italiana di Biologia Marina (eds Fresi, E. & Cinelli, F.) 315–330 (La Seppia, 1977).

 66. Boero, F., Cicogna, F., Pessani, D. & Pronzato, R. In situ observations on contraction behaviour and diel activity of Halcampoides 
purpurea var. mediterranea (Cnidaria, Anthozoa) in a marine cave. Mar. Ecol. 12(3), 185–192. https:// doi. org/ 10. 1111/j. 1439- 0485. 
1991. tb002 52.x (1991).

 67. Boero, F. The ecology of marine hydroids and effects of environmental factors: A review. Mar. Ecol. 5(2), 93–118. https:// doi. org/ 
10. 1111/j. 1439- 0485. 1984. tb003 10.x (1984).

 68. Boero, F. Hydroid zonation along a marine cave of the Penisola Sorrentina (Gulf of Naples). Rapp. Comm. Int. Mer. Médit. 29, 
135–136 (1985).

 69. Bell, J. J. The distribution and prevalence of sponge species in a semi-submerged temperate sea cave. Ir. Nat. J. 27(7), 249–265 
(2003).

 70. Costello, M. J. et al. Methods for the study of marine biodiversity. In The GEO Handbook on Biodiversity Observation Networks 
(eds Walters, M. & Scholes, R.) 129–163 (Springer, 2017). https:// doi. org/ 10. 1007/ 978-3- 319- 27288-7_6.

 71. Fanelli, G., Piraino, S., Belmonte, G., Geraci, S. & Boero, F. Human predation along Apulian rocky coasts (SE Italy): Desertification 
caused by Lithophaga lithophaga (Mollusca) fisheries. Mar. Ecol. Prog. Ser. https:// doi. org/ 10. 3354/ meps1 10001 (1994).

 72. Trigui El-Menif, N., Kefi, F. J., Ramdani, M., Flower, R. & Boumaiza, M. Habitat and associated fauna of Lithophaga lithophaga 
(Linné 1758) in the bay of Bizerta (Tunisia). J. Shellfish Res. 26, 569–575. https:// doi. org/ 10. 2983/ 0730- 8000(2007) 26[569: HAAFOL] 
2.0. CO;2 (2007).

 73. Devescovi, M. & Ivesa, L. Colonization patterns of the date mussel Lithophaga lithophaga (L., 1758) on limestone breakwater 
boulders of a marina. Period. Biol. 110(4), 339–345 (2008).

 74. Colletti, A. et al. The date mussel Lithophaga lithophaga: Biology, ecology and the multiple impacts of its illegal fishery. Sci. Total 
Environ. 744, 140866. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 140866 (2020).

 75. Palma, M. et al. SfM-based method to assess gorgonian forests (Paramuricea clavata (Cnidaria, Octocorallia)). Remote Sens. 10(7), 
1154. https:// doi. org/ 10. 3390/ rs100 71154 (2018).

 76. Quiles-Pons, C. et al. Monitoring the complex benthic habitat on semi-dark underwater marine caves using photogrammetry-
based 3D reconstructions. In 3rd Mediterranean Symposium on the conservation of Dark Habitats 113–114. Genoa, Italy, 21–22 
September 2022, (2022).

 77. Nocerino, E., Menna, F., Farella, E. & Remodino, F. 3D Virtualization of an underground semi-submerged cave-system. In Inter-
national Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences XLII-2/W15. 27th CIPA International 
Symposium “Documenting the past for a better future” 857–864 (eds Gonzalez-Aguilera, D., Remondino, F., Toschi, I., Rodriguez-
Gonzalvez, P. & Stathopoulou, E.) 1–5 September 2019, Ávila, Spain. https:// doi. org/ 10. 5194/ isprs- archi ves- XLII-2- W15- 857- 2019 
(2019).

 78. Marroni, L., Brandt, P., Gaertner, P. & Marassich, A. Citizen science and 3D modelling to study and protect Mediterranean marine 
caves: A real application in the caves of the Gulf of Orosei (Sardinia, Italy) (No. EGU22-3817). Copernicus Meetings. https:// doi. 
org/ 10. 5194/ egusp here- egu22- 3817 (2022).

 79. Olinger, L. K., Scott, A. R., McMurray, S. E. & Pawlik, J. R. Growth estimates of Caribbean reef sponges on a shipwreck using 3D 
photogrammetry. Sci. Rep. 9(1), 1–12. https:// doi. org/ 10. 1038/ s41598- 019- 54681-2 (2019).

 80. Teague, J. & Scott, T. Underwater photogrammetry and 3D reconstruction of submerged objects in shallow environments by ROV 
and underwater GPS. J. Mar. Sci. Technol. 1, 5 (2017).

 81. Menna, F. et al. Towards real-time underwater photogrammetry for subsea metrology applications. In OCEANS 2019-Marseille 
1–10. https:// doi. org/ 10. 1109/ OCEAN SE. 2019. 88672 85 (2019).

 82. Mohamed, H., Nadaoka, K. & Nakamura, T. Towards benthic habitat 3D mapping using machine learning algorithms and structures 
from motion photogrammetry. Remote Sens. 12(1), 127. https:// doi. org/ 10. 3390/ rs120 10127 (2020).

 83. Rossi, P. et al. Needs and gaps in optical underwater technologies and methods for the investigation of marine animal forest 
3D-structural complexity. Front. Mar. Sci. 8, 591292. https:// doi. org/ 10. 3389/ fmars. 2021. 591292 (2021).

 84. Pavoni, G. et al. TagLab: AI-assisted annotation for the fast and accurate semantic segmentation of coral reef orthoimages. J. Field 
Robot. 39(3), 246–262. https:// doi. org/ 10. 1002/ rob. 22049 (2022).

 85. Rindi, F., Gavio, B., Díaz-Tapia, P., Di Camillo, C. G. & Romagnoli, T. Long-term changes in the benthic macroalgal flora of a 
coastal area affected by urban impacts (Conero Riviera, Mediterranean Sea). Biodivers. Conserv. 29, 2275–2295. https:// doi. org/ 
10. 1007/ s10531- 020- 01973-z (2020).

 86. Furlani, S. et al. Tn (tidal notches) at the Conero area (W Adratic coast): implications for coastal instability. Geogr. Fis. Din. Quat. 
41, 33–46. https:// doi. org/ 10. 4461/ GFDQ. 2018. 41. 11 (2018).

 87. Rützler, K. Sponges in coral reefs. In Coral Reefs: Research Methods. Monographs on Oceanografic Methodologies (eds Stoddart, D. 
R. & Johannes, R. E.) 5 (UNESCO, 1978).

 88. Hooper, J. N. A. & Van Soest, R. W. M. Systema Porifera. A Guide to the Classification of Sponges (Springer, 2002).
 89. Morrow, C. & Cárdenas, P. Proposal for a revised classification of the Demospongiae (Porifera). Front. Zool. 12, 7. https:// doi. org/ 

10. 1186/ s12983- 015- 0099-8 (2015).
 90. de Voogd, N. J. et al. World Porifera database. Available: http:// www. marin espec ies. org/ porif era. Accessed Jan 2022 (2022).
 91. QGIS.org. QGIS Geographic Information System. QGIS Association. http:// www. qgis. org (2022).
 92. Hesselbarth, M. H. K., Sciaini, M., With, K. A., Wiegand, K. & Nowosad, J. landscapemetrics: An open-source R tool to calculate 

landscape metrics. Ecography 42, 1648–1657. https:// doi. org/ 10. 1111/ ecog. 04617 (2019).
 93. McGarigal, K., Cushman, S. A. & Ene, E. FRAGSTATS v4: Spatial Pattern Analysis Program for Categorical and Continuous Maps. 

Computer software program produced by the authors at the University of Massachusetts, Amherst. Available at the following 
website: https:// www. umass. edu/ lande co/ (2012).

 94. Garrabou, J., Riera, J. & Zabala, M. Landscape pattern indexes applied to Mediterranean subtidal rocky benthic communities. 
Landsc. Ecol. 13(4), 225–247. https:// doi. org/ 10. 1023/A: 10079 52701 795 (1998).

 95. Teixidó, N., Garrabou, J. & Arntz, W. E. Spatial pattern quantification of Antarctic benthic communities using landscape indexes. 
Mar. Ecol. Prog. Ser. 242, 1–14. https:// doi. org/ 10. 3354/ meps2 42001 (2002).

Acknowledgements
Authors are thankful to Irene Gonzalo Cruz and Ricardo Alonso Navas for their help during sampling activities.

Author contributions
Ideas and design were formulated by C.C. and T.P.M. Sampling activities were performed by M.C., V.M., T.M. and 
T.P.M. Taxonomic identification of Porifera was performed by B.C., T.M., C.R. and S.P. Analyses were performed 

https://doi.org/10.1080/11250000209356480
https://doi.org/10.1080/11250000209356480
https://doi.org/10.1111/j.1439-0485.1991.tb00252.x
https://doi.org/10.1111/j.1439-0485.1991.tb00252.x
https://doi.org/10.1111/j.1439-0485.1984.tb00310.x
https://doi.org/10.1111/j.1439-0485.1984.tb00310.x
https://doi.org/10.1007/978-3-319-27288-7_6
https://doi.org/10.3354/meps110001
https://doi.org/10.2983/0730-8000(2007)26[569:HAAFOL]2.0.CO;2
https://doi.org/10.2983/0730-8000(2007)26[569:HAAFOL]2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2020.140866
https://doi.org/10.3390/rs10071154
https://doi.org/10.5194/isprs-archives-XLII-2-W15-857-2019
https://doi.org/10.5194/egusphere-egu22-3817
https://doi.org/10.5194/egusphere-egu22-3817
https://doi.org/10.1038/s41598-019-54681-2
https://doi.org/10.1109/OCEANSE.2019.8867285
https://doi.org/10.3390/rs12010127
https://doi.org/10.3389/fmars.2021.591292
https://doi.org/10.1002/rob.22049
https://doi.org/10.1007/s10531-020-01973-z
https://doi.org/10.1007/s10531-020-01973-z
https://doi.org/10.4461/GFDQ.2018.41.11
https://doi.org/10.1186/s12983-015-0099-8
https://doi.org/10.1186/s12983-015-0099-8
http://www.marinespecies.org/porifera
http://www.qgis.org
https://doi.org/10.1111/ecog.04617
https://www.umass.edu/landeco/
https://doi.org/10.1023/A:1007952701795
https://doi.org/10.3354/meps242001


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7587  | https://doi.org/10.1038/s41598-023-34706-7

www.nature.com/scientificreports/

by C.G.D.C., T.M., T.P.M. and C.R. Initial manuscript draft was written by T.P.M. and C.R. All authors revised 
and edited the manuscript. The submitted version of the manuscript was approved by all authors.

Funding
This research was supported by Università Politecnica delle Marche (Ricerca Scientifica di Ateneo – MESOMED 
project).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34706-7.

Correspondence and requests for materials should be addressed to C.R.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-34706-7
https://doi.org/10.1038/s41598-023-34706-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Photogrammetry as a promising tool to unveil marine caves’ benthic assemblages
	Results
	Benthic sessile community assessment. 
	Assessment of Lithophaga lithophaga holes’ density and distribution. 
	Seascape metrics. 

	Discussion
	Materials and methods
	Study site. 
	Data acquisition and photogrammetric processing. 
	Digitalization and single patch analyses. 
	Seascape metric estimations. 

	References
	Acknowledgements


