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Abstract

Spain’s extensive marine jurisdiction—comprising a continental shelf of approximately
100,000 km2 and an Exclusive Economic Zone approaching one million km2—requires
robust geospatial frameworks to support ecosystem assessment and marine policy im-
plementation. This study presents GIS-based methodologies developed by the Spanish
Oceanographic Institute (IEO-CSIC) within national initiatives such as LIFE IP IN-
TEMARES project and the implementation of Marine Strategy Framework Directive
(European Directive 2008/56/EC). The geospatial workflows developed for these initia-
tives integrates heterogeneous spatial datasets—such as multibeam bathymetry, acoustic
backscatter, Remote Operated Vehicle (ROV) and towed-camera transects, sediment
samples, oceanographic profiles, and species-habitat occurrence records—into a unified
spatial analysis environment. Applied methods include digital terrain modeling, deriva-
tion of geomorphometric indices (e.g., slope, rugosity, curvature), image classification,
and spatial statistics to quantify habitat extent, condition, and anthropogenic pressures.
An integrated spatial analysis framework combining environmental and anthropogenic
data is used to support zoning and management decisions within Marine Protected Areas
(MPAs). Additionally, the deployment of WebGIS platforms facilitates data dissemina-
tion, iterative review, and stakeholder engagement, thereby enhancing transparency
and accessibility. The resulting high-resolution maps, harmonized datasets, and com-
puted spatial indicators—aligned with Marine Strategy Framework Directive (MSFD)
descriptors such as habitat distribution (D1C4–C5) and seafloor integrity (D6C2–C3)—
demonstrate how GIScience methods provide reproducible, decision-ready information
to support the monitoring and management of Spain’s diverse marine ecosystems.

Keywords: Geographic Information Systems; marine protected areas; oceans; marine
spatial planning; marine ecosystem; marine geography

1. Introduction
The Spanish coastline [1] extends to approximately 7900 km [2], including both conti-

nental and insular territories. This extensive coastal perimeter encompasses the Iberian
Peninsula, the Balearic and Canary Islands, the autonomous cities of Ceuta and Melilla,
and other minor island territories. Geographically, the Spanish shoreline is divided into
three major marine regions: the North-East Atlantic, Macaronesia, and the Western Mediter-
ranean, each characterized by distinct ecological and geomorphological features.
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The Spanish continental shelf, defined as the submerged extension of the landmass
up to the continental slope, spans an estimated 100,000 square kilometers. This area is of
considerable scientific, ecological, and economic importance [3] due to its high productivity,
complex seabed morphology, and potential for the sustainable exploitation of resources
such as hydrocarbons, minerals, and fisheries [4]. The Atlantic shelf, particularly along
the Galician and Andalusian coasts, is shaped by strong upwelling systems that enhance
nutrient availability and support rich fisheries. In contrast, the Mediterranean shelf is
narrower and characterized by steep gradients, oligotrophic conditions, and fragmented
benthic habitats such as seagrass meadows and coralligenous outcrops [5].

Moreover, the continental shelf, Spain’s Exclusive Economic Zone (EEZ) extends up to
200 nautical miles (approximately 370 km) from the baseline, covering nearly one million
square kilometers. Within this zone, Spain exercises sovereign rights over the exploration,
exploitation, and conservation of natural resources in the seabed and subsoil [6], while nav-
igation and overflight remain governed by international law [7]. The strategic management
of the EEZ [8] is fundamental for sustaining blue economy sectors—including fisheries,
marine transport, offshore energy, and mineral extraction—while simultaneously ensuring
environmental protection and ecosystem resilience [9].

Growing competition for marine space, coupled with pressures from overfishing, cli-
mate change, and coastal urbanization [10], has accelerated the adoption of Maritime Spatial
Planning (MSP) as a pivotal governance instrument. In accordance with the European
Directive 2014/89/EU [11], MSP provides a cross-sectoral and ecosystem-based framework
that organizes human activities in marine and coastal environments to achieve ecological,
economic, and social objectives [12]. It promotes integrated decision-making [13], reduces
sectoral conflicts, and enhances cross-border cooperation, particularly relevant for Spain’s
Atlantic and Mediterranean basins, which share ecological processes and socioeconomic
linkages with neighboring states [14,15]. Importantly, MSP supports sustainable develop-
ment by balancing resource use with environmental conservation, fostering resilience to
climate change [16], and optimizing spatial efficiency [17].

In Spain, MSP implementation was formalized through Royal Decree 150/2023 [18],
establishing maritime spatial plans for the five marine subregions (North Atlantic, South
Atlantic, Strait and Alboran, Levantine–Balearic, and Canary Islands). Previous stud-
ies [19,20] emphasize that the effective realization of these plans depends on robust
Spatial Data Infrastructures (SDIs) and the systematic use of Geographic Information
Systems (GIS) to integrate diverse datasets across environmental, economic, and regula-
tory dimensions.

This study investigates how integrating heterogeneous marine datasets within a
unified GIS/WebGIS framework improves the identification of priority habitats, use-
conflict areas, and the generation of indicators required for MSFD and MPA management.
Methodologically, it advances reproducible spatial analysis workflows—combining ter-
rain modeling, image classification, pressure mapping, and uncertainty assessment—to
deliver measurable [21], decision-ready outputs that support evidence-based marine
planning. It is precisely within this context that GIS-based marine spatial analysis as-
sumes a decisive role [22]. GIS enables the synthesis of heterogeneous data—ranging
from bathymetric models and seabed morphology to biodiversity indices, anthropogenic
uses, and jurisdictional boundaries—into coherent spatial frameworks. The multidisci-
plinary nature of marine management [23] demands the integration of oceanography,
ecology, socioeconomics, and governance, a process only feasible through advanced
spatial modeling and geostatistical tools [24,25].
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For instance, in the Western Mediterranean, spatial modeling has been applied
to delineate areas of ecological connectivity and larval dispersal, supporting the de-
sign of coherent networks of MPAs [26]. Recent GIS-based analyses in the Catalonian
Sea identified coastal zones where human uses (tourism, fisheries, transport) overlap
with high biodiversity values, highlighting critical “use-conflict hotspots” that require
spatial prioritization [27]. Similarly, in the Atlantic region, the Gulf of Cádiz serves
as a pilot area under the MSP4BIO project, where GIS tools have been used to assess
cumulative pressures, map marine habitats, and evaluate socio-ecological interactions
to inform spatial zoning decisions [28]. Despite the growing availability of marine
geospatial data and the increasing use of GIS-based tools in MSP and MPA designa-
tion, significant methodological challenges remain. These include persistent issues of
data interoperability [29], heterogeneous metadata standards, limited harmonization
across institutional repositories, and the difficulty of integrating ecological and pressure
datasets into coherent, decision-ready spatial products. Moreover, existing MSP/MPA
GIS studies often rely on centralized governance models or workflows that are not
easily transferable to complex socio-ecological contexts such as Spain, where multilevel
governance and fragmented data infrastructures require more robust and interoperable
geospatial solutions [21]. To address these gaps, this study adopts a GIScience-driven
perspective to develop an integrated marine geospatial workflow aligned with FAIR,
CARE, and TRUST principles [30–32]. The aim is to enhance the analytical robustness,
transparency, and reproducibility of marine spatial data handling while improving the
decision-support capacity of GIS-based tools for conservation planning [33].

In this context, it is important to clarify the spatial scope and novelty of the study
areas addressed in this work. The marine areas analyzed correspond to locations where the
Spanish Institute of Oceanography (IEO-CSIC) has carried out specific actions aimed at
improving the knowledge of marine habitats and species within the national and European
conservation frameworks, specifically as part of the LIFE IP INTEMARES project and
Natura 2000 network.

These areas comprise previously designated Sites of Community Importance (SCIs)
proposed as Special Areas of Conservation (SACs) together with three additional SCI
proposals incorporated and referenced in this study to spatially contextualize the analysis.

The originality of this work therefore does not lie solely in the inclusion of previously
unpublished areas, but rather in the integrated geospatial analysis and harmonization of
heterogeneous datasets, together with the application of reproducible marine GIS work-
flows across all study areas.

At the national level, the IEO-CSIC plays a central role in the acquisition, manage-
ment, and dissemination of marine geospatial data [34]. The institution has developed
multiple WebGIS platforms and marine geographic viewers [35] that provide access to
large-scale datasets, including bathymetry, sediment types, marine boundaries, fishing
grounds or artificial reefs [36]. These infrastructures contribute directly to international
programs [37] such as the MSFD [38,39], EMODnet Bathymetry [40], and Copernicus
Marine Service, as well as national initiatives such as the Spanish Seagrass Atlas [41]
and LIFE IP INTEMARES project [42].

The integration of GIS into marine management thus extends beyond data visual-
ization: it supports ecosystem-based planning, enables temporal and cumulative impact
assessments, and facilitates adaptive management by continuously updating spatial infor-
mation in response to environmental change. Across both the Mediterranean and Atlantic
realms, the strategic deployment of spatial tools provides a scientific foundation for recon-
ciling economic development with the conservation of marine biodiversity—a key objective
of the European Green Deal [43] and the Biodiversity Strategy 2030 [44].
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2. Materials and Methods
2.1. Study Area

The case study is part of the LIFE INTEMARES project [45], one of the most ambitious
marine conservation initiatives undertaken in Spain. Running from January 2017 to Decem-
ber 2024, it was coordinated by the Biodiversity Foundation [42] under the Ministry for
Ecological Transition and the Demographic Challenge (MITECO).

The project’s activities were guided by a detailed strategic plan, drawn up in accor-
dance with European Union directives [46] and approved at the Sectoral Conference on the
Environment, setting out the specific objectives [47], priorities and conservation actions
necessary [47] for the effective management of the Natura 2000 Network.

The central objective of LIFE INTEMARES was to enhance scientific knowledge to
support the development of management plans [48] for MPAs [49], particularly those desig-
nated as SCIs. These sites are identified under the EU Habitats Directive (92/43/EEC) [46]
and constitute a preliminary designation stage; they only acquire the legal status of SACs
once appropriate management plans and conservation measures have been formally
adopted by the competent authorities, ensuring long term protection of marine biodi-
versity [50]. Within this context, the project has facilitated extensive scientific research and
stakeholder engagement, leading to the proposal of several SCIs for SAC designation. As
illustrated in Figure 1, the proposed sites include the following:

- SCI ESZZ12003: Avilés Canyon System.
- SCI ESZZ12001: Galician Bank.
- SCI ESZZ12002: Mud Volcanoes of the Gulf of Cádiz.
- SCI ESZZ16003: South of Almería—Seco de los Olivos.
- SCI ESZZ16004: Columbretes Islands Marine Area.
- SCI ESZZ15001: Conception Bank.
- SCI ESZZ15002: Eastern and Southern Lanzarote-Fuerteventura Marine Area.

These areas were selected based on rigorous scientific assessments conducted by the
IEO-CSIC, which played a pivotal role in collecting and analyzing ecological data [51].
For instance, recent surveys have enabled the mapping of benthic habitats and iden-
tification of endemic species like Laminaria rodriguezii, contributing to the ecological
justification [52] for SAC designation. The integration of scientific research, stakeholder
participation, and policy coordination exemplifies the LIFE INTEMARES model. It aligns
with broader EU goals under the EU Biodiversity Strategy for 2030 [44], which calls for
30% of marine areas [53] to be protected and well-managed by the end of the decade. The
Natura 2000 marine network, supported by the LIFE Program, currently covers over 9%
of EU marine territory and is the largest coordinated network of protected areas globally.

Moreover, as a direct outcome of the research and assessments conducted under the
INTEMARES project, three additional marine areas have been proposed for designation
as SCIs, thereby advancing the completion of the marine component of the Natura
2000 Network. The study areas associated with these new proposals (Figure 1), where
targeted investigations were undertaken to strengthen the scientific basis for their SCI
designation, are:

- SCI ESZZ16013 Mallorca Channel Seamounts.
- SCI ESZZ16014 Seamounts and pockmark field of the Seco de Palos.
- SCI ESZZ12006 Capbreton Canyon System.

https://doi.org/10.3390/ijgi15060228
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Figure 1. Location and spatial context of the study areas where the Spanish Institute of Oceanog-
raphy (IEO-CSIC) has carried out actions to improve knowledge of marine habitats and species.
Green areas correspond to SCIs proposed as SCA, while orange areas represent three additional
SCI proposals included to spatially contextualize the study. Source: Authors’ elaboration based on
INTEMARES project.

2.2. Materials and Data Obtained
2.2.1. Sampling and Data Collection Aboard Oceanographic Vessels

Oceanographic research in Spain relies heavily on the extensive use of research
vessels equipped with state-of-the-art technology that enables the collection of multidisci-
plinary datasets [54], essential for the monitoring, conservation, and spatial management
of marine ecosystems. Among these, the R/V Ramón Margalef and the R/V Ángeles
Alvariño, operated by the IEO-CSIC, stand out as true floating laboratories. These vessels
are designed for multidisciplinary surveys integrating geological, biological, chemical,
and physical oceanography [55].

A significant portion of the scientific work associated with sample collection, in
situ analysis, and data interpretation is conducted directly on board these platforms [56].
Geographic Information Systems play a crucial role in these operations [57] by allowing the
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precise geolocation of all sampling stations, tracking vessel trajectories, and synchronizing
environmental datasets in real time.

Each survey typically integrates an array of advanced acquisition systems and oceano-
graphic instruments [58,59], including:

• High-resolution multibeam echosounders, used for detailed bathymetric mapping
and seabed morphology analysis;

• ROVs [60], capable of reaching great depths to capture high-definition imagery and
collect targeted biological and sediment samples;

• CTD profilers (Conductivity–Temperature–Depth), used to obtain vertical profiles of
the water column and collect environmental samples (temperature, salinity, dissolved
oxygen, chlorophyll, nutrients);

• Sediment corers and box corers, which recover surface and subsurface sediment cores
for geological, geochemical, and biological analyses;

• Bongo nets, otter trawls, and epibenthic sleds for the collection of planktonic and
benthic organisms, contributing to biodiversity and trophic studies.

The integration of these datasets (Table 1) enables the characterization of bio-
logical communities [61], sedimentary dynamics, and environmental gradients, pro-
viding the empirical basis for marine spatial planning, ecosystem monitoring, and
conservation assessments.

Table 1. Summary of Sampling Types and Techniques aboard R/V Oceanographic Vessels.

Sampling Type Instrument/Technique Main Variables Representative Species/Parameters

Geological Sampling
Multibeam echosounder
Sediment corer
Sub-bottom profiler

Bathymetry, Seabed
morphology, Sediment
composition, Grain size
Acoustic backscatter

Surface and subsurface sediment
layers, carbonate content

Biological Sampling Bottom trawl, Bongo nets
ROV

Biodiversity, biomass,
species distribution

Sperm whale (Physeter macrocephalus),
sponges Axinella polypoides, bamboo
coral Isidella elongata

Water Column CTD Temperature, Salinity Water column profiles across
depth strata

ROV-Assisted
Visual Sampling

High-definition cameras
Manipulator arms

Habitat structure
Species distribution

Benthic communities (corals,
sponges, Posidonia oceanica)

2.2.2. Integration and Data Management

Information obtained through these sampling operations is complemented by existing
datasets from previous scientific surveys, IEO time series [62–65], and international marine
databases such as EMODnet [66], Copernicus Marine Environment Monitoring Service
(CMEMS), and the MSFD data repositories. These collective datasets establish robust scien-
tific baselines for understanding spatial and temporal variability in marine ecosystems [67]
and were used only for contextualization to support interpretation and data harmonization,
not for direct calibration or numerical validation of in situ measurements.

All data collected during the surveys are processed and stored within the IEO’s
Marine Spatial Data Infrastructure (IDEO) [36] and made accessible through WebGIS
platforms that support interactive visualization, download, and interoperability [68].
These digital tools constitute an essential instrument for sustainable marine management,
enabling users to:

https://doi.org/10.3390/ijgi15060228
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• Analyze ecosystem evolution.
• Define spatial restrictions for extractive or industrial activities.
• Evaluate the effectiveness of protection measures through continuous monitoring of

environmental, geological, and biological variables.

The integration of these multidisciplinary datasets within a geospatial framework
allows for real-time spatial analysis, supports adaptive management strategies [69,70], and
ensures that research outcomes are directly applicable to MSP and MPA governance.

2.3. Methodology

The spatial analyses presented in this study rely on GIS-based spatial prioritization
methodologies directly applied in this work. These methodologies include: (i) GIS-based
gap analysis to generate spatially continuous thematic layers, ensuring full topologi-
cal consistency of polygon datasets (i.e., absence of gaps and overlaps and coincident
shared boundaries); and (ii) multi-layer spatial overlays combining ecological sensi-
tivity variables (such as habitat distribution and benthic community typology) with
anthropogenic pressure layers (e.g., bottom-trawling intensity) to delineate zones of
varying sensitivity and identify areas where benthic habitats may be most vulnerable
to long-term disturbance. These analyses were implemented using standardized and
reproducible GIS workflows to support the spatial assessment and characterization of
MPAs. A consistent methodology was applied across all study areas, encompassing the
analysis of geomorphological and sedimentary features, benthic community structure,
and fishing pressure exerted on these communities [71].

The enhancement of geological knowledge within the study areas was supported by
geophysical datasets obtained through multibeam bathymetry, acoustic backscatter, and
seismic profiling [72] conducted during multiple oceanographic surveys. These datasets
—primarily in GeoTIFF and XYZ formats—were processed within CARIS HIPS and SIPS
11.3 (CARIS, Fredericton, NB, Canada) and ArcGIS 10.8 (Esri, Redlands, CA, USA) software
to produce a morpho-sedimentary characterization based on the interpretation of key
environmental variables [73].

The Benthic Terrain Modeler toolbox and the ArcGIS Spatial Analyst extension were
used to generate terrain-derived layers. Bathymetric grids were processed to compute
hillshade, slope, curvature, aspect, and Bathymetric Position Index (BPI). For BPI calcula-
tions, both fine-scale and broad-scale parameters were applied to differentiate local versus
regional seafloor structures. Slope classification followed commonly accepted thresholds
(0–5◦, 5–15◦, >15◦) to distinguish flat areas, moderate slopes, and steep gradients, while
curvature values were reclassified into concave, convex, and planar surfaces based on their
statistical distribution. These classes are widely adopted in geomorphological and benthic
habitat mapping studies, as they provide a consistent framework for interpreting terrain
variability and its ecological implications [74,75].

In parallel, the spatial distribution of sediments and seabed types was mapped using
classified backscatter mosaics and ground-truth data, providing the geomorphological and
sedimentary basis [76] for each study area. Geological interpretation enabled the differ-
entiation of rocky and sedimentary domains, supporting the delineation of sedimentary
shelf and slope habitats, rocky-bottom habitats, and submarine canyon systems. Concur-
rently, benthic habitat identification and mapping [77,78] continue to be refined through
the integration of ROV imagery, grab samples, and acoustic proxies.

Once habitat mapping for each SCI is completed, an inventory is compiled summa-
rizing the characteristics of the biotopes—defined by bathymetric range and substrate
types— together with their associated biotic components, represented by the most
characteristic species within each community (Table 2). These habitat maps also en-
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able quantification of representativeness and spatial extent for each habitat type [45],
in addition to assessing attributes such as the sensitivity of key habitats to physical
disturbances of the seabed. This information is essential for informing management
decisions and developing protection measures in ecologically vulnerable areas [79]. The
resulting cartographic products enhance the interpretation of environmental data and
provide significant technical and scientific value, constituting an important tool for
marine research.

Table 2. Main characteristics of the biotopes and main habitats analyzed.

Parameter Technique Types

Bathymetry Bathymetric zone
Infralittoral
Circalittoral
Bathyal

Sediments Sedimentary type
Muddy
Sandy
Coarse sediment

Water column Bottom water temperature Low
High

Geomorphology Seabed morphology type
Depression
Canyon
Ridge

Substrate type Bottom type Soft bottom
Hard bottom

Benthic habitats Habitat type

HCI 1110 (Sandbanks which are slightly covered by seawater
all the time)
HCI 1170 (Reefs)
HCI 1180 (Submarine structures made by leaking gases)

As illustrated in Figure 2, the marine GIS mapping process constitutes a funda-
mental methodology for the spatial management and protection of marine spaces. It
integrates geospatial and oceanographic data through specialized technological tools,
such as GIS. The procedure begins with the definition and selection of the study area [80],
which is an essential step in correctly delimiting areas of scientific interest. Subsequently,
surveys and data collection are planned and executed in the ocean. Multidisciplinary
teams collect information through various devices and sensors, adapting to the specific
objectives of each study. The workflow to be followed applied to the methodology for
marine spatial management begins with data collection in the field, followed by process-
ing and analyzing [81] the data with GIS-based tools. This involves the processing and
the subsequent exhaustive quality control to guarantee the reliability of the collected
information until it is converted into geospatial information. All in situ datasets under-
went internal quality control, including format and coordinate system standardization,
and metadata verification. Potential outliers were evaluated case-by-case using acquisi-
tion metadata and spatial context and excluded only when attributable to acquisition or
processing artifacts, with no corrections based on external reference datasets.

Standardization and adaptation to the established spatial data model [82] are very
important, in this phase of the process. The methodological approach adopted in
this study is based on the application of a standardized spatial data model developed
within the LIFE IP INTEMARES project, designed to ensure consistency, interoperability,
and reproducibility across multiple study areas and data sources. This data model
defines common structures and attribute schemas for integrating heterogeneous ma-
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rine datasets, including in situ observations, derived thematic layers, and auxiliary
environmental information.

 

Figure 2. Marine GIS mapping process.

The production and dissemination of marine geospatial information rely on a work-
flow that continues with the generation of cartographic materials and concludes with
their publication through WebGIS platforms [36]. This process involves the integration of
diverse spatial datasets, including bathymetric surveys, substrate classifications, water
quality measurements, and ecological field observations. These datasets are first prepro-
cessed to ensure spatial consistency, including harmonization of resolution, coordinate
systems, and projections.

Effective symbology design plays a crucial role in representing these marine features
clearly and accurately. Cartographic principles guide the selection of visual variables—
such as color, shape, and size—to differentiate between ecological classes, depth zones,
and seafloor types [83]. Sequential or diverging color ramps are applied to continuous
variables like depth and temperature, while categorical schemes are used for habitat
or substrate types. These visual strategies ensure readability, even for complex or
multilayered maps.

Spatial modeling supports the interpolation and transformation of raw data into us-
able formats. Interpolation techniques, including Inverse Distance Weighting (IDW) [84,85]
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and kriging [80,86], allow for the generation of continuous surfaces from point data, such
as temperature or grain-size measurements. Hydrodynamic models and terrain analysis
(e.g., slope and aspect derived from bathymetric digital elevation models) further sup-
port the understanding of underwater topography and ocean dynamics. Point datasets
were interpolated using IDW or Kriging depending on data density and spatial structure.
IDW was applied to sparsely distributed layers, while Kriging was used where spatial
autocorrelation and sampling density allowed geostatistical modeling. The selection was
dataset-specific and intended to ensure appropriate spatial representation rather than
methodological comparison.

Visualization of final outputs involves both static and interactive formats. High-
resolution static maps are suitable for print or publication, while dynamic visualizations
support user interaction [87]. Web-based mapping libraries (e.g., Leaflet, Cesium) enable
users to explore layers, query data, and view 3D or time-variant visualizations. These tools
are especially valuable for representing temporal phenomena such as seasonal changes in
water quality or current flow.

Final cartographic products were generated by integrating the resulting model derived
layers into coherent map layouts, ensuring appropriate selection of map projection, scale,
and graphical elements, including annotations, legends, and inset maps.

Therefore, cartography plays a central role in the study and management of benthic
habitats, serving both a visual synthesis of ecological data and a decision-support tool
for conservation planning [88]. Through integrated mapping, it becomes possible to
predict the distribution of dominant benthic communities [71] and accurately delineate
those identified through field surveys, such as video transects, sediment grabs, and diver
observations. As illustrated in Figure 3, this process follows a multi-stage approach
that includes mapping, spatial modeling, status assessment of the current situation
and protective measures. It makes it possible to predict the distribution of the main
benthic communities and to map the communities present in the area by combining data
collected in the surveys carried out.

Following modeling, standardized ecological descriptors (Table 3) are identified and
extracted to support the calculation of indicators used to assess the conservation status of
habitats [56]. These parameters include species composition, habitat extent, spatial continu-
ity, and pressures, and are aligned with national and European monitoring frameworks,
such as the MSFD [7] and the Habitats Directive (92/43/EEC) [46]. The definition and
use of such indicators are essential to objectively assess ecosystem health and inform the
development of site-specific management plans [39].

 

Figure 3. Objectives and utilities of the marine mapping process.
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Table 3. Ecological descriptors and indicators for Marine Habitats.

Ecological Descriptor Definition Indicators for Marine Habitats

Habitat extent
Physical and spatial
arrangement of benthic substrate,
biogenic structures.

Seabed type (sand, mud, rock, biogenic substrate)
Percentage cover of key biogenic structures
(e.g., Posidonia oceanica, coralligenous)

Species composition Identity and abundance of typical,
sensitive, or keystone species.

Abundance of characteristic benthic species
(sponges, gorgonians, seagrass)
Biodiversity indices (Shannon)
Non-native marine species
Presence of indicator species sensitive to
disturbance (e.g., Paramuricea clavata,
Cystoseira spp.)

Pressures, impacts and threats Human or natural stressors
affecting marine habitats.

Trawling intensity (VMS data)
Invasive species abundance
(Caulerpa cylindracea)

Overall conservation status Integrated assessment of extent,
composition and pressures.

EU Habitats Directive categories (Favorable,
Unfavorable-Inadequate, Unfavorable-Bad)
MSFD Good Environmental Status indicators

Based on these assessments, spatially explicit protection and conservation measures
can be proposed to maintain or improve the ecological condition of marine habitats of
Community interest. These measures must align with existing biodiversity features, eco-
logical thresholds, and legal frameworks, ensuring coherence with national, European, and
international environmental legislation [89–91].

2.4. Marine WebGIS

The WebGIS infrastructure was implemented using widely adopted open-source
geospatial technologies, including PostGIS for spatial database management and GeoServer
for data publication and interoperability services. These systems enable efficient storage,
processing, and dissemination of large marine datasets through standardized OGC proto-
cols (e.g., WMS and WFS). The IDEO Marine Information Viewer serves as the user interface,
supporting data visualization, exploration, and dissemination within the platform. Detailed
technical specifications and implementation guidelines are available through the official
documentation of these tools [37,92,93] thereby ensuring transparency and reproducibility
in the WebGIS architecture.

Publishing geospatial datasets through this infrastructure enhances accessibility and
enables interactive exploration of marine spatial information. Within this framework,
PostGIS manage georeferenced data, while GeoServer provides cartographic services
compliant with OGC standards. The front-end interface supports layer visualization,
spatial querying, and measurement tools, facilitating user interaction with complex
datasets. All datasets integrated into the study comply with the ISO 19115 metadata
standard (International Organization for Standardization) [94] ensuring consistent docu-
mentation of dataset identification, lineage, spatial reference, quality, and distribution.
This standardization strengthens interoperability, traceability, and data reuse.

A central component of the workflow is the IDEO Marine Information Viewer,
which provides access to datasets such as bathymetry, substrate maps, marine bound-
aries, fishing grounds, and benthic habitat layers. The platform offers openly accessible
metadata and geospatial services through an OGC-compliant endpoint (e.g., WMS).
Data management and dissemination follow internationally recognized frameworks,
including the FAIR, CARE, and TRUST principles, ensuring scientific rigor, ethical
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governance, and long-term sustainability. In accordance with FAIR [32,95], datasets
incorporate persistent identifiers standardized metadata (ISO 19115/INSPIRE) and inter-
operable format (NetCDF, GeoJSON, CSV), supported by comprehensive documentation
to facilitate reuse. The CARE principles [31] guide responsible data governance, en-
suring ethical use and consideration of data sensitivity, while TRUST [96] reinforces
repository governance, metadata transparency, and long-term preservation through
institutional and European infrastructures such as EMODnet and Copernicus Marine
Service (CMEMS). Together, these frameworks ensure that the datasets are findable,
accessible, interoperable, reusable, and sustainably managed.

Case studies illustrate the effectiveness of these systems in real-world scenarios. For
example, WebGIS applications have been used to assess Good Environmental Status in the
MSFD for the Spanish seas, where users can interactively explore interpolated data layers
and perform basic geostatistical analysis. Other systems have supported the sharing of
marine geophysical data or enabled dynamic visualization of environmental parameters.
Despite these advances, several challenges remain, including the handling of large spatial
datasets, maintaining performance, securing access to sensitive data, and ensuring cross-
platform compatibility. Addressing these issues requires thoughtful architecture design,
data caching strategies, user interface testing, and engagement with stakeholders during
system development.

Within the methodological framework applied, the IDEO and the Viewer (Figure 4) [37]
constitute an important tool for the integration of data from different sources, through
the creation of interoperable web services and interactive viewers, which facilitate
updated and accurate access to geospatial data, essential in the evaluation of results
and strategic decision-making in research projects, marine environmental management
and conservation [70].

For this reason, the resources offered by the Viewer establish an essential instrument
for the conservation of marine protected areas, since it allows guaranteeing access and
analysis of geospatial information in an accurate and updated way, especially for the final
evaluation and analysis of the results, supporting sustainable management and decision-
making in marine conservation and environmental management.

Transparent and up-to-date access to this data favors both scientists and technicians
as well as the public [97], promoting participation and compliance with objectives related
to climate action [98] and oceans [25].

In addition, the IDEO Geospatial Viewer supports the adaptive and sustainable man-
agement of marine spaces by transforming complex datasets into clear and interpretable
geospatial information through the following core functionalities:

- Explore information in 4D (longitude, latitude, depth, and time), adding spatial and
temporal context to ocean data.

- Visualize and combine geographical layers such as bathymetry, geomorphology,
physical–chemical variables, marine habitats, administrative boundaries and pro-
tected reserves.

- Integrate interoperable services (WMS, WFS) that allow access and updating of data
from various national and international sources, promoting oceanographic research
and environmental management.

- To promote decision-making in coastal and marine management through thematic
maps [99], risk analysis and environmental monitoring.

- Facilitate access to up-to-date data for scientists, technicians and managers, as well as
for the public, promoting transparency and participation.
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- Access and download spatial datasets in standard formats (GeoJSON, CSV, and JSON),
supporting common coordinate reference systems, with data available at their native
spatial and temporal resolutions within the defined dataset extents.

 

Figure 4. Marine WebGIS. IDEO Geospatial Viewer.

In summary, the IDEO Geospatial Viewer is a strategic resource that strengthens
oceanographic research, marine conservation and adaptive management towards a sustain-
able use of marine spaces.

3. Results
A central outcome of this research is the production of standardized, high-resolution

cartography of marine habitats across Spanish waters, representing one of the most compre-
hensive spatial datasets generated to date for national marine management. A particularly
significant result is the mapping and incorporation of more than 600,000 hectares of newly
identified marine areas, which had not been previously characterized at this spatial or
thematic detail. Using integrated bathymetry, backscatter, substrate mapping, and ground-
truth imagery, the workflow enabled the identification and spatial delineation of key
benthic habitats—including seagrass meadows, coralligenous assemblages, maërl beds,
soft-sediment communities, and rocky-bottom systems—across the Atlantic, Mediterranean,
and Macaronesian subregions.

The resulting habitat maps capture both broad-scale patterns (shelf and slope mor-
phology, canyon systems) and fine-scale structural variability, supporting the characteri-
zation of ecological hotspots and areas of conservation priority. These maps constitute
a decision-ready product for MSFD assessments and MSP, providing essential spatial
indicators for evaluating habitat extent, condition, and exposure to cumulative pres-
sures. Furthermore, integration into WebGIS platforms ensures that these habitat layers
are interoperable, publicly accessible, and continuously updatable, reinforcing their
relevance for long-term monitoring and adaptive management in Spain’s marine envi-
ronment. Spatial indicators derived from GIS analyses play a key role in supporting
MSFD and Natura 2000 implementation when they are explicitly aligned with MSFD
descriptors and associated criteria. Indicators related to the distribution, extent, and
condition of benthic habitats directly support Descriptor 1 (Biodiversity) by enabling
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the spatial assessment of ecosystem structure and function within and beyond protected
areas. Cumulative human pressure and pressure–impact indicators, derived from the
spatial overlay and weighting of activities, such as fishing, are particularly relevant for
Descriptors 6 (Seafloor Integrity), as they allow the identification of impact hotspots and
risk gradients affecting marine ecosystems. The deployment of these indicators through
interoperable WebGIS platforms enhances transparency and adaptive marine gover-
nance by providing open access to standardized, traceable spatial outputs, facilitating
scenario exploration, stakeholder engagement, and iterative feedback between monitor-
ing and management, which are increasingly recognized as essential for achieving Good
Environmental Status under the MSFD.

In this context, a comparative analysis shows clear differences between the Spanish
marine management workflow and other established systems in Europe and world-
wide. Countries such as the United Kingdom, Norway, and the Netherlands rely on
highly centralized governance structures supported by advanced digital platforms for
spatial data integration. In contrast, the Spanish system operates within a multilevel
governance framework that combines national and regional competences, resulting in
distinct coordination requirements. The results also indicate that while Australia and
Canada have strongly institutionalized participatory processes, the Spanish approach
incorporates stakeholder engagement mechanisms adapted to the socio-economic and
environmental diversity of the Mediterranean and Atlantic regions. Additionally, the
Spanish workflow demonstrates specific methodological advances, particularly in the
integration of environmental and socio-economic datasets and in the application of
decision-support tools aimed at assessing compatibility among uses.

One of the most significant quantitative outcomes of this case study is the remark-
able expansion of MPAs in Spain over the past two decades, reflecting a profound
transformation in the country’s approach to marine conservation. In 2004, official
records indicated that the marine component of the Natura 2000 Network covered
674,448 hectares, representing the early stages of spatial protection policy and a limited
incorporation of offshore ecological values into national conservation planning. By
2014, this figure had nearly doubled, marking the first major wave of designations and
signaling a systematic shift toward integrating marine biodiversity into the broader
framework of European environmental directives. From 2014 onward, the rate of expan-
sion accelerated dramatically, driven by improved knowledge of deep-sea ecosystems,
enhanced national commitments, and the implementation of large-scale EU initiatives.
This growth culminated in a total protected surface of 14,460,017.12 hectares, a magni-
tude of increase that aligns closely with the objectives and actions undertaken below the
LIFE IP INTEMARES project, which provided the scientific, technical, and participatory
foundation for Spain’s contemporary MPA strategy. The resulting network represents
not only a quantitative milestone but also one of the most substantial advances in
the history of marine conservation in Spain, fundamentally reshaping the spatial ex-
tent, ecological representativeness, and management ambition of its marine protected
area system.

Table 4 summarizes the evolution of the marine protected surface in Spain over the
last two decades, based on GIS based compilation and standardized area calculations
of official MPA and Natura 2000 boundary datasets. This increase reflects a broader,
policy driven process associated with the progressive implementation of European
conservation frameworks, rather than the direct outcome of a single study. Within
this context, the results presented here provide a spatially consistent baseline that
documents the magnitude and temporal pattern of MPA expansion using harmonized
geospatial data. The contribution of this work lies in the systematic spatial processing,
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validation, and representation of these boundaries, enabling reproducible comparison
across time and supporting subsequent analyses of spatial coherence, representativeness,
and management context, rather than in attributing the observed expansion to the
analyses conducted in this study.

Table 4. Marine areas protected by SCI and SAC protection figures, of the Natura Marine
2000 Network. Source: Ministry of the Environment, 2004. Ministry of Agriculture, Food and
the Environment, 2014. Natura 2000 Network: update to December 2024, based on information
on the Natura 2000 Network sites sent by the Ministry for the Ecological Transition and the
Demographic Challenge to the European Commission.

Year Natura 2000 Network Protection Figure Marine Protected Area (Ha)

2004 SCI/SAC 674,448
2014 SCI/SAC 1,101,172
2024 SCI/SAC 14,460,017.12

In parallel, the IEO’s Marine Information Viewer constitutes a foundational component
of Spain’s marine governance infrastructure, offering an integrated, multi-layered geospa-
tial platform that consolidates heterogeneous datasets essential for informed decision-
making. Beyond simply visualizing the outputs of scientific surveys, the system harmo-
nizes biological, ecological, oceanographic, and geomorphological information with spatial
layers on marine protected areas, legal and administrative boundaries, and pressures
such as fishing intensity (Figure 5). This integration is particularly relevant in the con-
text of large-scale monitoring programs, where the ability to overlay species distribution
models, habitat maps, climate-related indicators, and anthropogenic impacts allows for a
comprehensive assessment of ecosystem condition and vulnerability. By facilitating the
simultaneous exploration of ecological patterns and regulatory frameworks, the platform
enables managers to detect spatial mismatches between conservation priorities and existing
designations, identify emerging risk hotspots, and support the evaluation of management
actions over time.

Moreover, the Marine Information Viewer significantly enhances data interoperabil-
ity and transparency, two elements increasingly recognized as prerequisites for adaptive
ecosystem-based management. Its architecture enables the incorporation of new datasets
as they become available—such as results from ROV transects, benthic habitat assess-
ments, or seabed mapping surveys—providing a dynamic interface that can evolve
in step with advances in marine research. This functionality not only improves the
timeliness and relevance of the information available to policymakers but also strength-
ens the scientific basis for meeting national and international commitments, including
the MSFD, the EU Biodiversity Strategy for 2030, and the global 30 × 30 conservation
target. As a result, the platform functions as more than a visualization tool: it acts as a
decision-support system that bridges scientific knowledge and policy implementation,
enabling rigorous evaluation of conservation effectiveness and supporting the design of
more coherent, targeted, and evidence-based marine management strategies.
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Figure 5. IDEO Marine Information Viewer showing datasets for monitoring Marine Protected
Areas: (a) human pressures—sediment pollution, (b) benthic habitats—1170 Reefs, (c) scientific
surveys, (d) threats to marine habitats—fishing footprint (e) ecological variables—depth, (f) Natura
2000 Network.

4. Conclusions
Spain’s extensive coastline, together with its continental shelf and its Exclusive Eco-

nomic Zone, place the country as one of the most relevant players in the international
maritime area, with significant responsibility for the conservation and sustainable use of
marine resources. In addition, advances in geospatial information processing technologies,
such as GIS and WebGIS, make it possible to better understand marine spaces, their biolog-
ical richness and the behavior of their ecosystems, thereby enhancing the scientific basis for
informed management.

The international comparison in this study highlights the distinctive characteristics
of the Spanish marine management workflow. Unlike more centralized systems such as
those in the United Kingdom, Norway, or the Netherlands, the Spanish model operates
within a multilevel governance structure that requires tailored coordination mechanisms.
Furthermore, compared with countries like Australia and Canada, where participatory
processes are highly institutionalized, Spain applies engagement strategies adapted to its
diverse socio-ecological contexts. These differences underscore the unique contribution of
the Spanish approach to global marine governance.
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Overall, the methodological innovations presented—particularly in data integration
and the use of decision-support tools—emphasize the added value of the Spanish approach.
These features position the Spanish workflow as a relevant contribution to the development
of evidence-based and context-sensitive marine management practices at the international
level. This is essential for identifying areas in need of protection and for establishing
Marine Protected Areas supported by ecologically justified measures. The application of
cartographic outputs in this context facilitates the implementation of MPAs and habitat
restoration actions grounded in robust spatial evidence.

In this sense, GIS address the challenges arising from the large volume of data [100],
and the complexity of analyses required for integrating the information generated in the
scientific field. They also enable remarkable results in the analysis, homogenization and
validation of marine data, demonstrating its potential as a research tool [16] for climate
action (Sustainable Development Goals, SDG 13) [95], and highlighting their importance in
the current context of the Ocean Decade (2021–2030).

Meanwhile, the integration of modeling, visualization, and WebGIS publishing pro-
vides a comprehensive pathway from raw marine data to decision-ready spatial products
that support science, management, and policy in coastal and oceanic environments. In
summary, all stages of data handling—from field acquisition aboard the R/V Ramón Mar-
galef and Ángeles Alvariño to post-cruise archiving and publication—are conducted in
accordance with the FAIR, CARE, and TRUST frameworks. This ensures that marine data
are technically interoperable, ethically grounded, and institutionally sustainable, providing
a robust and transparent foundation for Marine Spatial Planning, conservation policy, and
future scientific reuse.

Ultimately, the success of marine geospatial systems depends not only on technical
implementation but also on the clarity of cartographic communication and the accessibility
of published outputs. This accessibility and structuring of information enable the develop-
ment of adaptive conservation strategies and informed environmental management, in line
with international criteria for the assessment and protection of marine biodiversity.

Despite the substantial progress achieved in Marine Spatial Planning in Spain,
several technical and institutional constraints remain. A major limitation concerns
interoperability among institutional data repositories, as differences in metadata com-
pleteness, coordinate reference systems, and classification standards continue to hinder
seamless integration of datasets produced by national, regional, and sectoral agencies.
Likewise, the update frequency of geospatial layers—particularly those related to habi-
tat condition or fishing pressure—varies considerably across institutions, limiting the
capacity for near-real-time assessments. The incorporation of temporal monitoring data
also remains challenging, as many long-term ecological series are not yet harmonized
for direct use in dynamic spatial models.

In the presence of these constraints, GIS-derived products generated through
the INTEMARES project—such as high-resolution habitat maps, sensitivity indices,
cumulative-pressure layers, and geomorphological classifications— have contributed
to laying the scientific basis for integrated management of marine ecosystems in the
Natura 2000 Network in Spain, in accordance with current national and international
guidelines on marine conservation. These efforts reflect Spain’s commitment to interna-
tional and national policies to guarantee the sustainability of marine resources and the
protection of ocean ecosystems, which according to the percentages achieved by the end
of 2025, had reached 22.45% of marine protected area. With the expansions approved
in 2025, Spain’s effective marine protection increased to 22.45–22.5%, although this value
reflects newly designated areas that remain under review for formal validation by the
European Commission.
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For the future, the European Union has committed to protecting at least 30% of marine
areas by 2030, in line with the Kunming-Montreal Global Biodiversity Framework. To
support the effective implementation of this target, the project applied GIS-based spatial
prioritization integrating: (i) gap analysis to produce spatially continuous map with full
topological integrity; (ii) multi-layer overlays of ecological sensitivity (e.g., habitat distri-
bution) and pressure layers (e.g., trawling intensity) to identify high/low-sensitive zones,
in order to identify the most sensitive areas whose benthic communities could be altered
in the long term as a consequence of this activity; and (iii) suitability modeling to rank
candidate planning units for protection or management upgrades.

The results directly informed boundary adjustments of MPAs, prioritization of moni-
toring sites in high-leverage areas, and periodic assessments of conservation effectiveness
(e.g., change in protected habitat extent and pressure exposure). By linking protection
targets to explicit spatial evidence and measurable gaps, the framework strengthened the
policy relevance of the conclusions and provided a clear pathway for tracking progress
toward 30% coverage, ensuring alignment with legislative commitments and international
conservation goals.

5. Discussion
The results of this study confirm that the operational integration of heterogeneous

marine datasets within reproducible GIS workflows remains a key methodological
bottleneck for effective MPA management. Differences in data formats, spatial and
temporal resolutions, thematic structures, and associated uncertainties continue to limit
the direct use of multi-source marine data in management-oriented analyses. Our
findings are consistent with recent literature indicating that these challenges can be
systematically addressed through the adoption of interoperable Marine Spatial Data
Infrastructures (MSDIs) based on open geospatial standards promoted by OGC, ISO
(International Organization for Standardization) [94], and IHO, which support data
harmonization via common data models, standardized coordinate reference systems,
and FAIR-compliant metadata frameworks. In this context, the increasing maturity of
federated MSDI architectures and catalog-based data services emerge as a critical enabler
of cross-institutional interoperability, facilitating scalable data discovery, access, and
reuse across multidisciplinary and administrative boundaries.

One of the most significant quantitative outcomes of this case study is the doc-
umented expansion of MPAs in Spain over the past two decades, as derived from
GIS-based boundary compilation and spatial area calculations. Using harmonized
Natura 2000 and national MPA polygons, GIS overlay and geoprocessing analyses show
that in 2004 the marine component of the Natura 2000 Network covered 674,448 ha,
reflecting an early stage of marine spatial protection largely confined to coastal and
near-shore areas. By 2014, GIS-derived area measurements reveal that the protected sur-
face had nearly doubled, corresponding to the first systematic incorporation of offshore
habitats identified through spatial habitat mapping and ecological assessments. From
2014 onwards, the acceleration in MPA expansion is directly linked to spatial analyses
of deep-sea habitats, pressure layers, and representativeness gaps, which informed
large-scale designation proposals under EU initiatives. This process culminated in a
total marine protected surface of 14,460,017.12 ha, as calculated from updated MPA
boundaries generated within the LIFE IP INTEMARES project. These GIS outputs not
only quantify the magnitude of expansion but also reflect a qualitative shift toward
improved spatial coherence, ecological representativeness, and management ambition,
demonstrating how GIS-based analysis translated scientific evidence into concrete policy
outcomes for Spain’s MPA network.
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Furthermore, the results highlight that reproducibility is not only a technical require-
ment but a prerequisite for adaptive MPA management, particularly in dynamic marine
environments where datasets are periodically updated. The use of scripted and modular
GIS workflows allows preprocessing, analysis, and indicator generation steps to be for-
malized and documented, thereby enhancing transparency, repeatability, and long-term
update capacity without altering the overall analytical framework. Collectively, these de-
velopments demonstrate that interoperable and reproducible GIS workflows play a central
role in transforming heterogeneous marine data into consistent and actionable spatial indi-
cators, strengthening scenario analysis, monitoring, and evidence-based decision-making
in contemporary MPA management.
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