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Introduction

The Adriatic-lonian Region hosts several ecosystems and habitats, among which Posidonia oceanica
meadows play a crucial role in maintaining coastal biodiversity and ecological balance. Seagrass meadows
are key components of shallow coastal waters [1] serving as biological indicators of ecosystem health and
water quality [2]. Additionally, seagrass meadows provide essential habitat shelter, and feeding grounds
for various marine species [3], while maintaining the chemical-physical equilibrium of water and sediments,
reducing the energy of currents and sea swells and consequently protecting the shores from coastal erosion
[4]. Understanding the health status, distribution, and dynamics of these habitats is vital for the
conservation of marine biodiversity and the sustainability of coastal ecosystems [5]. Recognizing their
ecological significance, Posidonia oceanica meadows have been designated as a priority habitat under the
Natura 2000 network and are protected under Annex | of the EU Habitats Directive (code: 1120). Despite
this, coastal urbanization, industrialization, and maritime infrastructure development have led to significant
losses and degradation of Posidonia oceanica meadows. Key environmental factors influencing their
distribution include substrate availability, water depth, and stable hydrodynamic conditions. However,
anthropogenic impacts such as pollution, eutrophication, sedimentation, and reduced water transparency
have severely affected their health. Activities such as aquaculture, anchoring, beach nourishment, and
improper waste disposal contribute to the regression of seagrass beds, leading to reduced shoot density
and the appearance of dead rhizome areas (dead matte). The decline of these meadows results in
irreversible ecosystem changes, ultimately affecting biodiversity and the ecological functions they support.

More recently, seagrass meadows have been recognized as important habitats for climate change
mitigation due to their ability to sequester carbon dioxide. Among the sixty-four species of seagrass,
Posidonia oceanica, a Mediterranean endemic species, appears to be the most effective in the fixation and
sequestration of Blue Carbon (BC) (i.e., the carbon captured and stored by marine living organisms and
ecosystems). Seagrass ecosystems hold as much as 19.9 Pg organic carbon globally [6]. The assessment of
carbon currently stored in BC ecosystems and the development of novel tools for continuous monitoring of
carbon stocks is critical for the implementation of integrated management programs and Nature-Based
solutions to alleviate the effects of the climate crisis in the Mediterranean. Such initiatives are mandated
by the Paris Agreement which encourages Parties to “conserve and enhance, as appropriate, sinks and
reservoirs of greenhouse gases”, and is now an EU regulation (European Climate Law- [7]).

International initiatives, such as the Ocean Panel, the International Partnership for Blue Carbon, and the
Blue Carbon Initiative, are stressing the outmost importance of BC ecosystems’ conservation and
restoration as nature-based solutions for climate action and sustainable development in their
commissioned publications. Several nations (UK - https.//www.ukbluecarbonforum.com/ &
https://www.bluecarbon.scot/, Australia — Blue Carbon Strategy for South Australia and New South Wales,
Canada - https.//www.bluecarboncanada.ca/) now proceed with evaluating BC stocks in their territorial
waters as a necessary first step towards integrating BC in policy, planning and management strategies and
unlocking finance for BC projects through carbon markets. In the EU, only isolated attempts at national or
regional levels have been made to quantify BC with the only currently available data for seagrass meadows
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coming from the western Mediterranean (Andalucia, Spain; Corsica, France). The extensive baseline dataset
from Corsica allowed the development of the first carbon credit methodology in France (and the EU) which
enables French companies to use the credits to offset emissions (Label bas-carbone). The importance of
quantifying BC at the EU level, however, is being increasingly acknowledged and this becomes evident by
the 2023 European Marine Board policy brief [8] which is dedicated to the challenges and opportunities to
mitigate the climate and biodiversity crises with BC initiatives. Nevertheless, seagrass meadows are
degraded at a rate of 2-7% per year [9]. This risks the release of vast amounts of stored carbon back into
the atmosphere, shifting these ecosystems from carbon sinks to greenhouse gas (GHG) sources. Despite
the urgent need for conservation efforts, a major challenge lies in the lack of accurate monitoring,
reporting, and verification (MRV) methods, which has hindered the integration of BC into market-based
climate solutions. The high spatial variability in carbon storage potential and burial rates—reported to vary
up to 76-fold for seagrass ecosystems—further complicates the development of reliable carbon offset
projects [10]. The only available BC stock data for Posidonia oceanica in the Mediterranean comes from the
western basin (Corsica), highlighting the necessity for more extensive studies across the region.

Having acknowledged the critical role of Posidonia oceanica meadows and the quantification of BC, it is
essential to develop standardized methodologies for their monitoring, conservation, and carbon stock
assessments. This will enable policymakers, researchers, and conservation practitioners to integrate
seagrass protection into broader climate strategies, ensuring the long-term sustainability of these vital
marine ecosystems.

The BLUEQ project is dedicated to the conservation and management of Blue Carbon ecosystems, with a
particular focus on Posidonia oceanica meadows in the Adriatic-lonian Seas. This deliverable (D1.1.1) “A
common protocol for sampling and data collection” aims to establish a standardized protocol for habitat
and biodiversity mapping and sediment core sampling to quantify BC stocks and accumulation rate and
assess the losses of stored organic carbon following a potential disturbance. The protocol is a fundamental
component of the project’s Joint Pilot Action, ensuring consistency in data collection across all study sites
and providing robust scientific evidence to support conservation and climate policies.

The BLUEQ project aims to bridge these knowledge gaps by implementing the multi-scale mapping protocol
that integrates remote sensing and in situ observations and the development of a reliable, standardized
protocol for assessing BC stocks in the Adriatic-lonian region. Through collaborative field campaigns, project
partners will combine satellite imagery, Unmanned Aerial Systems (UASs), side scan sonar, and underwater
video methodologies to ensure comprehensive and high-resolution habitat assessments. This innovative
approach will facilitate the rapid, cost-effective, and accurate monitoring of seagrass meadows, overcoming
the limitations of traditional mapping methods, which are often time-consuming and expensive. The BLUEQ
protocol will enhance the accuracy of habitat extent estimations while allowing for detailed sediment core
analyses to quantify long-term carbon sequestration. The dataset generated through BLUEQ will be the first
to provide comprehensive BC stock data from Posidonia oceanica meadows over a wide area in the Eastern
Mediterranean, offering unprecedented insights into spatial variability and environmental drivers of carbon
storage.
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1. Satellite Remote Sensing

Remote sensing, particularly the use of satellite data, represents a useful technique to map the submerged
vegetation in coastal areas. Its use for monitoring the seagrass, especially Posidonia oceanica, has been
recorded since 1995 [11]. Several applications conducted by remote sensing experts allowed us to define
the main workflows and limitations of the remote sensing techniques for mapping the seabed. This
deliverable part will summarize a general workflow useful to map the seabed and thus to map the
submerged vegetation.

One of the main challenges is to isolate the useful signal, emerging from the target to allow a proper seabed
classification. Thus, it is important to highlight that the path of the light in the sun-target-sensor path is
highly complex. Indeed, the radiative descending flux undergoes a first attenuation caused by the
atmosphere and a second one by the water body. Once the flux hits the bottom, the ascending flux is subject
to diffusion and absorption until it is subjected to subsequent refraction once it reaches the air-water
interface. Therefore, to isolate the radiance emergent from the sea bottom, it is necessary to compute the
atmospheric and the water column radiance. In the next section, operative methods allowing the seabed
classification through remotely sensed images are described.

1.1 Methods

To classify the seabed via satellite images, it is necessary to operate in clear water, clear atmospheric
conditions, and shallow waters (~15 m of maximum depth). Satellite images need to be pre-processed to
achieve data useful to map marine habitats (Figure 1): geometric correction; atmospheric corrections;
surface radiometric effects; water column correction.

The project is co-funded by the European Union through the Interreg IPA ADRION programme.
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Figure 1 Satellite images processing flowchart.

The atmospheric correction can be realized by solving the equation of the radiative transfer using different
atmospheric correction models such as ACOLITE, Sen2Cor, 6S, etc. Each model was designed for a specific

sensor and kind of application; thus it is necessary to select the most appropriate one for the specific case
study; as an example, ACOLITE was developed for the aquatic applications of Landsat and Sentinel-2 images

[12].

Surface radiometric effects can significantly impact the reflectance captured in satellite images. Some key
effects include:

a)

b)

Sun glint: this phenomenon occurs when sunlight reflects off the water surface directly into
the satellite sensor, creating bright spots or streaks in the image. Sunglint can obscure other
features and make it difficult to interpret the image accurately. It is particularly common in
images of water bodies taken at low sun angles [13]-[15].

Internal Waves: the turbulence created by boats as they move through the water can change
the surface texture, leading to variations in reflectance. Boats' wakes can appear as linear or
curved patterns in satellite images, depending on the speed and direction of the boat. These
patterns can sometimes be mistaken for natural features, so it's important to recognize them
[16]

Wind Shadows: areas sheltered from the wind can appear darker in satellite images due to
reduced surface roughness and lower reflectance [17],

The project is co-funded by the European Union through the Interreg IPA ADRION programme.
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d) Boats' Wakes: the turbulence created by boats can change the surface texture, leading to
variations in reflectance [18].

Several papers have been published in the literature about the above-mentioned surface radiometric
effects, including:

e A comparison of the effectiveness of six atmospheric correction algorithms (POLYMER, MUMM, DSF,
C2RCC, BP, and GRS) in correcting sunglint using some typical lakes [15];

e Adiscussion on the use of SWIR or NIR bands to correct sunglint effects [13];

e A proposal of a method to correct Sentinel-2-like imagery for sunglint contamination by estimating the
sunglint contribution from the shortwave-infrared (SWIR) part of the spectrum and extrapolating it
toward the near-infrared and visible bands [14];

e The identification of internal waves in oceanic regions from remote sensing images using a modified
deep convolutional generative adversarial network [16];

e The presentation of a method for removing topographic shadows using readily available GIS software.
The method corrects for cast shadows, reduces over-correction, and can be performed on imagery of
any spectral resolution [17];

e A systematic review provides an overview of various methods for detecting ship wakes in satellite
imagery, including traditional and deep learning-based approaches [18].

The correction of the influence of the water column can be realized by applying several algorithms (e.g.
Moussa, Lyzenga, etc.). This process is necessary because of the different factors that influence the optical
properties of seawater, such as chlorophyll, pheophytin, and suspended solids. The algorithm proposed by
Moussa et al., (1989) allows the evaluation of the bottom reflectance knowing the bathymetry and
attenuation coefficients with varying wavelengths [20].

The Lyzenga algorithm is an alternative to Moussa for the correction of the water influence; to use this
algorithm is not necessary to know the bathymetry but an index, derived from the reflectance values from
the satellite images. Therefore, one of the advantages of the Lyzenga method is that it could be applied to
historical data [21].

Once the satellite images are corrected, the land from the images will be masked, leaving only the coastal
water. This step is necessary to classify (using opportunely the training sites) the sea bottom distinguishing
the different habitats. Several classification methods have been developed and tested in literature. Having
excluded unsupervised algorithms (generally achieving low-moderate accuracy) supervised algorithms
require that spectral signatures of the different classes are in situ measured or retrieved by an operator on
the acquired images. Among these algorithms those showing in literature good performances are
minimum-distance and maximume-likelihood [22], endmember collection [23], random forest [24] and
Support Vector Machine [25]. Outcomes of the final classification are thematic raster maps where each
analyzed seabed cover type is represented by a unique identification code.

The project is co-funded by the European Union through the Interreg IPA ADRION programme.
Project: IPA-ADRION00447 —BLUEQ: Applied Solutions for Monitoring Coastal Habitats and Quantifying Blue Carbon Storage: An
Integrated Approach for Sustainable Ecosystem Management.

12



Co-funded by
the European Union

iiterrey

IDA ADRION

1.2 Satellite Data

The spectral signature of the pure water body is characterized by high absorbance over the NIR and SWIR
wavelengths [26]. Blue and green bands, in the visible region, have low absorbance compared with the
others [27]. These bands are the only ones useful to map the submerged vegetation via remote sensing
images.

The spectral signature of water is affected by different factors such as turbidity, depth, water chlorophyll
concentration, etc. As an example, with a high concentration of chlorophyll, the blue band cannot be used.
The selection of satellite sensors for mapping the submerged vegetation needs to take these factors into
account. Additionally, it is necessary to exclude sensors with spatial resolution higher than 5 m [28].

Sensors like WorldView-3 could be used for this research activity, having high spatial in the panchromatic
band (0.31 m) and in the eight VNIR bands (1.24 m) (https://earth.esa.int/eogateway/missions/worldview-
3).

Sentinel-2 and Landsat 8 have been widely used for mapping seagrass [29]. However, having respectively
10-60 m of spatial resolution and 30 m, these could be used in the case of extensive seagrass meadows
[28]. Finally, Planet Scope offers daily images at intermediate radiometric and spatial resolution (~3m).

The project is co-funded by the European Union through the Interreg IPA ADRION programme.
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2. UAS Remote Sensing

2.1UAS in marine habitat mapping

Unmanned Aerial Systems (UASs), or drones, have become important tools in marine habitat mapping in
recent years. These systems offer precision, flexibility, and cost-effectiveness, enabling repeatable, high-
resolution surveys of ecologically significant habitats such as Posidonia oceanica meadows [30]. By
integrating UAS into marine habitat monitoring, researchers can produce datasets that capture spatial and
ecological details essential for conservation and management efforts [31]-[33] . Within the BLUEQ project,
UAS offers a complementary method for standardizing mapping and supporting sustainable marine
management through high-quality geospatial data collection.

Despite their advantages, UAS operations in marine environments face numerous challenges, including
environmental factors, data processing demands, and regulatory constraints [34]-[36]. This deliverable
presents an optimized methodology for addressing these limitations, enabling accurate and reliable habitat
mapping with UAS, focusing on the Adriatic-lonian region.

2.2 Limitations and Challenges

Marine environments present unique challenges for UAS operations. These can be effectively addressed
through the implementation of standardized protocols, careful planning, and the integration of advanced
tools.

2.2.1 Influence of Site Morphology

The location and specific characteristics of a study area significantly influence the UAS survey plan and data
acquisition process. Factors such as wind conditions, tides, and terrain accessibility determine survey safety
and operational parameters, including flight altitude and take-off locations. Understanding the area’s drone
regulations and securing necessary permissions, such as pilot licenses, is critical. Additionally, local insights
and prior visits enhance preparation. Marine information, including existing habitats, bathymetric maps,
and oceanographic data, provides context for understanding seabed morphology and habitat distribution.
Seasonal variations in phenomena, such as aquatic vegetation growth, help identify the optimal timing for
data acquisition, ensuring accurate and comprehensive results [32].

2.2.2 Environmental constraints

Weather and oceanographic conditions play a crucial role in ensuring the successful acquisition of UAS data
for marine applications. In the short term, careful assessment of weather forecasts, including wind speed
and direction, cloud cover, humidity, and precipitation probability, is essential [37], [38]. For long-term
planning, collecting time-series environmental data, such as seasonal turbidity levels and phenology, helps
determine the optimal time for data collection. Additionally, extreme temperatures, high humidity, and

The project is co-funded by the European Union through the Interreg IPA ADRION programme.
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rain can impair UAS operations by reducing battery efficiency, affecting pilot performance, and increasing
the risk of equipment damage. Adapting flight plans to these environmental factors, such as avoiding high
temperatures above 35°C or high humidity that leads to fog, ensures safe and reliable data collection [32].

Among the environmental parameters affecting the UAS data quality, the most critical are sun glint and
wind speed. The sun angle and the UAV’s position during a flight are interrelated, as they influence the
amount of sun glint in aerial images, the illumination of benthic features, and the presence of shadows
from shoreline structures [35], [39], [40]. As the sun angle increases, the sun glint shifts toward the center
of the image. To mitigate these effects, aerial data collection should be scheduled for early morning or late
evening when the sun is lower on the horizon. An optimal sun elevation angle for minimizing sun glint is
between 25 and 45 degrees [38], [41]. Wind conditions also play a crucial role in marine UAS surveys. Wind
speeds below 3.3 m/s are considered optimal for aerial photography, as stronger winds can reduce image
stability and data accuracy [32].

Oceanographic parameters further affect the quality of marine UAS surveys. Turbidity, driven by weather
events, seasonal phytoplankton blooms, and sediment transport, limits visibility and impacts image clarity,
especially in shallow waters. Flights should be timed during periods of low turbidity for optimal results [42].
Additionally, water temperature variations and thermoclines, influenced by seasonal and environmental
factors, can affect dissolved substances and seabed visibility. Phenology, such as seasonal biomass peaks
of marine vegetation like Posidonia oceanica, provides a crucial context for identifying the best periods to
acquire comprehensive habitat data, ensuring that surveys capture the most ecologically relevant
information.

2.2.3 Survey planning

A well-designed flight plan is essential for the success of a UAS survey, as it ensures efficient data acquisition
while maintaining high-quality output. Autonomous flight missions are commonly used for mapping,
providing consistent overlaps and high-resolution datasets. These missions are programmed using
specialized software, where key parameters such as flight altitude, Ground Sample Distance (GSD), image
overlap, and waypoints are defined. The flight path typically consists of parallel lines that maximize study
area coverage while minimizing data collection gaps.

Flight altitude and overlapping settings are critical to achieving the desired resolution and accuracy. For
most mapping applications, an altitude of 20-50 meters and an overlap of 60-80% are recommended.
Additionally, sensor settings, such as camera lens, shutter speed, and aperture, are optimized to improve
image quality. Including waypoints ensures that the UAS executes precise commands throughout the
mission, such as camera triggering and speed adjustments. These considerations collectively enhance the
reliability and effectiveness of UAS surveys for marine habitat mapping [43].
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2.3 Strategies for Overcoming challenges

2.3.1 Study area characteristics

Partners from the countries where the study areas are located will provide essential site-specific
information to ensure the success of UAS operations. They will supply details on the geographic and
environmental characteristics of the regions, including terrain accessibility, local weather patterns, and
habitat distribution. Historical satellite data will be shared to analyze seasonal variations and long-term
trends. Additionally, partners will engage with local communities to gather traditional knowledge about
wind conditions, tidal behaviors, and other environmental factors that could influence UAS operations.
They will also assist in navigating local regulatory requirements by identifying airspace restrictions and
obtaining the necessary permits and pilot licenses for UAS flights in their respective areas. This collaborative
effort will ensure that flight plans are legally compliant, safe, and effectively tailored to the conditions of
each study site.

2.3.2 UASea Toolbox for flight optimization

The UASea toolbox [31] will be utilized to determine the optimal flight times for UAS data acquisition,
ensuring reliable and accurate results in coastal environments. This advanced tool uses short-range weather
forecast data to evaluate key variables, including wind speed, precipitation probability, air temperature,
cloud coverage, wave height, and sun elevation angle. Based on these inputs, the toolbox applies an
adaptive ruleset to identify the optimal conditions for conducting flights. By adhering to thresholds for
these variables—such as wind speeds below 3.3 m/s and sun elevation angles between 25° and 45°—the
toolbox minimizes environmental impacts on data quality. The effectiveness of the UASea toolbox has been
validated using an image quality equation, consistently demonstrating that imagery captured during
suggested optimal times yields higher accuracy and clarity. This toolbox will guide the scheduling of flights
for case studies, ensuring the collection of high-quality datasets for further analysis and classification [43].

2.3.3 Optimized flight plan parameters

To achieve high-quality data acquisition, the following parameters should guide flight planning:

1. Flight Path: Design a grid-based pattern with parallel lines aligned to the shoreline. This
configuration improves coverage and supports the Structure from Motion (SfM) process for
orthophoto-map generation.

2. Image Overlap: Maintain an overlap of 80% for both side and forward images to ensure seamless
alignment and data consistency.

3. Camera Angle: Set the camera to a nadir (90 degrees) orientation to capture vertical images that
maximize detail and accuracy.

4. Flight Altitude: Operate at an altitude of 70 meters to balance resolution and area coverage while
minimizing distortions.
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5. Number of missions: The number of missions depends on the extent of the study areas and the
available equipment. If more than one mission is needed, the missions must overlap.

Following these guidelines, UAS operators ensure efficient data acquisition and reliable mapping of marine
habitats and coastal environments [43].

As part of the BLUEQ project, two types of sensors will be employed: an RGB sensor and a multispectral
sensor. The RGB sensor will generate high-resolution orthophoto maps, serving as detailed basemaps for
habitat mapping. The multispectral sensor, with its ability to capture data across multiple wavelengths
beyond the visible spectrum, will aid in distinguishing submerged vegetation, including Posidonia oceanica,
from surrounding habitats. By analyzing spectral signatures, it can enhance vegetation classification and
detect subtle differences in seagrass health. Additionally, when combined with satellite data, the
multispectral sensor can improve classification accuracy and contribute to a more comprehensive
assessment of seagrass distribution and condition.

2.4 Data Processing

The combination of UAS and the SfM-MVS workflow provides a cost-effective and efficient approach for
mapping, monitoring, and managing coastal zones [44], [45]. The creation of high-resolution orthophoto
maps enhances the ability to detect smaller features and monitor changes in shallow coastal habitats,
making it a valuable tool for the conservation and sustainable management of coastal environments [43],
[46], [47]. By combining advanced photogrammetry techniques and object-based image analysis (OBIA),
this methodology ensures the reliable classification of seagrass habitats and addresses the project's goal of
generating precise habitat maps to support conservation efforts.

Training Data
in-sifu

UAS imagery

outcome 1
Orthophoto-m Supervised
SfM process > proto-map > OBIA > e
generation Classification
Classified Seagrass
seagrass maps polvgons
outcome 2 outcome 3

Figure 2 UAS Data Processing flowchart.
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2.4.1 Orthophoto Map Generation

The generation of orthophoto maps forms the foundation of the processing workflow. Sequential aerial
images are processed using photogrammetric software, (e.g. Agisoft Metashape), which employs Structure
from Motion Multi-View Stereo (SfM-MVS) algorithms. This method enables the production of high-
resolution, georeferenced orthophoto maps, providing high-resolution data for mapping and monitoring
coastal habitats.

2.4.2 Object-Based Image Analysis (OBIA) & Supervised Classification

Object-Based Image Analysis (OBIA) will be used to process the generated high-resolution orthophoto
maps, as it is particularly suited for handling complex datasets with fine spatial details. OBIA allows imagery
segmentation into distinct objects based on homogeneity criteria such as shape and compactness, which
better represents heterogeneous features compared to pixel-based methods [38]. This capability makes
OBIA ideal for mapping habitats with mixed substrates, such as Posidonia oceanica meadows. This method
uses multi-resolution segmentation algorithms to create homogenous image objects, which are then
classified using supervised algorithms. Supervised classifiers such as Support Vector Machine (SVM) are
often combined with OBIA for efficient distinction of habitats. This machine-learning algorithm is
particularly effective for identifying Posidonia oceanica meadows and detecting changes in their spatial
extent. Training and validation datasets derived from in-situ measurements are critical for improving SVM
model performance and reducing misclassification. Ultimately, the combination of OBIA with supervised
classification ensures the precise delineation of polygons that accurately describe the spatial extent and
characteristics of seagrass meadows [43].

2.5 Expected Outcomes

The implementation of the proposed UAS-based methodology is expected to yield the following outcomes:

1. High-Resolution Orthophoto Maps: Detailed georeferenced maps that accurately depict the spatial
extent and structural characteristics of Posidonia oceanica meadows in the study areas. These maps
represent the highest-resolution imagery of the multi-level dataset.

2. Classified Seagrass Maps: Accurate classification of seagrass habitats, focusing exclusively on
Posidonia oceanica meadows. These maps offer clear and detailed insights into the distribution and density
of seagrass in the targeted regions.

3. Vector Objects Representing Seagrass Meadows: High-precision polygons that delineate the spatial
boundaries, including the position, shape, and extent of Posidonia oceanica meadows. These vector layers
serve as invaluable tools for sustainable habitat management and integration into the web-GIS-based HUB
for visualization and decision-making.
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3. In-Situ Ground Truthing

3.1 Acoustic Data: Sonar-based mapping

Mapping seagrass beds using acoustic technologies such as Sidescan Sonar (SSS) is a widely used
methodology [48]. This approach involves conducting parallel transects with a Research Vessel (RV) to
collect acoustic data. The collected data are processed and analyzed to create a sonograph of the seafloor.
This sonograph is then interpreted by experts to identify different benthic habitats, which are subsequently
digitized and converted into a GIS layer representing the spatial distribution of each habitat type. SSS is
particularly well-suited for this task due to its ability to detect subtle changes in bottom roughness and its
relatively cost-effective operation compared to Multibeam Sonar (MBS). This chapter presents the common
approach for mapping seagrass beds using SSS in all study areas.

3.2 Preparatory phase

Before any field activities, all existing knowledge for the study areas will be collected. Scientific publications,
available reports from implemented projects, open-access data, and knowledge from local partners will be
collected. This information will be organized in a GIS layer, which will help visualize and understand the
potential seagrass area. Based on this layer, areas of significance will be identified and targeted for mapping
with SSS. The main criteria for this choice will be the strong co-occurrence of both seagrass presence and
absence points, the presence of rocky bottom, areas with increased turbidity, and areas with increased
anthropogenic activities. Significant effort will be given to mapping the lower depth limit since this is where
remote sensing methodologies need stronger validation data to produce accurate products.

3.3 Field surveys

Acoustic data will be collected by the sonar instrument that each RV is equipped with. All Sidescan sonar
instruments work by emitting acoustic pulses perpendicular to the vessel's direction of travel. These pulses
sweep across the seafloor, creating a "picture" of the seabed by detecting variations in the strength of the
reflected sound waves. Hard, smooth surfaces like rock or sand reflect sound strongly, appearing bright on
the sonar image. Seagrass is differentiated due to the air trapped within the leaf’s lacunae which
successfully reflects sound.

The sampling plan will be adapted to each area's needs, overall extent, and information collected in the
previous stage. In principle, 3-5 defined areas in each study site will be selected for detailed mapping with
SSS. The mapping transects will be drawn in a GIS. Their length will depend on the area’s topography, while
lines will have 80m-100m (depending on the hardware’s capabilities) between them. Transects can be both
parallel and perpendicular to the shore, depending on the initial information collected and the area's
topography. An example of mapping transects can be seen in Figure 3.
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During the SSS surveys, the user can look at the sonograph in real-time. This is important as he can spot
areas where the distinction of the habitat type isn’t clear. A mark is then inserted in all such areas, creating
a point dataset that will act as the basis of the following Ground truthing -GT survey.

A

Falasarna, Crete, Greece

Figure 3 Example of SSS planning for the Greek study area, Falasarna, Crete.

3.4 Ground truthing -GT

Ground truthing data consists of a dataset of seagrass presence and absence points that have 100%
accuracy. It is crucial for producing accurate maps and is directly linked with the final product’s usability. A
large GT dataset that covers all irregularities met within the field survey can ensure a highly reliable final
seagrass map. Data for GT are usually visual images that are georeferenced. These can be collected in
several ways, depending on each area’s specific needs and the available equipment.

Ideally, GT surveys will be conducted using an underwater towed camera. The RV will move along a
predefined route, which follows the GT points from the previous step. Several cruises might be needed, as
the RV’s speed can’t exceed the speed of 1 knot, to collect the best available data. The camera collects 1
image per second, creating an adequate dataset of seabed images. These are georeferenced, either through
the RV’s onboard GPS or by tracking the route using any other GPS device such as GARMIN 66s. If a towed
cameraisn’t available, a drop camera is used instead. In each GT point, the camera is lowered to the bottom
from onboard the RV, collecting images.

Itis deemed necessary to complement this dataset with SCUBA dives, in areas where uncertainty still exists,
or special attention is needed (i.e. highly mixed sediment type, the lower depth limit). In this case, divers
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capture the images using underwater cameras, while a portable GPS is positioned in the surface buoy. By
syncing the GPS and diving computer clocks, the exact position of each image can be extrapolated later.

All GT points collected from the above methodologies are then organized in a GIS. While two types of points
exist, the presence of seagrass and absence, complementary points can be added that might help the
habitat type classification. These can refer to rocky or sandy sediment, extremely sparse seagrass meadows
(especially towards the deeper meadow part), macroalgae forest/ matte, etc.

3.5 Data analysis

The collected data will be analyzed using the ReefMaster and SonarWiz 6 software, depending on the SSS
used. Data collected is then overlaid and a mosaic is created (Figure 4). This mosaic is georeferenced and
within a GIS environment, a classification of different habitat types is executed. In many cases, the expert’s
manual editing is required, since seagrass SSS texture isn’t homogenous for all meadows. The GT data are
key for the classification process. A final layer with seagrass distribution polygons is produced, from which
the exact coverage is calculated.

Figure 4 Example of P. oceanica in a sonograph.
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4. Core Sampling and Blue Carbon Stock Assessment

Seagrass meadows are estimated to bury roughly 10% of the yearly organic carbon burial in the oceans
(Fourqurean et al. 2012). This is because of the development of underlying organic-rich soils, of both
autochthonous and allochthonous origin, which are largely anaerobic and may preserve organic carbon for
millennia. Mediterranean seagrass meadows of P. oceanica have the largest documented organic carbon
stores as “mattes”, which are formed by the accumulation of living and decaying plant material, trapped
suspended organic particles and calcareous deposits. There are very few data points of below-ground

|”

organic carbon stored in seagrass soils/sediments (the terms “soil” and “sediment” are used
interchangeably in this document). Such data is necessary to assess the importance of these carbon-rich
ecosystems in the global carbon cycle and the implications of their continuing degradation for atmospheric
CO2 budgets. In BLUEQ, we will follow a thorough approach of estimating the carbon stocks in Posidonia

meadows of the Adriatic-lonian region considering all major carbon pools in the ecosystem:

a)the vegetative carbon pool, i.e., the aboveground (seagrass leaves and epiphytes) and belowground living
biomass (roots and rhizomes), and the non-living aboveground biomass (mainly leaf litter).

b) the soil carbon pool, i.e. organic and inorganic carbon stock up to 1 m below the surface in seagrass and
seagrass reference beds.

Soil carbon is, by far, the largest carbon pool in seagrass ecosystems. Dead aboveground biomass can be
usually negligible since seagrass leaves are rapidly decomposed and/or rapidly exported [49]. Epiphytes are
noted as a carbon pool; however, their size varies by species and location. On a global scale, belowground
living seagrass biomass only represents 0.3% of the total organic carbon pool found below the surface.
Therefore, it can be combined with the soil carbon pool estimate without significantly overestimating the
soil organic carbon pool [6]. Nevertheless, living biomass will be fully assessed here to verify these
assumptions in the BLUEQ study sites.

The ability of seagrass soils to sequester organic carbon depends on a) the productivity and biomass
accumulation of the meadow, b) the sediment accretion rates resulting from the trapping of fine suspended
particles, c) the biogeochemical composition of the sediment and the proportion of recalcitrant organic
compounds (e.g., lignin and cellulose), and d) the anoxic conditions that hinder microbial decomposition
[10]. These are, in turn, affected by various abiotic factors, such as water depth and light availability,
hydrodynamic setting and turbidity, the geomorphological setting and the presence of depositional systems
(i.e., fluvial inputs). It follows that to fully assess the role of BC ecosystems as carbon sinks or sources in
case these are lost or disturbed, several other parameters need to be recorded along with standing carbon
stocks. Hence, the BLUEQ sampling methodology described here has a three-fold objective:

1) To determine carbon stocks (in kg C/m2) of major pools in seagrass meadows (vegetative and soil
carbon pools);

2) To assess the composition and stability of soil organic matter (autochthonous vs. allochthonous
source, susceptibility to microbial degradation, chemical properties);
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3) To calculate organic carbon accumulation rates (g C/m2/year) in the 4 BLUEQ study areas

4.1 Sampling of aboveground and belowground living biomass

At least five replicated samplings of P. oceanica living biomass will be conducted at each study site,
depending on the spatial extent of the meadow. Plot location will be determined randomly, considering the
accessibility of the study area, to increase the likelihood of capturing the true variation within and between
strata [49].

For biomass sampling, a 25-cm inner diameter and 50-cm long PVC core tube will be used to sample the
aboveground plant material. We will carefully insert the core tube into the sediment, ensuring not to cut
the leaves to a depth of approximately 40 cm thereby guaranteeing the collection of the belowground
biomass. The biomass enclosed in the core will be extracted and placed in a mech bag. The contents of the
mesh bags will be washed to remove sediment using a sieve with 0.5 mm mesh size. The material will then
be stored and transported to the laboratory at a temperature of -20°C. Once there, each sample will be
separated into living aboveground and belowground components: epigean (aboveground) biomass
(patches), hypogean (belowground) biomass (roots and rhizomes), dead material (necromass), and
macroalgae. The collected biomass will be oven-dried to a constant weight at 60°C. The organic carbon
content (%Corg) of each biomass component will then be determined directly using an elemental analyser
as described in section 5.1.4 for soils. The carbon standing stock in living and dead plant biomass is then
calculated by multiplying biomass dry weight for a given area (m2) with % Corg.

Sediment Core Sampling
Two “types” of sediment cores will be collected from each study area:

A) Carbon stock assessment cores.

At least three replicate cores along a depth gradient will be retrieved from each study site depending on
the spatial extent of the meadow and observed heterogeneity. Additional cores from an adjacent
vegetation-free area may also be collected to assess the effect of seagrass presence in blue carbon storage.
To minimize any double accounting of organic carbon associated with living belowground biomass,
sediment cores will be taken, if possible, from visible clearings within the meadow. We aim to retrieve at
least 1 m of sediment. This depth was chosen to allow for a straightforward comparison to existing carbon
inventories.

B) Radiochronology cores

One representative core from each sampling site will be collected and used solely to determine the organic
carbon accumulation rate with radiometric dating (:°Pb and **’Cs).
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4.2 Sampling equipment & coring methodology

For carbon stock assessment cores, we will use 2-m long aluminum or PVC pipes of 8 cm i.d. with 3-cm wide
sampling ports pre-drilled at 5-cm intervals along the pipe (Figure 5A). The sampling ports will be covered
with duct tape until subsampling. The corer will be manually inserted into the sediment using a metal
hammer until it reaches a depth of approximately 1 m. The depth of the sediment inside and outside the
core before extraction will be recorded by the divers to estimate the compaction correction factor. The
corer will be carefully extracted and kept upright to prevent mixing of the sediment. Subsequently, it will
be returned to the boat or the shore for subsampling. To collect radiochronology cores, we will use 50-cm
long clear Perspex acrylic pipes of at least 8 cm i.d. These will be inserted manually in the sediment and
capped on top with a rubber stopper before extraction to produce suction (Figure 5B).

|
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Figure 5 Core for soil carbon stock assessment. Sub-sampling to be carried out through sampling ports with cut-off syringe (A).
Core intended for radiochronology dating. Sub-sampling to be performed by extruding the sediment using a piston and slicing with
the aid of a ring and cutting plate (B) (drawing B from [50].

4.2.1 Sediment core subsampling

Sediment cores will be capped at the top and bottom with rubber stoppers. Sediment is expected to be
relatively loose, for that reason, the cores should be kept upright during subsampling. Sediment cores for
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carbon stock assessment will be subsampled through pre-drilled sampling ports using a cut-off polyethylene
syringe (Fig. 4A). Subsamples of known volume will be taken every 5 cm down to 50-cm depth and every 10
cm thereafter. A correction factor for compression will be applied to recalculate the volume of each
subsample within the syringe according to [51].

Radiochronology cores will be sliced at 0.5-cm intervals down to 20 cm and every 1 cm thereafter down to
40-cm depth. The cores will be sectioned vertically with the aid of an extruder. This will consist of a base, a
wooden or plastic rod, and a piston machined out of Teflon with an O-ring that is of the same diameter as
the core. An acrylic ring of known height (5 cm) is placed on top, and the core is pushed down onto the
piston until the sediment is even with the top of the ring. A metal cutting plate is inserted between the top
of the core and the bottom of the ring to cut a sediment slice of known dimensions (Figure 5B).

Each sediment section will be transferred to pre-labelled and pre-weighted containers and homogenized.
Qualitative observational notes will be recorded during core sectioning, including changes in sediment
composition, color, smell, and grain size, as well as infauna, such as clams or worms, types of debris, or
sampling obstructions (Table 4.1). Written descriptions will be accompanied by photographic evidence
making sure that the unique sample ID is always visible. The samples will be stored immediately in a
portable freezer and should remain frozen (-20°C) until analysis in the lab.

4.2.2 Addressing core sampling limitations

Environmental conditions and the morphological characteristics of study areas exert a significant influence
on the planning of core sampling. A comprehensive initial plan, based on historical data and input from
local partners, can mitigate such risks.

Challenging weather and oceanographic conditions, including high wind speeds (above 4 Beaufort), wave
heights greater than 1-meter, strong currents, and storm events, present significant limitations to accessing
study sites and conducting sampling activities. Therefore, obtaining detailed weather forecasts and models
from sources, such as Windy.com and Poseidon.hcmr.gr, is crucial for collecting up-to-date information on
expected conditions. Furthermore, communication with local partners in the study areas is essential for
verifying weather forecasts and receiving real-time updates regarding sea and weather conditions.

There are also limitations regarding the sediment structure that influence the coring process. Sediment
compaction occurs during the coring process as the tube is pushed into sediments. This is causing depth-
variable changes in the bulk density of the sample, and this may skew the estimate of carbon stocks and
accumulation rates. It is thus crucial to determine the degree of compaction of each core in the field. This
is done by calculating a compaction correction factor, which is the ratio of the length of sample recovery to
the length of core penetration (i.e. depth of the sediment inside and outside the tube before extraction).
During sample processing, the corrected sample length is determined by multiplying the desired depth
interval by the compaction correction factor [49]. Sediment compression during coring may result in a much
shorter core than the depth to which the core tube was inserted, especially if the core tube becomes
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plugged. When this happens, the procedure should be repeated at a short distance from the first attempt
until minimal compaction is achieved.

Sediment type, such as loose soil, poses a risk of mixing soil layers during sampling, while dense soil may
require greater force for penetration. Sediment in the study areas is expected to be relatively loose.
Therefore, the appropriate sampler is as described in the above method: a corer with predrilled sampling
ports and sub-cores removed using cut-off polyethylene syringes. To minimize the risk of soil mixing after
the corer is extracted, it should be kept upright during subsampling.
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Table 4.1 Field data recording worksheet (modified from Howard et al. 2014).

FIELD DATA RECORDING WORKSHEET

Person / Institution

Date & Time

Location (country, area)

GPS position

CoreID

Depth of water column

Type of core & material (e.g., PVC, acrylic)

Internal diameter of corer (cm)

Total length of the corer (cm)

Distance from top of the corer to sediment
surface outside after insertion (cm)

Distance from top of the corer to the sediment
surface inside before extraction (cm)

Total length of sediment core (cm)

Sampling intervals

Total number of samples

NOTES / COMMENTS

Visual description of the core (+high-resolution digital pictures taken)

Comments (Record any issues in coring or sealing, the presence of shells, gravel, plant debris,
etc.)
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5. Carbon Stock Analysis

5.1. Soil carbon stock assessment

5.1.1. Dry bulk density

All subsamples will be freeze-dried until constant weight. In between each cycle of drying and weighing,
the samples should be kept in a desiccator to avoid absorption of water from the atmosphere and therefore
gain weight. Sediment subsamples, whether collected with a cut-off syringe or as a slice, are of known
volume (noted in field notes). Note that the volume of each sub-sample should be corrected for
compression. This is necessary for the determination of the sediment dry bulk density (DBD) (g cm™). The
inorganic carbon (e.g., carbonate shells) should NOT be removed prior to bulk density analysis.

5.1.2. Homogenization

Following DBD determination, all samples will be homogenized using mortar and pestle or a ball mill. Large
items, such as stones, should be removed, and large clumps will be broken up with a spatula. The grinding
device should be cleaned (e.g., with ethanol) between each sample to avoid cross-contamination. The
homogenized samples will be stored at -20°C and will be used for all further analysis.

5.1.3. Total organic matter and calcium carbonate content

The total organic matter (TOM) and calcium carbonate content (CaCOs) in sediment subsamples will be
determined using the Loss-on-Ignition method at 550°C for 5h (LOlsso) followed by a second step at 950°C
for 2h (LOlgs) in a muffle furnace according to Heiri et al., (2001). Approximately 3 g of sediment is required
for LOI. The weight loss (in g) after combustion at 550°C represents the amount of TOM. Any additional
weight loss that occurs after heating to 950°C represents the amount of CaCOs in the sample. The inorganic
carbon content (Cinorg) is then calculated through stoichiometry using the mass of carbon and the molecular
weight of CaCOs (carbon makes up 12% of the molecular weight of CaCOs).

5.1.4. Organic carbon content and stable isotope analysis

Measurements of the elemental composition (%Corg, %N) of the soil organic matter will be performed
simultaneously with the determination of the carbon and nitrogen stable isotope ratios (63C, 6°N) using
an elemental analyzer (EA) coupled to a continuous flow isotope-ratio mass spectrometer (IRMS) Delta Q
(Thermo Scientific). An aliquot of each sub-sample (1 g) is initially acidified with a weak acid (HCl 1M) into
a glass container to remove all CaCOs. The sediment weight will be recorded before and after acidification.
The reaction of HCl with CaCO; generates CO; bubbles and the sample will effervesce. Samples are left in
the acid overnight. The acid is removed by 2 cycles of centrifugation and rinsing with deionized (MilliQ)
water or until the pH of the supernatant is 7 [44]. The residual sediment is re-dried at 60°C overnight and
weighed to give the decarbonated sample weight. Approximately 5-10 mg of sediment will be weighed and
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placed in tin capsules for analysis on the IRMS. The Cor Will refer to the initial bulk sediment weight (before
acidification) and is expressed as a percentage. Carbon and nitrogen isotope ratios are expressed in the 6
notation (in %o) as:

6=((Rsample_Rstandard)/Rstandard) * 1000, [1]

where R represents the heavy-to-light isotope ratio in the sample and the international standard for carbon
(Vienna Pee Dee Belemnite; VPDB) and nitrogen (AIR).

5.1.5. Calculations

The organicand inorganic carbon density (g C cm™) in each sample will be calculated by multiplying the %Corg
and %Cinorg by the respective sediment DBD (g cm™) as:

Soil carbon density = Compression corrected DBD (g cm™) x (% Corg/100) [2]

To obtain carbon stock in each core section (g C cm™or kg C m™), the carbon density is multiplied by the
thickness of the sample interval. In the case of subsampling with cut-off syringes, the first section thickness
is the distance from the top of the core to the medium point between the first and second sampling port,
the second section is the distance from the medium point between the first and second syringe to the
medium point between the second and third syringe and so on [51]. The soil carbon stock of each section
in a core is calculated as:

Soil carbon stock per core section (g C cm™) = Soil carbon density (g C cm™) x compression corrected
thickness of core section (cm) [3]

The cumulative Corg and Cinorg Stock per core is calculated by summing the amount of carbon of all depth
intervals. If the core does not reach the required depth of 1 m, we will use linear regression models to
extrapolate carbon stocks down to that depth. The mean and standard deviation of carbon stocks based on
replicate cores will be calculated and used to obtain carbon stocks at the ecosystem level by multiplying
the mean by the total area occupied by Posidonia meadows at the study site. The total amount of Cqrg and
Cinorg Stock will then be converted to units often used in literature (Mg C ha™).

5.1.6. Sources of Sedimentary Organic Carbon

The elemental and isotopic composition (C, N) of the main allochthonous and autochthonous potential
sources to the carbon sink will be analyzed on an EA-IRMS as described above for bulk sediment. The main
sources under consideration will be above and belowground P. oceanica biomass (averaged), macroalgae,
and biomass of the dominant terrestrial plant in the area, if applicable, or suspended particulate organic
matter, which includes terrestrial material along with phytoplankton. The §3C and §°N isotopic sighatures
of the above sources will be used as end-members in mixing models to determine the relative contribution
of each to the sediment record at each site:

83Csed = (dp X 82Cp) +(Pm X 6Crm) (4]
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8% Nsed = (Pp X 5°Np) +(pm X 5°Np) [5]
1=p+ dm+ P (6]
where p, m and t are the three end-members considered.
Mixing models provide discrete solutions if the number of sources exceeds the number of tracers by n+1.

As 8%3C,eq, we will consider the isotope signature of the sediment between 3-5 cm to exclude the zone of
active sediment resuspension and mixing and obtain a relatively stable, time-averaged signal [45].

5.1.7. Radiometric dating

The Corg accumulation rate will be determined by radiometric dating from the vertical profiles of ?!°Pbe, and
137Cs using gamma-ray spectrometry according to Eleftheriou et al., (2018)The measurement of Corg
accumulation rate will be used to address the question of how much C is sequestered over a specified
period.

An overview of the workflow starting from the bulk sediment subsamples from each core type to the
assessment of organic and inorganic carbon stocks, and the organic carbon accumulation rate is given in
Figure 6.

Radiochronology Sediment Carbon

cores accumulation ——— sequestration
rate rate
Drying & Dry

weight/volume =
Homogenisation

Organic matter
and CaCO3 by LOI

Corg- OMlinear
regression
| Elemental and
Acidification —>| isotopic analysis
(EA-IRMS)

Inorganic carbon
stock

Dry bulk density

Carbon stock

cores

Organic carbon
stock

Figure 6 Workflow for estimating carbon stocks and accumulation rate (modified from [51].
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6. Troubleshooting & Challenges in Protocol Implementation

The successful execution of the BLUEQ protocol for sampling and data collection depends on overcoming
various logistical, technical, and environmental challenges. These challenges refer to multiple phases from
fieldwork planning to data acquisition and analysis. Addressing them effectively ensures the reliability of
acquired data and the feasibility of the methodology across diverse study sites.

6.1. Pre-Fieldwork Planning & Logistical considerations

6.1.1. Transportation, Site Accessibility & Equipment Availability

Field trips to remote locations present logistical difficulties, particularly in areas with limited transportation
infrastructure. A detailed transportation analysis is necessary to anticipate potential barriers, including road
conditions, seasonal accessibility variations, and the availability of backup transportation methods.

Equipment availability may further complicate operations. Establishing communication and collaboration
with local communities and authorities can help mitigate this issue. Where possible, leveraging locally
available equipment will simplify logistics, reduce transportation costs, and minimize delays.

6.1.2. Permit acquisition for Sampling & Equipment Deployment

Regulatory requirements for sampling and equipment deployment vary across countries, and delays in
obtaining necessary permits can significantly impact project timelines. To prevent such setbacks, it is
essential to initiate the permit application process well in advance of field trips. Close coordination with
national authorities and local partners will ensure compliance with all regulatory requirements. Each
project partner should take responsibility for securing the necessary approvals for their designated
locations.

6.2. Data Acquisition: Remote Sensing & In-Situ Sampling

6.2.1. Equipment Failure, Calibration Issues & Data Inconsistencies

Equipment malfunctions, calibration errors, and data inconsistencies during remote sensing or in-situ
sampling can compromise data quality. Adhering to strict equipment operation guidelines, maintaining
support agreements with suppliers, and collaborating with experts for evaluation and calibration are crucial
measures to minimize these risks. Additionally, maintaining a stock of spare equipment and repair kits will
help address unforeseen failures or shortages. Preventive measures, including regular calibration and
quality checks, should be in place to ensure consistent and reliable data collection.
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6.2.2. Environmental Factors: Weather Conditions, Water Visibility & Safety Concerns

Adverse weather conditions, poor water visibility, and safety risks can disrupt field operations. Advanced
weather analyses should guide scheduling to ensure favorable conditions, avoiding extreme temperatures,
strong winds, high humidity, and poor visibility.

Several environmental factors can also affect data acquisition quality:

o High seawater turbidity or chlorophyll blooms may reduce the accuracy of satellite-based
classification methods.

¢ Wind conditions can pose challenges for remote sensing tools such as UASs and satellite imaging,
affecting image stability and clarity.

e Sun glint can interfere with seabed mapping via UASs. To mitigate this effect, aerial data collection
will be scheduled for early morning or late evening when sun angles are optimal.

e Boat traffic and local waves may cause internal water disturbances, affecting remote sensing data
accuracy. Sampling sites with minimal boat activity should be prioritized.

Collaboration with local scuba divers, maritime professionals, and community members who are familiar
with site-specific conditions can improve scheduling and enhance overall fieldwork efficiency. Additionally,
flexibility in scheduling, with contingency plans for critical activities, is crucial to minimizing project delays.
Proper safety measures, including equipping all team members with appropriate equipment, should be
enforced to ensure preparedness for unexpected situations.

6.2.3. Very-high Spatial Resolution Data Availability

The acquisition of very high-resolution satellite images (e.g., WorldView-3) presents challenges due to their
high costs and limited availability. These images typically require "on-demand" acquisition scheduling,
making access unpredictable. As a result, analyzing a time-series of such images is constrained by both
budget and feasibility.

To optimize resources, investigations at very-high spatial resolution will be limited to representative areas
and key time periods. This selective approach will help avoid unnecessary expenditure while ensuring that
high-resolution data is available for critical study regions.
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7. Conclusion and Next Steps

The implementation of the standardized protocol within the BLUEQ project represents a significant step
toward advancing habitat and biodiversity mapping, blue carbon stock assessment, and our understanding
of organic carbon dynamics in seagrass ecosystems in general. By establishing a unified methodology for
sampling and data collection, this protocol ensures consistency across partner sites, allowing for reliable
comparisons and long-term monitoring of Posidonia oceanica meadows in the Adriatic-lonian region. Given
the ecological importance of these seagrass meadows in stabilizing sediments, supporting biodiversity, and
acting as blue carbon sinks, the ability to accurately quantify their extent and carbon storage potential is
essential for effective conservation strategies.

One of the key innovations of the BLUEQ project is the integration of remote sensing technologies—
including Unmanned Aerial Systems (UASs), satellite imagery, and acoustic mapping—with in-situ sampling
techniques. This multi-layered approach enhances data accuracy and enables large-scale habitat
assessments that were previously time-consuming and resource intensive. By combining high-resolution
RGB orthophoto-maps with multispectral data, the protocol also improves the classification of submerged
vegetation, refining the detection of Posidonia oceanica meadows and their associated blue carbon stocks.
Furthermore, by aligning this methodology with existing European environmental directives and climate
goals, the project contributes to ongoing efforts to integrate blue carbon into national and regional policies.

Despite methodological advancements, several challenges remain, particularly regarding the accessibility
of remote sites, equipment availability, and the influence of environmental conditions on data collection.
Overcoming these challenges will require continuous collaboration among project partners, adherence to
best practices for remote sensing and field sampling, and engagement with local authorities to ensure
timely permit acquisition. Additionally, enhancing capacity-building efforts among participating teams will
be critical to maintaining data quality and ensuring the successful implementation of the protocol beyond
the project’s duration.

Following the completion of data collection, the next phase of the project will focus on data processing and
analysis. The collected datasets will be used to generate detailed habitat maps and assess carbon stocks
within Posidonia oceanica meadows. These outputs will be integrated into an interactive GlS-based
decision-support tool, which will serve as a central component of the BLUEQ digital hub. The hub will
function as an online platform for data visualization, stakeholder engagement, and long-term dissemination
of project findings. Through its web-GlIS interface, users will have access to spatial datasets, allowing them
to interact with and analyze habitat data, blue carbon estimates, and monitoring results. This tool will
support decision-makers in integrating blue carbon considerations into regional conservation planning.

Another crucial step involves engaging with regional stakeholders, including policymakers, conservation
organizations, and scientific institutions, to promote the adoption of BLUEQ findings into marine spatial
planning and conservation strategies. By organizing workshops, knowledge-sharing events, and policy
dialogues, the project aims to bridge the gap between scientific research and practical conservation actions.
These engagement efforts will help establish the necessary framework for integrating blue carbon
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considerations into environmental regulations, further reinforcing the role of Posidonia oceanica meadows
in climate mitigation strategies.

Beyond the project's immediate scope, the BLUEQ Observatory will be established as a long-term initiative
aimed at preserving and managing blue carbon ecosystems. The conservatory will act as a repository for
project results, hosting datasets, reports, and methodological guidelines that can be used for future
research and conservation planning. It will also serve as a platform for fostering international collaboration
and supporting new initiatives that build upon the knowledge generated through BLUEQ.

Finally, the insights gained from this project will inform future research directions, particularly in refining
methodologies for blue carbon assessments in Mediterranean seagrass ecosystems. The development of
long-term monitoring initiatives and the potential expansion of the protocol to other marine habitats will
be explored, ensuring that the BLUEQ project leaves a lasting impact on marine conservation efforts. By
addressing knowledge gaps and providing robust scientific evidence, the project sets the foundation for
sustainable habitat management and strengthens the role of blue carbon ecosystems in global climate
action.
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