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Abstract: Current trends in the global climate facilitate the displacement of numerous marine species
from their native distribution ranges to higher latitudes when facing warming conditions. In this
work, we analyzed occurrences of a circumtropical reef fish, the spotfin burrfish, Chilomycterus
reticulatus (Linnaeus, 1958), in the Madeira Archipelago (NE Atlantic) between 1898 and 2021. In
addition to available data sources, we performed an online survey to assess the distribution and
presence of this species in the Madeira Archipelago, along with other relevant information, such as
size class and year of the first sighting. In total, 28 valid participants responded to the online survey,
georeferencing 119 C. reticulatus sightings and confirming its presence in all archipelago islands.
The invasiveness of the species was screened using the Aquatic Species Invasiveness Screening
Kit. Five assessments rated the fish as being of medium risk of establishing a local population
and becoming invasive. Current temperature trends might have facilitated multiple sightings of
this thermophilic species in the Madeira Archipelago. The present study indicates an increase in
C. reticulatus sightings in the region. This underlines the need for updated comprehensive information
on species diversity and distribution to support informed management and decisions. The spread
of yet another thermophilic species in Madeiran waters provides further evidence of an ongoing
tropicalization, emphasizing the need for monitoring programs and the potential of citizen science in
complementing such programs.

Keywords: climate change; range expansion; Macaronesia; non-indigenous species; NIS; AS-ISK;
citizen science
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1. Introduction

Numerous human-mediated actions, like climate change and biological invasions,
trigger environmental changes which impact on global biodiversity and ecosystems [1,2].
Ongoing climate change encompasses many ocean modifications, such as temperature
changes, ocean acidification, sea-level rise, and consequent variations in ocean stratification,
upwellings, currents, and weather patterns [2,3]. All of these can have determinant roles in
many ecological and biological mechanisms and functioning [4,5]. One of climate change’s
most direct ecological effects is species distribution shifts [6], often increasing the proportion
of warm-water species in temperate or subtropical regions. This phenomenon, commonly
referred to as tropicalization [7], has been observed globally and across several marine areas
and taxa [7–11]. In European waters, including the Mediterranean Sea, there are multiple
examples of such events across a variety of taxa (e.g., algae, crustaceans, molluscs, and
fishes) [12–15]. Evidence from across the globe shows that these shifts of tropical species
can promote changes in community structures, often resulting in biodiversity loss [6] and
even inverting the net trophic state and carbon balance on some occasions [16].

The Macaronesian Islands (composed of the Azores, Madeira, the Canary Islands,
and Cabo Verde Archipelagos) constitute a suitable example of oceanic islands hosting
marine flora and fauna influenced by the arrival of new species and impacted by climate
change. Over recent decades, there has been an increase in detecting new species in these
archipelagos from various taxa ([17] and references within). This increase over the last
30 years in Madeira is related to the arrival of fishes, macroalgae, arthropods, tunicates, and
echinoderms [17]. These new additions are the combined consequence of an increase in
sampling efforts, an intensification of maritime traffic (with a consequent rise in propagule
pressure), and the range expansion of some species, likely facilitated by temperature
increases (e.g., [11,17–21]).

In early October 2020, one specimen of Chilomycterus reticulatus (Linnaeus, 1758)
(Tetraodontiformes, Diodontidae) was observed and photographed at −20 m depth during
a scientific campaign at Porto Santo Island (Madeira Archipelago). The sighting generated
some curiosity since the presence of this species in Madeira is considered rare. Further
research revealed that the species had also been observed a couple of months earlier in
Madeira Island, with images posted on social media platforms. These recent sightings of
C. reticulatus in the area sparked (scientific) attention and, ultimately, triggered this study.
The first record of C. reticulatus in Madeira dates to 1898, with a specimen deposited in the
Natural History Museum of Funchal (Museu Municipal do Funchal, MMF). Subsequently,
new records and specimens from Madeira have been sporadically reported and deposited
in the collections of MMF and the British Natural History Museum London [21].

With a circumtropical distribution, C. reticulatus can be found in tropical to subtropical
seas [22]. Adult individuals are around 50 cm long, on average, with a maximum of
75 cm [23,24]. This species is associated with a wide variety of habitats, including rocky
reefs, coral reefs, and sandy bottoms, with preferred depths between −20 to −100 m,
usually deeper in the tropics [25,26]. The preferred temperature for C. reticulatus is, on
average, 25.5 ◦C, but it has been observed in areas with a temperature range between
12.7 ◦C to 29.5 ◦C [27]. Regarding food preferences, the spotfin burrfish elects hard-shell
invertebrates but also feeds on large-sized sea urchins [28]. The eggs, larvae, and juveniles
are pelagic until reaching about 20 cm of standard total length [25,29]. In Madeira Island,
C. reticulatus is the only validated representative of the Diodontidae family [21]. However,
other representatives from this family have been recorded, but their identification remains
doubtful between the species Diodon hystrix Linnaeus, 1758, and Diodon eydouxii Brisout de
Barneville, 1846 [21].

Prevention is primarily recognized as an effective method to avoid or mitigate the
impacts associated with the proliferation of non-indigenous species (NIS) [30]. Preventing
and/or avoiding the arrival of range expansion species induced by tropicalization is
quite challenging. Therefore, detecting and monitoring non-indigenous and potentially
invasive species in a particular location provides a crucial baseline for advice to politicians,
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decision-makers, and other stakeholders regarding management options in coping with
those species [31–37]. Risk screening and hazard identification are other crucial steps in
assessing the risks associated with NIS proliferations [38] by identifying and ranking NIS
that likely could cause a threat to native species and ecosystems in a particular region [33].
Risk assessment protocols for NIS and pathways/vectors are crucial for implementing best
practice procedures for risk reduction in NIS introduction by different pathways [31–33],
assuming high importance in biosecurity [39].

One method to identify potentially invasive aquatic species is by using risk assessment
tools such as the Aquatic Invasiveness Screening Kit (AS-ISK) [33]. This software measures
the risk associated with introducing a given taxon based on its biological traits, ecologi-
cal characteristics, and the similarities between its native range and the risk assessment
area [37,40]. Usually, aquatic species inherit specific life-history characteristics, including
high fecundity, large body size, long life span, opportunistic feeding behaviour, amongst
others [41,42], showing a higher risk of becoming invasive. In addition, invasive species
often tolerate higher salinity, broader environmental temperatures, and higher levels of
organic pollution than native species [41,42].

Nevertheless, some invasive species can be elusive or difficult to detect [43] as data
related to biological traits, and other relevant information can be costly or challenging to
obtain [44]. This is particularly true for the routine collection of data on the occurrence,
abundance, and local marine taxa distribution to monitor new species’ arrival and pro-
liferation. In this context, citizen science initiatives present an opportunity to address
some of these challenges, fill knowledge gaps and simultaneously promote awareness and
increase efforts in marine conservation around the globe [45,46]. Correctly executed, citizen
science can provide robust, high-quality and accurate data that can be used for policy
and decision-making [47–49], complementing datasets that are collected with traditional
scientific methods and surveys at a fraction of their typical costs [50,51]. Worldwide, citizen
science programs and initiatives are increasing and have demonstrated effectiveness in
providing valuable data, tackling NIS with meagre costs (e.g., [51–54]).

In this context, the present work combines different approaches designed to: (i) map
and assess the presence of C. reticulatus in the Madeira Archipelago by using data from
monitoring surveys, citizen science, and other sources (i.e., museum records); (ii) assess if
a rise in seawater temperatures in the region may facilitate the establishment of this fish
species in the region; and (iii) verify the invasion risk of C. reticulatus regarding Madeira
Archipelago as the assessment area.

2. Materials and Methods
2.1. Study Area

The Madeira Archipelago (Portugal) is located in the Northeast Atlantic Ocean
(30◦00′ N to 33◦12′ N and 15◦50′ W to 17◦20′ W, Figure 1). It is situated in the Macaronesia
region, with the Azores, the Canary Islands, and Cabo Verde Archipelagos. The Madeira
Archipelago comprises two populated islands, Madeira Island (resident population of
262,302) and Porto Santo (resident population of 5483) [55] and two smaller uninhabited
groups of islands (Desertas and Selvagens) that are functioning as Marine Protected Areas
(MPA). Madeira Island falls under the Temperate Northern Atlantic ecoregion [56], being
surrounded by oligotrophic waters [57]. Its coastline and shallow waters are dominated by
rocky reefs (platforms and boulders) and sand [58]. The average yearly seawater tempera-
ture is around 20.4 ◦C, with seasonal variations of 16 to 26 ◦C [59]. The north of Madeira is
under the influence of the Azores current, with a pattern of water displacement from west
to east, feeding the Canary Current. The latter passes Madeira on the east and goes from
north to south [60].
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Figure 1. Map of the Madeira Archipelago showing (A) the location of the study area in the 
Northeast Atlantic, including (B) Madeira Island, Porto Santo, Desertas, and (C) the Selvagens 
Islands and locations of Chilomycterus reticulatus sightings around the Archipelago of Madeira 
between the years 1898 to 2021. Heatmap colors display hotspots of first sightings obtained by the 
online survey. Records from museum records (●), scientific campaigns (■), and other sources (▲) 
are also displayed. 
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2.2.1. Annual Monitoring Surveys 

Since 2017, a yearly monitoring program was developed to assess the abundance and 
distribution of fishes, macroinvertebrates, and sessile organisms on the south coast of 
Madeira and Porto Santo. Since then, more than 500 dives have been performed. These 
surveys were based on an underwater visual census (UVC), conducted at depths of −5, 
−10, and −20 m along a 50 m transect parallel to the coastline, with each dive ranging from 
60 to 90 min duration. 

2.2.2. Citizen Science 
In early 2021, a question-based online survey targeting fishing, spearfishing, and 

SCUBA diving practitioners was developed to assess the occurrence and distribution of 
C. reticulatus in Madeira Archipelago (Supplementary Material S1—Figure S1). Using a 
customized online interface (Supplementary Material S1, available at http://wave-
labs.org/studies (accessed on 1 May 2021), selecting “Markers” and then “Chilomycterus 
reticulatus”), participants were asked if they recognized and could identify C. reticulatus 
from a photograph and were prompted to report all sightings they recalled while SCUBA 
diving, snorkelling/spearfishing, and/or fishing. 

The survey was structured in two parts. The first part was designed to assess the 
participant’s familiarity with C. reticulatus and tropicalization, using a mix of open-ended 
questions, Likert-scale, and fixed choice questions. The second part aimed to collect 
information about the type of activity practised by the respondent and obtain 
georeferenced data about C. reticulatus sightings. The interface permitted public 
participation GIS (PPGIS) to report georeferenced information by allowing users to 
pinpoint C. reticulatus sightings on a map of the Madeira Archipelago (excluding the 
Selvagens). Prototype versions of the questionnaire were previously piloted on a random 
group of people (n = 10). This preliminary pilot allowed minor modifications to prevent 
misunderstandings and confirm that the online PPGIS worked effectively. 

Portuguese and English survey versions were widely disseminated in late April 2021 
on social media platforms (i.e., Facebook and Twitter) and by email to maximize 
participation. The survey was active for one month, with weekly dissemination and posts 
to enhance participation and reach a wider audience. Participants were informed about 

Figure 1. Map of the Madeira Archipelago showing (A) the location of the study area in the Northeast
Atlantic, including (B) Madeira Island, Porto Santo, Desertas, and (C) the Selvagens Islands and
locations of Chilomycterus reticulatus sightings around the Archipelago of Madeira between the years
1898 to 2021. Heatmap colors display hotspots of first sightings obtained by the online survey.
Records from museum records (•), scientific campaigns (�), and other sources (N) are also displayed.

2.2. Chilomycterus reticulatus Sightings
2.2.1. Annual Monitoring Surveys

Since 2017, a yearly monitoring program was developed to assess the abundance
and distribution of fishes, macroinvertebrates, and sessile organisms on the south coast of
Madeira and Porto Santo. Since then, more than 500 dives have been performed. These
surveys were based on an underwater visual census (UVC), conducted at depths of −5,
−10, and −20 m along a 50 m transect parallel to the coastline, with each dive ranging
from 60 to 90 min duration.

2.2.2. Citizen Science

In early 2021, a question-based online survey targeting fishing, spearfishing, and
SCUBA diving practitioners was developed to assess the occurrence and distribution of
C. reticulatus in Madeira Archipelago (Supplementary Material S1—Figure S1). Using
a customized online interface (Supplementary Material S1, available at http://wave-
labs.org/studies (accessed on 1 May 2021), selecting “Markers” and then “Chilomycterus
reticulatus”), participants were asked if they recognized and could identify C. reticulatus
from a photograph and were prompted to report all sightings they recalled while SCUBA
diving, snorkelling/spearfishing, and/or fishing.

The survey was structured in two parts. The first part was designed to assess the
participant’s familiarity with C. reticulatus and tropicalization, using a mix of open-ended
questions, Likert-scale, and fixed choice questions. The second part aimed to collect
information about the type of activity practised by the respondent and obtain georeferenced
data about C. reticulatus sightings. The interface permitted public participation GIS (PPGIS)
to report georeferenced information by allowing users to pinpoint C. reticulatus sightings
on a map of the Madeira Archipelago (excluding the Selvagens). Prototype versions of
the questionnaire were previously piloted on a random group of people (n = 10). This
preliminary pilot allowed minor modifications to prevent misunderstandings and confirm
that the online PPGIS worked effectively.

Portuguese and English survey versions were widely disseminated in late April
2021 on social media platforms (i.e., Facebook and Twitter) and by email to maximize
participation. The survey was active for one month, with weekly dissemination and posts
to enhance participation and reach a wider audience. Participants were informed about the
objective of the study and were prompted for their consent to participate. For this research,

http://wave-labs.org/studies
http://wave-labs.org/studies
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all data were collected, stored, and analyzed anonymously. Responded surveys were
examined and validated for completeness and consistency of responses before analysis.

2.2.3. Complementary Records

A comprehensive literature search was conducted on scientific papers, books, book
chapters, theses, and reports for data regarding sightings of this species in the study area.
This search included literature published between 1880 and May 2020 in English, Por-
tuguese, and Spanish. Web of Science database (www.webofscience.com (accessed on
3 January 2021)), Scopus (www.scopus.com (accessed on 7 January 2021)), and Google
Scholar (https://scholar.google.com (accessed on 12 January 2021)) were examined us-
ing the following relevant keywords (and/or): “alien”, “invasive”, “introduced”, “NIS”,
“non-indigenous species”, “invasion”, “non-native”, “exotic”, “Madeira”, “Fishes”, “Fish”,
“Chilomycterus reticulatus”, “Chilomycterus atringa”, and “Diodon atringa”. Moreover, mu-
seum records of the species were also scrutinized, namely records from the Museu Mu-
nicipal do Funchal (MMF) and the Natural History Museum of London. Scientific cruise
data provided by EMEPC/M@rBis regarding sightings of C. reticulatus in the region were
also included.

2.2.4. Data Analysis

After concluding the online survey, spatial data (icon/marker location) and non-spatial
data (survey responses) were downloaded from the webserver for analysis in QGIS (version
3.10; [61]) and IBM SPSS (version 27; [62]). A buffer of 1 km was used around the markers
placed ashore to include tags that were likely intended to be placed in seawater that is close
to the coast. Data points placed in the terrestrial part of Madeira Archipelago (inland) were
removed from the consecutive analyses. Furthermore, interviewed citizens who could not
correctly identify a photograph of C. reticulatus by providing its scientific or common name
(in English or Portuguese) were excluded from the analyses. To summarize the survey
responses, descriptive statistics were conducted using IBM SPSS Statistic with a significance
level of 5%. Shapiro–Wilk tests were performed to check the normal distribution of data.
Potential differences among the three activities (i.e., scuba diving, spearfishing, and fishing)
and the possible relationship between respondent expertise and the number of dropped
data points were analyzed using the Kruskal-Wallis test. A map with all georeferenced
data points was generated in QGIS using the heatmap function.

2.3. Seawater Temperatures and Analysis

The daily sea surface temperatures (SST), between 1982 and 2020, were extracted
from NOAA OI SST V2 High Resolution Dataset [63] for the 24 grid cells around Madeira
Island (32◦15′ N to 33◦15′ N and 16◦15′ W to 17◦45′ W). Collected values were summarized
across the 24 selected raster cells to obtain a dataset describing the daily average values,
considering the mean, minimum, and maximum values for the study region per year.

The temperature dataset of the daily average SST of the last 38 years was used to
analyze temperature changes. A time-series was created from the dataset and was then
decomposed into its trend, seasonal and irregular components [64]. After subtracting
the seasonal component from the dataset, a linear regression was fitted to the seasonally
adjusted dataset. The slope was extrapolated to obtain the rate of change in the area [65].

Furthermore, the past (1966–1970) and current (2016–2020) SST ranges at Madeira were
compared to the recorded and preferred temperature range of C. reticulatus [27]. Seawater
temperature data were obtained from the Portuguese Institute for Sea and Atmosphere
(IPMA) [66], which was measured daily in the port of Funchal (Madeira Island) since 1961.
The data were summarized for the periods 1966–1970 and 2016–2020. The SST preference
of C. reticulatus was extracted from Aquamaps [27]. The dataset provides information on
SST where C. reticulatus has been recorded and indicates the species preferred temperature
range between the 10th and 90th percentile of all recorded temperatures.

www.webofscience.com
www.scopus.com
https://scholar.google.com
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Temperature analyses were performed using R (version R-3.6.3; [67]) and RStudio
(version 1.2.5033; [68]) with the packages “Ggpubr” [69], “ncdf4” [70], and “dplyr” [71].

2.4. Aquatic Species Invasiveness Screening Kit (AS-ISK)

To determine the invasion risk of C. reticulatus, the AS-ISK v2.3 was used [33]. AS-ISK
is a free software that consists of 55 questions divided into three main subjects: (1) biogeog-
raphy and history of the species; (2) species’ biological and ecological characteristics; and
(3) climate change. The package produces an invasion score that expresses the species’ po-
tential to spread in a new environment and alter the environment directly or indirectly [37].
Within the package, a confidence value is assigned to each of the 55 responses and scores.

AS-ISK provides a Basic Risk Assessment (BRA) comprising the first 49 questions
related to the biogeographical and biological aspects of the species being screened. The last
six questions address a Climate Change Assessment (CCA), which requires the assessor to
evaluate how predicted future climate conditions are likely to affect the species and the
respective BRA score regarding introduction, establishment, dispersal, and impact risks.
To achieve a proper screening, the assessor must provide a response, a level of confidence
in the answer, and a justification for each question. Upon completing the screening, the
species receive a BRA and a BRA + CCA (composite) scores (−20 to 68 and −32 to 80,
respectively). Scores < 1 suggest that the species is unlikely to become invasive and is
classified as ‘low risk’ [72]. The tropical threshold of 12.5 was used to distinguish between
medium and high risk for the BRA score, and the threshold of 23.4 (12.5 + 10.9) was used
to differentiate between medium and high risk for the BRA + CCA score [37]. Since there
is no specific threshold for marine fishes in the Madeira Archipelago and considering
that C. reticulatus has more tropical affinities [27], the tropical threshold was chosen since
it provides a more conservative score, being, therefore, the most appropriate (G. Copp,
personal communication; [37]). In this study, five independent screenings were used to
account for variation in assessors’ opinions (in each of the 55 questions) and better assess the
potential invasiveness risk of C. reticulatus in Madeira waters. A risk matrix was developed
using BRA and BRA + CCA for each axis using thresholds that were previously defined.

3. Results
3.1. Chilomycterus reticulatus Sightings

During the one-month active period of the online survey, a total of 30 participants
completed the questionnaire. Overall, 28 interviews (93.3%) were valid, as respondents
had unambiguously identified the species, and 119 data points were validated on the
virtual map. The oldest record of C. reticulatus obtained with this online survey was
registered in 1985, while 2000, 2010, and 2018 had the highest number of first sightings
(n = 3). Three-quarters of respondents confirmed to have seen the fish repeatedly and
marked more than one sighting. Chilomycterus reticulatus was observed frequently with
a body size smaller than 30 cm (46.4%), and only 14.3% of the respondents declared that
they had observed larger individuals regularly (>50 cm). Fish lengths between 30 and
50 cm were rarely witnessed (Supplementary Material S2—Table S1). Spearfishing was
the dominant activity performed by the participants during the sightings (n = 13; 46.4%).
This category was also responsible for the majority of positioned data points on the map
(n = 66). A Kruskal–Wallis test showed no statistically significant differences among the
three activities and the number of data points placed on the map (p = 0.555). The activity’s
detailed online survey results are presented in Supplementary Material S2 (Supplementary
Material S2—Tables S1 and S2).

In addition to the online survey observations (119), georeferenced data points were
obtained by museum records (6), scientific campaigns (7), authors’ personal observations
(4), and scientific literature (1) resulting in a total of 137 observations of C. reticulatus in the
Madeira Archipelago (Figure 1, Supplementary Material S2—Table S3).

Over the years, C. reticulatus was detected on all islands of the archipelago: Madeira
Island (96), Porto Santo (30), Desertas (5), and Selvagens (6) (Figure 1). Most observations
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were recorded for the populated islands: Madeira Island and Porto Santo (Figure 1). At
Madeira Island, most sightings occurred on the south coast and were primarily distributed
in the western and eastern tip of the island. At Porto Santo, most C. reticulatus sightings
were near Ilhéu da Cal. Records of C. reticulatus in Madeira span more than 120 years, with
records from 1898 (Supplementary Material S2—Table S3) until today (Figure 2).
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1982 and 2020 (dashed line). The extrapolated temperature change over a century (solid line) was
calculated as a linear regression based on the seasonally adjusted dataset of daily means. Data:
NOAA OI SST V2 High Resolution Dataset [63].

3.2. Seawater Temperatures and Analysis

The temperature trend analysis for Madeira revealed a warming trend of 1.93 ◦C
per century based on data from the last 38 years (Figure 2). Half a decade ago, the
average yearly temperature at Madeira was 20.0 ◦C (minimum of 16.3 and maximum of
24.1 ◦C; Figure 3). In the past five years, seawater temperature reached an average of
20.7 ◦C with a maximum and minimum of 24.3 and 16.8 ◦C, respectively (Figure 3). The
current temperature regime at Madeira Island shows a 38.8% overlap with the preferred
temperature window of C. reticulatus, while 50 years ago, the overlap was only 28.4%
(Figure 3). However, Madeira’s average and maximal values are still lower than the
optimal average temperature (25.5 ◦C) of C. reticulatus (Figure 3).
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Figure 3. The sea surface temperatures range in Madeira in the past and present (daily SST from
1966–1970 and 2016–2020, data source: [66]) compared to the recorded and preferred temperature
range for Chilomycterus reticulatus (based on Aquamaps, [27]). Means are indicated as points.

3.3. AS-ISK

Four out of the five AS-ISK assessments, and the overall average, were on the Medium
Risk mark, based on the BRA scores (threshold of 12.5 for tropical fishes) (Figure 4). Only
one assessment fell in the “high risk” category (Figure 4). Considering the potential effects
of climate change on the risk screening (BRA + CCA), the results were similar, with only
one assessment being considered to be “high risk” (BRA + CCA = 25.5) (Figure 4). All the
other four, plus the average value, were considered to be medium risk (Figure 4) (BRA +
CCA < 23.4).
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Figure 4. The risk matrix of BRA values against BRA + CCA values displays a gradient of “low
risk” (green), “medium risk” (yellow), and “high risk” (red). Observations of the AS-ISK screening
of Chilomycterus reticulatus are represented by black and white squares: individual assessments in
black (n = 5) and the overall average result in white. The thresholds for low, medium and high
risk are indicated in the figure with white lines (tropical fish threshold of 12.5 for BRA and 23.4 for
BRA + CCA was used).
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The main characteristics that reflected the invasiveness of C. reticulatus are climate,
distribution, introduction risk, and history of being invasive elsewhere (Supplementary
Material S2—Figure S2). Overall, with the current climate change predictions, the species
risk of invasiveness appears to increase (Supplementary Material S2—Figure S1). The
confidence factors varied according to the assessor, and average values were 0.52 (±0.10)
for BRA, 0.62 (±0.03) for CCA and 0.59 (±0.04) for BRA + CCA scores. These were
influenced by the lack of information regarding tolerance attributes and reproduction
(Supplementary Material S3).

4. Discussion

The present study suggests that C. reticulatus is at a medium risk of establishing
self-sustained populations and becoming invasive. The reported numbers of first sightings
and the wide spatial distribution suggest the expansion of this thermophilic species in
the Madeira Archipelago, which may be facilitated by the current temperature trends
influenced by climate change.

Many of the featured recreational activities in oceanic islands, such as Madeira, fo-
cus on the sea, namely scuba diving, spearfishing, whale watching, and recreational
fishing [73–75]. Involving stakeholders and their clients can complement and improve
scientific data at various spatial and temporal scales [76,77]. Citizen science may contribute
to ecological conservation by collecting environmental and biological data or by targeting
particular species [77–81]. In the last decade, marine citizen science was widely employed
in identifying different threats of marine ecosystems (e.g., marine litter or NIS [81–83]) and
monitoring of/detecting iconic species [82,83]. In this study, citizen science was used to
assess the range expansion of C. reticulatus in the Madeira Archipelago by providing valid
information on its presence in the study area. There are potential challenges when involv-
ing volunteers in data collection, including their limited experience in species identification.
However, the spotfin burrfish is a distinctive reef fish species, easy to identify, and is one of
the few Tetradontidae species recorded in Madeira see [21] for more details. However, the
possibility that in some cases, misidentification with individuals of the brown pufferfish,
Sphoeroides marmoratus (Lowe, 1838), as juvenile burrfish (size category < 30 cm) occurred,
cannot be completely excluded.

Due to spatial or temporal differences in sampling efforts, the distribution data ob-
tained from citizen science and other sources (e.g., scientific campaigns, personal obser-
vations, and museum collections) can be biased [84]. Therefore, some caution needs to be
exercised in interpreting these results since no measure of sampling effort was integrated.
Abundance data are often spatially skewed towards areas of higher population density or
more marine activity [85]. However, occurrences (i.e., sightings) can be used to delineate
the general spatial range and extent of the species.

In this study, C. reticulatus records were expectedly higher in areas of higher popu-
lation density and/or locations of increased marine activities (e.g., marked diving spots).
However, the results showed that C. reticulatus is widely distributed in the region and
occurs on all islands (populated and unpopulated) of the Madeira Archipelago.

Besides spatial biases, temporal biases should also be considered. Observations over
time could be skewed towards recent years because of multiple factors. For example, the
number of citizens engaging in recreational marine activities has been increasing over the
last few years, and portable waterproof cameras are now less expensive and are commonly
used to promote more digital evidence. Similarly, participant demographics, experience,
and frequency of practice are likely to constrain the report in time (e.g., practitioners can
only report for the period they have practised an activity). Another consideration contem-
plates the increase in monitoring, sampling, and studies focused on invasion ecology over
the last decades [18,29]. Moreover, the growing exchange of information and advancements
to generalized access and the exchange of information over the internet and across social
media platforms have improved. Although the recent increase in the report of C. reticulatus
first sightings may be partly due to the previously mentioned factors, the results of the
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present study indicate an increasing trend in the number of sightings and in seawater
temperatures (Figure 2). Evidence that rising temperatures due to climate change can cause
poleward range shifts and/or expansions in species distribution is widely acknowledged
(e.g., [59,86,87]). Moreover, the wide spatial distribution of sightings since 1985 (Figure 2)
suggests that C. reticulatus may, in fact, be expanding its range.

Madeira seawater temperatures are becoming increasingly closer to the optimal range
of the species in question (Figure 3; [27]), similar to the neighbouring Canary Islands
where this species increased its abundance and formed self-sustained populations [28,29].
Changes in global temperature regimes are predicted to shift tropical temperatures to
values outside the tolerance thresholds of long-lasting resident species, causing range
retractions on the southern distribution edge (e.g., [88]). On the other hand, temperature
regimes of higher-latitude regions will shift closer to values that are tolerated by species
that have been so far restricted to warmer, lower-latitude areas (e.g., [89]). At current
rates, Madeira’s increase of almost 2 ◦C per century aligns well with the IPCC predictions
for the end of this century (+1.9 ◦C; CMIP6—SST change in ◦C—long term 2081–2100
under SSP2 4.5 relative to 1986–2005 at Long: −17.07 Lat: −32.75; [90]). This increase in
water temperatures supports the northward spread of tropical and subtropical species,
such as C. reticulatus, in the Madeira Archipelago. Considering the current temperature
trend, Madeiran waters will continue to warm, creating even more favourable temperature
conditions for C. reticulatus individuals.

The spotfin burrfish has been recorded as a vagrant species in the Mediterranean
Sea [91] and is also present in the Canary Islands [29]. Since its first detection (1981)
in the Canary Islands, the abundance of C. reticulatus has increased over the last three
decades [29,92]. Similar trends were detected in the Madeira Archipelago, where over
previous decades, several species extended their distributional range as part of a tropi-
calization process, increasing the number of taxa detected [11,21,59]. For example, the
crab Cronius ruber (Lamarck, 1818) is a recent case of the ongoing tropicalization in Mac-
aronesia [13,17,59,93]. In fact, after its first record in 2016 at the Canary Islands [13,93], it
continued to advance poleward until it was first registered in 2018 at Madeira Island and
repeatedly observed in the following months and years ([59]; Schäfer, personal observation).
Furthermore, several other fishes with tropical affinities are being detected in Madeira
(e.g., Canthidermis sufflamen (Mitchill, 1815) and Caranx crysos (Mitchill, 1815); [21,94]),
illustrating the same poleward shift from the Canary Islands [95,96]. Additionally, not
only motile species, such as fish and macroinvertebrates, are included in this trend. For
example, the alga Avrainvillea canariensis A. Gepp & E.S. Gepp was recently detected in
Madeira [12]. According to the authors, this finding represents a northern expansion by
nearly 500 km since the species was previously limited to the Canary Islands [97], and was
considered neoendemic. The seaweed Caulerpa chemnitzia (Esper) J.V.Lamouroux is another
example. It was identified as C. racemosa var. peltata (a later heterotypic synonym) in 2000
at Funchal [98] and 2015 in Porto Santo, forming large beds (Patricio Ramalhosa, personal
observation). Chilomycterus reticulatus is a polyvectic species [99], having two or more po-
tential vectors associated with its introduction. The spotfin burrfish may have entered the
Madeira Archipelago by currents and ballast water in its pelagic phase (eggs, larvae, and
juveniles) [100] or by rafting underneath floating debris or Sargassum spp. [101]. The arrival
vector of such species to Madeira remains, in most cases, unknown. Many range expan-
sions are cryptovectic, which describes species unknown to the introduction vector [102].
In Madeira, it is improbable that species moving poleward are doing so naturally since
they are moving against significant ocean currents [103]. Therefore, the natural transport
of larvae from the Canary Islands to Madeira Island by ocean currents is not impossible
but remains quite unlikely. However, on some occasions, oceanographic phenomena might
revert their normal functions (e.g., the inverse of the Canary current or the North Atlantic
Oscillation (NAO)), pushing seawater poleward [104,105] and facilitating newcomers.

Although most introductions have a negligible impact on the environment, some may
threaten ecosystems, resulting in reduced biodiversity [1,2] and structural changes in com-
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munities [6]. Many aquatic ecosystems have been seriously affected by invasive species,
which can displace native organisms (i.e., predation and competition), modify the genetic
characteristics of the populations through hybridization, or introduce exotic diseases [106].
In terms of undesirable traits, C. reticulatus hosts different parasites (e.g., [107,108]), includ-
ing species that have not been recorded in the risk assessment area yet. In addition, some
puffers and porcupine fishes, including the fish in question, have tetrodotoxin present in
their liver [109] that in some cases causes fatalities [110]. Moreover, C. reticulatus when
inflated, due to their numerous spines, can cause injury to humans (e.g., for fishers or
curious scuba divers).

The impacts caused by NIS may be irreversible, particularly in the marine envi-
ronment, where these species can be tough to eradicate once they have established self-
sustaining populations [111]. For example, structural changes in temperate reefs were
observed due to the increased abundance of tropical herbivorous fishes leading to a decline
in habitat-forming kelp [112]. The spotfin burrfish is likely to maintain a viable population
even if currently occurring only in low densities (e.g., [28,29]). For these reasons, biological
invasions can incur high socioeconomic costs through direct and indirect adverse impacts
on ecosystem function and services [113], including remediation and/or mitigation ac-
tions [114]. The burrfish preys on benthic invertebrates (e.g., echinoderms, crustaceans,
molluscs), with the sea urchin Diadema africanum described by Rodríguez, Hernández,
Clemente and Coppard, 2013, as being one of the burrfish’s main prey items at the Canary
Islands [28]. Years after the first detection of C. reticulatus in the Canary Islands, their
importance was highlighted in controlling the sea urchin populations [115]. Bacallado
and colleagues proposed protecting the species from fisheries to preserve algae-populated
areas from urchin grazing [116]. In Madeira, sea urchin densities have also influenced local
ecosystems [77,117], and the present increasing numbers of C. reticulatus could potentially
positively affect this unbalance.

Risk assessment has been a valuable tool to identify, prioritize and manage invasion
scenarios [37,118,119]. Results from the AS-ISK have shown that C. reticulatus presents,
conservatively, medium risk of becoming invasive in the Madeira Archipelago under
present and future climate scenarios. Despite its circumtropical distribution [22], there is a
lack of information regarding the biology and ecology of this species [29,120]. Moreover,
the absence of knowledge about its cultivation, domestication, invasiveness, or direct
fisheries has likely influenced the confidence values and made the AS-ISK assessments
challenging for the assessors. The strategy of using multiple independent assessors with
different marine ecology/biology backgrounds produced a consolidated risk assessment,
providing an average and a range of BRA and BRA + CCA scores instead of a single
assessment (Figure S2 in Supplementary Material S2 and Supplementary Material S3). In
addition, using the marine fishes’ threshold for tropical regions is more conservative, as it
considers a taxon to pose a medium to a higher risk of invasiveness at lower scores [37].

The evidence provided by the present study suggests that C. reticulatus has passed
from a vagrant species since the XIX and XX centuries [21] to a range expansion in recent
years (also named winner species see [121]). Vagrant species appear from time to time
beyond their normal distribution range [122], while range expansions occur when species
expand their distribution beyond their historically known range [10,17,59]. The relatively
short periods between the sightings of C. reticulatus at different locations around the
Madeira Archipelago suggest this species has already spread, and its sightings are no longer
random or sporadic. The present work adds more evidence to the ongoing tropicalization
of the Madeira Archipelago, with an increase in sightings of C. reticulatus over time.
Different tools have proven valuable in gaining information on the current distribution
and for evaluating the species status of invasiveness around the Madeira Archipelago.
This kind of synergy is helpful to register new incomers in this tropicalization phase.
Recent temperature developments in the area are slowly moving the local climate towards
the optimal temperature range of C. reticulatus and might support its future spread and
establishment in the Madeira Archipelago. The average of the five AS-ISK assessments
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verified that C. reticulatus has a medium risk of becoming invasive. Therefore, its abundance
and distribution need to be monitored, preventing uncontrolled outbursts and potential
adverse effects on native species and ecosystems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13120639/s1, Supplementary Material S1 contains Figure S1: Online custom web-based
user interface used for citizen science during the study. Users complete the form (left) and proceed to
pinpoint the location of spotted C. reticulatus during SCUBA diving, fishing, or spearfishing (right).
Supplementary Material S2 contains Table S1: Frequency of observation (%) based on the online
survey for each size class of C. reticulatus (<30 cm; 30 to 50 cm and >50 cm); Table S2: Characteristics of
respondents to the online survey by conducted activity in number and percentage; Table S3: Dataset
on additional C. reticulatus sightings based on scientific campaigns, museum records, scientific
literature, and personal observations; and Figure S2: Radar plots showing the scores C. reticulatus
achieved in the different AS-ISK categories for all five individual assessments (#1–#5) and their
average. Supplementary Material S3 contains the tables with the total scoring of the five individual
AS-ISK assessments.
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language—Development of a multilingual decision-support tool for communicating invasive species risks to decision makers
and stakeholders. Environ. Model. Softw. 2021, 135, 104900. [CrossRef]

41. Statzner, B.; Bonada, N.; Doledec, S. Biological attributes discriminating invasive from native European stream macroinvertebrates.
Biol. Invasions 2008, 10, 517–530. [CrossRef]

42. Chan, J.; Zeng, Y.; Yeo, D.C.J. Invasive species trait-based risk assessment for non-native freshwater fishes in a tropical city basin
in Southeast Asia. PLoS ONE 2021, 16, e0248480. [CrossRef]

43. Piaggio, A.J.; Engeman, R.M.; Hopken, M.W.; Humphrey, J.S.; Keacher, K.L.; Bruce, W.E.; Avery, M.L. Detecting an elusive
invasive species: A diagnostic PCR to detect Burmese python in Florida waters and an assessment of persistence of environmental
DNA. Mol. Ecol. Resour. 2014, 14, 374–380. [CrossRef]

44. Pendleton, L.H.; Beyer, H.; Estradivari; Grose, S.O.; Hoegh-Guldberg, O.; Karcher, D.B.; Kennedy, E.; Llewellyn, L.; Nys, C.;
Shapiro, A.; et al. Disrupting data sharing for a healthier ocean. ICES Mar. Sci. 2019, 76, 1415–1423. [CrossRef]

45. Cigliano, J.A.; Meyer, R.; Ballard, H.L.; Freitag, A.; Phillips, T.B.; Wasser, A. Making marine and coastal citizen science matter.
Ocean Coast. Manag. 2015, 115, 77–87. [CrossRef]

46. Kelly, R.; Fleming, A.; Pecl, G.T.; Von Gönner, J.; Bonn, A. Citizen science and marine conservation: A global review. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 2020, 375, 20190461. [CrossRef]

47. McKinley, D.C.; Miller-Rushing, A.J.; Ballard, H.L.; Bonney, R.; Brown, H.; Cook-Patton, S.; Evans, D.M.; French, R.A.; Parrish,
J.K.; Phillips, T.B.; et al. Citizen science can improve conservation science, natural resource management, and environmental
protection. Biol. Conserv. 2017, 208, 15–28. [CrossRef]

48. Warner, K.A.; Lowell, B.; Timme, W.; Shaftel, E.; Hanner, R.H. Seafood sleuthing: How citizen science contributed to the largest
market study of seafood mislabeling in the U.S. and informed policy. Mar. Policy 2019, 99, 304–311. [CrossRef]

49. Hyder, K.; Townhill, B.; Anderson, L.G.; Delany, J.; Pinnegar, J.K. Can citizen science contribute to the evidence-base that
underpins marine policy? Mar. Policy 2015, 59, 112–120. [CrossRef]

50. Fritz, S.; See, L.; Carlson, T.; Haklay, M.; Oliver, J.; Fraisl, D.; Mondardini, R.; Brocklehurst, M.; Shanley, L.; Schade, S.; et al.
Citizen science and the United Nations Sustainable Development Goals. Nat. Sustain. 2019, 2, 922–930. [CrossRef]

51. Bodilis, P.; Louisy, P.; Draman, M.; Arceo, H.O.; Francour, P. Can Citizen Science Survey Non-indigenous Fish Species in the
Eastern Mediterranean Sea? Environ. Manag. 2014, 53, 172–180. [CrossRef]

52. Lehtiniemi, M.; Outinen, O.; Puntila-Dodd, R. Citizen science provides added value in the monitoring for coastal non-indigenous
species. J. Environ. Manag. 2020, 267, 110608. [CrossRef]

53. De Sherbinin, A.; Bowser, A.; Chuang, T.-R.; Cooper, C.; Danielsen, F.; Edmunds, R.; Elias, P.; Faustman, E.; Hultquist, C.;
Mondardini, R.; et al. The Critical Importance of Citizen Science Data. Front. Clim. 2021, 3, 650760. [CrossRef]

http://doi.org/10.3390/d11120230
http://doi.org/10.1111/fme.12076
http://doi.org/10.1111/j.1439-0426.2005.00692.x
http://doi.org/10.3391/mbi.2016.7.4.04
http://doi.org/10.1016/j.marpolbul.2013.07.031
http://doi.org/10.1016/j.marpolbul.2018.02.003
http://doi.org/10.1016/j.scitotenv.2021.147868
http://doi.org/10.1111/fme.12074
http://doi.org/10.2147/RRBS.S63402
http://doi.org/10.1016/j.envsoft.2020.104900
http://doi.org/10.1007/s10530-007-9148-3
http://doi.org/10.1371/journal.pone.0248480
http://doi.org/10.1111/1755-0998.12180
http://doi.org/10.1093/icesjms/fsz068
http://doi.org/10.1016/j.ocecoaman.2015.06.012
http://doi.org/10.1098/rstb.2019.0461
http://doi.org/10.1016/j.biocon.2016.05.015
http://doi.org/10.1016/j.marpol.2018.10.035
http://doi.org/10.1016/j.marpol.2015.04.022
http://doi.org/10.1038/s41893-019-0390-3
http://doi.org/10.1007/s00267-013-0171-0
http://doi.org/10.1016/j.jenvman.2020.110608
http://doi.org/10.3389/fclim.2021.650760


Diversity 2021, 13, 639 15 of 17

54. Garcia-Soto, C.; Seys, J.J.C.; Zielinski, O.; Busch, J.A.; Luna, S.I.; Baez, J.C.; Domegan, C.; Dubsky, K.; Kotynska-Zielinska, I.;
Loubat, P.; et al. Marine Citizen Science: Current State in Europe and New Technological Developments. Front. Mar. Sci. 2021, 8,
621472. [CrossRef]

55. INE Instituto Nacional de Estatística (INE); Direção Regional de Estatística da Madeira (DREM). Census 2021. 2021. Available
online: www.estatistica.Madeira.gov.pt (accessed on 13 June 2021).

56. Spalding, M.D.; Fox, H.E.; Allen, G.R.; Davidson, N.; Ferdaña, Z.A.; Finlayson, M.; Halpern, B.S.; Jorge, M.A.; Lombana, A.;
Lourie, S.A.; et al. Marine Ecoregions of the World: A Bioregionalization of Coastal and Shelf Areas. BioScience 2007, 57, 573–583.
[CrossRef]

57. Canning-Clode, J.; Kaufmann, M.; Molis, M.; Wahl, M.; Lenz, M. Influence of disturbance and nutrient enrichment on early
successional fouling communities in an oligotrophic marine system. Mar. Ecol. 2008, 29, 115–124. [CrossRef]
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