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Abstract: Mapping the distribution and evaluating the impacts of marine non-indigenous species
(NIS) are two fundamental tasks for management purposes, yet they are often time consuming
and expensive. This case study focuses on the NIS gilthead seabream Sparus aurata escaped from
offshore farms in Madeira Island in order to test an innovative, cost-efficient combined approach
to risk assessment and georeferenced dispersal data collection. Species invasiveness was screened
using the Aquatic Species Invasiveness Screening Kit (AS-ISK), and revealed a high invasion risk.
Occurrences of S. aurata were assessed involving citizens in GIS participatory mapping and data
from recreational fishing contests. A probability map showed that S. aurata is well dispersed around
Madeira Island. This assessment proved to be a cost-efficient early warning method for detecting NIS
dispersal, highlighting the urgent need for additional surveys that should search for sexually mature
individuals and assess the direct and indirect impacts in the native ecosystem.

Keywords: non-indigenous species; risk assessment; GIS participatory mapping; ecosystem
management; Madeira Island; Sparus aurata

1. Introduction

During the past decades, the introduction and establishment of marine non-indigenous
species (NIS) have increasingly become a global concern [1]. The potential impacts of NIS
are multiple and can include the displacement or loss of native species, reduction in bio-
diversity, shifts in ecosystem functioning, and socio-economic issues [2-7]. Several tools
and protocols have been developed to better assess the risks associated with the escape
or the unintentional or unauthorised liberation of reared NIS and to improve informed
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management practices of potential negative effects [8]. Available risk assessment schemes
vary widely in approach, objective, implementation, environments, and taxa covered [9],
with the majority based on qualitative methods [8]. For example, some protocols were
designed to be taxonomically generic (e.g., GB-NNRA), while others are specific for screen-
ing certain taxonomic groups (e.g., FISK), particular habitats (e.g., BINPAS), or vectors of
introduction [10,11]. One of the most detailed and exhaustive risk identification decision-
support tools is the Aquatic Species Invasiveness Screening Kit (AS-ISK), an electronic
ready-to-use tool that provides a quantitative output (i.e., score) about the risk of a se-
lected species to become invasive in a target introduction area under present and future
(predicted) climate change conditions [12]. The added value of having a section dedicated
to the possible impact due to climatic projections is extremely important when dealing
with NIS. Climate change may directly or indirectly affect biological invasions, influencing
species distribution, trophic interaction, and ease of management [13,14].

Besides using available tools to predict and assess invasion risk associated with
NIS, management practices should also include regular, long-term monitoring programs
targeting NIS distribution and inventorying local diversity [15,16]. However, regular com-
prehensive monitoring programs designed to compile georeferenced data are typically
time consuming, laborious, expensive, and often require a high level of technical exper-
tise [17]. In this context, researchers and managers are increasingly taking advantage
of local knowledge from people living in the area and with close relationships with the
natural environment, which can effectively reduce costs and enhance data collection (i.e.,
extension of the study area) [18]. To some extent, the exponential involvement of citizens
in marine research since the late 2000s is linked to the growing availability of smartphones,
Internet of Things (IoT) devices, and new communication technologies (e.g., high speed
mobile internet and mobile applications) that close communication gaps, democratise data
collection, and facilitate data curation [19]. In particular, the use of participatory mapping
methods and citizen-science platforms like iNaturalist (www.inaturalist.org (accessed on 9
December 2022)), Globe Observer [20], and eBird [21] has greatly improved in recent years,
with greater accessibility to geographic information system (GIS) software and the devel-
opment of web-based GIS interfaces such as Google Maps, Google Earth, AquaMaps, or
Sea Around Us [22-24]. Online mapping tools offer new interactive inputs to conventional
cartography and provide key information for the conservation of marine ecosystems [18,25].
However, the use of GIS participatory mapping is not flawless and generally requires data
verification and validation, where results gathered by volunteers are compared to those
obtained by scientists [26—29]. This can be particularly important when a species’ identity
can be mistaken or if it is required to distinguish an individual from a wild population or
one in captivity, such as those bred in aquaculture facilities [30].

Madeira Island (Portugal) is located in the NE Atlantic, about 700 km off the Moroccan
coast (Figure 1). Considering the lack of adequate terrestrial area and its oligotrophic and
subtropical waters [31], Madeira presents optimal conditions for offshore fish aquacul-
ture [32]. The first offshore fish farm was installed in 1996, as a public initiative of the local
government to demonstrate the technical and commercial feasibility of the operation in
the open and deep seas south of the island [33]. Stirling [34] determined the viability of
locally cultured fish, such as the gilthead seabream (Sparus aurata), based on acceptability
in the local market, the potential to export to the mainland, and the existing dealers willing
to pay for quality. The success of the initiative prompted the interest of private investors,
leading to the installation of three S. aurata offshore farms in the south of Madeira Island
(Figure 1), accounting for 1565.7 tons produced in 2021 [35]. However, this important
cultured species, whose natural habitat ranges from the coasts of southern England to
Mauritania and includes the Mediterranean and Black Sea [36], is considered an NIS in the
Madeira archipelago and the western Canaries [37-39].
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Figure 1. Geographic setting and map with locations of the three existing aquaculture fish farms in
Madeira Island.

A few years after the beginning of S. aurata farming in Madeira Island, individuals of
this species were sighted outside and in the vicinity of the first pilot off-shore fish farm [37]
and have been commonly captured by recreational fishers since 2004 [40,41].

Considering the ability of S. aurata to quickly disperse and survive in the wild for long
periods, as has been previously reported in other geographic areas [42], understanding
the current spatial distribution of S. aurata introduced in Madeira through aquaculture
and assessing its invasiveness is essential for management, conservation, planning, and
forecasting purposes [43]. This is especially true in an Island coastal ecosystem. Besides
the first detection in the wild in 2000 [37], no data are available on S. aurata distribution
along the Madeiran coasts. Moreover, risk assessments of the potential environmental
and ecological impacts of this species’” introduction and the eventual establishment of
wild populations have never been conducted. Applying a multidisciplinary approach,
this study addresses some of the most critical knowledge gaps by assessing the following;:
(1) the dispersal ability of S. aurata in the coastal waters of Madeira by combining data from
GIS participatory mapping with data from recreational fisheries contests and commercial
landings and (2) S. aurata environmental/ecological risks in Madeira under current and
future climatic conditions using the AS-ISK tool.

Overall, this study was designed to provide a cost-efficient management tool that can
promptly assess a targeted NIS distribution and the associated invasiveness risk, detecting
the current spread and high-risk invasive NIS, and thus supporting managers and policy
makers to improve conservation strategies and marine spatial planning.

2. Materials and Methods
2.1. Survey Questionnaire and GIS Participatory Mapping

To assess occurrences of S. aurata in the coastal waters of Madeira Island, an online
questionnaire survey addressed to citizens who practice marine activities (i.e., SCUBA div-
ing, recreational angling, spearfishing, and freediving) was developed using the platform
“maptionnaire” (www.maptionnaire.com (accessed on 9 December 2022)). This platform
has the advantage of being accessible from different devices (i.e., computers, tablets, and
phones) without the need to download a separate application. Moreover, this online ques-
tionnaire survey uses a novel technique that combines GIS participatory mapping methods
with classical interviews to collect multiple levels of information.
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The questionnaire was structured in two parts. The first part was designed to assess
the participants’ familiarity with S. aurata, including a picture of the species and a mix of
open-ended questions, Likert-scale, and fixed-choice questions. The second part of the
questionnaire presented a Google maps interface designed to collect georeferenced data
on S. aurata sightings during the respondents” maritime activities (i.e., where the species
was sighted while SCUBA diving, recreational angling, or spearfishing/freediving). With
that intent, the form instructed each participant to select an activity (i.e., SCUBA diving,
recreational angling, or spearfishing/freediving) and drag and drop the matching digital
icon (hereafter referred to as “markers”) onto a map of Madeira Island. To ensure spatial
precision in icon placement, the respondent was able to zoom the map interface to an
approximate resolution of 0.016 m/pixel. After dropping the marker on the site where S.
aurata was sighted, the participant needed to respond to four fixed-choice questions: (1) the
frequency of site visits (i.e., always, frequently, occasionally, or rarely); (2) the frequency
of S. aurata sightings (i.e., always, frequently, occasionally, or rarely); (3) the approximate
number of S. aurata individuals sighted (i.e., 1-5, 6-10, 11-20, or >20); and (4) the frequency
of S. aurata sightings of individuals larger than 30 cm (i.e., always, frequently, occasionally,
rarely, or never). In addition, respondents were asked to name and report fish species
that had been sighted together with S. aurata. After responding to these questions, the
respondent was asked to continue reporting additional sightings (i.e., by selecting once
again an activity, dropping a new pin, and answering the follow-up questions) or to submit
the report.

To test this approach, prototype versions of the questionnaire were piloted on a
random group of people (1 = 20). This preliminary study suggested small modifications
on phrasing to prevent misunderstandings and to confirm that the online questionnaire
worked effectively. After the initial testing and improvement, the survey questionnaire
was made available online for one month (from July to August 2020), and it was regularly
disseminated through scientific and social networks and virtual word-of-mouth.

For the purpose of this research, all data were collected, stored, and analysed anony-
mously, and all participants were informed about the objective of the study and agreed to
participate. Submitted questionnaires were examined and validated for completeness and
consistency of responses prior to analysis. Incomplete questionnaires and respondents that
were not able to correctly identify a picture of S. aurata (i.e., writing its scientific or common
name) were excluded from the analysis.

At the end of the data collection period, spatial data (markers) and non-spatial data
(responses to the survey) were downloaded from the webserver for analysis in ArcGIS and
SPSS software.

2.2. Spatial Analysis

Spatial data obtained with the questionnaire survey were converted in a GIS database
using the software ArcGIS Pro version 2.9.0 [44]. Preliminary spatial validation of reported
sightings was carried out by generating a 1 km buffer around each reported marker location.
Markers placed inland at more than 1 km from the shore were considered invalid and
discarded prior to further analysis. Markers placed inland within 1 km from the shore
were considered unintentional misplacements intended to report sightings in water and
were moved to seawater in the closest proximity and considered valid. To estimate the
probability of S. aurata sightings (PSa) in the coastal water of Madeira Island, valid data
from the fixed-choice questions associated with each of the markers placed on the Madeira
map were considered. Namely: (Q1) the frequency of site visits, (Q2) the frequency of
successful S. aurata sightings, and (Q3) the approximate number of S. aurata individuals
sighted. Answers for each of these three questions were transformed into values (i.e.,
always = 4, often = 3, sometimes = 2, and rarely = 1; and options 1-5=1,6-10=2,11-20 = 3,
and >20 = 4) and then PSa was estimated using the following formula:

PSa=0Q1 x Q2 x Q3
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Lastly, PSa values were represented through a heat map for visualisation purposes
and for better interpretation. A colour scale was selected as a graphical representation of
PSa in a specific area (i.e., red = high probability, light blue = low probability), which is
positively correlated to the number of markers placed in that area (closer markers create an
increase in the probability in that specific area).

Density was estimated using the kernel density methods [45]. For visualisation pur-
poses, PSa values used constant rendering with a radius value of 15. The heat map was
constructed using a scale of 1:270,000 km.

2.3. Recreational Fishing Contests and Landings from Commercial Fishing Fleet

Capture records from fishing contests (held between 2010 and 2019) provided by the
sport fishing association APDRAM (Associagao de Pesca Desportiva da Regido Autonoma
da Madeira, Funchal, Portugal) were analysed to supply corroborative evidence of S. aurata
estimated distribution based on the questionnaire surveys. This local association organises
fishing contests every year, generally in multiple locations along Madeiran coasts, and
provides the capture reports to the Fisheries Department of the Madeira Government. The
goal of these competitions is to reach the highest total weight of catches with no catch limits
and target fishing (but it forbids the capture of fishes <12 cm). For each contest, reports
include the total number of individuals caught per species, the number of participants,
location, and date (day, month, and year). Unfortunately, prior to 2017, specimens of
S. aurata were rarely recorded in an individual species category and often classified in a
joint group named “other species”, thus limiting the data available in those years. Sparus
aurata landings from the commercial fleet in fishing ports from Madeira were provided by
the Madeira Fisheries Directorate, covering the period from 1996 (when the first fish farm
was installed) until 2021.

2.4. Risk Assessment

The risk of S. aurata becoming invasive in Madeira Island, under the current and future
climatic conditions, was evaluated using the Aquatic Species Invasiveness Screening Kit
(AS-ISK 2021) [12]. AS-ISK is a decision support tool freely available online (www.cefas.
co.uk/nns/tools (accessed on 9 December 2022)) that consists of 55 questions [12]. The
first 49 questions address biogeographical and biological aspects of the targeted species to
produce a final basic risk assessment (BRA) score. The last six questions consist of a climate
change assessment (CCA), which requires the assessor to evaluate how future predicted
climate conditions are likely to affect the BRA concerning risk introduction, establishment,
dispersal, and impact [1]. To achieve a valid screening, the assessor must provide the
following for each question: a response, a justification, and a confidence ranking for that
response. To classify the level of invasiveness (i.e., low, medium, or high), the assessor
must inspect BRA and BRA + CCA scores. If scores are less than one, the target species
is considered to be unlikely to become invasive and thus classified as “low risk”. If the
scores are higher than one, the species is considered of “medium” or “high” risk to become
invasive in the risk assessment area. To determine if a species possesses a “medium” or a
“high” risk, the assessor refers to a “threshold” value, which varies based on the taxonomic
group to which the species belongs (e.g., reptiles, amphibians, tunicates, marine fishes, and
so on) and on the climate zone of the risk assessment area [1]. Located in the Temperate
Northern Atlantic, the thresholds used to evaluate the invasiveness of marine fishes in the
Madeira archipelago are BRA = 19.5 and BRA + CCA =31.5[1].

In order to reduce the chances of individual bias, a total of seven assessors were
involved in the screening of S. aurata invasiveness risk in the Madeira archipelago. The
assessors were selected based on their level of expertise and familiarity with this species,
including senior and junior experts in aquaculture, marine ecology, and invasion biology
who are familiar with Madeira marine habitats and biodiversity.
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2.5. Statistical Analysis

Descriptive statistics were used to summarise the results from the survey questionnaire,
from fishing contests and landings, and from AS-ISK assessments.

Potential differences among the three recreational activities (i.e., SCUBA diving, recre-
ational angling, and spearfishing/freediving) and the potential relationship between the
frequency of site visits and S. aurata sightings were tested using Chi-squared tests. These
statistical analyses were conducted using IBM SPSS Statistic version 27 with a significance
level of 5%.

3. Results
3.1. Survey Questionnaire and GIS Participatory Mapping

A total of 117 surveys were filled-in. From these, 64 survey questionnaires were
considered valid, reporting sightings in 108 markers (28 from SCUBA diving, 33 from
recreational angling, and 47 from spearfishing/freediving).

Overall, 68% of the participants remembered the first time they observed S. aurata in
the wild. The oldest sighting dated back to 1997, while 2016 was the year with the most
first sightings reported (Figure 2).
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Figure 2. Reported first sightings of S. aurata per year in Madeira Island. Data were obtained with
the survey questionnaire developed using Maptionnaire. Participants were asked to write the year in
which they saw individuals of S. aurata for the first time in the coastal water of Madeira. The y-axis
represents the number of answers.

Almost half of the participants (47%) perceived a yearly increase in S. aurata sightings,
17.2% believed the population remained unchanged, while 12.5% perceived a decrease in
S. aurata sightings, and 23.3% were not able to point out any trend. In 43% of the cases,
S. aurata was seen with other fish species, mostly accompanied by Diplodus sargus (37.5%),
followed by Sarpa salpa (15.6%) and individuals of the family Mugillidae (12.5%) (for more
details, see Supplementary Figure S1).

Most of the participants placed only one marker on the map (70%), and the maximum
number of markers positioned by a single participant was 8 (1.6%). Most of the sightings
were located on the south coast of Madeira Island, but approximately 14% of the markers
(n = 15) were also placed on the north coast (Supplementary Figure S2). Overall, in 25%
of the sites, reports of individuals of S. aurata larger than 30 cm were common (for more
details, see Supplementary Table S1).

Chi-squared test revealed no significant relationship between the type of activity
conducted by participants and the frequency of S. aurata sightings, the number of S. aurata
individuals observed, or the frequency of sighting specimens larger than 30 cm (all three
Chi-squared had p > 0.05).
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Similar results were revealed between the reported visiting frequency of one place and
the frequency or number of S. aurata sightings reported at that location (both Chi-squared
had p > 0.05). However, the Chi-squared test suggests a significant relationship between
the frequency of site visits and the frequency of large-sized S. aurata sightings (X* = 28.410;
df =12; p = 0.005).

Assuming no significant relationship between the frequency of visits and reported
sightings (see above), the probability of sighting S. aurata (PSa) was estimated and plotted
using a heat map (Figure 2). Three areas with a high probability of sighting S. aurata can
be identified on the south coast of Madeira Island: one area in the vicinity of the fish farm
facilities in Calheta; one area along the shoreline of Funchal; and one more extended area
in the southeast shoreline, between Canigal harbour and the surroundings of the fish farm
facilities in Baia de Abra (Figure 3).
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Figure 3. Heat map representing the reported probability of S. aurata sighting (PSa) according to the
questionnaire survey. In red are the areas with high probability, while light blue represents areas with
low probability values. The aquaculture facilities are represented as black triangles. Letters represent
the three areas with a higher probability of S. aurata sightings: (a) Calheta; (b) Funchal; (c) Canical.

3.2. Recreational Fishing Contests and Landings from Commercial Fishing Fleet

In the period 2010-2019, a total of 300 fishing contests were performed in 14 locations
along the Madeira coasts. Captures of S. aurata were reported in 25 contests, 18 of which
were in the period of 2017-2019 (Supplementary Table S2). Two years stand out when
inspecting the numbers of S. aurata captures: 2010, which was the year with the highest
percentage of S. aurata (90%) caught in a single contest, and 2018, in which 56% of the
fishing contests had records of S. aurata (Supplementary Table S2). From 2017 to 2019,
fishing contests took place in 11 locations around Madeira Island and, in 6 of these, S. aurata
was caught, with a mean percentage ranging from 0.17% to 7.35% of the total catch (Figure 4;
for details, see Supplementary Table S3).

Sparus aurata was firstly reported in landings from Madeira’s commercial fishing fleet
in 2008. It was included in a group of bycatch fish species, mostly unidentified and with
total catch per trip by boat from 30 to 200 kg. A total of 25 landings of that group of fish
was reported that year. To date, landings of bycatch group that identify S. aurata were only
reported for 2009 (3.5 kg), 2011 (0.9 kg), and 2014 (6.1 kg) (Madeira Fisheries Directorates,
personal communication).
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Figure 4. Percentage of S. aurata caught from fishing contests in the period 2017-2019. The size of
the circle represents the mean percentage of S. aurata recorded in each fishing contest location. The
fishing contest sites are represented by red crosses and the aquaculture facilities by black triangles.

3.3. AS-ISK Invasiveness Risk

Sparus aurata average BRA score for the Madeira archipelago was estimated at
22.16 & 6.77 (average =+ SD). Considering that the threshold for marine fishes in Madeira’s
ecoregion is 19.5 [1] and the average confidence value for BRA was 0.72 & 0.06, S. aurata
is considered as carrying a high risk of being invasive in Madeira (Figure 4). Concerning
the level of invasiveness in future projected climate conditions (BRA + CCA), the out-
put of the risk assessment corresponds to a value of 25.83 & 8.91 with a confidence of
0.69 £ 0.07 (average & SD). As the BRA + CCA threshold value for marine fishes in this
ecoregion is 31.5, S. aurata represents a medium risk of becoming invasive under future
climatic conditions predicted for the Madeira archipelago (Figure 5).

BRA+CCA ‘

o8 O

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Figure 5. Results of AS-ISK for BRA and BRA + CCA conducted by seven assessors. The black dots
are the single assessments and the white dots are the average values for all assessors. In BRA + CCA,
two dots present the same value (21). The colour inside each column represents the invasiveness risk:
green (value less than 1) is low risk; yellow corresponds to medium risk, and red corresponds to high
risk. The threshold values between medium and high risk are in accordance with the species (marine
fish) and the ecoregion (temperate marine) analysed [1].

Individual values of BRA and CCA for each assessor and overall results from the
AS-ISK are shown in the Supplementary Materials (Table S4).

4. Discussion

The combined methodologies applied in this study are revealed to be suitable and with
great potential to make important contributions to local management and conservation
practices as well as in broader scientific studies of NIS, dispersal rates, and distribution
assessments.
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For Madeira Island, this approach has been demonstrated to be suitable to create an
updated map of S. aurata distribution and provide insight into future potential invasive
consequences.

The participatory mapping showcased locations with a higher estimated probability
of S. aurata sighting, with both estimates and reported sightings suggesting that this
species can be found in most locations around Madeira. However, the interpretation of
the produced heat map needs some careful considerations. Firstly, the zero probability
of S. aurata sightings (white colour in Figure 2) represents missing information and not
S. aurata absence. Secondly, the estimated probability is influenced by the frequency of visits
to different areas. Despite no significant relationship between reported visit frequency
and reported S. aurata sightings, it is, in fact, possible that the island’s south coast is
associated with a higher probability than the north because of urban development and
higher population density (i.e., cities and marinas). This pattern is likely to be partly driven
by convenience and ease of access, such as the presence of infrastructure that facilitates
marine recreational activities. Considering all of this, it is plausible that the distribution
of S. aurata is underrepresented on the north coast of the island and overestimated in the
south. However, such errors in the estimation do not challenge the presence of this species
around the entire island, nor the possibility of an established population.

Additional information that supports this hypothesis is the reported sighting of large
specimens of S. aurata (>30 cm), which are larger than the average length at which fish
farmed in Madeira enter the commercial circuit (approx. 28.5 cm). Thus, the presence of
large fish in the wild suggests that S. aurata can survive for extended periods outside of
the cages and is likely capable of breeding in the wild. In fact, a local breeding programme
using natural spawning and reproduction of the species—without environmental control
or the use of hormones—assessed that the average size of broodstock is 35 cm [46].

However, with these results, it is difficult to be certain if the present distribution
of S. aurata in Madeira Island is due to a well-established population of this species or
continuous input from open-ocean fish farming. According to respondents of the GIS
participatory mapping survey, the first S. aurata sighting goes back to 1997, just a year
after the installation of the first fish farming sea-cages in Madeira Island. Although it was
not possible to verify the authenticity of this record, it suggests that the first fish farm
breakaway may have occurred soon after the beginning of the aquaculture activities on
this island. Official reports from Madeiran farmers refer only to large escape events, which
is common for other species (i.e., Atlantic Salmon, rainbow trout, and Atlantic cod) and
other countries (i.e., Norway, Italy, or Spain) [47-49]. Indeed, given the positive correlation
between fisheries and available biomass [50], it is possible that the high percentage of
S. aurata caught in 2018 fishing contests (90%) was related to a massive escape event that
occurred previously in the same year [51]. Considering that many smaller escape incidents
are either not detected or not reported [52], the true level of escape incidents could be
underestimated by 2—4 times [53].

The lack of standardisation in S. aurata detection and quantification efforts also con-
tributes to the current level of uncertainty to support the hypothesis of a continuous
S. aurata spillover from aquaculture. Fishing contest reports show higher percentages of
S. aurata in areas closer to aquaculture facilities (i.e., the one located on the South East coast
of Madeira Island) compared with the ones furthest away (i.e., areas in the North coast)
(Figure 3). However, this result must be interpreted with caution because the fishing effort
was not identical and angling is commonly influenced by multiple attributes of anglers,
fishes, and the environment [54].

Regardless of which theory justifies the present distribution of S. aurata in the coastal
water of Madeira Island, understanding the risks associated with these fish farm escapes is
particularly relevant for management and policymakers, especially in the case of expanding
mariculture activities [55]. In Madeira Island, S. aurata farming is a growing economic
sector; in the first semester of 2022, 1.0229 tons were produced, 51.2% more than the same
period of the previous year [35]. The risks that escaped farmed fish pose are a function of
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the probability of escape; the magnitude of each escape event; and the impact of escaped
fish on wild populations, ecosystems, and society [56]. Considering that S. aurata is classi-
fied as an NIS in Madeira [37,57], it reinforces the need to assess the relevance of its impacts
and to more effectively preserve and protect the marine ecosystem, thus promoting their
sustainable use. The results from the AS-ISK showed that S. aurata is currently a species
with a high risk of invasiveness in Madeira Island. Sparus aurata is known to quickly adapt
to local native food sources such as molluscs, crustaceans, and macrophytes, potentially
changing the trophic web structure or habitat composition [42]. The establishment of this
species may enhance trophic competition with native species like the red porgy (Pagrus pa-
grus, [37]) and the white seabream (Diplodus sargus, [58]). The latter species presents an
important diet overlap and was the one that was more commonly seen with S. aurata
(37.5% see Supplementary Figure S1). Moreover, although potential predators of S. aurata
(i.e., dolphins, seabirds, monk seals, and local fishermen) are present at Madeira throughout
the year, their abundance may not be enough to control a new growing population [59].

Another issue related to NIS, including S. aurata, is the possibility to host or act as a
vector of recognized pests and infectious agents [60]. However, knowledge about the nature
and mechanisms of infectious pathogens between farmed stocks and wild populations is
still scarce [42].

To date, S. aurata in Madeira seems not to affect any ecosystem services directly nor
have negative socio-economic impacts. In fact, S. aurata is still not commonly reported
from fishery landings of the local commercial fleet. However, ecological functions can
change dramatically over time, or changes can become evident only after long periods of
the innocuous presence of the NIS [14]. The accuracy of the AS-ISK responses evidenced a
lower confidence ranking from the CCA (0.43) compared with the BRA (0.72), highlighting
the intrinsically high level of uncertainty in future climate change projections. Indeed, it is
possible that, in future climate change scenarios for Madeira Island, S. aurata could poten-
tially reduce natural breeding and recruitment success in the wild and at local hatcheries. In
fact, an increase in minimum sea temperatures, presently at a monthly average of 18 °C [61],
would dramatically reduce the spawning window for this species, which reproduces under
19 °C [62]. Moreover, several studies have indicated that S. aurata is particularly sensitive to
prolonged exposure to elevated water temperature (i.e., >28-30 °C) and unable to acclimate
to temperatures beyond 26 °C [63,64]. Moreover, thermal sensitivity of S. aurata differs
between life stages [62,65], making it even more challenging to predict the impacts of this
species in the ecosystem.

Given the high risk of S. aurata becoming invasive in Madeira and the suggested
establishment of this species, the findings of this study highlight the need for implement-
ing a regional monitoring program that consistently and periodically evaluates present
and future impacts of S. aurata on coastal ecosystems. Such a program should include
commercial fisheries” independent data, as well as data from recreational fisheries and the
regular participation and contributions of relevant stakeholders and citizens. As seen in
this study and other research targeting marine NIS [66,67], citizen science is a valuable
low-cost tool to monitor species distribution. Moreover, encouraging constant citizen par-
ticipation through GIS mapping tools will help to understand species” temporal and spatial
distribution patterns. However, the use of citizen science is not flawless and requires data
interpretation and integration by scientists [26—29]. To overcome issues related to spatial
data collected with citizen participation and validate local distribution, the suggested
monitoring program should also collect in situ data periodically and follow a distance
gradient from both aquaculture facilities and areas with urban development. In addition,
to confirm the presence of a self-sustained S. aurata population, this program should also
inspect individuals captured in the wild to assess if both sexually mature males and females
are already present and breeding in coastal waters around Madeira. Moreover, genetic
monitoring programs of reared stocks and of their conspecifics already in the wild should
also be established [68].
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Lastly, this study also highlights the need for regulations that require aquaculture
farms to report escape events independently of their sizes, which has recently been adopted
under new regulations (Dec.L.R. 5/2023/M de 9 de Janeiro de 2023). We also recommend
the requirement for recreational fishing contests to report captures and the addition of
S. aurata as a separate category in the commercial landings annual report of the Madeira
Fisheries Directorate. All of these recommendations will help comply with EU regulations
under the Marine Strategy Framework Directive for NIS [16].

Based on local results, this approach, leveraging citizen participation and experts’
knowledge to assess the distribution and invasion risk of S. aurata, has the potential to be
applied in other locations (or other target species) where time and funding are limiting
factors. In fact, up-to-date data on S. aurata distribution were collected in a short period of
time, covering almost the whole perimeter of the island and with virtually no costs except
for those associated with launching and maintaining the questionnaire online. Moreover,
the risk assessments were conducted with a freely available toolkit (AS-ISK, [12]) and relied
on volunteer and collaborative work from experts, showcasing that species invasive risk
can be assessed with almost no associated costs based on expert opinion and knowledge.
Finally, the visual and numeric output of this approach is straightforward to interpret for
managers and policymakers as well, making it an easy-to-use early warning system for
potentially invasive NIS and allowing the prompt development of management measures.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/jmse11020438/s1. Figure S1: Fish species seen together
with S. aurata expressed in percentage; Figure S2: Sighting of S. aurata for each marine activity;
Figure S3: Sighting of S. aurata larger than 30 cm; Table S1: Frequency of S. aurata individuals bigger
than 30 cm; Table S2: Fishing contests performed along Madeira coasts in the period between 2010
and 2019; Table S3: Fishing contests performed along Madeira coasts in the period between 2017 and
2019; Table S4: AS-ISK results for S. aurata in Madeira Archipelago.
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