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Abstract: Monitoring of aquatic ecosystems has been historically accomplished by intensive cam-
paigns of direct measurements (by probes and other boat instruments) and indirect extensive methods
such as aero-photogrammetry and satellite detection. These measurements characterized the research
in the last century, with significant but limited improvements within those technological boundaries.
The newest advances in the field of smart devices and increased networking capabilities provided by
emerging tools, such as the Internet of Things (IoT), offer increasing opportunities to provide accurate
and precise measurements over larger areas. These perspectives also correspond to an increasing
need to promptly respond to frequent catastrophic impacts produced by drilling stations and intense
transportation activities of dangerous materials over ocean routes. The shape of coastal ecosystems
continuously varies due to increasing anthropic activities and climatic changes, aside from touristic
activities, industrial impacts, and conservation practices. Smart buoy networks (SBNs), autonomous
underwater vehicles (AUVs), and multi-sensor microsystems (MSMs) such as smart cable water
(SCW) are able to learn specific patterns of ecological conditions, along with electronic “noses”,
permitting them to set innovative low-cost monitoring stations reacting in real time to the signals of
marine environments by autonomously adapting their monitoring programs and eventually sending
alarm messages to prompt human intervention. These opportunities, according to multimodal sce-
narios, are dramatically changing both the coastal monitoring operations and the investigations over
large oceanic areas by yielding huge amounts of information and partially computing them in order
to provide intelligent responses. However, the major effects of these tools on the management of
marine environments are still to be realized, and they are likely to become evident in the next decade.
In this review, we examined from an ecological perspective the most striking innovations applied
by various research groups around the world and analyzed their advantages and limits to depict
scenarios of monitoring activities made possible for the next decade.

Keywords: IoT; buoy; aquaculture; coastal; connectivity; transmission; real time; network

1. Current Policies for Environmental Monitoring and Conservation

The monitoring of marine environments has attracted increasing attention due to the
growing concerns about climate change, along with intensified transportation activities,
possibly producing direct, indirect, and stochastic impacts. In fact, a key challenge in
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contemporary ecology and conservation management is the accuracy of tracking of the
spatial distribution of human impacts, including oil spills and chemical pollution, along
with the evaluation of environmental quality and fishery activities [1]. Automation is
an important part of the new generation of information technology, and it represents
the ultimate achievement in the development of ocean monitoring programs. Various
emerging technologies developed in the last decade include smart devices for the collection
of information and their sharing over networks, as well as emerging technologies such as
the Internet of Things (IoT), often foreseen as the future solution to an intelligent monitoring
assembly [2].

The systems currently in use generally consist of observatories connected to a network
system lying on the seafloor or connected to the surface by, for example, a buoy. In the
first case, an example of a stable observatory is the Dense Ocean Floor Network System
for Earthquakes and Tsunamis (DONET) by the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC). DONET is a submarine-cabled real-time seafloor observatory
network intended for large-scale research and earthquake and tsunami monitoring. The
program, which began in 2006, consists of several phases involving an increase in the
number of observatories.

This system concept consists of a high-reliability backbone cable, which provides
the power line and the communications channel, connecting several nodes with different
measurement instruments [3].

Buoy systems are widely applied as well to monitor ocean environments, and me-
teorological and oceanographic instrumentation platforms able to share meteorological
and environmental data in real time are critical to promptly respond to critical events. The
development of newer buoys is able to improve early detection and real-time reporting
of events in the open oceans, which is fundamental for the forecasting and reporting of
tsunamis. For example, forecasting and reporting of tsunamis were made possible by the
development of newer buoys able to improve early detection and real-time reporting of
events in the open oceans [4,5]. Similarly, the realization of systems able to detect the
presence of pollutants in the marine environment (including hydrocarbons, often requiring
prompt reactions due to ship collisions and other disasters) has become extremely com-
plex, involving various technologies and integrated know-how [6] further discussed below.
Stations for deep-ocean assessment and reporting of tsunamis were developed ad hoc by
NOAA (https://www.ndbc.noaa.gov/dart/dart.shtml; accessed on 30 November 2021)
to acquire critical data for real-time forecasts in key regions [7]. The network is presently
composed of 39 stations (Figure 1). This station system was named DART®, and it consists
of bottom pressure recorders (BPRs) anchored to the seafloor coupled with a companion
moored surface buoy for real-time communications [4]. An acoustic link transmits data
from the BPR on the seafloor to the surface buoy. However, the main constraint for ocean
monitoring systems is represented by communications, because it is almost impossible to
deliver the measured data to remote monitoring sites without the aid of satellite commu-
nications [8]. To extend the communication coverage of a buoy network, a wireless mesh
network (WMN) can be adopted (i.e., a communication network containing multiple radio
nodes consisting of mesh routers and clients organized into a mesh topology). Since mesh
routers can forward a message deriving from other nodes (even outside the transmission
coverage of their destination), a multi-hop relay network (MHRN) may be arranged. An
MHRN can extend the coverage of wireless communications, and it provides line-of-sight
(LOS) links between couples of nodes. Mesh networks provide many advantages, including
reliability, robustness, self-organization, and self-configuration [9].

https://www.ndbc.noaa.gov/dart/dart.shtml
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methods in order to highlight new trends and modern perspectives on the study of coastal 
and offshore environments, which are changing fast due the introduction of important 
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monitoring and immediate answers to critical events. 
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Figure 1. DART System set by NOAA (from www.noaa.gov, modified; accessed on 31 July 2021),
containing 39 special stations transmitting GNSS data using bidirectional communications.

Thus far, it is evident that marine monitoring of natural environments is a tremen-
dously wide field of study, taking advantage of various disciplines and comprising several
aspects including the biology of species, the ecology of aquatic environments, the technol-
ogy of new devices, and the chemistry of water as revealed by probes, with the inclusion of
newer smart tools for detection and transmission. A complete analysis of all these aspects
cannot be achieved and discussed within a single literature synthesis. For this reason,
here we analyze the current literature to present several (but not necessarily all) recently
developed methodologies and technologies to improve marine monitoring methods in
order to highlight new trends and modern perspectives on the study of coastal and offshore
environments, which are changing fast due the introduction of important innovations. In
addition, we introduce some newly developed tools and experimental data collected at our
laboratory in order to broaden the analysis of coastal tools with the introduction of smart
sensors and autonomous monitoring buoys, facilitating video monitoring and immediate
answers to critical events.

2. Sensing and e-Noses

The technological limits of probes and transmission devices must be taken into account
when planning innovative monitoring stations and vessels. Some critical issues impose spe-
cific requirements for probes and monitoring stations, including simplicity, autonomy [10],
adaptability, scalability, and robustness [11]. Some features should be assured due to the
harsh characteristics of the marine environments [12]. Among these, we need to address
the following specifically [13]:

• Self-standing devices: equipment should be designed against possible acts of vandal-
ism, which are more frequent than commonly expected;

• Hardware robustness: all equipment needs strong resistance due to currents, waves,
tides, typhoons, and other physical impacts producing frequent aggressions to weak
structures;

• Salinity: sensor and actuator nodes need to have very high levels of robustness against
corrosion and be adapted to a high electrical resistance to the medium;

www.noaa.gov
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• Stability of communications: specific techniques must be adapted to bad weather
conditions (that can affect the stability of radio signals) and to the oscillation of the
antennas due to waves and storms, which can cause unstable communications [14];

• Costs: energy storage and collection (eventually using energy accumulators) must be
considered due to long communication distances and the need for probe functioning,
data storage and transmission, and ultimately motion structures;

• Distance between receiving stations and buoy or mooring devices: sensor coverage
needs to be carefully calculated because of the large areas often covered by a monitor-
ing network [15];

• Stationary position: in the case of both fixed buoys and autonomous vehicles, the
position of the sensor nodes should be assured, and its location should be assessed
with high reliability because of the continuous movement in the fluid environment;

• The optical signal response is too low when compared with other targets and that one
may have under certain circumstances of vegetation, soils, and also strong geometric
effects (e.g., sun-view angle effects from optical data).

For these reasons, various monitoring systems have been developed in different areas,
also according to the specific variables under analysis. Among them, the most powerful
approaches employed to obtain sensitive data and rapidly compute them include synthetic
aperture radar (SAR) [16], computer-aided imaging, and network analysis [17]. All these
approaches account for some critical issues, including low detection capability (i.e., when
wind speeds that are too low or too high influence the functioning of the SAR) or worse
functioning during given times (e.g., at night, when sunlight is not available). In addition,
both in oceanic environments and in coastal areas, hyperspectral and thermal imaging [18]
and hydrodynamic mathematical modeling of stationary phenomena [19] may represent a
possible solution.

Among the most modern and powerful systems, however, we must consider the
chemical sensors for electronic nose-like systems [20–22]. Recently, a smart system based
on electronic noses able to monitor the presence of pollutants (particularly hydrocarbons)
on the sea surface was proposed [20]. The system was suggested to be employed, to-
gether with traditional methods, for a complete and exhaustive analysis of the marine
pollution caused by hydrocarbons. It is composed of an array of sensors, a flow cham-
ber, and electronics, and it was initially tested at the laboratory bench and then in the
sea, demonstrating its efficiency and reliability in the detection of hydrocarbon pollutants
present on the surface. It allows for an early intervention strategy from designated en-
tities, as well as from the autonomous underwater vehicles (AUVs) themselves, when
equipped for these circumstances. In addition, an e-nose-like technology may be inte-
grated into an AUV in order to perform a dynamic check of the pollution status over a
given area, and this possibility is increasingly stimulating various research groups because
various noses are presently under study for implementation into smart vehicles able to
independently monitor large coastal and oceanic areas [23–25]. This extension to the basic
functions of AUVs was also performed by earlier prototypes [6], and it could embody an
invaluable innovative contribution to the prevention strategies presently adopted through-
out the world in this field, possibly establishing the basis for future multimodal marine
monitoring implementations.

A number of different approaches have been employed to provide real-time acquisi-
tion of environmental data, especially to provide immediate reaction to incidents involving
petroleum tanks or oil spills in coastal or oceanic areas, where continuous monitoring
may be limited by economic or technical constraints [16]. Spills or leaks, as well as acci-
dents [26,27], can induce dramatic consequences on the marine environments, and their
immediate localization (followed by restoration activities) is critical to reduce long-term
impacts over the marine biota. In these cases, various monitoring approaches have been
widely applied in the past, such as hyperspectral and thermal imaging [18] and hydrody-
namic mathematical modelling [19]. However, these large-scale approaches exhibit some
limitations when the pollution sources are of a small size and the waves of pollution have



J. Mar. Sci. Eng. 2022, 10, 297 5 of 26

not yet been distributed over larger areas. In addition, weather conditions and light avail-
ability may drastically reduce their detection capabilities. To this end, newer intelligent
technologies primed the development of AUVs (described in the next paragraph), indepen-
dently sailing over large areas and able to ride out customized or pre-loaded explorations
according to the needs of scientists and administrators [6]. This innovative approach is
based on signals produced by electrochemical sensors reacting to the presence of possible
pollutants [22], the signal of which is immediately sent to reference stations where the
signal may be interpreted and eventually converted into an alert message, prompting the
intervention of specialized personnel to assure marine environment preservation.

In parallel to atmospheric issues, as mentioned above, hydrocarbon pollution is one of
the most serious concerns for the health of marine ecosystems, and the strategies for its
timely monitoring have grown in complexity and number in the last decade. To this end, an
AUV equipped with an e-nose-like system was proposed [20], employing sensors set both
at the laboratory bench and at sea. The results confirmed the feasibility of the approach
and the good reliability of the data acquired, confirming the possible employment of this
system within an integrated marine monitoring tool.

The high costs of offshore mooring systems and traditional oceanographic cruises have
suggested the use of innovative technologies, often based on intelligent devices and small
monitoring platforms automatically collecting a wide range of environmental and meteoro-
logical data [28]. These approaches reached lower costs thanks to the new opportunities
offered by emergent tools, representing cost-effective solutions to the need of modularity,
flexibility, and real-time observing systems. Their affordability is guaranteed by the efforts
dedicated to the design, development, and realization of new oceanographic devices, lead-
ing to rapid advances in the fields of probes and intelligent vehicles. In addition, innovative
molecular technologies tremendously improved biodiversity studies, particularly in the
case of microbes, rare species, “soft species” (or extremely small species), and cryptic
species (to be studied combining molecular and morphological information [29,30], while
new sensors and in situ technologies are being applied to the identification of life forms in
remote deep-sea habitats [31,32].

In general terms, e-nose technologies are based on arrays of sensors connected to
specific unit boards able to analyze the sensor’s signals, compare their results, and compute
an answer according to pollution thresholds set by the user. For some applications, photo-
ionization detectors were employed, whose driving force relies on vacuum ultra-violet
radiation capable of ionizing the volatile organic compounds (VOCs) contained in the air
over the seawater [6]. In this case, the sensors do not analyze the chemical or physical
properties of the seawater. They detect the VOCs present in the air immediately over
the water surface, just like a “nose” exploring large areas along the coastline searching
for the “smell” of petrol [20]. For these applications, a concentration of 100 ppm of each
hydrocarbon among the ones most frequently present in polluted seas (e.g., gasoline,
kerosene, diesel fuel, and crude oil) is considered sufficient [26,27]. The smart modules
employed for these purposes are normally trained to evaluate the responses of various
probes after the determination of the most relevant features among all the data collected by
e-noses by means of principal component analysis (PCA). Using this system, the detected
stimuli may be classified according to different levels of warning, depending on the intensity
of the concentration of pollutants.

3. Autonomous Vehicles and Monitoring Platforms

Unmanned vehicles (UMVs) represent a significant innovation, improving the quality,
affordability, and costs of environmental monitoring (Table 1). They are also used in the
military field for the inspection of areas and targets of strategic interest [33], and they
are divided into three kinds: AUVs, autonomous surface vehicles (ASVs), and remotely
operated underwater vehicles (ROUVs). These vehicles can be also deployed in the air
(unmanned aerial systems (UASs)), at the sea’s surface (ASVs, also known as unmanned
surface vessels (USVs)), or in the water column (AUVs). UMVs have various applications,
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such as gathering oceanographic and meteorological data [34–39] and monitoring sea
ice [40] and wildlife [41–44]. Most ROUVs are equipped with at least a video camera and
lights. The main difference between these types is that an operator controls the ROUV,
while AUVs and ASVs operate autonomously. Thus, some innovative vehicles are capable
of sensing the environment and navigating on their own. UMVs include semi-submersibles
and unmanned surface crafts.

Table 1. Features of unmanned vehicles (UMVs) classified according to the types (unmanned aerial
system (UAS), autonomous surface vehicle or unmanned surface vessel (ASV/USV), autonomous
underwater vessel (AUV), remotely operated underwater vessel (ROUV), and gliders). The main
features are indicated in terms of environment explored, control, navigation system, and propul-
sion type.

Operates Controlled by Navigation System Propulsion

UMV In Air Water
Surface

Under
Water Operator Independent GPS

Navigation
e-

Compass Propellers Variable
Buoyancy

UAS X X X X X
ASV/USV X X X X

AUV X X X X
ROUV X X X X
Glider X X X X X X X

The advantage, with respect to aerial photogrammetry and other large-scale moni-
toring approaches, is that the measures are quite direct, punctual, and characterized by
precision and accuracy, even if large territories may be explored for longer times by smart
AUVs. Their employment in association with other classical monitoring systems can in-
crease accuracy and efficiency, because the movements of autonomous vehicles can be
semi-randomly influenced by alarms sent by satellites or other monitoring sources, modi-
fying the programmed maps of cruises. Such systems may also find wide application in
critical coastal zones, such as in marine protected areas (MPAs), because they are left free to
iteratively explore transects and continuously transfer to reference centers (on land) signals
of “all normal” conditions or, alternatively, warning messages prompting immediate in-
spection by coastal guards or other marine authorities [45–47]. Several MPAs have been set
in Europe in the last decade after the evaluation of marine sites of ecological interest [48],
where ship transits are totally or partially forbidden, and consequently, oil spills should be
avoided. Since continuous and punctual environmental monitoring in these areas is critical,
automation of smart monitoring activities may represent an obvious solution.

AUVs are widely used for monitoring survey and data collection. They can be
equipped with various types of sensors, such as sonar, video cameras, and the means
for measuring conductivity, temperature, pressure, and salinity, among other factors. AUVs
collect information through sensors. Parameters such as the water temperature and speed
are simply measured and easily interpreted. Other types of data are more complex to
collect and analyze because they require further interpretation to convert the records into
meaningful information. Therefore, the selection of sensors is important for successful
detection. Equally important is the diagnosis of the problem, which requires the ability to
analyze and interpret the data collected by eliminating sensor noise and therefore making
the data reliable [49–52]. They have the advantage of huge spatial coverage, but they
are limited by a small resolution [53]. The risk is that the collected data might not be
representative from a temporal point of view. As part of the research, they can be involved
in data collection for bathymetric and magnetic fields and conformation of the seabed [54].
They are also used for the evaluation of water parameters in specific locations, such as
in the areas surrounding hydrothermal processes or coral reefs [55]. Currently, they find
application in various fields ranging from scientific research to industrial purposes. In
industrial applications, AUVs are used for the monitoring and maintenance management
of oil, gas ducts, and electrical lines [56]. Evidently, AUVs and ASVs represent the most
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recent advances in the field of smart tools compared with ROUVs, which were introduced
several decades ago and have been improved in terms of efficiency and cost in the last
few years. Additional equipment is commonly added to expand the vehicle’s capabilities.
These may include sonars, magnetometers, a still camera, a manipulator or cutting arm,
water samplers, and instruments that measure the water clarity, water temperature, water
density, sound velocity, light penetration, and temperature [57].

ASVs and AUVs suitable for marine monitoring can vary from relatively small vehicles
lifted by one or two persons and deployed from a small inflatable boat to large diesel-
powered surface vessels [58]. In particular, smaller vessels are able to operate with a high
level of autonomy and are also capable of staying at sea for several months. In contrast,
larger surface vehicles often tend to be more tightly controlled. Surface vehicles have
the advantage of being able to continuously receive GPS position data while navigating,
and their locations can be accurately recorded at all times. Subsurface vehicles do not
receive GPS data while they are immersed and therefore must generally rely on depth
measurements and dead reckoning using electronic compasses [59,60]. Moreover, ASVs
can operate safely in hazardous locations and at night and can cover much larger areas,
mitigating the risk of crew fatigue. In some cases, they can independently operate off large
ships [61].

ASVs started to be developed at an academic level in 1993, when the MIT presented its
first vessel, called ARTEMIS [62,63]. The newer ASV, called the Shallow Water Autonomous
Multipurpose Platform (SWAMP), is a full-electric catamaran built with the purpose of be-
ing a modular multi-functional vehicle, having several applications for a range of missions,
such as geomorphological analysis, water sampling, and physical and chemical data collec-
tion in harsh environments [64]. This vehicle has four thrusters, azimuth pump-jet thrusters
that are flush with the hull, small-draft soft foam, an unsinkable hull structure with high
modularity, and a flexible hardware and software architecture [64]. Generally, USVs are
associated with unmanned surface vehicles (USVs) [65]. Usually, USVs are equipped with
a central processing unit and different memories for saving and providing a preliminary
management of the acquired data (e.g., compression and classification). In addition, batter-
ies and photovoltaic panels are equipped to increase the electrical autonomy as much as
possible, which generally turns out to be one of the major limiting factors [60]. ENDURUNS
is an example of a system that integrates both an AUV and an USV system. The USV is
equipped to support the power requests of both systems with photovoltaic panels and
rechargeable battery packs. The peculiarity of this AUV is the ability to move using two
different modes. The first, thruster mode, allows it to move in a precise and controlled
way to perform transects parallel to the seabed and collect data with great accuracy. The
second mode is called glider mode and allows it to cover larger areas for a longer time, as
consumption is significantly reduced [66–68]. The USV autonomously follows the AUV,
providing information for accurate geo-localization of the acquired data. Data transfers
between the AUV and the USV are realized through acoustics communication or through a
wireless connection [53]. It is also important to establish threshold values at the beginning
of the mission for correct data processing. The last phase is represented by adaptation,
in which the mission plan can be redesigned by changing the detection scheme and the
trajectory of the vehicle [69]. The AUTOSUB Long Range 1500, which is being designed,
built, and operated by the National Oceanography Center, is a highly capable AUV with
the potential of providing measurements that would have been previously impossible to
collect, therefore allowing key advances in marine ecology studies. This vehicle will be
built to be able to reach a depth of 1500 m [70,71].

Finally, an underwater “glider” (Table 1) is a specific type of AUV which employs
variable-buoyancy propulsion instead of traditional propellers or thrusters. It houses
sensors capable of making multidisciplinary oceanographic observations with long-term
deployments (months) and has the ability to cover large distances (hundreds to thousands
of kilometers) because it has significantly greater endurance compared with traditional
AUVs [72]. The typical up-and-down, sawtooth-like profile followed by a glider can
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provide data on temporal and spatial scales unattainable by powered AUVs and which are
much more costly to sample using traditional shipboard techniques. Four commercially
available electric underwater gliders represent the main opportunities in this field: the
Slocum electric [73], the Seaglider [34], the Coastal glider [74], and the Sea Explorer [75].
In addition, other gliders are under development, including Spray [76]. Coastal gliders
are designed to be applied in the littoral zone (they are self-ballasting from essentially
fresh to full ocean water) with a faster maximum speed (2 knots, according to Imlach
and Mahr [74]). The Deep Glider, on the other hand, is designed to operate at depths of
6000 m [77]. These vehicles mostly extract energy from wave motion and convert it directly
into forward motion. The vehicles also use solar or wind power to charge batteries used to
power the navigation systems and the sensor payload.

4. Experimental Data

As mentioned above, the main advantage of coupling e-noses with smart autonomous
vehicles relies on the possible customization of analytical procedures, as well as on the
rapidity in intervention policies suddenly made possible after an accident or any type
of pollution event. Attempts to quantify the ecological effects of special coastal areas,
such as MPAs and MPA networks, are usually hampered by a lack of well-designed
monitoring studies [78,79]. The management plans for an MPA network aim at protecting
and conserving biodiversity and other natural values within protected areas. However,
coastal monitoring in an MPA is not limited to the detection of oil pollution and the
mapping of VOCs, because various ecological descriptors may be crucial to follow the
chemical and physical state of key environments along the coastal waters in a timely
manner [80,81], such as in seagrass meadows and recruitment areas. To this end, we
designed and realized an innovative system for marine environmental monitoring whose
main features are represented by the employment of an innovative probe carried aboard a
smart ASV (Figure 2). Although the realization of the monitoring system is still in progress,
it may be worth it to present the data obtained to date as a preliminary description of
these innovative tools based on the newest technologies appearing on the market. In
particular, we designed the prototype of a simple and inexpensive floating ASV able to
independently move within an MPA located around the Isand of Ischia and send real-time
data to a land-based station located at the local laboratory of Stazione Zoologica Anton
Dohrn. The floating ASV was equipped with three electric propellers mounted under a
floating plastic base, containing a glass bell that protected the main components. One of
the main innovations was represented by the presence of pioneering probe technology.

The probe was a multi-metal detector produced by SensiChips [82], named “smart
cable water” (SCW), based on the impedance generated by the presence of various pollu-
tants. Such probes must be trained prior to be applied for ecological purposes, because
their reactions to patterns of various substances are singular and not-linear. In this light,
they represent a complex though interesting means to afford biomonitoring of coastal
ecosystems. SCW is a multi-sensor microsystem (MSM) produced to monitor the presence
of toxic chemicals (TICs), pollutants, hydrocarbons, and organics in water [83,84]. At the
core of SCW there is SENSIPLUS, a microsensor platform which can interrogate on-chip
and off-chip sensors with its versatile electrical impedance spectrometer (EIS) and potentio-
stat. Analyses performed with EIS allow for exploiting the RedOx dynamics of catalytic
noble metals to aid the fine discrimination of chemicals along with the measurement of the
conductivity and permittivity spectra. The on-chip potentiostat is used for a number of
voltammetric or amperometric measurements and real-time discrimination of pollutants.

By cycling the electrodes with overvoltage, the device prevents or mitigates the forma-
tion of biofouling. Consequently, SCW may be considered a reliable multiparametric water
analysis microsystem. Thanks to its analytical instruments and availability of catalytic
interdigitated electrodes, SCW (Table 2) also represents an experimental microsystem for
discriminative measurements (Figure 3).
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Table 2. Technical specifications of SCW used for our smart monitoring test.

ELECTRICAL

Supply voltage 1.5–3.6 V
Max current 0.4 mA continuous when reading on-chip sensors with EIS
Size 12 × 15 mm, 3 mm thickness

Interface I2C or SENSIBUS, single data wire multidrop sensor array
cable interface, 1.5–3.6 V

Unique identifier OTP 48 bits unique device identifier, 16 bits user-defined

ELECTRICAL IMPEDANCE SPECTROSCOPY

Frequency From 3.1 mHz to 1.2 MHz
Vpp output sinewave From 156 mV to 2.8 Vpp
Coherent demodulation 1st, 2nd, or 3rd harmonic
Output Reciprocal of real or imagery component
Wide measurement range From ohms to 100 MΩ

TEMPERATURE

Range −40–125 ◦C
Accuracy ±0.1 ◦C
Thermodynamics Calorimetry, enthalpy, and exothermic or endothermic

ELECTROCHEMICAL METHODS

pH From 3 to 14, potential of platinum vs. clads-platinum
ORP Total oxidation and reduction potentials
RedOx Reduction or oxidation activity (free chlorine, hardness)
Voltammetry Specific reduction or oxidation potentials
Anodic stripping voltammetry Measures heavy metals
Electro-catalysis Noble metal IDEs measure current specifically

IMPEDANCE METHODS

Conductivity spectroscopy Resistivity, salinity, EC, TDS, and absorption dynamics

Dielectric spectroscopy Turbidity, SS, biomass total and active, and hydrocarbon
detection
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As mentioned above, an SCW needs to be trained to recognize pollutants and other
substances of ecological interest. For this purpose, various amounts of key compounds
(such as nitrogen and phosphorus compounds) were tested and used to calibrate the
probe. Our results indicate that low amounts of important pollutants were detected by the
instrument, but a full set of permutated measurements is needed to train the instrument to
recognize compounds in any pattern of reciprocal concentrations.

Another constraint is represented by the oxidizing power of the seawater, because
continuous immersion in water rich in NaCl produces fast deterioration of some of the
metal plates, drastically reducing the performance, as demonstrated by our tests. For this
reason, the SCW was mounted over the ASV by means of an immersion device able to
move the SCW up and down at various time intervals, protecting it with frequent washes
in distilled water followed by mopping and drying of its surface. However, this SCW-
equipped ASV was demonstrated to be quite promising for coastal monitoring, because its
performance may improve through auto-training and also because of the easy installation
over small smart vehicles wirelessly connected to the control stations on land.

5. Autonomous Monitoring Networks

The increase in the exploitation of marine resources enforces the necessity to develop
new methods of environmental monitoring which, with the integration of new technologies,
make the reaching of new frontiers possible in the field of biological features, namely for
environmental, physical, and chemical parameters and sampling surveys [85]. In fact, in
recent years, several projects had the goal of identifying new tools for the optimization of
monitoring and sampling techniques for the improved assessment of an environmental sta-
tus, which is the basis of several international management policies [86,87]. The conception
of new models of structures for data collection is necessary to cope with the different types
of marine environments in which the survey is carried out to increase the operational range
either in time or space [64]. While multiparametric cabled bases are a well-proven solution
for the remote and continuous monitoring of marine environments [84], the implementa-
tion of more autonomous solutions is an important future prospect to ideally allow data
collection at any depth and distance from the coast. In this light, network complementation
with surface or aerial (radio frequency transmission) and underwater (acoustic) video
monitoring may represent the smartest solution.

Video monitoring, in fact, can also be realized by taking advantage of a fixed-point
cabled camera installed over a platform [88] or a mobile underwater television (UWTV)
consisting of a towed camera sled. The sled is positioned on the seabed and dragged along
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a transept. Care must be taken to try to keep the vessel speed stable, as it is affected by
the surface conditions [89]. The advantages of the UWTV solution lay in the fact that if
used properly, it allows for obtaining a relatively constant measurement while being more
accurate and less invasive than trawling surveys. For example, the Scottish government
and Joint Nature Conservation Committee [90] considered the use of UWTVs an excellent
solution to identifying any new areas potentially eligible to become MPAs [91].

Upon the set-up of various autonomous monitoring vehicles (AUVs), a network
composed of AUVs moving around a single buoy may produce timely maps of the marine
areas under control (Figure 4). The network should contain a master buoy equipped with
a wireless link receiving data from the AUVs and, eventually, satellite communication to
an inshore station in order to raise warning signals to the station as well as to check the
real-time evolution of pollution events.
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6. Marine Permanent Infrastructures

Currently, the largest existing networks of underwater observing stations are repre-
sented by permanent infrastructures specifically intended for multidisciplinary monitoring
and research in the fields of geology, oceanography, and ecology. The advantage of perma-
nent infrastructural networks is that they can be connected directly to the coast or through
a succession of nodes [85,86]. Connection by a cable transmission line directly provides
power and real-time data transmission to and from the marine observatory. However,
networks of this magnitude are very expensive.

The operation costs for this kind of infrastructure are really high, considering the
involvement of suitable ships and specialized equipment. Moreover, given the complexity
and multidisciplinary nature of the projects, the use of specialized personnel is required in
various areas, such as engineers, marine scientists, and data analysts [85,92]. Although the
possibility of having a connection with the shore confers numerous advantages by finding
an easy solution to the problems of energy supply and data transmission, at the same time,
these prove to be a limit if the site of interest is not close enough to the coast [93]. Permanent
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structures tend to also be limited due to their restricted spatial coverage and unpredictable
bias in monitoring results that can be influenced by the infrastructure’s presence [68].
To overcome these limitations, most of these infrastructures are integrated with mobile
nodes that allow observations to be extended over a much larger area, taking into account
different geographical gradients and different depths. A network designed by different
nodes, including mobile ones, allows for collecting data in a more extensive and continuous
way, making it possible to follow animal movement across different spatial gradients [94]
and energy flux interchanges [95]. The data collected are transmitted through a cyber
infrastructure, making it possible for anyone with an Internet connection to download the
data in real time. Raw data are archived and read by a system code that separates them into
data streams based on the content. According to the requirements, multiple levels of data
products are processed with different algorithms to make them easier to consult at different
levels of complexity. Each platform hosts several integrated scientific instruments, and they
can contain multiple “nodes” to which the integrated instruments are attached, as well as a
means for transmitting the data to the shore. Some examples of cabled observatories that
integrate remote control systems and interactive sensors are the following.

The Ocean Networks of Canada (ONC) [96] is a research facility hosted and owned
by the University of Victoria. This network operates with several ocean observatories in
the deep ocean and coastal waters of Canada from the west and east coasts and the Arctic.
It continuously collects data in real time, which are made available for scientific research,
governments, and industry. Through the use of cabled observatories and remote-control
systems, the ONC enables the development of several projects [97].

NEPTUNE is among the largest observatories. This observatory has several nodes,
with various cabled instrument platforms and mobile crawlers that can cover around 15 km
of linear distance with a depth oscillation of about 500 m [85]. This observatory is equipped
with various instruments that can be used in different applications, such as a seismograph
to monitor earthquake activity, bottom pressure recorders for real-time tsunami monitor-
ing systems around the world, and specialized hydrophones to track marine mammals’
activities [98,99] and investigate how they are influenced by human activities. Specialized
sensors, cameras, and remotely controlled sampling devices make NEPTUNE’s site easily
adaptable for monitoring [98] commercially relevant fishery resources (such as the sablefish
Anoplopoma fimbria) with life cycles that involve small-scale and large-scale geographic
movements with both vertical and horizontal changes [100,101].

The American Ocean Observatory Initiative (OOI) funded by the National Science
Foundation was designed as a long-term project to collect ocean data. The Ocean Obser-
vatories Initiative is made up of five major research components with several associated
arrays located in the northern and southern Atlantic and Pacific according to the demand
of the scientific community. Each array is composed of fixed and mobile platforms [102]. A
platform can be stable, fixed, or mobile. Mobile components can move up and down in
the water column or be a glider, which is able to move in three dimensions. Each platform
hosts several integrated scientific instruments and can contain multiple “nodes” to which
the integrated instruments are attached, as well as a means for transmitting the data to
the shore. The OOI instrumentation is involved in the support of several research projects,
including climate variability, ocean food webs, biogeochemical cycles, and coastal ocean
dynamics and ecosystems.

The European Multidisciplinary Seafloor and water column Observatory (EMSO) [103]
consists of a system of regional observatories located at key sites around Europe. Each
platform is equipped with multiple sensors sited along the water column and on the
seafloor. They constantly measure different parameters. Data are collected and available to
different users, from scientists and industries to institutions and policy makers [104]. The
EMSO infrastructure range runs at the European scale from the coastal area to the deep sea
and open ocean, operating with both stand-alone observing systems and nodes connected
to shore stations through fiber optic cable [105]. The data in both cases are transmitted in
real time either through the cables or through acoustic networks featured by satellite-linked
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buoys [106]. Data are collected from the surface of the ocean to the seafloor. In addition to
generic sensors, specific modules with different instrument combinations are deployed to
be able to respond to specific objectives [107]. Many physical and biological applications
require observation of the physical and ecological parameters (such as concentrations
of oxygen and chlorophyll) at high-resolution time series data over long periods. Other
systems for marine ecological research require photo and video imaging, acoustic recording,
and in situ collections [65–85].

KM3NeT is a research infrastructure located in the Mediterranean Sea which houses
the next-generation neutrino telescopes. Still nearing completion, this structure aims to have
a detector volume of several cubic kilometers of clear seawater [108]. The main purpose
of this project is to allow an innovative framework for studying neutrinos from distant
astrophysical sources. Nonetheless, given the arrays of thousands of sensor modules, this
research infrastructure will also house instrumentation for other scientific investigations
for long-term and online monitoring that may find application in such fields as marine
biology, oceanography, and geophysics [108].

The Joint European Research Infrastructure of Coastal Observatories (JERICO) is a net-
work of coastal observatories providing a European Research Infrastructure (RI) dedicated
to the observation and monitoring of marine coastal seas to provide high-quality environ-
mental data as tools for scientific researchers and societal and policy needs [109,110]. It
comprises JERICO-S3. In parallel, JERICO-RI is an integrated pan-European multidisci-
plinary and multi-platform research infrastructure dedicated to the assessment of changes
in the coastal marine system. JERICO-S3 officially started in 2020, entitled Marine coastal
observatories, facilities, expertise, and data for Europe. Its aim is to be involved in the
cooperation of coastal observatories in Europe by the implementation and improvement
of the coastal structures of a European Ocean Observing System and to cooperate with
other European initiatives. There are currently 10 structures between the different partner
nations. These facilities provide wired observatories, AUVs, fixed and multi-platform
structures, and calibration laboratories to allow the carrying out of different projects [111].
An example of some of these projects currently underway is the study focused on Algerian
Basin (AB) circulation through the monitoring line ABACUS [112] through the AB between
Palma de Mallorca and the southern part of the basin [113]. These projects involve partners
both public (e.g., university and research institutes) and private (e.g., private non-profit
research institutes) from European and non-European countries.

7. IoT Hardware Modules

The European Research Cluster of the Internet of Things defined the IoT as a technolog-
ical revolution, consisting of a dynamic global network infrastructure with self-configuring
capabilities. It is based on standard and interoperable communication protocols. In this
system, physical and virtual “things” have identities, physical attributes, and virtual
personalities, and they use intelligent interfaces natively integrated into an information
network [114]. The IoT is characterized by the integration of various devices equipped
with sensing, identification, processing, communication, actuation, and networking capa-
bilities [115] (Figure 5).

The term Internet of Things was initially created in 1999 by Kevin Ashton, an expert
in digital innovation [117]. IoTes (i.e., the “objects” taking part of the network) can be
variously defined. Firstly, IoTes can be defined as intelligent objects, or “things having
identities and virtual personalities” operating in smart spaces and using intelligent inter-
faces to connect and communicate within social, environmental, and user contexts [118].
IoTes are also considered an extension of the Internet with objects, devices, sensors, and
items not ordinarily considered computers [119]. In addition, the IoT is understood as
a global network infrastructure linking physical and virtual objects (IoTes) through the
exploitation of data capture and communication capabilities [120]. Finally, the IoT can be
regarded as a way to promote information interaction by linking people, things, and objects
autonomously and intelligently without any temporal or spatial constraints [121,122].
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Even if the IoT and IoTes are still evolving, their effects are beginning to be seen and are
making great strides, offering universal solution media for an interconnected scenario [123].
This is mainly due to the fact that the IoT guarantees high-speed and accurate data with
secure processing and an improved client or user experience [124,125]. Its development
depends on dynamic technical innovation in a number of important fields, from wireless
sensors to nanotechnology [126]. In fact, the IoT can be applied to various fields of our
daily life, such as eHealth (a relatively recent health care practice supported by electronic
processes and communication) [127], security, entertainment, smart cities, defense, and
many other fields [128]. The IoT can be used to manage soil moisture, irrigation and
drainage systems, and crops in smart farming systems. Finally, the IoT is useful to monitor
the conditions of marine environments, allowing scientists to monitoring such physical
parameters as the water temperature, dissolved oxygen, salinity, pH, and turbidity [129].
Smart health sensors are used to collect human physiology information as well and use
gateways and clouds to analyze and store the information and wirelessly send the analyzed
data to caregivers for further analysis and review [130]. The IoT can also be operated in
smart cities for (1) improving infrastructure, public transportation [125], and electrical
conductivity thanks to smart grids that combine the information and communications
technologies into an electricity network [131] and (2) helping predict natural disasters
with the combination of sensors and their autonomous coordination and simulation [132].
However, the IoT is not limited to public uses. It can also be privately adopted for smart
home and security systems, such as by natively connecting several household devices to
the Internet [133].

Domingo [134] proposed the architecture of an IoT network in three layers: (1) per-
ception, (2) network, and (3) application. The main function of the perception layer is to
identify specific objects and gather information. It is formed mainly by sensors, actuators,
monitoring stations (such as cell phones, tablet PCs, smart phones, and PDAs), nano-nodes,
RFID tags, and readers and writers. Depending on the type of sensor, the information to be
referred can be the location, temperature, orientation, motion, vibration, acceleration, hu-
midity, or chemical changes, among other details. The collected information is then passed
to the network layer for its secure transmission to the information processing system. This
network layer consists of converging, privately owned, wired, or wireless networks where
the transmission technology can be chosen (e.g., 3G, UMTS, Wi-fi, Bluetooth, infrared, or
ZigBee) depending upon the features of sensor devices. Its main function is to transfer the
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information obtained from the perception layer to the middleware layer. It receives the in-
formation from the network layer, stores it in the database, and autonomously makes some
decisions based on the results and the agreed protocols. The application layer provides
global management based on the object’s information processed in the middleware layer.
Finally, the business layer is responsible for the overall management of the IoT system,
including applications and services. In particular, this layer eventually builds management
models, graphs, and flowcharts, and it proposes the future actions and operative strategies
based on the data received from the application layer [132].

Evidently, the IoT represents a future challenge in many technological applications,
minimizing efforts, offering the use of efficient resources, and guaranteeing accurate quality
data and a high speed of reaction. The reliability and validity of the data, performance,
security, and privacy are additional advantages. However, various issues will need to be
addressed in the future, such as privacy issues (hackers can break into the system and steal
the data) and unemployment, because some activities performed by human operators will
be replaced by machines [125,133].

8. The IoT Applied to Marine Environmental Monitoring

IoT-based technologies, as well as wireless sensor networks (WSNs), a subset of
IoT, can be applied to the monitoring and protection of marine environments [13]. In
particular, monitoring activities employing IoT technology can be used for ocean sensing
and monitoring of water quality [134], coral reef protection, offshore and deep-sea fish
farms, and wave and current watching [13].

The development of an adaptive, scalable WSN must foresee such critical properties
as autonomy, scalability, adaptability, durability, and simplicity [135]. On the other hand,
the design and deployment of a lasting and scalable WSN for marine environment moni-
toring should consider all of the following peculiar challenges mentioned in the second
paragraph. Other issues can concern the devices and sensor nodes, which can be highly
reliable because of the difficult deployment and maintenance. In addition, their coverage
needs to be carefully evaluated, because their application over large areas far from direct
control and with expensive, delicate equipment should be protected against possible acts
of vandalism [13,135].

Overall, an online marine monitoring system needs (1) sensors adequate to measure
seawater features, (2) a controller or processor unit to compute the data from sensors, and
(3) communication equipment to send data from the processing unit to the cloud via ground
stations. Sending large amounts of data (as large images or videos) to the cloud requires
the combination of the IoT and cloud computing, because satellite communications may be
expensive, in terms of both money and energy consumed [136,137] (Figure 6), and sensing
stations should be relatively small and light.
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9. Monitoring Applied to Aquaculture and Fishery Productions

Various technological applications of artificial intelligence (AI) were set for improving
the sustainability of monitoring in coastal waters and oceans, as well as in aquaculture and
smart fishery plants, and they are widespread nowadays [138]. In particular, the attention
of scientists in AI-inspired fisheries focused mostly on monitoring the automation of fishery
resources (mainly detection, identification, and classification). However, it is still unclear
how fishers perceive AI needs and how governments exhibit a tangible strategy on the
regulation of AI concerning smart fishery systems to promote the value and potential
of the techniques of AI-inspired fisheries. AI has great influence on catch monitoring
across fishery systems at sea [139], and several AI applications improved fishing activities,
helping the economic evaluation of commercial fleets [140]. In addition, a fishery may be
helped by electronic monitoring of the catch and bycatch [141], as well as the detection
and forecasting of fishing grounds [142], eventually applying mathematical models to
simulate fishing vessel behavior [143]. This also helps to reduce fishery wastes [144] by
optimizing the sorting operations. Finally, automation of the monitoring of illegal fishery
methods [145] is also possible for reducing the negative impacts of fisheries on coastal
areas. The AI technologies of fish farming mainly focus on the means for optimizing the
efficient use of resources in ecosystem management [146]. In several instances, fishery and
ecological monitoring have been strictly interconnected. In fact, sustainable fisheries are
related to environmental monitoring [147]. Various authors stressed the scope of smart
fisheries because of the “epidemic of plastics entering the sea”. This warrants urgent action
if humanity is to stave off a collapse in fish stocks. Additionally, oil spills [148] and global
changes [149], as mentioned above, are topics of great concern [150], prompting not only
issues of environmental conservation but also large impacts on fisheries [151], requiring
accurate and modern monitoring activities. The employment of smart systems able to
autonomously tune their activities according to local perturbations and able to be trained
for the detection of various compounds (both in the water and over the water, evolving
into e-noses) is boosting improvements in various fields of environmental monitoring.
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A special case of monitoring marine environments is the one applied to aquaculture
activities [152,153], primarily because these activities may impact various coastal areas
when practiced in cages, pens, floating tanks, and raceways deployed in open waters [154].
There is great concern about the potential environmental effects of marine finfish cages
on the water quality [155] and a large interest in developing an ecologically responsible
industry [156,157]. Several reviews [158] have broadly addressed this topic [159–161].

In addition, aquaculture ponds may be considered very special marine environments,
and they need continuous monitoring and real-time reactions to negative changes impacting
the organisms contained therein [162]. In addition, in this case, artificial intelligence and
IoT devices may be applied to improve production efficiency and reduce impacts and
risks. In fact, the connection between good environmental conditions and seafood health in
aquaculture has been documented [163–165]. Sea cages can be more than 45 m in diameter
and 30 m deep, and they need frequent inspections. Although a single cage can contain
high value production [166,167], the level of surveillance of the product and of the closer
environments is often low [168]. As for tank aquaculture, various remote sensor systems
were proposed to have a conveyed gathering of sensor hubs organized together and be able
to exchange the crude information up to a base station through an IoT network [169,170].
Using Arduino-like hardware and a few simple probes, automatic farming systems were
developed based on IoT platforms (Figure 7).
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All IoT systems for aquaculture are to be considered smart systems based on intel-
ligent sensors, intelligent processing, and intelligent control. Their functions consist of
data collection, real-time image acquisition, wireless transmission, intelligent processing,
warning messages, and auxiliary decision making [171–173]. Any aquaculture IoT mon-
itoring system fundamentally consists of water quality monitoring stations, including
meteorological stations, water quality control stations, and on-site and remote monitoring
centers. These structures are supported by a central cloud-processing platform [174]. The
water monitoring stations are provided with monitoring sensors and take advantage of
wireless data collection terminals. Local data are collected in ponds and transmitted to
monitoring centers. In particular, such water quality parameters as dissolved oxygen, pH,
and ammonia concentration are key elements to allow prompt answers to production issues.
Generally, weather stations are also used to acquire in real time such meteorological data
as wind speed, wind direction, and air humidity. The system analyzes the relationships
between the water quality parameters and weather changes to predict water quality trends
and ensure the optimal water quality in the culture tanks. The tank controllers include
independent control terminals, an electrical control box, aerators, and other equipment,
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with the control terminal receiving wireless instruction from the control equipment. On-site
and remote monitoring centers based on wireless sensor networks and the Global System
for Mobile Communications (GSM) central servers with central cloud processing platforms
are included, favoring an intelligent control algorithm for water quality to achieve data
acquisition, smart data processing, alarms, and their mailing to human managers [175].
Central cloud processing platforms provide the basis for decision making for farmers by
providing a variety of models and algorithms of quality monitoring, feeding, and pond
management [176]. These strategies reduce the risks of product losses, reduce the pollution
of local environments by increasing the efficiency of culture procedures, and also reduce
the need for using drugs, with obvious advantages for local environments.

10. Conclusions

Environmental monitoring solutions must be adapted to each individual situation,
because communication systems and the rapidity of responses differently influence the
monitoring activities in various environments. Evidently, pollution is concentrated off the
coastal areas [177], where anthropized urban settlements are mainly located and maritime
traffic is intense [178]. In the case of the Mediterranean, for example, which is almost com-
pletely surrounded by lands, ecosystems may be extremely fragile and vulnerable because
their waters are slowly renewable, thus making them sensitive to all kinds of pollutants,
especially when derived from commercial traffic, industrial pollution, or touristic activi-
ties [179]. In parallel, these areas are characterized by valuable and fragile environments
such as seagrass meadows and coralligenous areas [180,181], and they deserve a higher de-
gree of monitoring and conservation practices [182]. This task is partially accomplished by
the institution of MPAs and sanctuaries, but again, they require a higher level of monitoring
and immediate reaction to stresses produced by anthropic activities in order to conserve
key reproductive areas and fragile environments [183,184]. In this case, communications
are not the most important problem, since the presence of coasts closer to the monitoring
areas guarantee a fast transfer of information to the computing centers [176]. In contrast,
oil pollution has become a matter of serious environmental concern in all oceans [26], with
petroleum hydrocarbons (gasoline, kerosene, fuel oil, etc.) penetrating shallow and deeper
environments through spills or leaks, as well as after frequent accidents [27]. Here, the
rapid delivery of signals becomes critical because coastal stations are quite far away, and
satellite communications become indispensable.

An ocean-sensing and monitoring network is a monitoring system that has basically
been applied since the last century because oceanographic and hydrographic research
vessels were previously adopted for this purpose. A water quality monitoring system
usually monitors water conditions and quality, including water temperature, pH, turbidity,
conductivity, and dissolved oxygen (DO) in bays, lakes, rivers, and other water bodies. A
coral reef monitoring system typically monitors coral reef habitats and the surrounding
environments. A marine fish farm monitoring system checks water conditions and quality,
including the temperature and pH. It measures the levels of waste and uneaten feed in
a fish farm, as well as fish conditions and activities including the presence of dead fish.
A wave and current monitoring system measures waves and currents for safe and secure
waterway navigation [13]. The most common tools traditionally used to monitor marine en-
vironments are satellite imagery, underwater devices with various sensors, and buoys [184].
These devices transmit data by means of satellite communications or close-range base
stations, which present several limitations and elevated infrastructure costs. Unmanned
aerial vehicles (UAVs), as described above, are an alternative for remote environmental
monitoring which provides new types of data and ease of use. These techniques are mainly
used in video capture-related applications in its various light spectra and do not provide
the same data as sensing buoys, nor can they be used for extended periods of time [184].
However, it is important to stress that monitoring the marine environment is quite challeng-
ing, because it requires waterproof robust technology to endure the high levels of humidity
and salinity, wave collisions, and extreme weather conditions [135].
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In this light, the development of newer “noses”, coupled with the powerful features of
various kinds of UMVs as classified above, may represent a tremendous innovation toward
the collection of data in an efficient way, with minimum costs and fast delivery of strategic
information. In this review, we have described, from an historical perspective, the main
strategies of monitoring coastal and ocean areas, showing that several smart solutions are
presently available, although most of them still need complete engineering to reach full
applicability, perfect automation, and their best performance.
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