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Abstract

Seagrass meadows are essential coastal ecosystems that provide key ecological services,
including carbon sequestration, sediment stabilization, and shoreline protection. Increasing
threats from natural and anthropogenic stressors highlight the need for efficient, repro-
ducible, and non-invasive monitoring solutions. This study evaluates the performance of
low-cost commercial drones for seagrass assessment in shallow coastal waters, with an
emphasis on freely accessible mission-planning and photogrammetric workflows. Field
surveys were conducted along the Calabrian coast (southern Italy), where automated flight
paths were generated using the software WaypointMap, and high-resolution orthophotos
were generated using the WebODM software and subsequently analyzed in QGIS for
seagrass patch detection, mapping, and surface estimation. The methodological pipeline is
described in detail to facilitate full reproducibility. Compared with traditional diver-based
methods, this workflow offers faster data collection, broader spatial coverage, and minimal
environmental disturbance. Although some limitations remain, the results demonstrate
that combining low-cost drones with open-source tools provides a practical and scalable
solution for routine monitoring. This approach has strong potential for integration into
routine coastal habitat assessment, supports early impact detection, and contributes to
evidence-based conservation and management strategies.

Keywords: seagrass conservation; unmanned aerial vehicles; coastal protection; monitoring
workflow

1. Introduction
Seagrass meadows are among the most productive and ecologically significant marine

ecosystems on Earth [1]. They play a pivotal role in maintaining coastal biodiversity
and environmental stability in shallow coastal waters [2]. Seagrasses provide numerous
ecosystem services, including carbon sequestration, sediment stabilization, and nutrient
cycling, and serve as nursery habitat for commercially important fish and invertebrate
species [3–6]. Despite their importance, seagrass ecosystems remain among the least
protected coastal habitats and are severely threatened [7]. Global assessment reports
alarming declines, with losses exceeding 10% per decade between 1970 and 2000, primarily
due to human activities [3,7–9].
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Key threats to seagrass meadows include eutrophication, dredging, coastal develop-
ment, climate change, and direct mechanical damage caused by anchoring and trawling [10].
The detection and quantification of such impacts are crucial for designing effective seagrass
conservation and restoration strategies [11–13]. Over the past decades, awareness of the
need to monitor the health status of seagrass beds has rapidly increased, and several moni-
toring programs have been established. The most commonly used indicators are seagrass
cover and density, which are essential to assess abundance and detect temporal changes.
However, traditional monitoring methods based on direct underwater observations are
time-consuming, costly, and often limited by water turbidity, accessibility constraints, and
safety issues in deep or hazardous zones [14]. Recent advances in remote sensing techniques
and high-resolution satellite imagery have significantly contributed to seagrass monitoring
and mapping, especially at a regional to global scale [15–17]. However, many monitoring
programs require detailed, small-scale assessment of seagrass cover at resolutions that even
the most advanced satellite platforms cannot consistently provide.

In this context, unmanned aerial vehicles (UAVs), commonly known as drones, have
gained increasing attention in marine ecology [18]. They offer a promising alternative
by enabling high-resolution, repeatable, and non-invasive monitoring across spatial and
temporal scales [19]. While satellite remote sensing, such as Landsat 8 OLI (spectral bands:
9 bands VIS, NIR and SWIR; spatial resolution 30 m), Landsat 8 TIRS (spectral bands:
2 thermal infrared bands; spatial resolution 100 m), ASTER (spectral bands: 14 bands
VIS, NIR, SWIR and TIR; spatial resolution 15–90 m), or Sentinel-2 MSI (spectral bands:
13 bands VIS, NIR and SWIR; spatial resolution 10–60 m), has a relatively raw resolution
of 10 to 100 m [20,21], image sensors on UAVs can capture higher resolution imagery
(<0.1 m) [22]. Equipped with advanced imaging sensors, ranging from RGB to multispectral,
hyperspectral, and LiDAR sensors, UAVs can capture detailed imagery that supports
habitat mapping, change detection, and ecological assessments [23–25].

UAVs have been used to successfully map seagrass habitats in intertidal and shallow
coastal waters at fine scales all around the globe [12,13,18,23,26–30], as well as for the
identification of anthropogenic [31] and natural disturbances [12,13]. Training initiatives
for UAV-based seagrass monitoring have also been developed [32]. UAV-based monitoring
can complement traditional field surveys by providing high-resolution and repeatable
data when conducted with standardized survey protocols and appropriate quality control
measures. Nonetheless, the widespread adoption of these technologies remains limited
by financial and accessibility constraints. These include not only the expenses of UAV
hardware but also the high prices of commercial photogrammetry and image-processing
software, which are often unaffordable for local conservation groups, NGOs, and research
institutions with limited resources. This technological and economic divide restricts the
implementation of drone-based monitoring approaches, particularly in regions where data
on seagrass dynamics are most needed.

In addition to economic barriers, regulatory constraints represent a practical limitation
for the deployment of UAVs in coastal and marine environments, particularly within
protected areas. Aviation regulations often impose restrictions on flight operations, pilot
certification, and aircraft weight, which can hinder the use of conventional UAV platforms.
In the European context, lightweight drones with a takeoff mass below 250 g are subject to
fewer operational constraints and can be more easily deployed for scientific monitoring,
provided that safety and privacy requirements are met. These regulatory advantages make
sub-250 g UAVs particularly suitable for localized monitoring activities in marine protected
areas, where minimizing disturbance and ensuring compliance with legal frameworks
are essential.

https://doi.org/10.3390/jmse14040339

https://doi.org/10.3390/jmse14040339


J. Mar. Sci. Eng. 2026, 14, 339 3 of 15

To address these combined technical, economic, and regulatory challenges and pro-
mote the Findable, Accessible, Interoperable, and Reusable (FAIR) science principles [33],
this study presents a fully documented, low-cost workflow for seagrass monitoring using a
lightweight, sub-250g drone (DJI Mini 4 Pro) and freely accessible mission-planning and
photogrammetric tools. The aim is to test the feasibility and technical performance of this
workflow in generating high-resolution spatial products suitable for ecological assessments
of seagrass meadows while keeping operational and computational costs minimal. The
central hypothesis is that affordable UAV-based monitoring can deliver accuracy levels
adequate for local-scale habitat evaluation, enabling broader adoption of standardized
monitoring practices and supporting community-driven and citizen science initiatives in
coastal management.

2. Materials and Methods
2.1. Study Area

The field survey was conducted along the Tyrrhenian Calabrian coastline in southern
Italy, where extensive seagrass meadows are known to occur. Along the Calabrian coast,
Posidonia oceanica meadows are relatively continuous but are increasingly affected by human
activities, particularly coastal development, anchoring, and unregulated boating, which
can lead to fragmentation and meadow regression. The area chosen for the field survey,
Praia a Mare (Cosenza, Italy), is characterized by shallow, clear waters, making it suitable
for aerial surveys (Figure 1).

Figure 1. Location of the field survey, Praia a Mare (Cosenza, Italy). Cymodocea nodosa and Posidonia
oceanica coverage is reported in the map (source: EMODnet, 2023 [34]). Bathymetry data were
obtained from the 1 min Gridded Global Relief Data ETOPO1 (2009, https://www.ngdc.noaa.gov/
mgg/global/global.html (accessed on 1 July 2025)). The map was generated using QGIS software
(Version 3.44.0).
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The surveyed area was intentionally limited in spatial extent and located along the
coastline, where the presence of heterogeneous features such as shoreline morphology,
seabed texture, and fixed reference elements supports reliable image matching and ortho-
mosaic reconstruction. This design choice was adopted to mitigate known limitations of
photogrammetric processing over homogeneous open-water surfaces.

2.2. UAV Platform and Sensor

A commercially available UAV quadcopter drone, DJI Mini 4 Pro (Shenzhen, China)
was used. The DJI Mini 4 Pro is a compact, ultra-light drone with a takeoff weight of
approximately 249 g, designed to comply with sub-250g European regulatory requirements
(EU Regulation 2019/945 and EU Regulation 2019/947). It offers a maximum flight time of
up to 34 min under ideal conditions. The drone features a three-axis mechanical gimbal
that stabilizes a 1/1.3 inch CMOS camera with RGB sensor (spectral bands: RGB VIS;
spatial resolution <1 cm) capable of capturing 4K/60fps HDR video and 48 MP still images,
with ground control over tilt, pan, and roll via the DJI RC 2 controller. The gimbal offers
stabilized nadir-view capture, enhancing image alignment for orthophoto reconstruction.

The Mini 4 Pro is equipped with DJI’s OcuSync 4.0 transmission system, offering a
stable live video feed up to 20 km. It includes an onboard GNSS receiver supporting GPS,
Galileo, and BeiDou satellite systems for precise positioning.

The aircraft includes an integrated Advanced Pilot Assistance System (APAS 5.0)
and omnidirectional obstacle sensing for enhanced safety. Data such as altitude, velocity,
distance from home, and satellite count are continuously relayed to the ground station via
a DJI RC 2 controller.

2.3. Flight Planning

Flight planning is a crucial step in aerial monitoring, as it allows consistent and
repeatable data acquisition over time and space. Small commercial UAVs, such as the DJI
Mini 4 Pro, do not always include advanced waypoint planning features in their native
apps. Therefore, to enable automated missions and improve data standardization, it is
often necessary to integrate third-party mission planning tools.

To identify suitable software for sub-250g drones, an online search was conducted to
systematically evaluate available flight planning software compatible with the DJI Mini 4
Pro and similar lightweight UAVs. The review included both desktop and mobile-based
platforms and assessed key features such as waypoint automation, altitude and overlap
settings, area mapping capability, and ease of integration with drone hardware and software.
Tools were compared based on functionality, compatibility, and pricing.

Based on this analysis, the most cost-effective and functionally suitable software option
was selected and tested during the field survey. All UAV flights were conducted following
a standardized survey design, with pre-defined flight altitudes, image overlap, and ground
control point placement, and orthomosaic reconstruction included quality control checks to
ensure accurate, reproducible, and scientifically robust mapping of seagrass meadows.

Three automatic flights were planned at an altitude of 45 m to achieve a Ground
Sample Distance (GSD) of less than 1.5 cm with a speed of 2.5 m/s and a 90◦ gimbal
angle. Flight altitude was selected to balance spatial resolution, coverage area, and flight
stability. The planned altitude is sufficient to resolve fine-scale seagrass features and
meadow boundaries in shallow coastal waters. Lower altitudes would marginally improve
spatial resolution but at the expense of increased flight time and reduced spatial coverage,
while higher altitudes would reduce the ability to detect small-scale spatial heterogeneity.
Images were acquired in nadir orientation to minimize geometric distortions and sun glint
effects, thereby improving photogrammetric accuracy. To ensure sufficient overlap for
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image alignment, front and side overlaps of 70% and 80%, respectively, were applied,
allowing reliable identification of common features across adjacent images [28]. Flight
missions were conducted under low wind conditions to minimize platform instability and
motion blur, which can adversely affect image sharpness and georeferencing accuracy.
Weather conditions were dry with wind speeds averaging 4.5 ms−1, and the sky was clear
and cloudless.

2.4. Ground Control Points and Ground-Truth Survey

During each flight, 10 ground control points (GCPs) were deployed along the shoreline
using large, high-contrast markers easily identified in the drone images. The coordinate
location of each GCP was recorded using a Garmin Etrex 22x (New Taipei City, Taiwan),
providing sub-meter positional accuracy. GCP locations were chosen considering acces-
sibility, even spacing across the survey area, and avoidance of locations subject to strong
currents or wave action to minimize potential displacement. When possible, GCPs were
anchored or placed in areas with minimal water motion during image acquisition.

A ground-truthing campaign was also carried out at the same time as the field survey.
Shallow-water snorkeling was conducted, and the presence or absence of seagrass was
recorded, and georeferenced photographs were taken using a GoPro Hero 12 camera (San
Mateo, California, United States) to provide reference images.

2.5. Photogrammetric Processing and Orthophoto Reconstruction

To process the collected imagery, generate georeferenced orthomosaics, and support
the interpretation of habitat features, an online review was conducted to identify both
open-source and commercial photogrammetry software compatible with UAV-geotagged
images. Each software was assessed based on cost, supported OS, system requirements,
processing capabilities, and key features. Based on this review, the most cost-effective and
functionally adequate software option was selected and tested for image alignment and
orthomosaic construction.

Final orthomosaics were exported and manually interpreted using the free and open-
source QGIS software (Version 3.44.0). Seagrass patches were digitized as vector layers
based on visual inspection of color and shape in the aerial imagery, allowing spatial
delineation of seagrass areas and comparison with ground-truth points. Manual visual
interpretation was deliberately adopted to provide a conservative and transparent baseline
assessment of seagrass detectability from low-cost UAV-derived orthomosaics. While
supervised classification techniques can improve efficiency and scalability, they introduce
additional sources of uncertainty related to training data selection, class definition, and
algorithm performance, particularly in optically complex shallow coastal environments.
Establishing a visually validated reference map, therefore, represents a necessary first
step for evaluating and benchmarking automated or machine learning-based classification
approaches in future applications.

3. Results
3.1. Flight Planning and Executing

The online search identified six mission planning software compatible with the DJI
Mini 4 Pro and similar sub-250g UAVs (Table 1). It is important to note that the results
of the software evaluation are valid only at the time of the online search (July 2025) and
to the best of the authors’ knowledge. Software availability, pricing models, and drone
compatibility may change over time. The tools were evaluated based on their compatibility
with lightweight drones, availability of desktop mission planning, waypoint automation, al-
titude and overlap settings, automatic flight height adjustment, automatic mission installer,
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and finally, pricing structure. Among the reviewed tools, WaypointMap, Pixpro Waypoints,
and Dronelink offered the most complete functionalities, with a range of prices going from
free (basic version of WaypointMap) to ~€19 per month (starter version of Dronelink).

Following the comparative assessment and considering the associated costs, DJI Fly
and WaypointMap (Basic version) (http://www.waypointmap.com (accessed on 1 July 2025)
were selected. Unfortunately, DJI Fly does not allow for automatic mission planning
but only for manual identification of waypoints. WaypointMap provides active support
for the DJI Mini 4 Pro and includes essential features such as mission planning, altitude
control, overlap settings, and flight path visualization. Although the premium version
offers advanced features such as height auto-adjustment and automatic mission installer,
the free version proved sufficient for the needs of this study, allowing the creation of
pre-programmed flight paths with user-defined parameters. WaypointMap was ultimately
used to plan the mission for automated flights to be carried out over the selected seagrass
monitoring area at Praia a Mare (Figure 2).

 
Figure 2. Flight planning using the WaypointMap software (Basic version) (http://www.
waypointmap.com (accessed on 1 July 2025)) over the Praia a Mare study site (see Figure 1). The
figure illustrates the pre-programmed flight path over (turned points in blue and path lines in red)
the study site. The basic version of WaypointMap uses the Basemap provided by Google. Google
Earth Mapping Service is a trademark of Google LLC.

The application provided stable and consistent mission execution, ensuring full
coverage of the designated area. Mission repeatability was achieved across different
days under comparable weather and light conditions, facilitating temporal comparability
of orthophotos.
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Table 1. Comparison of mission planning software tools compatible with the DJI Mini 4 Pro and other sub-250g drones, including supported features, settings, and
pricing. Note: Currency conversions to euros are approximate and may vary based on exchange rates (date of evaluation: July 2025); feature availability may vary
between free and paid versions. ✓/- Included/Not included in the software version. * Only in the premium version.

Tool Supported Sub-250g
Drones

PC Mission
Planning

Automatic
Mission
Creation

Altitude
Setting

Overlap
Setting

Automatic
Flight Height
Adjustment

Automatic
Mission
Installer

Notes Cost (€)

DJI Fly
(Waypoint)

DJI Mini 4 Pro, DJI Mini
3 Pro, DJI Mini 3, DJI
Mini 2 SE, DJI Mini 2,

DJI Mini SE, DJI Mini 1

Controller
only - ✓ - - -

Native waypoint
support via DJI RC 2

or compatible
controller. No

desktop import.

Free

Pixpro
Waypoints DJI Mini 4 Pro Yes ✓ ✓ ✓ ✓ -

Not available as a
standalone. Included

in all Pixpro
subscriptions; 14-day

free trial available.

€10/month or
€60/year

(Solo plan)

WaypointMap

DJI Mini 4 Pro, DJI Mini
3 Pro, DJI Mini 3, DJI

Mini 2, DJI Mini SE, DJI
Mini 1

Yes ✓ ✓ ✓ ✓ * ✓ * Advanced features in
the Premium version.

Free (Basic),
~€12/month
(Premium)

Litchi DJI Mini 2, DJI Mini SE,
DJI Mini 1 Yes ✓ ✓ ✓ - -

Mini 4 Pro is not
officially supported.

Workarounds via beta
apps or mission

converters might
work but are not

guaranteed.

~€21 one-time

Dronelink DJI Mini 4 Pro, DJI Mini
3 Pro, DJI Mini 2 Yes ✓ ✓ ✓ ✓ -

Mission planning
only via web
and mobile.

~€19/month
(Starter),

~€38/month
(Growth)

DJI
FlightPlanner

DJI Mini 2, DJI Mini SE,
DJI Mini 1 Yes ✓ ✓ ✓ - -

Requires Android
device and Litchi

Pilot Beta. Mini 4 Pro
support is unofficial.

~€85 one-time
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3.2. Photogrammetric Processing

Photogrammetric software tools identified and reviewed included both open-source
and commercial solutions (Table 2). It is important to note that the software selection and
evaluation reflect the tools available and accessible at the time of the study (July 2025) and
to the best of the authors’ knowledge. Among the eight software identified, all provide
advanced features such as orthomosaic reconstruction and 3D model generation, with
some of them able to process multispectral data. All the software, except DroneDeploy,
requires a certain level of technical proficiency to operate. Taking into consideration the
different features, the skills required, and the costs of the different software, WebODM
(https://webodm.net/ (accessed on 1 July 2025)) was selected as the testing processing
platform for this study due to its open-source nature, compatibility with geotagged drone
imagery, and zero licensing cost (when self-hosted). Captured images were imported into
WebODM and processed using the standard workflow with orthophoto reconstruction (no
image resizes, fast orthophoto reconstruction). Processing was conducted on a mid-range
laptop (Intel i5 processor, NVIDIA GeForce GT 710, 32 Gb RAM, 512 Gb SSD storage), with
average processing times of approximately 1–2 h per flight, depending on the number of
images. Orthomosaic reconstruction and image alignment included systematic quality
control, including visual inspection of tie points, GCP checks, and coverage completeness,
to ensure accurate and reproducible geospatial outputs. The resulting georeferenced
orthomosaics were then exported as GeoTIFF for further analysis (Figure 3).

Figure 3. Example of an orthophoto mosaic generated using WebODM (self-hosted) of a seagrass
meadow in the Praia a Mare study site (see Figure 1), exported as a GeoTIFF and imported into QGIS.
The Basemap is provided by Google. Google Earth Mapping Service is a trademark of Google LLC.
The map was generated using QGIS software (Version 3.44.0).
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Table 2. Comparison of photogrammetry software tools (accessed on 1 July 2025) compatible with DJI Mini 4 Pro and other sub-250g drones, including supported
features and pricing. Note: Currency conversions are approximate and may vary based on exchange rates (date of evaluation: July 2025); feature availability may
vary between free and paid versions; proficiency scale (1–5): 1 = very low (graphical interface, minimal configuration), 5 = advanced (command line usage, scripting).

Software Type Supported OS Cost (€) Supported Sub-250g
Drones Key Features Required Proficiency Level

WebODM
Open Source /Free

(basic) + Paid
for advanced

Windows, macOS, Linux Free (self-hosted); paid
plans start ~€8/month

Compatible with any
drone producing

geotagged images

Orthophoto, DSM/DTM, 3D
models, point cloud
export, multispectral

data processing

4, Open-source, self-hosted,
requires basic command-line

familiarity and understanding
of processing options

Pix4Dmapper Commercial Windows, macOS
From ~€3500

(perpetual license) or
subscription options

DJI Mini 4 Pro, Mini 3
Pro, and other DJI

drones with
geotagged images

Advanced photogrammetry,
orthomosaic, 3D

models, point cloud
export, multispectral

data processing

3, Professional desktop
software, requires
understanding of

photogrammetric parameters,
but no programming

Agisoft Metashape Commercial Windows, macOS, Linux
Standard edition ~€1790,

Professional ~€3490.
Free trial available

Compatible with any
drone capturing

geotagged images

Orthomosaics, point cloud
export, 3D models,

multispectral processing

3, Flexible desktop workflow,
moderate learning curve,

optional scripting

Drone Deploy SaaS (cloud-based) Web-based Plans start at
~€90/month

DJI Mini series and
many others

Orthomosaic, DSM, 3D
models, real-time processing,

collaboration features

1, Fully cloud-based, highly
automated workflow, minimal

user intervention, no
programming skills required

Reality Capture Commercial Windows

Free for entities
earning < ~900 K/year;
€1069–€1582/year per

seat for others

Compatible with any
drone producing

geotagged images

Orthomosaic, high-speed
processing, laser
scan integration,

georeferenced outputs

4, Advanced parameter
control, steeper learning

curve, benefits from
photogrammetric expertise

DJI Terra Commercial Windows
Various licenses,

Agriculture, Pro, etc.,
from $265

Compatible with
DJI drones

2D/3D reconstruction,
LiDAR processing, real-time

mapping, multispectral
support, mission planning

2, Proprietary ecosystem,
guided workflows, limited
parameter customization
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3.3. Seagrass Patches Identification and Analysis

Processed orthophotos were imported into QGIS software (Version 3.44.0) for manual
interpretation. Seagrass meadows were manually digitized as vector layers based on visible
texture, color, and canopy continuity, allowing the measurement of their position and size
(Figure 4).

Figure 4. Manually digitized seagrass patches (dotted polygons) and corresponding ground-truth
validation points (red dots) over the orthophoto mosaic generated using WebODM (self-hosted) of a
seagrass meadow in the Praia a Mare study site (see Figure 1). The last report of Posidonia oceanica in the
area is reported on the map (source: EMODnet, 2023 [34]). The map was generated using QGIS 3.44.0.

4. Discussion
This study reinforces the utility of UAVs as a fast, accurate, and scalable tool for

seagrass habitat monitoring. Compared to traditional snorkel or diver-based surveys, drone-
based monitoring provided broader spatial coverage in a fraction of the time with minimal
ecological footprint. The ability to detect fine-scale meadows and eventually localize
disturbances, such as anchor scars, is difficult to achieve with satellite or aerial imaging
from higher altitudes. Satellite remote sensing approaches remain essential for regional-
to basin-scale seagrass monitoring; however, their spatial resolution and sensitivity to
environmental complexity can limit their effectiveness for detailed site-scale assessments.
In this context, UAV-based monitoring is best suited to complement satellite observations
by supporting high-resolution mapping in spatially constrained or protected coastal areas.
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Low-cost UAV monitoring protocols, such as the workflow tested in this study using
open-source or free/freemium software, may represent a democratization of ecosystem
monitoring, particularly useful for NGOs, local managers, and citizen science initiatives.
Our results align with recent findings [23,35], which demonstrated that UAVs equipped
with RGB and multispectral sensors provided robust mapping of benthic habitats, offering
a viable alternative to expensive boat-based and satellite-derived monitoring approaches.
Even without multispectral sensors, standard RGB imagery proved sufficient for effective
seagrass mapping under favorable water conditions [36]. However, detection accuracy may
vary with water turbidity, sun glint, and deeper habitats beyond ~3 m. Additionally, while
manual image classification remains labor-intensive, the combination of RGB drone images
with open-source GIS tools demonstrated strong potential for low-cost monitoring workflows.

4.1. Integrated Workflow for Reproducible Seagrass Mapping

This study tested an end-to-end workflow that integrates mission planning, aerial data
acquisition, photogrammetric processing, and habitat identification using freely available
software tools. The workflow is designed to be fully reproducible and deployable with
minimal computational resources, enabling broader adoption by small research groups,
local agencies, and NGOs.

Mission Planning and Aerial Data Acquisition
The comparative analysis of flight planning tools revealed that while multiple commer-

cial and subscription-based platforms support lightweight UAVs, only a few offer advanced
waypoint automation compatible with the DJI Mini 4 Pro (and other small drones). Among
these options, the basic version of WaypointMap was selected due to its full functionality
for altitude setting, front/side image overlap configuration, and detailed waypoint creation,
all at zero cost.

To ensure reproducibility, the mission planning workflow involved the following steps:

1. Defining a polygon representing the extent of the target seagrass meadow, including
the planned position of the GCPs.

2. Setting flight altitude to 45 m above ground level to balance resolution with flight
time, speed to 2.5 m/s, and gimbal angle to −90◦.

3. Generate mission flight.
4. Exporting the waypoint file and uploading it to the UAV controller.

Field deployment confirmed the reliability of the software for repeatable, autonomous
flights over the study site. Despite lacking advanced features such as automatic terrain
following, the software allowed precise planning and coverage of the seagrass meadow
with consistent image acquisition. The successful use of WaypointMap demonstrates that
free mission-planning tools can offer viable alternatives to costly commercial platforms,
especially when paired with drones under 250 g that lack native planning flexibility.

Photogrammetric Processing, GCPs Integration, and Seagrass Identification
The results of the photogrammetry software evaluation confirmed that WebODM, an

open-source and self-hosted processing suite, was fully capable of generating orthophotos
from RGB imagery captured during survey missions. GCPs deployed across the study area
support accurate georeferencing during orthomosaic reconstruction.

For reproducibility, the processing workflow followed these steps:

1. Uploading the image dataset (JPEG format) into a new WebODM project.
2. Applying the default “High Resolution” processing preset.
3. Activating the “Fast Orthophoto” option to optimize mosaic blending.
4. Running the reconstruction using CPU-only computation on a mid-range laptop.
5. Exporting the final orthomosaic as a GeoTIFF file for use in GIS.
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High front and side image overlap ensured sufficient redundancy for robust image
alignment and stitching, even in areas characterized by limited textural contrast. Manual
inspection of the orthomosaics was conducted to verify alignment accuracy and identify
potential artifacts.

The performance of WebODM on moderate hardware confirmed that high-end compu-
tational resources are not required for small-area coastal monitoring. Although WebODM
lacks some advanced automation, such as cloud-based collaboration features found in
commercial platforms such as Pix4Dmapper or DroneDeploy, its zero cost and function-
ality make it particularly well-suited for small organizations and NGOs. The outputs,
high-resolution orthophotos suitable for vectorization (GeoTIFF format), enabled clear
identification of seagrass patches in QGIS. Manual digitization of polygons was performed
at sub-meter scales, enabling accurate habitat mapping.

Artifacts caused by water glare or cloud shadows were minimal and did not impede
manual interpretation. Overall, the use of free, self-hosted software, when paired with
low-cost UAVs, provides a fully reproducible, accessible, and scalable strategy for coastal
habitat monitoring.

4.2. Limitations and Considerations

While the proposed workflow demonstrated success in seagrass monitoring, several
limitations should be acknowledged:

- Dynamic software landscape: The tools assessed in this study were evaluated based on
availability and functionality as of July 2025. Software availability, feature sets, pricing
models, and drone compatibility may change at any time. Therefore, replicability of
this exact workflow in the future may require adjustments and updated tool reviews.

- Open-source installation: Software like WebODM, while cost-free and highly customizable,
often needs manual installation and configuration, requiring a certain level of technical
proficiency to operate. This can be a barrier for users without technical expertise.

- Hardware limitations: The study employed a sub-250g UAV (DJI Mini 4 Pro), which,
while beneficial from a cost perspective, is more sensitive to environmental conditions
such as wind gusts, precipitation, and low-light scenarios. Small drones are less stable
in strong winds and may be unable to complete planned missions in adverse weather,
potentially affecting data consistency and operational feasibility.

- Sensor limitations: The study was conducted using a standard RGB camera, providing
information limited to the visible spectrum, which, although adequate under optimal
water clarity, does not explicitly discriminate based on narrow spectral bands that
could be used for detailed seagrass health assessments. Compared to commonly used
satellite sensors for seagrass monitoring (e.g., Sentinel-2 or Landsat 8 OLI), which
include multiple visible and near-infrared bands, UAV RGB sensors offer reduced
spectral sensitivity but substantially finer spatial resolution.

- Environmental variability: Water clarity, sunlight angle, and sea surface reflection all
can affect image quality. While low-cost UAV platforms may exhibit greater sensitivity
to environmental conditions compared to professional systems, careful flight planning,
high image redundancy, and GCP deployment can substantially mitigate associated
uncertainties, although such control is not always feasible in long-term monitoring efforts.

- Manual image interpretation: Visual digitization of seagrass patches can introduce
subjectivity and inconsistencies. Automation using AI or supervised classification
was beyond the scope of this study but should be pursued in future work to improve
efficiency and repeatability.

- Regulatory constraints: UAV operations are subject to national and regional regula-
tions, which vary across countries and protected areas. Even sub-250g platforms may
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face restrictions, which can limit the broader implementation and adoption of the
workflow despite its technical feasibility and cost-effectiveness.

Despite these constraints, this study demonstrates that low-cost UAVs and open-
source software can be successfully used for coastal habitat monitoring. The standardized
flight design, GCP deployment strategy, and orthomosaic quality control process adopted
in this study were selected to ensure methodological rigor and reproducibility.

The study area was intentionally limited in size and characterized by sufficient spatial
heterogeneity to support reliable image matching. In environments with reduced spatial
heterogeneity, alternative strategies, such as additional artificial targets or mixed land–
water flight designs, may be required. Overall, the proposed workflow demonstrates how
scientifically robust seagrass mapping can be achieved at local scales, highlighting the
trade-offs between accessibility and data accuracy, while providing a scalable and replicable
model for institutions and organizations with limited financial and technical resources,
contributing meaningfully to the democratization of marine ecosystem monitoring.

5. Conclusions
This study demonstrates that commercial drones offer a practical and effective ap-

proach for monitoring seagrass meadows in shallow coastal environments. Their ability
to capture high-resolution imagery of both intact and disturbed habitats makes them an
ideal complement to traditional monitoring methods. By integrating drones into routine
conservation workflows, coastal managers can improve impact detection, enhance tem-
poral monitoring, and better inform policy decisions. Future work should explore the
combination of RGB drones with free and open-source AI-driven classification to improve
habitat discrimination under diverse environmental conditions.

By demonstrating a cost-effective and operationally simple workflow in a Mediter-
ranean setting, this work supports the broader integration of UAVs into routine conserva-
tion practices, especially in contexts with limited resources.
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