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1. The policy-driven need for adaptive ecological monitoring

Anthropogenic activities have progressively expanded toward 
deeper marine environments, generating increasing pressures on 
continental margin ecosystems whose cumulative impacts remain
only partially understood [1]. In response, European and interna-
tional policy frameworks require ecological monitoring strategies 
capable of extending from coastal waters to depths exceeding
200 m, while capturing processes occurring across highly hetero-
geneous spatial and temporal scales [2]. Within Europe, the Marine 
Strategy Framework Directive (MSFD; 2008/56/EC) establishes the 
obligation to assess and achieve good environmental status (GES) 
across 11 descriptors. However, these descriptors define what 
should be assessed rather than how it should be monitored. Their 
effective implementation requires the definition of measurable
indicators, appropriate spatial and temporal resolutions, and sus-
tained observation strategies capable of resolving long-term eco-
logical change. Similar needs are emphasized by global
frameworks such as the United Nations (UN) Decade on Ecosystem
Restoration (2021–2030), which explicitly links restoration success 
to the availability of high-resolution, long-term ecological observa-
tions [3]. 

Traditional vessel-based and diver-supported monitoring 
approaches are increasingly inadequate to meet the requirements 
of temporally intensive and prolonged ecological monitoring. Their 
effectiveness is constrained by distance from shore, depth, weather 
conditions, seabed morphology, and the intrinsi c cost and logistical
burden of ship time and personnel deployment [4,5]. These limita-
tions hinder the continuity, frequency, and scalability of ecological 
observations, especially in offshore and restored environments. As a 
result, policy implementation increasingly depends on adaptive, 
autonomous, and redeployable ecological observatories capable of 
long-term operation with minimal human intervention. Such sys-
temsmust support flexible deployment strategies, allowreconfigura-
tion in response to emerging ecological questions, and pr ovide
standardized data products that can be integrated across regions
and governance frameworks [2,6–10]. The technological robustness 
currently achievable inoceanengineering (e.g., Ref. [11]) underscores 
the opportunity to extend comparable autonomy and resilience to 
long-term, energy-efficient ecological moni toring infrastructures.

From an engineering perspective, the contribution of this work 
does not reside in the individual technologies described herein,
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which are well established, but in their system-level integration 
under energy-constrained offshore conditions. Specifically, this 
framework links policy-driven ecological indicators to observatory 
design, couples hybrid renewable energy harvesting with adaptive 
sensing and edge–cloud intelligence, and implements automated, 
energy-aware pipelines for ecological indicator computation 
within a unified Internet of Things (IoT) architecture. This inte-
grated approach defines a redeployable and scalable monitoring
paradigm that extends beyond existing static or infrastructure-
dependent ocean observatories. Such observatories continue to
be hindered by the bottleneck of energy availability, especially
given onboard data-processing requirements for the computing
of ecological indicators. Finite onboard energy storage limits
deployment duration, sampling frequency, and computing capabil-
ity [12]. Overcoming this constraint is essential to meet policy 
requirements for continuous, long-term ecological monitoring. 
Here, we briefly discuss technological outcomes to improve long-
lasting data collection and processing autonomy.

2. Intelligent ecological observatories as adaptive monitoring
infrastructure

Autonomous observatories are typically composed of redeploy-
able, stationary platforms, collecting high-frequency biological and 
environmental (i.e., oceanographic and geochemical) multipara-
metric data at strategically selected locations (e.g., marine pro-
tected areas (MPAs)) over time durations that depend on their
energy autonomy capacity. To address policy-driven biodiversity
assessment needs, observatories must integrate and support the
prolonged functioning of multiple sensing modalities capable of
capturing biological organization from microbes to megafauna
[6,13]. Core technologies include optical imaging systems for abun-
dance and biomass estimation, molecular approaches such as envi-
ronmental DNA (eDNA), and acoustic methods such as passive
acoustic monitoring (PAM) for detecting imaging-elusive species
[14–18]. Typical sensor suites include HD/4K stereo cameras, eDNA 
samplers, broadband hydrophones, and multiparametric probes 
(e.g., temperature, salinity, oxygen, pH, turbidity), enabling inte-
grated biological and environmental observations. The combina-
tion of these approaches increases detection probability and
strengthens the robustness of ecological indicators [19,20]. When 
biological sensors are synchronously coupled with oceanographic 
and geochemical measurements, these platforms function as 
observatories providing strategic information on biodiversity
dynamism as a product of environmental control [21,22]. 
3. Hybrid wave–solar energy systems as enablers of persistent
monitoring

Coupling intelligent ecological observatories with renewable 
energy harvesting is a strategic solution to the persistent energy 
bottleneck that limits long-term autonomous monitoring. Compa-
rable approaches have proven effective in other domains, such as
precision agriculture, where energy harvesting sustains wireless
sensor networks while reducing maintenance and operational
demands [23]. In marine environments, renewable sources includ-
ing wind, solar, tidal, and wave energy offer opportunities for 
autonomous recharging, with achievable monitoring frequencies
inherently modulated by local meteorological and hydrological
regimes [24]. These developments align with broader efforts on 
wave-powered sensing platforms, autonom ous ocean-observing
systems, and low-power marine IoT networks (see Section 5), as 
reported in recent literature (e.g., Refs. [8,22,24,25]). 

Large offshore wind infrastructures already act as energy hubs 
and cable-connected nodes that can support ecological monitoring
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activities [25–29]. However, from an engineering and operational 
standpoint, their permanent footprint, limited redeployability,
and uncertain ecological impacts [30] constrain their suitability 
for adaptive monitoring, particularly in complex coastal, insular,
or actively managed (e.g., MPA-regulated) environments [31]. Pol-
icy-driven monitoring strategies instead require lightweight, rede-
ployable, and ecosystem-compatible energy observatory solutions,
allowing for benthic and pelagic data collection [32]. A strategic 
engineering advantage of such systems would be their suitability 
for adaptive redeployment as monitoring needs change (e.g., in 
and out of MPAs to track the closure benefit regimes on local 
fauna), such as for use on small scientific and even other opportu-
nity vessels (e.g., fishing fleet trawlers). Their extended temporal
autonomy and reduced supporting infrastructure would allow
those stand-alone observatories to complement the needs of
changing data-collection strategies at different spatial and tempo-
ral scales [10] used by intermittently operating scientific research 
cruises of institutional–governmental surveys operating their own 
platforms (e.g., remotely operated vehicles (ROVs) and autono-
mous underwater vehicles (AUVs)). Their role would be as persis-
tent data providers to support the extrapolation of local
ecological data to increasingly larger geographic areas, enhancing
the representativeness of observations [2]. 

Hybrid wave energy converters (WECs), which combine wave, 
solar, and thermoelectric harvesting, offer a promising engineering 
pathwaywithin the frameworkof policy-orientated ecologicalmon-
itoring strategies. From a system-design perspective, wave energy
provides a relatively continuous and predictable power input com-
paredwithwind or solar alone [33,34]. Photovoltaic panels installed 
on floating structures increase the overall energy availability during 
favorable irradiance conditions [35,36], while thermoelectric 
devices exploit thermalgradientsbetweenseawater and sun-heated 
surfaces to provide supplementary power [37]. This hybridization 
mitigates the intermittency of individual energy sources and 
increases the robustness of power availability for autonomous 
observatory operation. The engineering novelty lies in the system-
level integration of these energy sources with adaptive sensing 
and onboard intelligence under strict power constraints, rather than 
in the individua l harvesting technologies themselves. Recent studies
on hybrid marine energy systems, low-power edge computing, and
artificial intelligence (AI)-enabled oceanmonitoring further support
the feasibility of integrating energyharvestingwith intelligent sens-
ing in autonomous platforms [38–41]. This configuration increases 
energy-output stability under variable sea states and seasonal cli-
matic regimes, while distributed low-power components reduce
maintenance demands and improve cost-effectiveness compared
with single-source offshore systems.

A representative system architecture may integrate ① point-
absorber wave energy devices based on a linear alternator, ② flex-
ible photovoltaic panels installed on the buoy superstructure, and
③ thermoelectric generators exploiting surface-seawater thermal
gradients (Fig. 1). From an engineering standpoint, the design chal-
lenge lies in ensuring structural robustness under variable sea 
states and suitability across different climatic contexts, along with 
effective coupling between energy generation, storage, and obser-
vatory loads. Energy generated by the hybrid system should be suf-
ficient to sustain sensing, onboard computing, and communication
functions through appropriate energy-storage solutions, enabling
sustained long-term, low-maintenance ecological monitoring
under offshore conditions.

4. Ecological indicators aligned with the MSFD, essential ocean 
variables (EOVs), and emerging biodiversity variables (EBVs)

WEC-powered observatories could be strategic assets in provid-
ing the energy continuity required to implement MSFD monitoring
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Fig. 1. Conceptual diagram of an adaptive, redeployable, and energy-autonomous ecological monitoring system. A hybrid surface buoy integrating a WEC and solar panels is 
directly connected via a vertical mooring line to a benthic observatory, enabling coupling between pelagic and seafloor environments. The system powers multiparametric 
biological, oceanographic, and geochemical sensors for long-term intelligent ecological monitoring and the generation of policy-relevant indicators under energy-constrained
offshore conditions. The system supports bidirectional data transmission to shore-based facilities through an IoT framework. Arrows indicate data flow pathways, while
dashed lines refer to different groups of collected biological and environmental data. DO: dissolved oxygen.
protocols through standardized, long-term data acquisition. Time-
lapse imagery enables the quantification of fluctuations in benthic 
and pelagic species abundance, while synchronous environmental
measurements support the identification of causal relationships
between habitat drivers and biological responses [6,8]. 

Data-processing pipelines permit the derivation of diel (i.e., 24-
h based), seasonal, and interannual patterns in population density
and community turnover [6]. When integrated with oceanographic 
and atmospheric variables, these indicators directly inform MSFD 
descriptors related to biodiversity, commercial species, food-web
structure, seafloor integrity, marine litter, and hydrographic condi-
tions [42]. The same datasets can be mapped onto EOVs and EBVs 
within global ocean observing system (GOOS) frameworks [43].  By  
deploying comparable sensor suites across multiple WEC sites, 
datasets become interoperable and geographical ly scalable, sup-
porting cross-regional assessments and feedback loops between
monitoring outcomes and policy evolution.

5. IoT framework and data-communication strategies

WEC-sustained observatories should be endowed with a certain 
degree of onboard intelligence, provided that suitable levels of 
power availability can be ensured to support the computational
demands associated with edge-level data processing. Sustaining
autonomy in remote marine environments requires an IoT archi-
tecture spanning the edge–cloud continuum [44], capable of sup-
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porting not only data transmission but also distributed 
intelligence, adaptive system control, and automated ecological 
assessment. Within this framework, AI plays a central role in trans-
forming raw sensor data into policy-relevant ecological indicators
while operating under strict energy and communication
constraints.

At the edge layer, observatories are equipped with onboard pro-
cessing units running energy-efficient AI models optimized for 
underwater conditions (e.g., low light, turbidity, and biofouling). 
Convolutional neural networks and lightweight object-detection
architectures enable automated image processing, including indi-
vidual detection, species classification, size estimation, and behav-
ioral annotation directly from video streams [45]. Robust 
performance must also be ensured under variable underwater 
imaging conditions (e.g., turbidity, illuminat ion variability, and
biofouling), which directly affect model reliability and inference
stability.

Representative approaches include You-Only-Look-Once 
(YOLO)-based object detection, convolutional classifiers, and 
time-series aggregation pipelines for automated indicator extrac-
tion, implemented through energy-aware inference and model-
compression techniques. This local processing allows the genera-
tion of preliminary biological metrics (e.g., time series of fish spe-
cies counts, activity and patterns, and encounter rates) in near real 
time, while significantly reducing the volume of data requiring 
transmission to shore-based infrastructures. These operations are
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constrained by limited onboard computing resources and strict 
energy budgets, requiring lightweight models, compression tech-
niques, and scheduling strategies that balance inference accuracy 
with latency and power consumption. Only images or clips associ-
ated with detected events, rare species, invasive taxa, or low-con-
fidence classifications are prioritized for transmission, enabling
energy-aware and bandwidth-efficient operation.

Beyond image processing, automated pipelines for indicator 
computation can be deployed at the edge, where time series of bio-
logical observations are continuously updated and aggregated into 
higher-level ecological descriptors. These pipelines permit the 
onsite derivation of intermediate indicators linked to MSFD 
descriptors, EOVs, and emerging EBVs, supporting the rapid assess-
ment of ecosystem states and trends. From a system-engineering
perspective, edge-level AI can also enable adaptive observatory
functioning, dynamically adjusting the sampling frequency, sensor
activation, or image-acquisition protocols in response to detected
ecological events, environmental thresholds, or available energy
levels [46]. 

The cloud layer complements these capabilities by providing 
scalable computing resources for advanced analytics, long-term 
data integration, and model governance. Data streams received 
from multiple observatories are fused to compute spatially explicit 
indicators, assess regional trends, and support cross-site compar-
isons. Cloud-based AI workflows handle model retraining, uncer-
tainty quantification, and long-tail correction, ensuring
robustness against concept drift driven by seasonal community
turnover, habitat changes, or shifts in optical conditions [47,48]. 
Updated models and parameter sets are then redistributed to edge 
devices, establishing a continuous learning loop between offshore 
observatories and central shore-based servers within a closed 
edge–cloud control architecture. This architecture enables compu-
tationally intensive tasks to be offloaded to shore-based servers,
preserving onboard energy while maintaining system
responsiveness.

This bidirectional IoT dialogue enables observatories to function 
as self-adaptive learning systems, where local decision-making is 
informed by global context and vice versa. Additional benefits 
include predictive maintenance and system reliability enhance-
ment through AI-based detection of sensor drift or biofouling, 
automated quality control of biological data streams, and synchro-
nization with regional and European observatory infrastructures.
Prototypes of this integrated IoT–AI framework can be demon-
strated in instrumented environments such as the Observatori
Submarí d’Emissions Acústiques (OBSEA) facility [22,49–51], 
which provides continuous biological, oceanographic, and meteo-
rological measurements to support the evaluation of long-term 
ecological impacts of renewable-energy infrastructures and associ-
ated restoration strategies [52,53]. 

While illustrated here through a cabled IoT implementation at 
OBSEA, the same policy-driven, edge-enabled architectural princi-
ples directly inform the design of fully energy-autonomous obser-
vatories, where local power harvesting substitutes for permanent
cabling without altering the intelligence, interoperability, or policy
relevance of the monitoring framework.

6. Experimental evaluation of the design

WEC-based observatories and their associated anchoring sys-
tems are typically evaluated experimentally at towing tanks to
investigate their operability under realistic wave conditions [54]. 
An appropriate model scale is selected to approach the actual sea 
environment in the area of deployment. Scale ratios are selected
to preserve the dominant hydrodynamic response and mooring
dynamics under representative site-specific wave conditions. Geo-
4

metric, kinematic, and dynamic similarity are generally required to 
ensure a reliable simulation of the coupled hydrodynamic and
mooring response.

The scope of such experimental evaluations is to characterize 
the dynamic behavior of the design under prevailing and extreme 
wave conditions. The dynamic behavior of the system (i.e., the 
buoy motions under the actions of the waves) is a key factor in 
the robust prediction of the efficiency of the wave energy device 
and the survivability of the system when subjected to the struc-
tural loadings induced by severe sea states. The non-dimensional 
response amplitude operators (RAOs) derived from model-scale 
experiments can be used to ensure the operability of the system 
under prevailing sea conditions, while in situ trials are typically 
required to determine the amenability of the system to extreme 
waves conditions, due to the strong non-linear nature of extreme
conditions. These trials are used to assess survivability margins
under low-frequency, high-load events. The measurement of the
tension in the mooring lines is a crucial engineering metric for
the mooring’s long-lasting performance under both mild and sev-
ere sea conditions. In practice, this is typically achieved using
inline load cells or equivalent tension sensors during model-scale
or in situ tests. From a design perspective, these measurements
inform the verification of load margins, fatigue resistance, and
overall system survivability, supporting the transition from con-
ceptual design to deployable observatory configurations.
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