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ARTICLE INFO ABSTRACT
Keywords: Although Astrospartus mediterraneus (Risso, 1826) is an emblematic Mediterranean species, limited information is
Artisanal fishing currently available, as it has not received much attention from the marine scientific community to date. In this
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context, an unusually high abundance of this basket star was observed in 2018 as part of the by-catch of local
artisanal fishers in the Cap de Creus area (NW Mediterranean Sea). Indeed, fishers reported that this species had
increased in abundance and expanded its distribution in recent years, ultimately interfering with their fishing
activity. As such, this study aimed to elucidate the abundance, distribution, size, and structure of A. mediterraneus

populations, as well as to evaluate the potential impact this species has on artisanal fisheries’ performance in the
study area. To such aim, this work benefited from the Local Ecological Knowledge (LEK) of the fishers, by-catch
analyses of regular fishing events and video transects recorded employing Remote Operated Vehicles (ROV).
Results show that A. mediterraneus has a specific distribution in the study area, mainly driven by habitat re-
quirements. High abundances of the basket star were associated with rocky substrates with the presence of
gorgonians, located between 50 and 80 m depth and preferentially occurring on sloping areas. Despite the lack of
long-time monitoring data, A. mediterraneus’ aggregations recorded in the studied area are the densest ones so far
reported for the whole Mediterranean Sea with peak values of 18 ind. m~2 and a mean density of 0.45 ind. m 2 +
0.71 ind. m~2. Additionally, the average size of their central disks (2.67 + 0.97 cm), suggests that this is rather
young population, which could be possibly linked with the beginning of a massive outbreak, which would be in
accordance with the fishers’ own experiences, as it seems apparent that the species has been on the rise in recent
years. Furthermore, they unanimously consider this proliferation to be a considerable handicap in terms of time

and monetary losses.

Overall, additional studies are needed to increase current knowledge on the ecology of this species. Under-
standing the species will be paramount to monitor and assess this phenomenon with stakeholders to avoid further

ecological and economic consequences.

1. Introduction notably high abundances, forming brittle star or ophiuroid seabeds
(Warner and Woodley, 1975; Metaxas and Giffin, 2004; Domi-
Certain suspension-feeder ophiuroids can occasionally occur in nguez-Carrio et al., 2022). These formations are composed of hundreds
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(Blaber et al., 1987) to thousands of individuals, sometimes exceeding 2,
000 individuals per m? (Allen, 1998). Due to the high biomass they
encompass, such ophiuroid beds demand a large share of carbon (Met-
axas and Giffin, 2004) and are believed to be important calcite (CaCO3)
reservoirs (Migneé et al., 1998; Ellis and Rogers, 2000; Ruhl, 2007), thus
becoming a major component of the carbon cycle (Aronson, 1992;
Metaxas and Giffin, 2004). Ophiuroid aggregations generally occur in
shallow waters up to 15 m (Warner and Woodley, 1975; Calero et al.,
2018), although they have also been observed at hundreds of meters
depth (i.e., 450 m on the continental slope, Blaber et al., 1987).
Currently, there is no concrete explanation as to why these massive
aggregations occur (Uthicke et al., 2009), and the mechanisms trig-
gering this increment in abundance generally remain unknown. How-
ever, it has been suggested that they may be related to feeding
requirements (Warner and Woodley, 1975) or an amelioration of the
environmental setting through the presence of assemblages of branching
sessile suspension feeders (e.g. octocorals or sponges) (Calero et al.,
2018).

Within suspension-feeding ophiuroids, basket stars (Gorgonocepha-
lidae family) present a worldwide distribution, with occurrences re-
ported from shallow subtidal areas to the deep sea (Clark, 1911; Patent,
1970a), yet, fundamental aspects of their biology remain to be described
(Davis, 1966; Escoubet et al., 2001; Rosenberg et al., 2005). The basket
stars’ body plan displays a pentagonal-to-round central disc from which
five multibranched arms emerge. Besides being used for feeding, the
arms are a valuable part of the animal’s locomotion (Emson et al., 1991;
Patent, 1970a; Rosenberg et al., 2005; Stohr et al., 2012). Movement is
carried out by twisting and coiling their arms, pushing them against a
surface, or gripping objects to pull themselves forward (Stohr et al.,
2012). These organisms generally display nocturnal feeding habits
(Warner, 1982; Harris et al., 2009; Blanchet-Aurigny, 2012), mainly
preying on zooplankton (e.g. fish and crustacean larvae, copepods,
appendicularians) and/or capturing suspended particulate organic
matter (Mortensen, 1923; Davis, 1966; Allen, 1998). To maximize the
capture of suspended particles and prey, they have been described to
ascend to the nearest prominence, often climbing onto benthic structural
elements (e.g. rocks, sessile fauna) or non-natural elements protruding
from the seabed (e.g. fishing gear). They then proceed to spread their
multibranched arms, oriented toward the current, to become an effec-
tive trap to entangle their prey (Davis, 1966; Stohr et al., 2012). As prey
encounter is occasional (Emson et al., 1991), these organisms can
maintain a feeding posture with arms bending against the current for
long periods of time (Rosenberg et al., 2005). Indeed, basket stars are
known to be typically associated with rocky substrates (Gondim et al.,
2015) and key benthic structural organisms such as some anthozoans or
sponges (Davis, 1966; O’Hara, 2007).

The basket star Astrospartus mediterraneus (Risso, 1826) is the sole
representative of the Gorgonocephalidae family in the Mediterranean
Sea (Ocana and Pérez-Ruzafa, 2004), with its distribution spreading
from the eastern North Atlantic coasts of Africa and Europe to the
Mediterranean Sea (Zibrowius, 1978). The species is considered a rare
and emblematic species (Escoubet et al., 2001; Mallol, 2010; Santin
et al.,. 2022) and in need of conservation and protection (Cocito et al.,
2015; Fitori et al., 2022). Yet, there is almost no information regarding
its biology or ecology (Zibrowius, 1978; Escoubet et al., 2001).

Astrospartus mediterraneus displays a grayish coloration and its
ventral side is embroidered by small, yellowish regular dotted lines
(Risso, 1826; Koehler, 1921). Despite its occurrence over a wide
geographic and bathymetric range — 30 to 240 m depth — (Zibrowius,
1978; Leonard et al., 2020), the species has been mostly overlooked by
the scientific community for years, with a relatively small quantity of
reports since it was first described, most of which lacked any specifi-
cations in regard to an exact location, depth, or number of individuals
found (e.g. Chella Seamount, Lo Iacono et al., 2012; Palamés Submarine
Canyon, Lastras et al., 2016; Cap de Creus, Gili et al., 2011, Table 1.
Supplementary material). Nevertheless, in recent years an unusually
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high number of individuals has been noticed to occur within the Cap de
Creus marine area (northwest Mediterranean Sea) by local fishermen
(Santin et al., 2022). This area holds some of the most diverse benthic
communities in the Catalan margin (Gili et al., 2011; Lo Iacono et al.,
2012; Madurell et al., 2012; Dominguez-Carrio et al., 2022), and in-
cludes both the Special Area of Conservation (SAC) of the Cap de Creus
(CdC) Natural Park (ES5120007) and the Site of Community Importance
(SCI) of the “Sistema de canones submarinos occidentales del Golfo de
Leén” (ESZZ16001). Since the founding of the Cap de Creus (CdC)
Natural Park in 1998 numerous ecological studies have been conducted
in the area, being considered as one of the most well-known areas on the
Catalan coast (Gili et al., 2011). In this sense, within the natural park
and the SCI boundaries the presence of A. mediterraneus had been known
about for decades, yet records were rare and usually corresponded to
few or isolated individuals (Fig. 1. Table 1. Supplementary material.)

Within the CdC Natural Park area and limits, fishing is strongly
regulated and restricted to small-scale artisanal fisheries conducted on
vessels between 6 and 9 m in length, with a crew of up to two people
working near the shore, closer than a nautical mile, and using different
static gears depending on the targeted species (Gomez and Lloret, 2016;
Lloret et al., 2018). While sometimes neglected, over the course of the
years artisanal fishers gather an extensive amount of information on the
ecology of local species, the functioning of marine systems, and the sea’s
environmental conditions (Johannes, 1984; Sarda and Maynou, 1998).
As an example, they have become acquainted with the migrations,
habitats, spawning time and grounds (Johannes, 1981; Neis et al.,
1999), feeding areas (Hamilton and Walter, 1999), nursery areas
(Johannes and Ogburn, 1999) and reproduction periods of many species
(Johannes, 1984, 1998). Furthermore, their daily interaction with ma-
rine species results to be, in several cases, the only available source of
information on changes in local ecosystems (Paterson, 2010). The
integration and accumulation of a body of knowledge, understandings,
beliefs, and practices that human societies develop in relationship with
their natural environment is known as Local Ecological Knowledge
(LEK) (Berkes et al., 2000; Aswani et al., 2018). In the fishers’ case, their
LEK has proven to help assess the abundance of benthic resources
(Garmendia et al., 2021) and provide valuable information about both
commercial and non-commercial species (Paterson, 2010). Fishers’ LEK
may potentially improve fishery and local biodiversity management, by
providing new data about the ecology, behavior, and abundance of
species, local ecological processes and their influences on fishing
resources.

In this context, in 2018, within the framework of the MITICAP
Project (Implementacion de medidas innovadoras de cooperacion entre
pescadores y cientificos para una mejor gestion de la pesca artesanal con el
objetivo de mitigar sus impactos en habitats marinos sensibles), fishers from
the guilds of Port de la Selva and Cadaqués, which mainly work within
the limits of the CdC Natural Park, stated that they noticed a substantial
increase in the abundance of A. mediterraneus over the past five years.
After assessing the fishing by-catch generated by different gears, it was
evident that, indeed, A. mediterraneus represented a large proportion of
total catches (Santin et al., 2022), and such situation had begun to be
perceived as a problem by fishers from both guilds.

The considerable knowledge gap regarding the ecology of
A. mediterraneus, combined with the fishers’ concern about its perceived
massive population increase and associated detrimental effects, has
raised a flag on this matter. Yet the context of a collaborative project
involving marine researchers and fishers has provided an opportunity to
investigate the issue further. As such, the present study aims to gain
insight into the ecology of A. mediterraneus’ populations and determine
their potential effects on artisanal fishers’ performance by specifically: i)
Identifying the ecological requirements of A. mediterraneus, to compre-
hend its distribution, abundance and CdC population structure; and ii)
examining its interaction with local fishers to understand whether they
have an impact on each other and analyze the socioeconomic impact of
the occurrence of A. mediterraneus.
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Fig. 1. Astrospartus mediterraneus presence in the Atlanto-Mediterranean region registered from 1556 to 2022. Black dots indicate specific locations cited in the
reviewed literature, whereas beige areas represent registers with inaccurate or generic indications on the species’ location. Locations marked with (?) correspond to
probable misidentification. See Table 1 in Supplementary material for further information regarding each location.

2. Materials and methods
2.1. Study area

The CdC area (42°19'12" N, 03°19'34” E) located in the north-
western region of the Mediterranean Sea (Fig. 2) is the most westerly
point of the Gulf of Lions. The continental shelf off the cape is incised by
the CdC submarine canyon system. Both the shelf and the canyon
comprehend an ample range of ecosystems and include spots that shelter
representatives of almost every type of the typical Mediterranean
benthic communities (Madurell et al., 2012; Sarda and Company, 2012).
Indeed, this area was declared a maritime-terrestrial Natural Park in
1998 (Law 4/1998 (Official State Gazette [BOE], 1998)) and a Special
Protection Area (SPA) in 2014 (Area ES5120007 of the Natura 2000
Network (Order AAA/1299/2014 (BOE, 2014)) also adjacent to a Site of
Community Importance (SCI) of the protected areas of the European
Union (Area ESZZ16001 (BOE, 2014);).

This study was conducted on the fishing grounds shared by both
collaborating guilds (Cadaqués and Port de la Selva) which mostly
operate on the north side of the CdC. These fishing grounds are char-
acterized by their complex bathymetry, with high slopes and rocky
bottoms (Gori et al., 2012; Sarda and Company, 2012). Water temper-
ature in the area oscillates from 10.1 to 24.3 °C at 20 m depth, and
10.7-21.1 °C at 60 m depth throughout the year (Gori et al., 2012). The
general water circulation is driven by the Northern current, which
promotes a northeast to southwest water flow (DeGeest et al., 2008).
The primary source of hemipelagic sediments in the study area comes
from the Rhone river (DeGeest et al., 2008; Ulses et al., 2008), with up to
80-90% of the continental shelf’s sediments being provided by this river
(Courp and Monaco, 1990). Northern winds (Tramontane and Mistral)
are the dominant winds in the area. Persistent, cold, and dry, its char-
acteristics provoke water mixing and the densification of coastal waters,

leading to coastal downwelling in the study area (Ulses et al., 2008).
2.2. Fishing events

Members of the research team joined the artisanal fishers’ fleet from
the Port de la Selva and Cadaqués guilds (Catalonia, Spain) during
regular fishing events, defined as a daily fishing activity using a certain
type of gear. In total, nine fishing vessels were involved, six of them
harbored in Port de la Selva and three in Cadaqués. Altogether, 143
fishing events, occurred 118 in Port de la Selva and 25 in Cadaqués. The
fishing events took place from April to August of 2018, during the spiny
lobster (Palinurus elephas (Fabricius, 1787)) and scorpion fish (Scorpaena
scrofa (Linnaeus, 1758)) fishing season, and combine it with Octopus
vulgaris (Cuvier, 1797) fishing. Different fishing gears were used and
checked for A. mediterraneus by-catch, such as: i) pots, cages and baskets
made from various materials and with one or more openings; ii) trammel
nets, consisting of three layers of netting, a small and slacker mesh in
between two larger ones; and iii) “solta”, gillnets, with a single mesh
(Nédélec and Prado, 1990). The nets were kept vertical by floats on the
headrope and weights on the ground rope, whereas the pots were set on
the bottom, baited or empty, and connected by ropes to buoys on the
surface. For each fishing event, data about sea conditions, type of gear
used, setting and collection hour and day, depth, and coordinates were
gathered (Montseny et al., 2019). A. mediterraneus caught in fishing gear
were carefully untangled and then photographed in situ using camera
devices with a minimum resolution of 16 megapixels. Each picture was
taken with a graduated grid in centimetric units, which was used for
scaling purposes (Fig. 3). After measuring, sampled individuals were
returned back to the sea.
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Fig. 2. Cap de Creus marine area. The red and yellow circles indicate the fishing stations with Astrospartus mediterraneus presence or absence, respectively. The
location of remotely operated vehicle (ROV) video transects are remarked in black circles. Projected view UTM Zone 31N (WGS84) with geographic (WGS84)

coordinates indicated for reference.

2.3. Morphological analyses and size-frequency distribution

Photometric analyses were carried out with Magnification v.1.8
software (Orbicule) by taking several morphometric measurements of
the central disc (diameter, perimeter, and area) per individual from by-
catch pictures (Fig. 3a). Diameter values were acquired as an average of
measuring each individual five times from the start of each arm to the
opposite side. A total of 418 individuals were analyzed, with their mean
diameter, perimeter, and area used to perform the morphological ana-
lyses. For data analysis, all tests and functions mentioned below were
performed using the R software v4.1.1. (R Core Team, 2021). A Pearson
correlation test was performed between diameter and perimeter, using
the cor. test function to determine if the variables correlated assess which
could be most suitable for subsequent analyses. To graphically represent
the size-distribution frequency of A. mediterraneus, histograms were
generated for each fishing event by grouping the individuals by disc
diameter (categories: 0-1 cm, 1-2 cm, 2-3 cm, 3-4 ¢cm, 5-6 cm, and 6+
cm; Fig. 4) employing the fdth package (Faria et al., 2016). Secondly, to
assess the size structure of the by-caught individuals, different
A. mediterraneus clusters were evaluated. Every fishing station in which
it was by-caught in numbers equal or higher to 10 was considered as a
single aggregation, for a total of 10 aggregations evaluated. The skew-
ness and kurtosis for each suitable fishing event were calculated through
the use of the agostino.test (Komsta and Novomestky, 2012) and
anscombe.test (Anscombe and Glynn, 1983) respectively, both part of the
moments package (Komsta and Novomestky, 2012). Skewness is a
measure that evaluates the symmetry of a distribution based on its mean
value (Linares et al., 2008). If the p-value is < 0.05, data distribution is
asymmetric. If skewness values are positive, data show a dominance of
small-size organisms, but if they are negative values, large organisms

prevail in the fishing event distribution. Kurtosis measures the peaked-
ness of distribution near its central model (Linares et al., 2008). So, if the
p-value is < 0.05, there is a prevalence of a specific size in each fishing
event. Only fishing events with 10 or more individuals were considered
suitable for skewness and kurtosis tests, as lower values could compro-
mise the analyses.

2.4. Video recording and video analyses

To characterize the artisanal fishing grounds in the Cap de Creus
area, a total of 19 video transects were recorded onboard the vessel
‘Atlantic Explorer’ using the Perseo ROV (Fig. 2). The latter was
equipped with a high-definition (HD) camera, with an additional 4K
camera that was used in only 11 video transects, depth sensors, and two
parallel laser beams 30 cm apart that provided a fixed scale. The ROV
monitoring took place from the 25th to the 30" of July 2018. Transect
length ranged from 174.03 to 1154.66 m, covering a total of 9 km,
whereas transect depth varied from 11.5 to 80 m water depth.

Each transect was divided into 2 m? sampling units (0.3 m width and
6.66 m length), based on the minimal sampling area suggested by
Weinberg (1978), who estimated 2 m? to be an area large enough for the
study of benthic communities in the rocky bottoms of the Mediterranean
Sea. This approach has subsequently been used by other studies in this
basin (Ambroso et al., 2013; Grinyo et al., 2016; Corbera et al., 2019).
Analyses were carried out with Final Cut Pro 7 video processing software
(Apple.Inc., 2009). The transect onset was established once the ROV was
positioned over the seabed and started moving with a consistent head-
ing. For every individual A. mediterraneus observed during the transect,
the following information was compiled: depth, associated substrate
type (including epiphyted organisms, if any), and the geographical
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Fig. 3. By-catch Astrospartus mediterraneus individuals, obtained from the fishing gear of artisanal fishers, with a scaled grid as a background for scale. a) Indication
of the A. mediterraneus measures taken for photo analyses. Blue lines correspond to diameter measurements, and the yellow dotted line to perimeter measurements. b)
Five individuals by-caught by trammel nets. ¢) Adult exemplar of A. mediterraneus with a small, younger individual attached to its disk. d) Eunicella cavolini colony

with an A. mediterraneus individual entangled in its branches.

coordinates. Moreover, substrate type and slope were also registered for
each sampling unit, following the categories in Santin et al. (2018).
Sequences not suitable for posterior video analysis (e.g. with suspended
sediment or too far away from the seafloor) were discarded. Transect
velocity (v) was calculated by dividing the transect distance (m) by its
duration (t). Time references were posteriorly transformed into a known
position (P = t*v), where (P) is the position, (t) is the time at which
every individual was found, and (v) the velocity of the ROV. For data
analysis, all tests and functions mentioned below were performed using
the R software v4.1.1. (R Core Team, 2021).

2.5. Geographical and bathymetrical distribution

The geographical distribution of A. mediterraneus was carried out
plotting the density (video) and abundance (fishing events) values on
georeferenced maps using the raster (Hijman, 2016), sp (Bivand et al.,
2013), and rgdal (Bivand et al., 2017) packages. To assess
A. mediterraneus’ bathymetrical distribution, boxplots and bagplots were
generated for each species’ density values and for each depth interval,
using the aplpack package (Wolf, 2019).

2.6. Environmental factors influencing its distribution

To better understand and illustrate the possible relation between
A. mediterraneus populations and their surrounding environmental

factors, values from the video analysis were grouped by a series of fac-
tors, as follows: 1) depth (10-30 m, 30-50 m, 50-70 m, 70-90 m); 2)
substrate (soft sediments, cobbles and pebbles, rock); 3) slope (hori-
zontal, sloping, vertical); 4) density of Derelict Fishing Gear (DFG,
represented as DFGs.m’Z); and 5) principal Ecosystem Engineers (ENs):
i) soft corals (Alcyonium spp.) and pennatulacean communities, Penna-
tula spp. and Pteroeides griseum (Bohadsch, 1761)); ii) gorgonian forests
(Eunicella spp.); and iii) barren rocky grounds. Several scatterplots were
produced using these variables, employing the ggplot2 package (Wick-
ham, 2016). Data were also tested for statistical differences between
categories on each of the aforementioned groups. Prior to analysis,
normality and homogeneity tests were conducted through the shapiro.
test (Gonzalez-Estrada et al., 2013) and barlett.test (Savchev et al., 2018)
functions, available as part of the basic stats package. An ANOVA test
was performed using the aov function of the stats package to test for
possible differences between groups. If the ANOVA tested to be statis-
tically significant, a posthoc analysis was performed utilizing the pair-
wise.t.test of the stats package to elucidate differences amongst specific
groups.

2.7. Fishers’ perception and experience with A. mediterraneus

To estimate the impact of a possible basket star outbreak, fishers
completed a survey regarding this issue (see Supplementary material 2).
Prior to each survey, an individual consent form was signed by each
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Fig. 4. Size-frequency distribution of A. mediterraneus by-caught in artisanal fishing during the 2018 spiny lobster and scorpion fish fishing season (April to August).
The number of individuals analyzed are shown as (n). The black dotted line determines the mean disk diameter size of all the individuals collected.

fisher, formally stating that they accepted to be interviewed and
informing them about the use and protection of their data, under the
Spanish decree-law (Ley Organica) 3/2018 (BOE, 2018). All the fishers
from the collaborating guilds answered the survey, but it was also
extended to other fishing guilds in Catalonia to better determine if this
phenomenon was of local or regional scope. The selection criteria to take
the survey were: (i) being an active artisanal fisher; (ii) being located on
the Catalan coast. The participating guilds were divided by regions:
North (Port de la Selva, Cadaqués, Roses); Central (Vilanova i la Geltrd,
Sant Feliu de Guixols, Blanes, Arenys de Mar); and South (La Rapita,
Sant Joan de Deltebre). The survey was composed of 22 questions
regarding their fishing history, gear used, outgoing frequency, recog-
nition of an exemplar of A. mediterraneus, catch history of the studied
species, and their personal perception of the issue (Supplementary ma-
terial 2). The questionnaire aimed to assess the collective’s insight about
the A. mediterraneus’ population tendencies, discern whether it has an
impact on their daily work, and determine to what extent it affected
them. Questionnaires were collected between the 18th and 19% of
September 2021, during an Artisanal Fishing Congress held at Lloret de
Mar (Catalonia, Spain), where both online and in-person attendance
options were available.

3. Results
3.1. Size-distribution frequency and morphology

A high correlation R?= 0.92, p-value = < 0.001) was found between
the morphometric variables diameter and perimeter. Therefore, diam-
eter was preferred over perimeter to perform the histograms for the size-
frequency distribution of each aggregation (Fig. 4) due to the possibility
of taking several measures per individual and calculating the mean
value. The average diameter size was 2.67 + 0.97 cm, ranging between
0.19 and 6.67 cm. Most aggregations from cluster analyses showed
49.04% of individuals with a size-frequency of between 2 and 3 cm,
followed by classes of 1-2 cm (22.48%) and 3-4 cm (17.46%) (Fig. 4).

Size classes comprising between 4 and 6 cm represented percentages
lower than 10%, whereas the 0-1 cm and over 6 cm size classes repre-
sented less than 5% for all aggregations. Size-distribution presents an
asymmetric distribution (p-value = < 0.001) in terms of skewness test;
with a dominance of small- and medium-size classes (1-5 cm). More-
over, kurtosis test showed a significant peakedness (p-value = < 0.001)
with a clear size prevalence of 2-3 cm individuals (Table 1; Supple-
mentary material 2).

3.2. Geographic and bathymetrical distribution

Results from by-catch show a similarly abundant tendency over the
study area (Fig. 5a.), with an average of 6.36 + 22.44 individuals per
fishing cast but increasing to 15.96 + 33.49 individuals when consid-
ering only trammel nets. However, the maximum number of individuals
found was 150. Even so, the greatest abundances (over 100 individuals)
occurred in just four events among 143 totals analyzed, spread along the
entire sampled area (Fig. 5a). Density maps developed from video
transects found the mean density to be 0.45 + 0.71 ind.m~2 and the
largest densities of the species to be at the northwest flank of the study
area (Fig. 5b). Further, it revealed two main aggregation zones: one in
the central part of the north CdC coast, close to the fishing grounds of
Port de la Selva, where most of the fishing events occurred (Fig. 2), and
the second one close to Massa d’Or, where abundances of over 75 in-
dividuals in some fishing events were recorded (Fig. 5a).

Both data from video analyses and fishing events showed a similar
bathymetrical distribution for the species, with an overall distribution
between 35 and 85 m, but with a high incidence of A. mediterraneus
restricted between 50 and 80 m depth (Fig. 6). Specifically, a clear
abundance peak can be found at 65-75 m depth (Fig. 6a). While not as
clear as in the abundance graph (Fig. 6a), the same tendency can be
observed in the density plot (Fig. 6b). In addition, there is a clear density
increase of A. mediterraneus in the continental shelf below 50 m depth
(Fig. 6b). Moreover, between 50 and 90 m depth there are a high
number of outliers, with over 100 individuals found (Fig. 6a) and
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densities of up to 15 ind. m2 (Fig. 6b). Thus, a remarkable finding is
that almost all A. mediterraneus individuals were found as by-catch when
using trammel nets, versus gillnets and pots (Fig. 6a).

3.3. Environmental factors influencing distribution

According to the ANOVA and the following posthoc pairwise test, all
environmental variables, except DFGs, presented statically significant
differences between their evaluated categories (Table 2; See Supple-
mentary material 3). A defined pattern was observed for
A. mediterraneus, occurring significantly at higher densities towards
rocky substrates (0.58 ind. m’z), over softer substrates (4.4e-02 ind.
m~2), and cobbles and pebbles substrate (6.5e-02 ind. m% Fig. 7a;
Table 3. See Supplementary material 4). Regarding the relationship
between species density and the presence of ecosystem engineers, there
was an evident preference of the basket star for gorgonian forests
(90.46%) (Fig. 7b) (Table 3. See Supplementary material 4). However,
some individuals were also recorded in habitats dominated by soft corals
and barren rocky grounds (9.53% of the total), although with consid-
erably lower densities (2.3e-03 ind. m™2 and 0.028 ind. m~2 respec-
tively, versus 0.31 ind. m~2 for rocky substrates) (Fig. 7a and b; Table 2.
See Supplementary material 3). A. mediterraneus was also associated
with sloping areas, showing a prevalence for this type of habitat
(Fig. 8a). Finally, no significant relationship was found between
A. mediterraneus densities and lost fishing gear (Fig. 8b; Table 2. See
Supplementary material 3).

3.4. Survey analysis

A total of 26 fishers from nine different guilds of the Catalan coast
answered the questionnaire. A fishing experience of 10-15 years is the
mean estimated for the collective, based on the guild’s estimation. The
answers were stated as follows: 69.2% of fishers surveyed perceived an
increase in the abundance of basket star individuals on their fishing
grounds. Among them, 26.3% stated that between 1 and 20 individuals
get caught per fishing gear daily, 31.5% said that they find between 20
and 40 individuals as by-catch in their fishing gear daily, and 42.1%
answered that 40 to over 50 basket stars get entangled in their fishing
gear each day (Fig. 9a). There is also an important difference between
fishers’ perceptions depending on the location of their guild along the
Catalan coast. Northern and central guilds declared they tend to catch
more individuals than those in the south (Fig. 9a and b).

There is unanimity when asked whether they consider basket stars a
problem for artisanal fisheries, with all of them agreeing that it consti-
tutes an obstacle to their job performance (Fig. 10). Regarding the guilds
involved in the project (Cadaqués and Port de la Selva), all concur on the
increase in abundance on their fishing grounds (Fig. 9a), with 75%
spending between 1- and 3-h cleaning nets from basket star individuals.
About 37.5% stated that between 20 and 40 individuals get caught in
their fishing gear each day, and 50% declared that they needed to
remove 40 to over 50 basket stars from their fishing gear daily.
Regarding the time spent cleaning fishing gear due to the presence of the
species, 9.5% spent less than 30 min on this task daily, while 28.5%
spent 30 min to 1 h, 47.6% devoted 1-3 h, 4.75% occupied 3-5 h, and
4.7% spent over 5 h cleaning the net from A. mediterraneus individuals
each day (Fig. 9b). Regarding the economic cost of this by-catch on their
fishing gear, they estimate a monetary loss of € 30-100 per week in by-
catch cleaning and fixing damaged gears provoked by this species, but
all of them coincide in the difficulty in determining a specific quantity.

4. Discussion
4.1. Species status prior to this study

Prior to this study, limited works on the ecology and distribution of
A. mediterraneus had been performed. Previous studies mainly focused
on sporadic records and brief descriptions of the species (e.g. Risso,
1826; Figuier, 1868; Koehler, 1921) or were mainly taxonomical in
nature (Hansson, 1999). Several studies do mention its appearance in
specific areas, yet details are sparse, and most of them are an isolated
record of its presence (Table 1. See Supplementary material). Never-
theless, some scientific articles had reported local aggregations of the
species (Capria, 1893; Cadenat, 1938; Buchanan, 1957; Harmelin et al.,
1991; Boavida et al., 2016b), but none of them detailed the potential
reasons to explain it nor provided any precise density and/or environ-
mental data regarding said aggregations (Table 1. See Supplementary
material).

In this study, a total of 1,800 specimens of A. mediterraneus were
analyzed, considering both the results of the 19 video transects (890
individuals) and the data from 143 artisanal fishing events (910 in-
dividuals). Based on these results, this study provides, for the first time,
standardized data regarding the presence of high densities of
A. mediterraneus in the northwest Mediterranean Sea. Considering the
aforementioned scarcity of scientific reports in the Mediterranean Sea,
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the abundance and density values of A. mediterraneus in the study area
(15.96 + 33.49 mean ind. per trammel net and maximum values of 150
ind. per trammel net and 0.45 + 0.71 mean ind.m~2, respectively) are
extremely high, especially on deep rocky sloping substrates with the
presence of gorgonian assemblages (2.77 + 3.18 mean ind.m2). The
following presents a description of the aggregations’ characteristics and
possible reasons to explain and assess previously unregistered
A. mediterraneus aggregations.

4.2. Ecological characterization of the basket star aggregations

The high abundances (i.e., over 150 ind. per fishing event) and
densities (0.45 + 0.71 mean ind.m 2 and 18 ind.m~2 maximum values)
of A. mediterraneus witnessed in the study area, together with the limited
amount of observations reported, and little evidence of massive aggre-
gations of this species registered in the Mediterranean Sea (Fig. 1,
Table 1. See supplementary material 1), suggest that, as the fishers had
suspected, a considerable increase of the species might have occurred in
the CdC area. Nevertheless, although the mean number of individuals in
the video transects was just 0.45 + 0.71 ind.m 2, basket star density
values were not homogeneous along the study area, with dense aggre-
gations of 1.07 + 2.51 mean ind. m~2 occurring within a well-defined
bathymetric range (i.e., between 55 and 80 m water depth and a peak
value of 18 ind.m 2 at 76 m depth). This could be the result of cryptical
behavior displayed by some ophiuroid species (Chesher, 1969), which

might be expressed in different ways, but always with the main aim of
avoiding predation and maximizing the organism’s ability to conceal
itself (McGraw-Hill, 2003). Some species avoid light frequency to elude
predation pressure (Diehl, 1988), while others do so because the UV
radiation can be damaging to their larval stages (Adams, 2001). Other
studies on the photoperiodic activity pattern of ophiuroids showed a
well-defined activity, increasing during the no-light and weak light pe-
riods (Tsurnamal and Marder, 1966; Rosenberg and Lundberg, 2004). In
the study area, a strong stratification of the water column occurs during
summer due to enhanced irradiance and the warming of shallow waters
(Coma et al., 2000, 2009). A pycnocline is formed at around 40-50 m
water depth, providing two different water layers during this period.
The water below the pycnocline presents higher turbidity and, conse-
quently, lower light penetration (Coma et al., 2000), which provides a
more propitious habitat for species with cryptic behaviors. The results of
the present study show that A. mediterraneus is barely present in waters
shallower than 50 m (Fig. 6), where the pycnocline is located. However,
a considerable increase in abundance occurs below this depth (Fig. 6),
suggesting that this species might present cryptic behavior that could be
related to light avoidance.

Relevant ophiuroid aggregations (e.g. Ophiotrix maculata (Ljungman,
1872)) have also been observed in areas of the northwestern African
slope, where the water column was affected by upwelling processes
(Calero et al., 2018). Similar environmental characteristics occur in the
CdC coastal areas, where the strong and highly transient northern winds
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Fig. 8. a, b. Scatterplots showing the relationship between the abundance of A. mediterraneus, the seafloor slope (a) and the number of derailed fishing gears (b).

promote the displacement of shallow waters, ultimately fostering up-
welling regions that bring nutrients and particulate matter to shallower
areas (Millot, 1979; DeGeest et al., 2008; Sarda and Company, 2012).
The reduced irradiance and less intense hydrodynamic conditions
occurring below 40 m depth and higher food availability (Coma et al.,
2000) provide a more suitable environment and an ideal area for the
strong prevalence of benthic communities dominated by suspension
feeders (Zabala and Ballesteros, 1989; Orejas et al., 2009), including the
high abundances of A. mediterraneus witnessed here. This is especially
true for most of the northern and eastern coasts of the CdC, from Port de
la Selva to the Massa d’Or Island and down to Portlligat (Figs. 2 and 5)
where coralligenous habitats dwell in areas between 40 and 90 m,
forming one of the most ecologically valuable locations of the Natural
Park (Rossi et al., 2008; Sarda and Company, 2012). Coincidently, the
highest densities of A. mediterraneus mainly occurred in water depths
between 50 and 80 m on sloping rocky outcrops, generally dominated by
gorgonians (Figs. 7 and 8), which are amongst the most abundant
structuring species in the northern part of the CdC continental shelf
marine area (Gori et al., 2012; Sarda and Company, 2012). The reason
for the strong association between A. mediterraneus and gorgonians
could reside in the species’ feeding mechanism, as basket stars tend to
ascend prominences nearby to reach the faster and food-concentrated
laminar flow and enhance their food capture by extending their

10

ramified arms into the dominant current (Boavida et al., 2016; Davis,
1966; Rosenberg et al., 2005). Indeed, this association has been widely
reported for several other basket star species across the globe (see
Figs. 3d and 11) (Tsurnamal and Marder, 1966; Emson et al., 1991;
Rosenberg et al., 2005; Boavida et al.,. 2016). Incidentally, in the CdC
marine area gorgonian assemblages are most abundant below the pyc-
nocline, at a similar depth range as where the highest abundances of
A. mediterraneus were found, including a scarce presence from 90 m
depth and below (Gili et al., 2011). Overall, it appears that in the CdC
marine area, the summer bathymetrical distribution of the
A. mediterraneus would seem to be restrained by the depth of the pyc-
nocline formation (40-50 m) at the shallow end. Both traits describe the
most suitable environment for the presence of high A. mediterraneus
densities.

Besides, no link was found between the presence of A. mediterraneus
and Derelict Fishing Gears (DFGs) in the study area, even though the
basket star is frequently captured as by-catch during fishing activities
with artisanal trammel nets (Fig. 10). Although other studies had re-
ported an increased abundance of ophiuroids on DFGs (Angiolillo et al.,
2015; Oliveira et al., 2015), no significant differences in organism
density were observed in regard to DFGs abundance in this study area,
despite the prevalence of A. mediterraneus in the artisanal fishers’ net
gears. The high occurrence of the basket star in artisanal trammel nets
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could be caused either by its body structure, having five multibranched
arms that might get entangled in the nets, or because the organisms try
to climb the fishing gear structure as a means to increase their prey
capture, in a similar way to what they tend to do with other benthic
structures, including sessile ecosystem engineers (Davis, 1966; O'Hara,
2007). Furthermore, fishers targeting spiny lobsters generally deploy
their trammel nets close to rocky outcrops hosting gorgonians (Grinyo
et al., 2022), which are the areas of high basket star occurrence. Hence,
given the large dimensions of the trammel nets (usually 1.2-1.5 m
height x 200 m length), they might provide an extensive substrate with a
wider access to the water column than the surrounding habitats,
allowing the basket stars to reach areas with faster current velocities and
increased food capture probabilities, which might ultimately act as an
attraction pool for nearby A. mediterraneus individuals. Nevertheless, a
potential explanation for the non-significant increase in the species’
abundance on DFGs could be that most of them were longlines, which
provide extremely limited surfaces to climb on. Additionally, DFGs are
not as well set as active fishing nets, commonly bending and folding over
and getting profusely entangled, which does not provide the same height
and stability as a fishing net when it is being used.

4.3. Population structure of the aggregations in the study area
The size-frequency distribution of the basket star aggregations in

CdC was dominated by organisms between 2 and 3 cm (49.04%) fol-
lowed by 1-2 cm (22.48%) disc diameter, summing up to over 70% of
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the analyzed individuals (Fig. 4). Despite the scarce information
regarding the demography of the species, the only other study reporting
size-frequency data for this species reports individuals with an average
of 9.79 cm disc diameter occurring on the Mostaganem coast (Algiers,
southwestern Mediterranean Sea)) (Benzait and Mezali, 2019). This
contrasts with the CdC population, which has a considerably smaller
average disc diameter (2.67 + 0.34 cm). Several facts, including the
absence of any recent proof of established A. mediterraneus populations
in the CdC marine area (Gili et al., 2011; Dominguez-Carrio et al., 2022)
and the fishers’ own knowledge regarding the basket star increase in
numbers since only a few years ago (Santin et al., 2022), suggest that
present-day aggregations in the study area have appeared quite recently.
Indeed, this would explain the observed differences in size compared
with Algerian populations, as it would point to a recent outburst of
relatively young individuals that has given rise to a population structure
with smaller disc sizes.

It is important to remark that despite a population skewness towards
young individuals, a scarce presence of juveniles (<1 cm) was registered
(1.19%) (Fig. 4). This could indicate a bias in the methodology towards
medium sizes or could also point towards the possibility that adults,
younglings, and larval stages present different ecological requirements.
In this sense, there are still huge knowledge gaps regarding ophiuroid
embryology and development (Schoener, 1967; McEdward and Miner,
2001; Tominaga et al., 2004). It is known that some Ophiuroidea species
have a free-floating larval form referred to as ophiopluteus (Strathmann,
1975; McEdward and Miner, 2001), while others carry out the brooding
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Fig. 10. Examples of by-catch batches of A. mediterraneus individuals accidently caught in the trammel nets of artisanal fishers from the Port de la Selva and
Cadaqués guilds. Each picture corresponds to a single fishing event. The white line corresponds to 25 cm. Author: ICM-CSIC.

of the larvae in their bursae, giving birth to live juveniles (Schoener,
1967). Yet, no proof of the existence of either of these processes has been
found for gorgoncephalids (Patent, 1970a, 1970b; McEdward and
Miner, 2001). Growth stages are also an unresolved matter in ophiu-
roids, as juvenile stages are only known for less than 50 species so far
(Stohr et al., 2012). It is possible that they concentrate in refuge sub-
strates and shift among microhabitats, but their dispersal mechanism is
still not fully understood (Hendler and Littman, 1986). Other gorgon-
cephalid species such as Gorgonocephalus eucnemis (Miiller and Troschel,
1842) and Gorgoncephalus chilensis (Philippi, 1858) have been reported
to present young individuals clinging to adults, generally attached to
their disk (Clark, 1923; Mortensen, 1923; Fedotov, 1931). This fact
could be attributed to a function of passive protection by the adult to-
wards the youngling, or to the young individuals taking advantage of the
food captured by the adult until their arms are developed enough to
capture food on their own (Fedotov, 1931; Patent, 1970b). The latter
phenomenon was also observed in some fishing events during this study,
where some small A. mediterraneus individuals (less than 1 cm) were
found attached to larger ones (Fig. 3c), suggesting that this species may
present parental protection. Nonetheless, this was not a common enough
observation to be confirmed, and thus further data is needed in this
regard.

4.4. Mass occurrence and increasing density growth

Although basket stars’ density in the study area has been described to
be 0.45 + 0.71 ind. m~2, this value is not high enough to consider these
habitats as ophiuroid beds, such as the ones reported by Aronson (1992),
where densities ranged from hundreds to thousands of individuals per
m?. Nevertheless, fishers’ LEK suggests that the A. mediterraneus popu-
lation in the area has been on the rise for the past years. The data
compiled show that current density values are far above those reported
for other Mediterranean Sea regions (e.g., Malta: 2.6-10~°-5.1077 ind.
m~2, Turkey: 2 ind. over 300 km and Libya with 1 individual, first re-
ported in the area; Terribile et al., 2016; Chammem et al., 2019; Leonard
et al., 2020; Fitori et al., 2022). While there have not been enough
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studies performed on gorgonocephalid ecology to ascertain the exact
causes of this potential population outbreak, the answers to this phe-
nomenon might be found in other echinoderm species with registered
outbreaks. Acanthaster planci (Linneus, 1758; Asteroidea), Amperima
rosea (E. Perrier, 1886; Holothuroidea) and Amphiura filiformis (O.F.
Miiller, 1776; Ophiuroidea), it has been suggested that a plausible cause
for the spectacular population outbreaks registered for these species
could be linked to an increment both in the quantity and quality of their
food source (Duineveld et al., 1987; Josefson et al., 1993). This phe-
nomenon has been suggested to be triggered by water eutrophication
(Duineveld et al., 1987; Josefson et al., 1993), increased water tem-
peratures derived from climate change (Billett et al., 2001; Wigham
et al., 2003), or rain-derived nutrient enhancement from enriched
terrestrial run-off (Birkeland, 1982; Lucas, 1982; Brodie, 1992; Brodie
et al.,, 2005). Under such favorable conditions, both the reproductive
output (Billett et al., 2001; Wigham et al., 2003) and the survival of
larval stages could be enhanced, potentially leading to multiple and
successive recruitment events (Pratchett, 2005). Finally, it is suggested
that suspension-feeding species opportunistically boost their biomass in
response to higher phytoplankton availability, perhaps acting as a
eutrophication-preventing system (Hily, 1991). Concerning the study
area, some authors have already considered the CdC marine area a re-
gion to be subjected to persistent eutrophic trends (Karydis and Kitsiou,
2011; Tsikoti and Genitsaris, 2021), promoted by high inputs of
nutrient-rich waters mainly provided by the Rhone river (Coma et al.,
2000; DeGeest et al., 2008) and also by agricultural activities, industrial
discharges, and urban effluents (Karydis and Kitsiou, 2011; Tsikoti and
Genitsaris, 2021). Annual primary production has remained stable over
the past 30 years (Lefevre et al., 1997), and the system balanced over a
time scale of decades (Karydis and Kitsiou, 2011). Therefore, consid-
ering the area has been eutrophic for a sustained period of time against
the recent nature of the basket star bloom, other factors must be
considered.

Other cases of echinoderm outbreaks have led to conclude that the
overfishing and consequent disappearance of the species’ main preda-
tors for both for larval and adult stages could have also led to a
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Fig. 11. Still images extracted from the ROV video transects in the study area. a-d) Astrosparthus mediterraneus over gorgonian colonies (i.e., Eunicella cavolini (a) and
Paramuricea clavata (b)) and the sponge Axinella polypoides (c-d). e) Five A. mediterraneus individuals on a rocky bottom, marked with white arrows. f) Three
A. mediterraneus individuals over Eunicella cavolini colonies with one of their arms extended, reaching for the other individuals (highlighted by dashed red lines).

Author: ICM-CSIC.

population increase (Chesher, 1969; Duineveld et al., 1987). For
example, the reduction in flatfish stocks in the North Sea caused by the
intensification of trawling in the area might have been a decisive factor
that may account for the increase in abundance of Amphiura filiformis (O.
F. Miiller, 1776) (Duineveld et al., 1987). Similarly, the depletion of the
triton shell Charonia tritonis (Linnaeus, 1758) by shell collectors, a
predator of the starfish Acanthaster planci (Linnaeus, 1758), was sug-
gested to be implicated in the latter’s population outbreaks (Chesher,
1969). This might also be analogous to the case in the Mediterranean
Sea, where the homologous triton shell Charonia lampas (Linnaeus,
1758), which also feeds on echinoderms (Morton, 2012) and has suf-
fered from tremendous population declines in past years, is now being
considered a species on the verge of extinction (Cavallaro et al., 2016).
Nevertheless, the feeding habits of the C. lampas are still under study
(Morton, 2012; Cavallaro et al., 2016), and its interaction with or
possible predation on A. mediterraneus has never been observed. In
captivity, young sea bream individuals of the Diplodus vulgaris (Forster,
1801), Diplodus sargus (Linnaeus, 1758) and Diplodus annularis
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(Linnaeus, 1758) species, have been registered to graze over the ex-
tremities of the basket star (Escoubet et al., 2001). However, such
behavior is not documented outside controlled environments. Hence,
any possible link or correlation between the population dynamics of
these possible predators and that of A. mediterraneus is still unknown and
thus further research is needed.

While several factors, or a combination of factors, could explain the
recorded outburst of A. mediterraneus in the area studied, the lack of
long-term data and the scarcity of information regarding the ecology
and biology of the species studied only allow for a speculative hypoth-
esis on the matter, with the exact causes that have triggered the popu-
lation outburst remaining unknown.

4.5. Impacts on artisanal fishing

As a result of the surveys conducted, it is clear that basket stars are
perceived negatively by the fishers’ community as their increase in
abundance is associated with an economic loss for artisanal fishers and
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constitutes an obstacle to their job performance (Fig. 10). In this sense,
fishers state that A. mediterraneus by-catch increases fishing gear weight
and thus increases dragging on the seafloor; their arms also get entan-
gled the trammel’s layers and, overall, they complicate and slow down
the extraction maneuver. Additionally, the basket stars (heavily inter-
twined, coarse and resistant) represent an increase in the time fishers
spend cleaning the nets, with an additional economic investment needed
to repair the damaged fishing gear.

While there are few studies regarding the economic impact of marine
invertebrates on fishers’ activity, previous studies focusing on the
impact of jellyfish blooms in the North Adriatic concluded that the main
elements associated with economic loss were fishing gear deterioration,
hours of labor invested, and an associated decrease in catches,
amounting to a total estimated economic loss of €8.2 million for otter
and mid-water trawling fleets (Palmieri et al., 2014). While they did not
provide quantifiable data in terms of economic loss for small-scale
fisheries, they did estimate that small-scale fisheries invest over 11,
000 h of labor per year in net repair work (Palmieri et al., 2014). In this
sense, fishers in the area studied are said to be spending, on average,
between one and three extra labor hours daily due to the presence of
A. mediterraneus in their nets. A possible solution for the fishers affected
by this problem would be to modify their fishing habits in order to avoid,
or at least reduce, the basket star by-catch incidence on their fishing
gear, in a similar way to North Adriatic fishers changing their fishing
grounds to avoid jellyfish blooms (Palmieri et al., 2014). Nevertheless,
this might not be a solution for artisanal fishers in the study area, as their
main targeted species (spiny lobster and scorpion fish) are strongly
associated with mid-depth rocky outcrops (Diaz et al., 2001), as is
A. mediterraneus, which points towards a problem without an immediate
solution.

5. Conclusions

The ecological traits and habitat preferences of A. mediterraneus ag-
gregations in the Cap de Creus marine area have been stipulated for the
first time. Basket stars have a habitat preference for sloping rocky sub-
strates with the presence of gorgonians in a water depth ranging be-
tween 50 and 80 m. The abundances found are higher than in every
other Mediterranean area studied to date and, comparing the central
disc size with those of other Mediterranean regions, they can be
considered aggregations of young individuals. Despite the fact that
A. mediterraneus’ high abundances were acknowledged only a few years
ago and the lack of long time-sensitive data, present study data suggest
the beginning or early stages of a massive species outbreak in the area,
proving the initial perceptions of a population increase detected by the
fishers, and highlighting the importance of considering LEK for
ecological studies. However, there is still a massive gap in knowledge
regarding the biology of A. mediterraneus, and the reasons for this
outbreak could not be determined. To properly assess this issue, addi-
tional biological studies are needed, as they will be of paramount
importance to improve our knowledge on and better understand the
origin of the outbreak of A. mediterraneus in the Cap de Creus marine
area, as well as preventing it from becoming harmful for both the
ecosystem and fishers.

With regard to the socioeconomic impact and fishers’ perception of
this topic, there is unanimity about the existence of a problem associated
with this phenomenon. They consider that the increase in basket stars
proves a handicap in terms of monetary and time losses, and that the
problem should be addressed. The significance of spectacular increases
or decreases in echinoderm populations are often challenging to eval-
uate in terms of long-term averages, since ecological time series, which
are seldom available, are needed to determine the scopes of a “natural
state”. Most possibly, due to environmental and anthropic changes on a
local and global scale, phenomena like this will be on the rise, and it is of
the utmost importance to investigate them promptly.
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