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Evaluating broad-scale habitat
model against patchy benthic
habitats: the case of EUSeaMap
Martina Radicioli*, Aldo Annunziatellis , Sabrina Agnesi ,
Michela Giusti , Michela Angiolillo and Leonardo Tunesi

Italian Institute for Environmental Protection and Research (ISPRA), Rome, Italy
Broad-scale habitat mapping plays an increasingly central role in ecosystem-

basedmarinemanagement. Among the available products, EUSeaMap provides a

consistent, large-scale representation of benthic habitats across European seas.

However, modeling habitats with irregular and discontinuous distributions, such

as coralligenous reefs, remains a significant challenge. This study evaluates how

EUSeaMap models these complex biogenic habitats, using ground-truth data

collected under the Marine Strategy Framework Directive in Italian waters. The

analysis involved the spatial correspondence between EUSeaMap-predicted

habitats and ground-truth observations of the habitat-forming species that

structure coralligenous reefs, applying a three-zone approach (core –

modeled habitat, buffer – nearby area, and gap – area beyond the buffer) in

order to determine the difference between model resolution and in-situ

observations. The results show that EUSeaMap successfully detected 25% of

the occurrences of coralligenous reefs. This percentage increased to 40% when

considering the buffer zone, indicating that many observed occurrences were

located near the zones where the model predicts habitat presence. Building on

these findings, the study demonstrates how this broad-scale habitat model

detects distributed habitats irregularly. In particular, it also highlights both the

current capabilities of EUSeaMap and the areas for improvement, thus

reinforcing its role as a reliable tool for marine habitat mapping and supporting

its wider application to monitoring, conservation, and spatial planning across

European marine initiatives.
KEYWORDS

EMODnet Seabed Habitats, modeled map, coralligenous, Marine Strategy Framework
Directive, high-resolution data, Mediterranean Sea
1 Introduction

The scope of a broad-scale seabed habitat map is to provide a spatial distribution of

benthic assemblages across an extensive area. Its modeling is based on information related

to environmental conditions, including sediment type, depth (and its derivatives: slope,

bathymetric position index, seabed roughness), hydrodynamic energy (wave and current
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exposure), and light penetration, along with other relevant variables

that are known to influence the distribution of marine benthic

habitats. Generally, broad-scale modeling is the only approach

available for producing maps covering large areas at a reasonable

cost (Vasquez et al., 2015). This approach was first investigated by

Roff et al. (2003), who acknowledged that benthic communities are

strongly influenced by the physical characteristics of the seafloor

and proposed overlaying mapped environmental variables through

the Geographic Information System (GIS) to produce an integrated

representation of seafloor features, using the European Nature

Information System (EUNIS) classification (Populus et al., 2017).

A broad-scale map is considered relevant for many applications. For

example, benthic habitat maps are used for the designation of

Marine Protected Areas (MPAs) under various frameworks (e.g.,

the Habitats Directive, 92/43/EEC, or OSPAR) according to specific

criteria (Villa et al., 2002; de la Torriente et al., 2019). Furthermore,

they serve as an essential tool for assessing the coherence of existing

MPA networks at various governance levels, including regional and

international frameworks (e.g., the European Union Natura 2000)

(Vasquez et al., 2015; Foster et al., 2017; de la Torriente et al., 2019;

Gottlieb et al., 2024). Broad-scale modeled maps offer several

advantages that make them particularly suitable for large-scale

analyses: they are cost-effective (Roff et al., 2003), provide wide

spatial coverage and interoperability (Populus et al., 2017), and offer

valuable predictive insights, especially in areas where observational

data are lacking (Vasquez et al., 2021a). However, their application

also entails limitations, including low spatial resolution, dependence

on the quality of input data, limited ground-truth validation, and a

tendency to oversimplify habitat complexity (Populus et al., 2017;

Foster et al., 2017; Gottlieb et al., 2024).

EUSeaMap is a broad-scale habitat map produced within the

framework of the European Marine Observation and Data Network

(EMODnet), funded by Directorate-General Maritime Affairs and

Fisheries (DG-MARE), as part of the Seabed Habitats Lot (https://

emodnet.ec.europa.eu/en/seabed-habitats). It is derived from a

combination of key categorical layers such as seabed substrate

types (e.g., rock, sand, mud) and benthic zones (e.g., infralittoral,

circalittoral). Some of the physical layers used in the EUSeaMap

model are created by other EMODnet lots (i.e., bathymetry and

substratum data). Currently, it represents the only broad-scale map

of benthic habitats covering all the European marine seafloors in a

consistent manner (Vasquez et al., 2021b; Callery and Grehan,

2023). Since 2009, different EUSeaMap versions have been

developed. The broad-scale model produced within this long-term

European initiative is based on the habitat modeling approach

established within the framework of previous projects

(INTERREG IIIB-funded MESH and BALANCE), providing a

common methodology for broad-scale seabed habitat mapping

across Europe (Tunesi et al., 2010). In particular, EUSeaMap

supports the implementation of a wide range of marine policies

and management frameworks by identifying priority areas for

monitoring and conservation of marine habitats. This contributes

significantly to achieving the objectives set by the European Union
Frontiers in Marine Science 02
(EU) and international policies (Fraschetti et al., 2024; Andersen

et al., 2018). Specifically, this modeled map has been used in Italian

waters under the Marine Strategy Framework Directive (European

Commission, 2008), which mandates achieving Good

Environmental Status (GES) in all European seas. In this context,

Italy has identified several benthic habitats of conservation value

that require preservation, including the coralligenous habitat.

Coralligenous is a Mediterranean endemic biogenic benthic

assemblage, characterized by the stratification of calcareous,

encrusting algae (Rhodophyceae), which is later consolidated by

the growth of structuring taxa such as bryozoans, sponges, and

cnidarians, primarily anthozoans (Ballesteros, 2006; Gori et al.,

2017). This assemblage typically develops at depths ranging from 20

to 120 meters (upper circalittoral zone), on vertical rocky cliffs and

semi-biodetritic bottoms (Ballesteros, 2006; Zapata et al., 2015;

Zapata-Ramirez et al. , 2016). It thrives under specific

environmental conditions, including low and relatively constant

temperatures, low water turbidity, moderate hydrodynamics, low

sedimentation rates, and dim light conditions. Among these, light is

likely the most important environmental factor for the development

and growth of coralligenous frameworks on rocky bottoms (Pérès

and Picard, 1964; Laubier, 1966; Ballesteros, 2006). At depths where

light intensity is no longer sufficient to allow macro-algal life,

animals can take over the role of the main builders, giving rise to

mesophotic reefs in the offshore circalittoral (Montefalcone et al.,

2021; Gimenez et al., 2022). Hard and soft corals, gorgonians, as

well as sponges have also often been considered as relevant habitat-

forming species (HFS) in the coralligenous, able to create 3D

structures, enhancing habitat structural complexity, promoting

biodiversity, and forming dense aggregations, which may

contribute to a patchy distribution (Gili et al., 1989; Bramanti

et al., 2017; Rossi et al., 2017; Pierdomenico et al., 2021;

Lombardi et al., 2020; Rosso and DI, 2023; Angiolillo and

Fortibuoni, 2020). Coralligenous reefs represent a complex habitat

characterized by high structural heterogeneity and the development

of multiple benthic communities (Di Iorio et al., 2021), which

support high biodiversity levels (Ballesteros, 2006; Ingrosso et al.,

2018). According to the MSFD requirements, Italy conducted

monitoring activities at coralligenous habitats, under Descriptor 1

- Biodiversity (D1), applying a standardized protocol (MATTM-

ISPRA, 2019; SNPA, 2024) that relies on multibeam echosounder,

side-scan sonar, and Remotely Operated Vehicle (ROV) surveys.

This study focuses on the coralligenous habitat not only because of

its high conservation value but also because of its patchy distribution,

spatial heterogeneity, and the fact that it often occupies relatively small

areas on broad-scale maps. These characteristics make it challenging

to identify populated coralligenous surfaces using large-scale models.

The effectiveness of the EUSeaMap model in predicting coralligenous

habitat distribution was evaluated by comparing modeled data with

ground-truth data collected during MSFD campaigns in Italian waters

(Mediterranean Sea). This comparison served as a test of the

EUSeaMap model, allowing for an assessment of its limitations and

advantages when applied to this type of habitat.
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2 Materials and methods

2.1 Data source: EUSeaMap model and
MSFD observation data

This study focuses on the habitat-forming species (HFS)

representative of coralligenous reefs, listed in Annex 1 of the

Italian MSFD monitoring protocol (MATTM-ISPRA, 2019;

SNPA, 2024). Only those HFS observed during the MSFD

monitoring campaigns were included in the analysis (Table 1).

A spatial analysis was conducted by comparing ground truth

data on HFS, collected during the first and second cycles (2015-

2021) of the Italian MSFD monitoring campaigns on coralligenous

reefs, with the third iteration of EUSeaMap (Figure 1) (Vasquez

et al., 2019), which is coherent with the field data used for the
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currently available MSFD reporting. According to the monitoring

protocol, investigation areas of 25 km² were delineated within 12

nautical miles of the Italian coast and at depths ranging from 20 to

100 m, based on geomorphological analyses, bibliographic evidence

of coralligenous habitat presence, and representative of different

environmental conditions. In each area, three sites were selected,

located at least 500 m apart. At each site, three standardized ROV

transects (200 m long x 0.5 m wide) were surveyed. Along these

transects, high-definition imagery was collected to quantify the

occurrence and cover of HFS, assess their structural complexity, and

detect potential pressures or impacts (Radicioli et al., 2022; Di

Stefano et al., 2024).

The analysis focused specifically on areas where the two datasets

overlap, thus ensuring a reliable basis for comparison. This

approach was necessary because the EUSeaMap model predicts

the potential presence of suitable areas for these biocenoses

throughout the Italian seas, whereas the HFS data are restricted

to selected areas chosen to represent the presence of coralligenous

habitat. Moreover, considering the environmental characteristics

required by HFS, the following suitable habitats were selected from

the EUSeaMap 2019 broad-scale map (Vasquez et al., 2019): A4

(Upper-Circalittoral rock and other hard substrata), A4.26 or A4.32

(Mediterranean coralligenous communities moderately exposed to

hydrodynamic action or Mediterranean coralligenous communities

sheltered from hydrodynamic action), and A4.27 (Faunal

communities on deep moderate energy circalittoral rock) (Davies

et al., 2004). These habitats were extracted from the modeled map

and, along with the MSFD data, are organized and analyzed in the

ArcGIS Pro environment (ESRI Inc.). These input data are shown

in Figure 2.
2.2 Spatial zonation and data processing

The EUSeaMap broad-scale habitat map and its components,

including substratum and bathymetry raster data (Vasquez et al.,

2019; Vasquez et al., 2021b), have a resolution of at least 250 meters.

Therefore, to address comparison, buffers of different sizes (500,

1000, 1500, and 2000 m) were tested around the areas where the

broad-scale map identifies the presence of the habitat. For each

buffer, the percentage of MSFD transects falling within the

predicted habitat extent (matching) was computed (Figure 3A).

To determine the most appropriate threshold, we applied the elbow

(knee) method (Thorndike, 1953; Satopaa et al., 2011; Davies et al.,

2020; Van Audenhaege et al., 2021; Barve et al., 2023), which

combines the evaluation of marginal gains at each additional

buffer step (Figure 3B) with the analysis of second-order

differences, i.e., the differences between successive marginal gains

(Figure 3C). The point where the curve shows a marked decrease in

gain and begins to flatten, resembling an elbow, was identified at

1000 m and selected as the optimal threshold (Figure 3C).

Three scenarios were defined: i) areas where EUSeaMap

identifies the presence of the selected habitats, which correspond

to the core zone; ii) areas within a 1-kilometer buffer around the

core zone, which define the buffer zone; and iii) the area between the
TABLE 1 HFS structuring coralligenous reefs recorded during the Italian
MSFD monitoring campaigns (2015-2021).

HABITAT FORMING SPECIES (HFS)

Phylum Class Species Authority

Porifera Demospongiae Axinella cannabina (Esper, 1794)

Porifera Demospongiae Axinella polypoides Schmidt, 1862

Porifera Demospongiae Calyx nicaeensis (Risso, 1827)

Porifera Demospongiae Sarcotragus foetidus Schmidt, 1862

Porifera Demospongiae
Spongia (Spongia)

lamella
(Schulze, 1879)

Cnidaria Hexacorallia
Antipathella
subpinnata

(Ellis & Solander,
1786)

Cnidaria Hexacorallia Antipathes dichotoma Schmidt, 1862

Cnidaria Hexacorallia Cladocora caespitosa (Schulze, 1879)

Cnidaria Hexacorallia
Dendrophyllia
cornigera

(Lamarck, 1816)

Cnidaria Hexacorallia Dendrophyllia ramea (Linnaeus, 1758)

Cnidaria Hexacorallia Savalia savaglia (Bertoloni, 1819)

Cnidaria Octocorallia Acanthogorgia hirsuta Gray, 1857

Cnidaria Octocorallia Callogorgia verticillata (Pallas, 1766)

Cnidaria Octocorallia Corallium rubrum (Linnaeus, 1758)

Cnidaria Octocorallia Eunicella cavolini (Koch, 1887)

Cnidaria Octocorallia Eunicella singularis (Esper, 1791)

Cnidaria Octocorallia Eunicella verrucosa (Pallas, 1766)

Cnidaria Octocorallia Leptogorgia sarmentosa (Esper, 1791)

Cnidaria Octocorallia Paramuricea clavata (Risso, 1827)

Cnidaria Octocorallia
Paramuricea
macrospina

(von Koch, 1882)

Cnidaria Octocorallia Viminella flagellum (Johnson, 1863)

Bryozoa Gymnolaemata Myriapora truncata (Pallas, 1766)

Bryozoa Gymnolaemata Pentapora fascialis (Pallas, 1766)
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1-kilometer buffer and the 12 nautical mile limit, which is

designated as the gap zone. Before data comparison, both data

sources were converted to the same projection (ETRS 1989 LAEA),

following the INSPIRE Directive recommendations for pan-

European analyses (European Commission – INSPIRE

Maintenance and Implementation Group, 2024). This projected

coordinate system allowed for accurate surface and distance

estimates, ensuring their suitability for the analysis. The original

MSFD datasets, characterized by HFS and derived from the 687

ROV transects, were transformed into polygons by applying 5-

meter buffers to ensure that all spatial data had the same spatial

geometry for the GIS elaborations. The MSFD data provided not

only the presence and distribution of the HFS but also additional

information such as bottom type (rocky cliff – RC, biogenic

boulders - BB, blocks - B, or both B-BB), slope (horizontal (H),

0°-30° and incline (I), 30°-70°). A total of 86 transects with a rocky

cliff (RC) bottom type and a slope with vertical inclination (>70°)

were removed from the analysis to avoid bias, as this

geomorphological scenario cannot be represented on a 2D map.
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2.3 Spatial intersection and scenario
assignment

The resulting datasets were spatially intersected to evaluate the

percentages of each transect lying within the different analysis

zones. An example of an overlay among the three scenarios (core,

buffer, and gap zones) and the MSFD transects hosting HFS is

shown in Figure 4. Since some transects straddle the core area and/

or the buffer zone, the surface of each transect portion lying in both

areas was calculated. Where the portion of the transect area within

the core zone is greater than 50%, the transect is considered

successfully mapped in EUSeaMap (Figure 4B). The same

approach is applied to the transects lying between the buffer and

the gap zones. In this way, all the MSFD spatial data were matched

to the three scenarios.
The distance between the transects located within the buffer

zone and the border of the core zone was calculated considering the

nearest point of the geometry, which could be on the vertex, the

edge, or the boundary of the polygon. If the geometries overlap, the
FIGURE 1

EUSeaMap 2019: modeled distribution of benthic habitats in the Mediterranean Sea based on EUNIS classification.
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FIGURE 2

Spatial distributions showing the Italian MSFD coralligenous data (red) and the habitats (A4, A4.26, A4.27, A4.32) extracted from EuSeaMap 2019
(yellow) across the three MSFD marine sub-regions: Western Mediterranean Sea (MWE), Ionian Sea and Central Mediterranean Sea (MIC), and Adriatic
Sea (MAD). The map also shows the Italian regions where MSFD coralligenous habitat monitoring was conducted.
FIGURE 3

Buffer analysis evaluating the spatial correspondence between MSFD data and the EUSeaMap model. (A) Percentage of matching transects at
increasing buffer distances (0–2000 m); (B) Marginal matching gain (%) at each additional buffer step; (C) Second-order differences (%) indicating the
elbow point at 1000 m (red dashed line), which is identified as the optimal buffer distance.
Frontiers in Marine Science frontiersin.org05
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distance is zero. The resulting spatial relationship was used to

determine the percentage of transects that are in close proximity

to the core zone.
2.4 Habitat characterization and seabed
analysis

As part of the analysis, the frequency of occurrence outside the

core zone was calculated through spatial intersection with the

EUSeaMap layers, revealing the most represented habitat types

(using EUNIS classification present in the modeled map) in the

buffer and gap zones. Furthermore, in order to improve the

investigation of the cases where the MSFD transects occur in the

buffer zone, the most prevalent habitats intersected by the transects

were analyzed with respect to the bottom type, seabed slope, and

depth values provided by the MSFD data. The latter data (depth

values) were also compared with the bathymetric raster information

provided by the EMODnet Bathymetry lot. Descriptive statistics,

including the mean, median, interquartile range, minimum and
Frontiers in Marine Science 06
maximum values and outliers, were calculated and presented

through box plot graphs for bathymetric data. For statistical

assessment of the consistency between the two datasets, paired

Student’s t-tests were performed to determine whether the mean

difference significantly differed from zero. The assumption of

normality was tested using the Shapiro-Wilk test. These analyses

allowed investigation of the positive or negative influence of

bathymetric data on habitat assignment.
3 Results

3.1 Spatial distribution of HFS transects
across analysis zones

The MSFD data used in this analysis consist of a total of 601

transects, where the distribution of HFS structuring coralligenous

assemblages is known. Among these, 25% of the transects align with

the distribution of benthic habitats as predicted by the EUSeaMap

model; 32% fall within the buffer zone; and the remaining 43% lie
FIGURE 4

Spatial assignment of MSFD transects across the three analyzed zones: (A) Transects entirely within the core zone; (B) Transect straddling the core
and buffer zones, assigned to the core zone; (C) Two transects within the core and buffer zones, and one straddling transect assigned to the buffer
zone; (D) Six transects entirely within the gap zone.
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outside both the core and buffer zones, thereby representing data

gaps. Notably, 16% of the transects assigned to the buffer zone

partially intersect the core zone. If fully accounted for, this would

increase compliant distribution by 5%.

As expected, the percentage of transects captured by the model

progressively increases with distance from the core zone, reaching

its maximum increment at 1 km, where the model captures 58% of

the occurrences (Figure 3A).
3.2 EUSeaMap habitat types within the
transects in buffer and gap zones

The occurrence of each habitat, as predicted by the model, was

assessed within the transects located in both the buffer and gap

zones (Figure 5).

In the buffer zone (Figure 5), the three habitats with higher

occurrence percentages are as follows: 1) “A5.46 - Mediterranean

biocenosis of coastal detritic bottoms” (52%); 2) “A3 - Infralittoral

rocks and other hard substrates” (20%) and 3) “A5.535 - Posidonia

beds” (14%). Moreover, it is important to note that 55% of these
Frontiers in Marine Science 07
occurrences are attributable to the substrate layer, 15% are due to

the biozone, and 30% to both. The gap zone exhibits a similar

scenario, where the most represented habitat is A5.46, with the only

exception being the A3 percentage, which decreases dramatically.

Furthermore, in this case, the most frequent issues are linked to the

substratum (60%), with a few cases linked to the biozone (4.5%),

and about 35% due to both.
3.3 Seabed characteristics and transects
positioning in the buffer zone

For each transect falling in the most represented habitats of

the buffer zone scenario, additional information on bottom

type, seabed slope and depth presumed by the ground-truth

data was considered. The geomorphological MSFD data suggest

that these habitats are mostly characterized by the “block and

biogenic boulders” bottom type and a horizontal seabed

slope (Table 2).

In addition, more than 35% of the transects located entirely in

the buffer zone are within 250 meters of the core zone boundary.
FIGURE 5

Percentage of EUSeaMap habitats overlapping with MSFD transects in the buffer and gap zones.
TABLE 2 Percentage occurrences of different bottom types (B, rocky blocks; BB, biogenic boulders; B–BB, combination of blocks and biogenic
boulders) and slope inclinations (H: horizontal slope, 0°; I: inclined slope, 30°–70°) in the three habitats within the buffer zone.

Habitat codes and names (EUNIS 2019) N° TRANSECTS
BOTTOM TYPE SLOPE

B BB B-BB H I

A5.46: Mediterranean biocoenosis of coastal detritic bottoms 117 5% 13% 82% 75% 25%

A3: Infralittoral rock and other hard substrata 49 4% 25% 71% 63% 37%

A5.535: [Posidonia] beds 28 21% 4% 75% 57% 43%
f
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3.4 Bathymetric comparison

The comparison between the depth values provided by the ROV

and those provided by the EMODnet Bathymetry lot (2019) is

reported (Figure 6). This analysis was conducted for all three

EUSeaMap habitat types, corresponding to higher transect

occurrences in the buffer zone. Box plots highlighted a similar

depth range corresponding to A5.46, considering both the

interquartile range (IQR) and the outlier values (90th and 10th

percentiles). Conversely, the infralittoral habitats A3 and A5.535 do

not appear to be comparable when considering the same parameter.

For further assessment of these patterns, paired Student’s t-tests

were performed separately for each habitat to test whether the mean

differences between EMODnet and ROV depth values significantly

differed from zero. The Shapiro-Wilk test indicated that the

differences between A3 (n = 36) and A5.46 (n = 92) were not

normally distributed (p < 0.05). Nevertheless, given the relatively

large sample sizes (n > 30), the paired t-test is considered robust in

cases of moderate deviations from normality (Lumley et al., 2002;

Kim and Park, 2019). The differences for A5.535 (Posidonia beds,

n = 27) did not deviate from normality (Shapiro–Wilk p = 0.21).

The paired t-test results (Table 3) confirmed that the mean

difference between EMODnet and MSFD depth values for A5.46

was not significant (p = 0.58). Conversely, the mean differences

were significant for A3 (p < 0.001) and A5.535 (p < 0.01), suggesting

that the two datasets provided systematically different depth values

in these habitats.
Frontiers in Marine Science 08
4 Discussion

4.1 Success rate of EUSeaMap vs HFS
distribution

This study evaluated the effectiveness of EUSeaMap in defining

the distribution of patchy habitats, such as coralligenous, in the Italian

seas (Mediterranean Sea). By focusing on the core zone scenario, HFS

distribution is successfully detected by the model for 25% of the

occurrences. It is interesting to note that, considering the transects

partially occur in the core zone (but mainly lie in the buffer zone), this

percentage increases up to 30%. Additionally, by considering the

transects entirely hosted by the buffer zone but located within 250

meters from the core zone, this percentage rises to 40%.
4.2 Interpreting habitat occurrences in the
buffer zone

The main modeled habitats occurring along the transects must be

evaluated considering the specificity of the coralligenous patterns and

morphology, including their complexity and three-dimensional

bioconstructions (Figure 7A), and that these assemblages can exist

not only as a sole habitat on the seafloor, but also as part of mosaic

patterns with other habitats, such as coastal detritic bottom and

Posidonia oceanica meadows (Bracchi et al., 2017; Di Iorio et al.,

2021; Varzi et al., 2023; Astruch et al., 2025). A5.46 is the
FIGURE 6

Box plots visually display the distribution of the EMODnet Bathymetry (blue), and the high-resolution (orange) values provided by the MSFD, showing
the data quartiles and averages relating to the EUSeaMap 2019 Habitat.
TABLE 3 Results of paired Student’s t-tests comparing EMODnet Bathymetry (2019) and MSFD ground-truth depth measurements for the three most
represented habitat types in the buffer zone.

Habitat codes and names (EUNIS 2019) Mean difference t-value df p-value

A5.46: Mediterranean biocoenosis of coastal detritic bottoms 1.0 (-2.7; 4.7) -0.55 91 0.58

A3: Infralittoral rock and other hard substrata -17.3 (-25.0; -9.6) -4.56 35 <0.001

A5.535: [Posidonia] beds 11.4 (3.5; 19.3) 2.96 26 <0.01
The table reports the mean difference with 95% confidence intervals, t-values, degrees of freedom (df), and associated p-values.
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predominant habitat in both the buffer and gap zones, in agreement

with recent studies (Bracchi et al., 2017; Chimienti et al., 2021; Piazzi

et al., 2022; Enrichetti et al., 2023a), which describe how coastal

detritic bottoms often surround coralligenous outcrops, serving as

reliable proxies for their presence and supporting associations with

other habitat types. Therefore, HFS can thrive near and on detritic

substrates, often extending across biogenic constructions (Cerrano

et al., 2001; Valisano et al., 2019; Enrichetti et al., 2023b).

Furthermore, as highlighted by Varzi et al. (2023), extensive areas

where coralligenous outcrops and detritic bottoms coexist have been

classified as coralligenous patches of detritic bottom habitats.

Similarly, Astruch et al. (2023) reported that several octocorals,

including Eunicella singularis (Esper, 1791), Eunicella verrucosa

(Pallas, 1766), Leptogorgia sarmentosa (Esper, 1791), and large

calcified bryozoan species such as Pentapora fascialis (Pallas, 1766),

are frequently observed developing on coarse detritic bottom habitats,

contributing to the formation of complex and interconnected

ecological systems in the Mediterranean Sea (Figure 7B). These

findings are in line with the results presented in Table 2, where

83% of the analyzed transects are characterized by a block and

biogenic boulders bottom type. The analysis of transects in the

buffer zone also revealed that, following the A5.46 habitat, the A3 -

Infralittoral rocks and other hard substrates, and “A5.535 - Posidonia

beds” habitats also showed significant occurrences. Regarding the A3

habitat, the choice of substrate (rocks and hard substratum) is

coherent; however, the biozone boundary is inaccurate, even if
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some of the HFS, under specific environmental conditions, may be

present in the lower infralittoral zone, characterizing a habitat that is

well-known for its intermediate characteristics, between the

Infralittoral and Circalittoral zones, called “pre-coralligenous”

(Figure 7C) (Ballesteros, 2003; Cinelli and Tunesi, 2009; Varzi

et al., 2023). For the A5.535 habitat, the biozone assignment is

similarly characterized by incoherence. Nevertheless, the Posidonia

layers in EUSeaMap represent input data and are derived from the

integration of available survey maps, which vary significantly in

resolution and age. However, Posidonia meadows, with their

“mattes”, may coexist with coralligenous assemblages, since these

habitats are frequently intermixed within a spatially heterogeneous

rocky environment (Figure 7D) (Albano and Sabelli, 2011; Valisano

et al., 2019).
4.3 The role of bathymetry in habitat
classification

Considering that the infra/circalittoral biozone boundary is

estimated based on the light availability at the sea bottom, which

is also evaluated using depth, it is easy to understand why the

boundary strongly depends on the bathymetry values provided in

the model (EMODnet Bathymetry Consortium, 2019; Vasquez

et al., 2015). The results of the bathymetric comparison between

the two datasets suggest that the A3 and A5.535 habitats show a less
FIGURE 7

Images illustrating the distribution of HFS in different habitat types: (A) Typical coralligenous assemblage with complex three-dimensional structure;
(B) Leptogorgia sarmentosa growing on coarse detritic bottoms; (C) Eunicella singularis occurring in lower infralittoral environments (“pre-
coralligenous”); (D) Association of HFS (Eunicella cavolini) with Posidonia oceanica habitats (image reproduced with permission).
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consistent relationship, reflecting the morphology that typically

defines these habitats. The A3 habitat is often found in areas with

high morphological variability and steep slopes, characterized by

irregular and rugged substrates, which makes it challenging to

produce reliable bathymetric representations using broad-scale

data (100-meter resolution). Similarly, the bathymetric variability

of the lower limit of the Posidonia oceanica meadow reflects its

inherently variable nature, with a wide range of substratum

typologies, and is closely linked to in situ transparency of the

water (Montefalcone et al., 2014). In particular, the 100-meter

resolution EMODnet Bathymetry grid, derived through pre-

gridding of survey data, gap-fi l ling interpolation, and

harmonization of multiple data sources, is too coarse to portray

heterogeneous morphology and, consequently, fine-scale seabed

features (EMODnet Bathymetry Consortium, 2024). As a result,

in complex coastal environments, depth gradients and ecological

thresholds can appear shifted (i.e., Posidonia distribution deeper

than expected from ecological knowledge, as illustrated in Figure 6).

Conversely, the bathymetric datasets for the A5.46 habitat

appear highly consistent. This is in line with the characteristics of

the substrate of this habitat, which is defined by flat and regular

morphological features (Bo et al., 2009).
4.4 Implications and perspectives

The findings of this study demonstrate that a broad-scale map, such

as EUSeaMap, is moderately effective in representing and identifying

discontinuous habitats. Nonetheless, considering the challenges

associated with environmental input variables and map scale, the

outcome can be regarded as satisfactory, thereby confirming the value

of this product for investigating and delineating the potential

distribution of complex habitats, such as coralligenous reefs. The

results also suggest which input data need to be improved in order to

enhance the model’s performance. In particular, future improvements

should prioritize the integration of a more detailed substrate layer from

the EMODnet Geology, since the geological nature of the seabed is a

critical determinant in identifying the distribution of benthic habitats

(Roff et al., 2003; Valentine, 2019; Franz et al., 2021; Fraschetti et al.,

2024). These, in turn, represent a fundamental environmental

condition, alongside bathymetry and water transparency, for

predicting the presence of habitat-forming species such as those that

are characteristic of coralligenous reefs or offshore rocky outcrops (e.g.,

black coral assemblages) (Fiorentino et al., 2021; Lillis et al., 2021).

Future technological advancements are expected to improve

significantly the quality of model input data, particularly in terms of

the diffuse attenuation coefficient (Kdpar) and bathymetry resolution,

thereby addressing many of the current limitations and enabling more

effective mapping of seabed habitats. This study represents a pioneering

effort to compare and test systematically a modeled map against high-

resolution data and establishes a benchmark for future applications.

Moreover, the use of EUSeaMap by various stakeholders across

multiple applications (e.g., implementation of EU directives,
Frontiers in Marine Science 10
European-scale assessments) is not only due to the product’s

uniqueness but also to its overall quality as regards the

identification of patchy habitats such as coralligenous assemblages

and, to a greater degree, the representation of habitats with a wider

and more homogeneous distribution, where its predictive capacity

can be more effectively expressed.

Ultimately, the study enhances confidence in EUSeaMap,

suggesting that its application can be extended and promoted in

new fields, and also supports broader application to future marine

management and conservation initiatives.
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