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Abstract. Posidonia oceanica is a priority habitat (Habitat Directive 92/43/CEE) that needs to be protected by conservation tools
such as Marine Protected Areas (MPAs). Remote Sensing (RS) is a useful tool allowing for mapping seagrass meadows and other
important marine habitats. In this study, we explore the global scientific literature on RS applied to both P. oceanica and MPAs track-
ing its evolution and trends by applying network analysis to bibliometric science. The software VOSviewer was used to create maps
based on network data of scientific publications displaying relationships among authors and countries. In addition, specific keywords
were used to explore the co-occurrence of different terms characterizing the application of RS in marine science. Results showed
that France is the main country publishing on RS applied to Posidonia oceanica while Pergent Gérard and Pergent-Martini Cristine
resulted the top authors. The co-occurrences analysis highlighted that RS is primarily used for seagrasses mapping, while few studies
are focused on their monitoring. Furthermore, investigating RS in connection with MPAs the main country resulted Australia while
the top author was Andréfouet. The network map of keywords showed that RS is widely applied to MPAs to study coral reefs and
their biodiversity and for mapping marine ecosystems. The use of RS for monitoring Posidonia oceanica beds and MPAs resulted
a poorly explored research area, probably due to the low resolution of available data determining large scale habitat mapping. In
conclusion, we maintain that RS applications can provide useful information about the effects of local human activities and global
climate change on marine ecosystems.
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1. Introduction in freshwater environments and coastal waters (Aulicino

et al., 2016; Brezonik et al., 2005; Cotroneo et al., 2016;

In the last years, the words “Remote Sensing” (RS) have
been used to identify the science of obtaining information
based on satellite images useful to monitor terrestrial and
marine environments. In particular, in the context of ma-
rine environment RS is often used to assess anthropic pres-
sures and environmental indicators through the observation
of variables such as Chl-a concentration, Sea Surface Tem-
perature (SST), and salinity (European Commision, 2003;
2010). Chl-a is used to predict algal blooms and assess
water quality; indeed, many studies highlight the relation-
ship between water reflectance and algal concentration

Gitelson et al., 2000; Han & Rundquist, 1997; Schalles
et al., 1998). Similarly, SST and salinity can be used as
indicators of the quality status of key habitats, consider-
ing their role in many bio-ecological processes such as re-
production, survival rate, and population dynamic (Fiuza,
1990; Green, 1995; Hedley et al., 2016; Klemas, 2010;
Mumby et al., 2004; Santos, 2000).

Recently, RS has also been increasingly used
in the monitoring of Marine Protected Areas (MPAs),
widely recognized as important tools for protecting marine
ecosystems, mitigating human impacts (Appolloni et al.,
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2017; Browman & Stergiou, 2004; Donnarumma et al.,
2018; Ferrigno et al., 2016; Halpern et al., 2010; Rassweil-
er et al., 2012), preserving natural capital stocks (Buono-
core et al., 2018, 2019, 2020; Franzese et al., 2017), and
producing, at the same time, economic benefits through
the sustainable exploitation of natural resources (Franzese
et al., 2015; Pauna et al., 2018; Picone et al., 2017). RS
applied to MPAs facilitates the observation of wide ar-
eas through the interpretation of images showing optical
signals most often affordable and available for long time
series (Gohin et al., 2008). In particular, Blondeau-Patis-
sier et al. (2014) reviewed the use of statistical techniques
applied to satellite optical signals to characterize factors
triggering or limiting the development of algal blooms
in coastal territories, identifying suitable areas for the es-
tablishment of MPAs. Maina et al. (2015) mapped ben-
thic habitats from Tanzania to Kenya through multispec-
tral QuickBird imagery dataset covering about 686 km?
to design a climate-resilient MPAs network. Hedley et al.
(2016) investigated the use of RS in MPAs management
focusing on different aspects, among which the composi-
tion of reefs (in terms of physical extent, benthic cover,
bathymetry and rugosity) and environmental parameters
(such as SST, exposure, light, and carbonate chemistry).
This review concluded that sensor technology and process-
ing algorithms are enhancing habitat mapping through an
ever smaller spatial resolution. More recent applications of
RS to MPAs can be found in Schulte to Biihne and Pet-
torelli (2018), Jones et al. (2018), and Merkohasanaj et al.
(2019). These studies used RS for investigating different
aspects of MPAs, including both ecological variables (e.g.,
biodiversity, ecological and conservation status) and socio-
economic variables (e.g, MPAs performance).

Another application of RS concerns the use of satel-
lite images for monitoring Posidonia oceanica meadows
and their characteristics. P. oceanica is a seagrass, habitat
former, that constitutes a biodiversity hotspot and nursery
area for many species living on or close to the sea bottom
(Boudouresque et al., 2016). P. oceanica is getting an in-
creasing attention in MPAs planning processes (Appolloni
et al.,, 2018a) due to its importance in providing many
ecosystem functions and services such as a significant Net
Primary Production of both the seagrass and its epibionts,
carbon sequestration, and coastal protection (Donnarumma
et al., 2014; Mateo et al., 1997; Pergent et al., 2011, 2012;
Personnic et al., 2014; Vacchi et al., 2017). In fact, P. oce-
anica is a priority habitat (Habitat Directive 92/43/CEE)
and, together with other habitats such as coralligenous as-
semblages (Appolloni et al., 2020; Ferrigno et al., 2017),
needs to be monitored especially in areas characterized by
high urbanization and peculiar physical features. In par-
ticular, the monitoring of P. oceanica over time allows to
estimate the impacts of human activities on the meadows,
thus supporting the implementation of conservation ac-

tions (Appolloni et al., 2018b, 2018c). Optical-based RS,
including both satellite and airborne images, can be very
useful to provide knowledge about the spatial distribution
and extension of P. oceanica, pre-requisite of protection
management plans (Borfecchia et al., 2019; Cozza et al.,
2019). In this framework, a pioneering research was con-
ducted by Agati et al. (1995) that for the first time used
RS and Laser Induced Fluorescience in the monitoring of
P. oceanica meadows. In the last decades, RS technolo-
gies have been improved allowing not only the mapping of
P. oceanica (Fornes et al., 2006; Pasqualini et al., 2005)
but also the assessment of other variables dealing with the
observation of Poceanica. For example, Borfecchia et al.
(2013) used multispectral satellite sensors for monitoring
P oceanica in turbid water. Vasilijevic et al. (2014) stud-
ied the use of lightweight autonomous underwater vehi-
cles with the RS payload, showing their high performance
in terms of economic cost and time. Poursanidis et al.
(2018) investigated the potential use of high resolution
Earth observations data, allowing the assessment of deep
seagrass meadows limits. Finally, Borfecchia et al. (2019)
studied the correlation between Leaf Area Index (LAI)
of P. oceanica and the satellite sensor responses and the
corrections needed to reduce aerosol and water column
noises.

Considering the importance of RS in support of ma-
rine ecosystems conservation and management, it is ex-
pected that the scientific literature on these topics will
continue increasing over the next years. Bibliometric net-
work analysis has proved to be a useful tool for assess-
ing trends and patterns of scientific literature (Buonocore
et al., 2018; Otte & Rousseau, 2002; Pauna et al., 2018,
2019; Skaf et al., 2020). Coupling bibliometric data and
social network analysis, the relationships among research-
ers, organizations, countries, and keywords dealing with
a given topic can be explored (Zou et al., 2018), also al-
lowing the identification of research gaps.

The present study aims at exploring the global scien-
tific literature on RS applied to P. oceanica and Marine
Protected Areas, tracking its evolution and trends by ap-
plying network analysis to bibliometric science.

2. Materials and methods
2.1. Bibliometric network analysis

Bibliometric network analysis was performed by using
VOSviewer software to investigate the scientific literature
on RS applied to P. oceanica and MPAs. VOSviewer is
based on social network analysis (SNA) allowing the im-
plementation and analysis of maps based on bibliograph-
ic data. It can generate different types of outputs; in this
study the relationships among researchers, countries, and
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keywords were investigated through the selection of co-
authorship and co-occurrence analyses (Van Eck & Walt-
man, 2018). The software generates network maps allow-
ing the identification of main authors, countries, and key-
words related to a given topic. In the clusters maps, the
size of items (e.g., authors, countries, and keywords) is
function of “Total Link Strength” (TLS) (i.e., the cumula-
tive strength of the links of an item with others), number
of documents (ND), and number of citations (NC). Con-
nections among clusters are represented by curved lines
whose thickness is related to the “link strength”. In par-
ticular, in the case of co-authorship, the link strength is the
number of publications that two researchers or countries
have “co-authored”, while in the case of co-occurrences,
it represents the number of times that two keywords are
paired. Finally, the map resolution determines the number
of clusters, thus the higher is the detail, the higher is the
number of displayed clusters.

2.2. Bibliographic research and data collection

Documents were collected on January 13th, 2020 by the
web search engine Scopus. Two different searching strings
were used. The search string composed by the words “re-
mote sensing” AND “Posidonia oceanica” was used to fo-
cus on the research of RS applied to P. oceanica. Similarly,
the search string composed by the words “remote sensing”
AND “Marine Protected Area(*)” was used to focus on the
research of RS applied to MPAs. The study was performed
considering the time frame 1995-2019, starting from the
year of the first publication on RS applied to both P. oce-

anica and MPAs available in Scopus. The data were ex-
ported as .csv files after selecting “Citation Information”,
“Bibliographic Information”, “Abstract and Keywords”,
and “Include references”.

3. Results and discussion
3.1. “Remote sensing” AND “Posidonia oceanica”

The Scopus database search resulted in 38 publications on
“Remote sensing” AND “Posidonia oceanica”. The num-
ber of publications per year shows an exponential growth
in the investigated timeframe (R?>= 0.5085), more marked
from 2018 (Fig. 1).

The analysis of authors resulted in 158 items. By de-
fault settings of VOSviewer, articles with a number of
co-authors greater than 25 and authors not connected to
others were excluded. Therefore, a total number of 37 au-
thors are shown in Figure 2a grouped in 5 main clusters.
In particular, the top two authors were Pergent Gérard and
Pergent-Martini Cristine (TLS = 42, links = 31, ND = 7,
NC = 164). The network map in Figure 2b highlights the
important contribution of Italian authors to the study of
P. oceanica by means of RS. In addition, Figure 2b also
highlights a strong connection between France and Arab
countries. Italy resulted connected mainly with France and
Greece.

The analysis of keywords generated a number of 241
results. Among them, only 39 met the threshold of at
least two co-occurrences and were grouped in 4 clusters
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Figure 1. Temporal trend of scientific research on RS applied to P. oceanica published from 1995 to 2019
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(Fig. 3). The top ten keywords listed in Table 1 include
“mapping”, “ecosystems”, and “protected areas”. In fact,
Figure 3 shows that RS applied to P. oceanica is often
studied in relation to the mapping of marine ecosystems
and their protection through marine protected areas, while
a weaker link is shown with the keyword “environmental
monitoring”. In addition, the network map shows the key-
word “Italy” in the same cluster of RS and P. oceanica,
highlighting the important contribution of this country to
this field of science.
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3.2 “Remote sensing”
AND “Marine Protected Area”

The Scopus database search resulted in 134 publications
on “Remote sensing” AND “Marine Protected Area(s)”.
The number of publications per year shows an exponential
growth in the investigated timeframe (R*>= 0.7213), more
marked from 2008 (Fig. 4).
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Figure 2. a) Co-authorship network map of authors and b) Co-authorship network map of countries publishing on RS applied to

P. oceanica from 1995 to 2019
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Figure 3. Co-occurrence network map of keywords in studies on RS applied to P. oceanica published from 1995 to 2019

Table 1. Top 10 keywords co-occurring in studies on RS applied to P. oceanica published from 1995 to 2019

Keyword Occurrences TLS Links
Posidonia oceanica 35 158 38
Remote sensing 34 163 38
Mapping 20 100 30
Ecosystems 18 91 30
Protected area 9 53 22
Mediterranean Sea 8 52 21
Spatial resolution 7 36 17
Coastal zones 7 11 14
Cymodocea nodosa 6 4 7
GIS 5 2 7
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Figure 4. Temporal trend of scientific research on RS applied to MPAs published from 1995 to 2019
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Figure 5. a) Co-authorship network map of authors and b) co-authorship network map of countries publishing on RS applied to MPAs
from 1995 to 2019
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The analysis of authors resulted in 595 items. By de-
fault settings of VOSviewer, articles with a number of co-
authors greater than 25 and authors not connected to others
were excluded. Therefore, a total number of 58 authors
are shown in Figure 5a grouped in 9 main clusters. In par-
ticular, the top four authors were: Andréfouet (TLS = 23,
links = 23, ND = 5, NC = 126), Possingham (TLS = 19,
links = 13, ND = 3, NC = 62), Friedlander (TLS = 13,
links = 13, ND = 3, NC = 142), and Klein (TLS = 19,
links = 13, ND = 3, NC = 62), all mainly publishing stud-
ies on biodiversity conservation. A deeper analysis of their
works shows that RS (often low resolution) is primarily
used for large scale habitat mapping without any particu-
lar focus on specific habitats such as P.oceanica meadows
(Andréfouét & Hamel, 2014; Beech et al., 2008; Dalleau
et al., 2010; Friedlander et al., 2007; Goodell et al., 2018;
Jones et al., 2018; Maina et al., 2015; Torres-Pulliza et al.,
2013; Tulloch et al., 2017; Wedding & Friedlander, 2008).
The top countries publishing on “Remote sensing” and

marine pollution

ocean @urrents

“Marine Protected Area” were Australia (TLS = 36, links
= 17, ND = 30, NC = 669), United States (TLS = 35,
links = 21, ND = 33, NC = 1133), and United Kingdom
(TLS = 31, links = 14, ND = 26, NC = 917) (Fig. 5b).

The analysis of keywords generated a number of 1510
results. Among them, only 53 met the threshold of at least
five co-occurrences (Fig. 6). The top ten keywords are
listed in Table 2. The map of keywords in Figure 6 high-
lights that RS is widely applied to MPAs to study coral
reefs and their biodiversity and for mapping marine eco-
systems, while also in this case a weaker focus is placed
on the monitoring of MPAs. Moreover, the “Seagrass”
and “Mediterranean Sea” keywords are located in differ-
ent clusters, indicating a weaker link of studies on RS ap-
plied to MPAs focusing on P. oceanica that is endemic
of the Mediterranean area. Finally, RS applied to MPAs
resulted also connected with fishery management, show-
ing the potential use of RS technologies for investigating
illegal fishing in MPAs.
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Figure 6. Co-occurrence network map of keywords in studies on RS applied to MPAs from 1995 to 2019
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Table 2. Top 10 keywords co-occurring in studies on RS applied to MPAs from 1995 to 2019

Keyword Occurrences TLS Links
Remote sensing 108 612 44
Marine protected area 109 601 44
Coral reefs 40 292 39
Ecosystem 38 291 43
Mapping 39 254 41
GIS 29 282 39
Biodiversity 25 377 36
Anthozoa 23 328 31
Fishes 22 314 30
Marine environment 21 280 27

4. Conclusions

This study aims at exploring authors, countries, and key-
words in the global scientific literature on RS applied to
Posidonia oceanica and MPAs. Although RS is recognized
as a very useful technology, its application for the monitor-
ing of P. oceanica is still limited. Indeed, RS applications
are often limited to the mapping of meadows and habitats
and, to date, few studies are related to the monitoring of
P oceanica meadows over time. The analysis of RS im-
ages over time can provide important information about
the effects of local human activities and global climate
change on P. oceanica. Similarly, RS is primarily used
to map habitats within MPAs and for planning reserves
networks, but few studies deal with their monitoring over
time. These findings are probably due to the low resolu-
tion of affordable RS images not allowing the monitoring
at small scales. It is therefore desirable that an increased
availability of high resolution RS images (such as the ones
generated by WorldView-2) could strengthen the use of RS
for the monitoring of marine ecosystems.
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