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Abstract: The accelerating rate of the introduction of non-indigenous species (NIS) and the magnitude
of shipping traffic make the Mediterranean Sea a hotspot of biological invasions. For the effective
management of NIS, early detection and intensive monitoring over time and space are essential.
Here, we present an overview of possible applications of citizen science and remote sensing in
monitoring alien seaweeds in the Mediterranean Sea. Citizen science activities, involving the public
(e.g., tourists, fishermen, divers) in the collection of data, have great potential for monitoring NIS.
The innovative methodologies, based on remote sensing techniques coupled with in situ/laboratory
advanced sampling/analysis methods for tracking such species, may be useful and effective tools
for easily assessing NIS distribution patterns and monitoring the space/time changes in habitats
in order to support the sustainable management of the ecosystems. The reported case studies
highlight how these cost-effective systems can be useful complementary tools for monitoring NIS,
especially in marine protected areas, which, despite their fundamental role in the conservation of
marine biodiversity, are not immune to the introduction of NIS. To ensure effective and long-lasting
management strategies, collaborations between researchers, policy makers and citizens are essential.

Keywords: non-indigenous species; Mediterranean Sea; monitoring; managing; citizen science;
remote sensing; Landsat 8 OLI

1. Introduction

Non-indigenous species (NIS), organisms introduced from beyond their natural (past
or present) geographical region and outside of their natural dispersal potential, are a
major threat to biodiversity and natural ecosystem functioning [1–4]. NIS that have large
established and expanding populations may become invasive alien species (IAS), which
could result in significant environmental, socioeconomic and human health impacts [2,5–8].

In the marine environment, IAS may have substantial negative impacts on native
biota (e.g., substitution of native species and biodiversity loss due to habitat modifications,
alterations in community structure and ecosystem service changes) [4,5,9]. For instance,
they compete with native species, and may change native benthic communities, perhaps
leading to an impoverishment of subtidal communities [10,11]. Moreover, they may cause
degradation of seagrass meadows, having a severe negative impact on coastal protection [5].

The high number of NIS make the Mediterranean Sea a genuine hotspot for marine
biological invasions, in terms of both the number of species and the rate of introduc-
tion [12–14]. The conspicuous increase in the rates of introduction and expansion of NIS
can be correlated with the intensified research efforts involving marine NIS and the increase
of stakeholder involvement and of citizen science initiatives [14,15].
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Marine protected areas (MPAs), whose major aim is biodiversity conservation, may be
highly affected by NIS invasions, and the impact of NIS on marine resources and habitats
can be significant, even highly detrimental [16–20]. To date, the effect of MPAs on NIS is
still not fully understood, and it is unclear whether or not MPAs favor NIS expansion via
tourism activities, e.g., boat anchors and diving [21–23]. Since NIS represent serious threats
at multiple levels, they have to be targeted by scientists, conservation managers, policy
makers and citizens to increase the amount of information on their distribution and spread
dynamics and impacts, with the main goal of taking prevention and mitigation measures.
In the marine realm, the management of NIS is particularly difficult [24]. Prevention
is certainly the cheapest and most cost-effective option for reducing the risk of future
NIS introduction and the spread of ones that have already emerged [25]. In this respect,
monitoring and surveillance plans, which greatly assist managers and policy makers in their
decisions on the prevention or mitigation actions to be taken, are crucial. Regularly updated,
space-temporal information on the distribution and abundance of NIS is fundamental for
the assessment of effective management plans [26,27]. However, traditional monitoring
and mapping methods (field survey and sampling campaigns) are time-consuming, costly
and limited in space and time. In this respect, citizen science activities and remote sensing
may be useful complementary tools for monitoring the distribution and spread of NIS.

Citizen science activities, involving the public (e.g., tourists, fishermen, divers) in the
collection of data (regularly updated and validated by scientists), in addition to their impor-
tant role in educating and improving public awareness, could be useful resources for col-
lecting space-temporal information on NIS distribution, abundance and spread [19,28–30].
When properly designed, citizen science activities can provide scientifically reliable data on
species’ distribution and abundance [30,31]. Currently, the number of citizen science initia-
tives has increased enormously thanks to the new technologies and social media [15,19,32].

Remote sensing techniques (RS), using passive multispectral imaging sensors, operat-
ing in the visible (VIS), near infrared (NIR) and shortwave infrared (SWIR) on both satellite
and airborne platforms, have been even more widely used for providing Earth observation
(EO) data for the continuously growing applications in different sectors, including sea
water monitoring at different scales [33–36]. In particular, these optical sensors, measuring
the energy reflected and emitted from the Earth’s surface, allow researchers to not only
map the extent of shallow benthic or intertidal marine habitats, but also to identify key
marine species [37]. Satellite sensors at intermediate ground resolution (0.3–1 km), such as
the moderate resolution image spectrometer (MODIS), managed by NASA, or Sentinel-3,
operated by ESA, systematically provide the so-called “Ocean Color” data. This informa-
tion, linked to parameters like chlorophyll or pigment concentration, can even support the
detection and monitoring of NIS in shallow water seabeds, floating on the sea surface or in
the water column. In general, mapping NIS through RS in coastal and shallow water may
require higher ground resolution that can be suitably supported by other remote sensing
sensors, which are currently available and based on airborne (including UAV—unmanned
aerial vehicle) or other high-resolution (HR) orbiting satellites and very high-resolution
(VHR) optical sensors. The HR satellites can provide a repetitive coverage for monitoring
evolving phenomena with ground resolution until 30 m (i.e., Landsat 8 Operational Land
Imager (OLI) operated by NASA, and Sentinel-2 MultiSpectral Instrument (MSI) operated
by ESA).

In addition, the same ground resolution is provided by the PRISMA (Hyperspectral
Precursor of the Application Mission) hyperspectral sensor, made recently available by
the Italian Space Agency (ASI), which, because of its hundreds of acquisition bands in
the spectral ranges of interest, may constitute a very promising tool in this specifying
sector. Moreover, the currently available sensors based on satellite (VHR), airborne or
UAV technologies, may provide tailored solutions to specific seabed, water quality and
NIS detection and monitoring needs [34]. Once suitably corrected for atmospheric noises
(e.g., turbidity, clouds), the EO data provided by this new generation of polar satellite
multi/hyperspectral sensors have proven to be effective and operative for environmental
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conservation and the monitoring of the coastal marine ecosystems and water quality, even
in moderately turbid shallow waters [35,36].

These RS techniques are recognized as effective tools for determining species diversity
and distribution, for quantifying biomass and primary production, as obtained from the
photosynthetically available radiation (PAR) and leaf area index (LAI), and for monitoring
their changes over space and time in shallow waters [36,38–43]. In any case, they must be
combined with in situ measurements [44] of biophysical parameters of interest in order to
support the proper calibration/validation of the EO data. Moreover, these data may be
widely exploited for the multiscale/multitemporal systematic monitoring and mapping of
the increasing presence of NIS in shallow water and marine ecosystems, which are typically
affected by their worldwide spread, driven by rising effects of oil/gas shipping (especially
in the Mediterranean Sea), eutrophication/pollution and climate change. When the high
water turbidity (>100 NTU—Nephelometric Turbidity Units)) limits the exploitation of
RS techniques, the vertical side-scan sonar can be a suitable acoustic integrated tool for
mapping the vegetation, including NIS, on the seabed of coastal zones [45].

As biological invasions are highly impacting the Mediterranean Sea biodiversity,
and many coastal zones and shallow waters are vulnerable to NIS invasion, the use of
cost-effective systems, e.g., citizen science and remote sensing, may offer many important
contributions to the knowledge and management of NIS [19,46–48].

In this paper we demonstrate that citizen science and the operative multispectral
satellite sensors (remote sensing) can be used as effective complementary tools for sci-
entific and extensive monitoring in the Mediterranean Sea, with potential as NIS early
warning and monitoring systems, fundamental to support ecosystem-based sustainable
management. Relevant literature, updated until November 2020, was searched for using
standard scientific databases (e.g., Google Scholar, Web of Science, Scopus and Research-
Gate) and analyzed. The search was performed using various combinations of the following
list of keywords on the subject: “citizen science”, “remote sensing”, “marine”, “alien”,
“non-indigenous”, “invasive”, “species”, “macroalgae”, “Mediterranean Sea”.

2. Citizen Science

Out of 17 records, only 5 were related to alien seaweeds and citizen science activities.
Indeed, the great majority of records concerned the monitoring of marine invasive fishes
(e.g., the project “AlienFish” launched by Ente Fauna Marina Mediterranea and the project
“Is it Alien to you? Share it!!!” launched by the iSea online platform) [15,49–51]. All of the
five selected papers (hereafter referred to as the cases), were related to the monitoring of
three invasive Caulerpa taxa, Caulerpa cylindracea Sonder (along the Sicilian and Ligurian
coasts, in the western Mediterranean), Caulerpa taxifolia (M. Vahl) C. Agardh (Spanish,
French, Italian and Croatian coasts) and Caulerpa taxifolia var. distichophylla (Sonder) Ver-
laque, Huisman and Procaccini (along the Maltese coasts, in the central Mediterranean)
in the Mediterranean Sea [19,52–58] (Figure 1). All the Caulerpa taxa showed invasive
behavior with significant impacts on the native communities.

According to the authors of [59], C. cylindracea was first recorded in the Mediterranean
Sea off the coasts of Libya in 1990, whereas the authors of [60] date the first record back to
1985 in Tunisia. This alga is able to compete with native species and may change native
benthic communities, leading to an impoverishment of subtidal communities [10,11,61]. In
particular, it may enter into competition with native seagrasses, such as Posidonia oceanica
(L.) Delile, mainly when their meadows are stressed and degraded [10,62,63]. It is also able
to clog and break fishing nets by the mats it forms. Caulerpa taxifolia (M. Vahl) C. Agardh
(invasive aquarium strain) was first recorded in the Mediterranean in 1984 [62]. It affects
photophilic algal communities, causing a drastic reduction in diversity, and it is also able
to compete with P. oceanica (for the interception of light or the utilization of nutrients) and
interfere with it by the production of secondary metabolites (allelopathy) [64,65]. Caulerpa
taxifolia var. distichophylla is the most recently introduced Caulerpa in the Mediterranean
Sea. It was first recorded in Syria in 2003 ([66] as C. mexicana). It showed invasive behavior
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in Sicilian waters, with significant impacts on native ecosystems [67–69]. Similar to C.
cylindracea, it is also able to clog and break fishing nets [67].
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Figure 1. Caulerpa cylindracea with macroalgae and sponges (Secca del Toro—Favignana, 15 m depth; photo by Sergio
Zanoni; from Reference [70]) (A). Caulerpa taxifolia in a Posidonia oceanica meadow (Strait of Messina, 12 m depth; photo by
Alessandro Pagano; from Reference [70]) (B). Small patches of Caulerpa taxifolia var. distichophylla at Termini Imerese (photo
by Marco Toccaceli; from Reference [56]) (C).

Cases 1 and 2, referring to the monitoring of C. cylindracea with the exclusive involve-
ment of citizen scientists, also stressed the second mission of citizen science activities, i.e.,
to promote environmental and scientific education and awareness in engaged participants.
Case 3 refers to a monitoring campaign (1991–1992) on C. taxifolia organized in the Mediter-
ranean coast of France [52], involving sea users to whom brochures on the species were
distributed. Case 4 was related to international campaigns for public awareness on C.
taxifolia, supported by the European Commission (see [54]), organized by French, Italian,
Spanish and Croatian scientists, who elaborated leaflets and posters for distribution to
sea users. In Case 5, the involvement of citizen scientists (e.g., snorkelers and recreational
divers) in the monitoring of C. taxifolia var. distichophylla was a complementary activity to
the field research surveys.

2.1. Western Mediterranean
2.1.1. Case 1

Case 1 refers to the citizen science project “Caulerpa cylindracea–Egadi Islands” [19,55],
addressed to different groups of volunteers (i.e., citizens, fishermen, snorkelers and divers)
that aimed to collect data (place, date, depth and substrate coverage %) and photos on the
distribution of C. cylindracea within the Egadi Islands MPA (Aegadian archipelago). Data
were sent through a mail address, a Facebook page, the MPA website or with the filling
in of a form available online or in the MPA’s offices. This MPA (instituted in 1991), the
largest Italian MPA, is located approximately 7–9 km from the western coast of Sicily (Italy,
Tyrrhenian Sea). Only data validated by the scientific team of the project were gathered in
the database.

The project registered approximately 160 sightings of C. cylindracea, mainly recorded
at Favignana, the largest island. The alga was found in different habitats, between 0 and
40 m depth, on rock, rock with sediment and sand. It was also recorded in valuable habitats
such as vermetid reefs, Cystoseira communities (upper infralittoral zone) and coralligenous
formations (Figure 2). The alga was more frequent in Cystoseira communities and vermetid
reefs than in coralligenous formations, showing coverage values mainly ranging from
20% to 50%, but also reaching values higher than 50% in the vermetid reefs. Anchoring
activities, mainly carried out by pleasure boats, seem to have encouraged the spread of
C. cylindracea. This was also highlighted by some biological traits of the alga, e.g., the
ability of creating bridges with its stolons over native communities and forming compact
multilayered mats that were able to trap the sediment.
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(modified from Reference [55]).

Records concerning other NIS and cryptogenic species (see Reference [71]: a species
that cannot be included with confidence among native nor among introduced species) were
also gathered, e.g., Asparagopsis taxiformis (Delile) Trevisan, Aplysia dactylomela (Rang, 1828),
Fistularia commersoni (Rüppel, 1838), Rhopilema nomadica (Galil, Spannier and Ferguson,
1990) and the biofouler worm Branchiomma bairdi (McIntosh, 1885), and would have been
favored by the increase of sedimentation among the stolons of C. cylindracea. In the wake of
this project, the project “Aliens in the sea”, which aimed to collect data on 19 NIS (including
C. cylindracea) along the Sicilian coasts, was launched in 2017. The project is still active and
allowed for the gathering of new records of C. cylindracea from the Egadi Islands MPA [32].

2.1.2. Case 2

Case 2 was related to the monitoring of C. cylindracea along the Ligurian coast, includ-
ing the Portofino MPA [57]. The monitoring was carried out by Reef Check Italia Onlus
(RCI), a non-profit organization involving volunteer divers in the Mediterranean Sea that
developed protocols for coastal environment monitoring. Volunteer divers, after a one-day
intensive training course, were able to make observations on the presence/absence and
abundance of the target species.

The monitoring (2006–2014) provided useful information on the spread of this IAS,
highlighting the expansion in distribution and abundance of this alga. Since 2006, the
species has spread rapidly and new sites have been recorded. Caulerpa cylindracea was first
recorded in Portofino MPA in 2007 at San Fruttuoso Bay, one of the three boat corridors
within the MPA, and since then, it has rapidly spread throughout the MPA, which appears
to be severely affected by this NIS. Along the Ligurian coast, the alga was mainly recorded
in the coastal rocky bottoms (74% of alga occurrences) and between 5 and 10 m depths.

2.1.3. Case 3

Case 3 refers to a monitoring campaign (1991–1992) on C. taxifolia organized in the
Mediterranean coast of France [52]. Brochures were distributed to sea users, who were
requested to report sightings and information on this alga. Dives were also carried out
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in the newly colonized sites. Data from Spain and Italy were also gathered, and a rapid
increase of the spread of the alga has been observed since 1990. Useful information on the
biology, ecology and dynamics invasion of the alga was also collected. Five different stages
in the invasion process were described and the colonization effects on P. oceanica meadows
were also observed. The authors also highlight the role that maritime traffic and fishing
may play in the spreading of the alga.

2.2. Mediterranean Countries—Case 4

Case 4 was related to some monitoring campaigns on the spread of C. taxifolia con-
ducted in Mediterranean countries affected by the invasion of this species [53,54]. The first
international campaign for public awareness on C. taxifolia was organized in 1993 and 1994
by the Laboratoire Environment Marin Littoral (LEML) and supported by the European
Commission (see Reference [54]). French, Italian and Spanish scientists participated in the
campaign organization and distribuited elaborated leaflets and posters to sea users. In
1997, the second international campaign for public awareness was organized to map the
distribution of C. taxifolia in the Mediterranean Sea (see Reference [54]). This campaign,
coordinated by the LEML and the Groupement d’intérêt scientifique (GIS) Posidonie, was
always supported by the European Commission. The message was, “Wanted Caulerpa
taxifolia. If you find this seaweed, do not help it to spread, and phone us”. Leaflets,
containing information on the biology, ecology, dissemination methods and spread of
the species, were distributed to sea users in Spain, France, Italy and Croatia as well as
to scientific institutions. Several institutions and associations (e.g., Lions Clubs, divers,
Institut National des Sciences et Technologies de la Mer, etc.) contributed to this public
awareness campaign. The majority of known locations were confirmed by sea users and
new locations were gathered. All the information was rigorously verified, the sightings
were mapped and the reports were regularly updated. This campaign was an effective
tool for updating the distribution of C. taxifolia and also for helping to plan measures to
slow down the spread of the alga. The authors of [53] described the status of C. taxifolia
invasion at the end of 2000 in six Mediterranean countries (Spain, France, Monaco, Italy,
Croatia and Tunisia). The data were also obtained with the support of public awareness
campaigns (the distribution of pamphlets and posters). The authors reported that 80%
of the area colonized was along 500 km of coastline between Toulon (France) and Genoa
(Italy), supporting the hypothesis that the origin of the introduction was Monaco.

2.3. Central Mediterranean—Case 5

Case 5 refers to a monitoring activity (2016–2017) of C. taxifolia var. distichophylla in
Maltese waters [58]. The citizen science monitoring activities, complementary to field
surveys, lasted from July 2015 to December 2017, and in particular involved snorkelers and
recreational divers. A poster with representative photographs of the alga and details on
how to report the species was prepared and distributed to local diving schools and dive
clubs, as well as being shared online through social media.

Records received through the citizen scientists, regularly validated, came from sites
different from those surveyed by the researchers. Certainly, records from the citizen
scientists provided useful information on the habitats preferred by the alga and also helped
to document the significant change in the distribution of C. taxifolia var. distichophylla,
confirming that the species is rapidly expanding in Maltese waters.

3. Remote Sensing

Out of six records only one record was related to alien seaweeds and remote sensing.
The majority of the detected articles concerned alien plants. The paper refers to the indo-
pacific NIS Hypnea cornuta (Kützing) J. Agardh in the Mar Piccolo of Taranto, where it was
recorded for the first time in 2000 [72]. The first Mediterranean report of the species was
from Rhodes Island, Greece (in Reference [73] as H. valentiae (Turner) Montagne).
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In 2014, the distribution of H. cornuta in the Mar Piccolo was mapped using the
Landsat 8 OLI multispectral optical sensor in combination with quantitative sampling.
Four stations were considered within the two inlets of the Mar Piccolo of Taranto in order
to carry out quantitative sampling. Thalli of H. cornuta were only found in two stations,
Battendieri and Cimino, and the highest biomass values were registered at Battendieri (the
station of the first finding). The map of spatial distribution was assessed by means of the
EO data provided by Landsat 8 Operational Land Imager (OLI) sensor (Figure 3). The OLI
multispectral data were previously corrected for atmospheric noise, scattering/attenuation
from image-derived aerosol optical depth (AOD) and adjacency effects. Subsequently, they
were classified using a supervised maximum likelihood (ML) parametric algorithm and
trained using point sampling data. Although a thematic accuracy superior to 80% was
achieved with respect to the available sea truth data, the model could be further improved
by expanding the sampling schema.
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Figure 3. Thematic map of Hypnea cornuta from Landsat 8 Operational Land Imager (OLI) data acquired on August 2014
(from Reference [72]).

The distribution map, obtained from the remote sensing satellite techniques, was in
agreement with the in situ collected data, seeing as H. cornuta was confined to the second
inlet of the Mar Piccolo of Taranto. On the basis of the achieved and upgradable results, the
authors highlight the promising integration between the remote sensing techniques and in
situ/laboratory methods for mapping the distribution of aquatic alien species in shallow
waters. Thus, in general, this technology could be a useful tool for suitably supporting the
sustainable management of these threatened and fragile coastal environments.

4. Discussion

Our bibliographic search highlights that, despite the fact that citizen science and
remote sensing have become increasingly important for NIS monitoring, the number of
papers related to alien seaweed monitoring in the Mediterranean Sea using these two
techniques is still very low. In the Mediterranean Sea, remote sensing techniques have
been mainly used for the detection and prediction of invasive plants and the assessment of
their impact. In extra Mediterranean areas; however, these techniques are widely used for
mapping NIS or floating marine algae, such as the Sargassum species [74,75]. According to
the authors of [74], the compact airborne spectrographic imager (CASI) is a suitable tool
for mapping NIS, such as Codium fragile spp. tomentosoides (Van Goor) P.C. Silva in Mahone
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Bay, Nova Scotia. Instead, several satellites were used to monitor large pelagic Sargassum
in the tropical North Atlantic, in particular: the medium resolution imaging spectrometer
(MERIS, on board the ENVISAT (ENVIronmental SATellite) with a spatial resolution of
300 m; the moderate resolution imaging spectroradiometers (MODIS, on board the AQUA
and TERRA satellites); the visible infrared imaging radiometer suite (VIIRS, on board
the SNPP (Suomi National Polar-orbiting Partnership) NASA satellite) with a coarser
spatial resolution of 1 km and 750 m, respectively; the high-resolution sensors on board
Landsat platforms with a 30 m resolution in coastal areas; the recently launched ESA higher
resolution satellite sensors, namely, the ocean and land color instrument (OLCI, 300 m)
on board the Sentinel-3; and the MultiSpectral Instrument (MSI, 60-20-10 m) on board the
Sentinel-2 [75].

With respect to citizen science in the Mediterranean Sea, the great majority of papers
concern the monitoring of marine invasive fishes. In extra Mediterranean areas; however,
citizen scientists (fishers, bathers, sailors, volunteers from associations, etc.) have greatly
supported the monitoring of NIS. For instance, in the north-eastern Atlantic Ocean, the
North Sea and New Zealand, there has been monitoring of large NIS, such as Sargassum
muticum (Yendo) Fensholt and Undaria pinnatifida (Harvey) Suringar [76], which are easy
to map because they can also reach the sea surface; additionally, there has been good
monitoring of NIS in the ports of Le Havre and Antifer (Normandy, France) [77].

Even if they are few, the reported case studies show that these two techniques may
be useful tools to support the traditional methods of alien seaweed monitoring in the
Mediterranean Sea. Indeed, they could be effective as early warning instruments of new
introduction and as detectors of distribution changing over time.

Citizen science activities, besides improving public awareness, may be very useful
in collecting data on introduction and spread of NIS over spatial and temporal scales
that otherwise would remain hidden. The goal is achieved and is really effective when
the activities are properly designed and communicated and volunteers are appropriately
prepared and motivated. In this respect, social medias can have an important role in
making the information on the temporal and spatial spread within a certain area easily
available [78], and also involving as many categories of volunteers as possible (e.g., see
References [49,79,80]). The higher the number of categories we involve, the higher the
number of habitats which may be monitored. Since local volunteers know the environment
where they live, they are the true early warners of new introductions in their area.

Recently, the interest of the scientific community in these complementary tools has
increased (e.g., see References [19,79,81–83]) as proven by the citizen science initiatives on
the monitoring of NIS launched in the Mediterranean Sea (e.g., see References [15,49,84]).
Indeed, a lot of species that are easy to identify (see the reported case studies), could
be included within citizen science initiatives with the dual purpose of raising awareness
and early-warning detection [13,85]. Since MPAs are not immune from NIS invasions
(as shown in the present study and References [18,19,32]), the involvement of local citi-
zens is also essential for setting management actions to effectively prevent and control
marine bioinvasions. Indeed, restrictions upon activities generating economic benefits
(tourism, boat anchors, diving, etc.) could raise obstacles to their acceptance from the
local population [86,87]. High-quality and continuously updated information on the distri-
bution, spread dynamics, abundance, and pathways of their introduction might greatly
assist managers and policy makers in prioritizing prevention or mitigation actions, and for
conservation planning [2,88–91].

Advances in remote sensor/platform technologies and processing algorithms are
enhancing marine habitat mapping, through an even smaller spatial resolution and better
color discrimination. Even if some parameters, such as the submerged depth, may limit
NIS detection and quantification from space, satellite imagery datasets with various spatial,
spectral and temporal resolutions provided, for instance, by the MODIS, VIIRS, OLCI and
MSI satellite sensors, are successful tools to map NIS distribution at a large scale and to
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detect NIS abundance consistent with in situ observations [75]. Furthermore, CASI is a
promising tool for mapping and monitoring NIS in subtidal habitats [74].

5. Conclusions

Biological invasions are an ongoing phenomenon and many NIS are expanding their
distribution in coastal waters with negative impacts on the environment, human health and
the economy. The Mediterranean Sea is one of the most important biodiversity hotspots
in the world [92], but it is also subjected to complex and severe anthropogenic pressures,
e.g., biological invasions [2]. Therefore, monitoring the distribution of NIS, in order to
have accurate and regularly updated information, is essential for the conservation and
management of marine ecosystems and the implementation of policies [89].

To support the ecosystem-based sustainable management of affected coastal areas,
rapid and accurate tools for assessing and mapping the abundance and distribution of
NIS are required. For this purpose, besides the traditional methods, other powerful
and cost-effective methods for monitoring and detecting NIS currently exist, including
citizen science activities and EO-based innovative techniques using airborne [35] and
satellite [72,74,75,93,94] platforms.

Currently, space technology is globally emerging by private spaceflight and the
aerospace industry, with faster, cheaper and better access to space programs and EO
data [95,96]. Citizen science is also increasingly developing thanks to technological devel-
opments, adequate training courses for citizen scientists and continuous validations of data
quality [97,98]. Therefore, these space-based cost-effective methods, complementary with
those for in situ sample gathering and analysis, can provide powerful tools for monitoring
NIS introductions and their spread, especially in areas like MPAs. Exploiting these syner-
gies is becoming increasingly necessary to ensure effective and long-lasting management
strategies based on multidisciplinary collaborations between researchers, policy makers
and citizens.
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