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Abstract: Marine resources exploitation through bottom trawling affects marine ecosystems; thus,
management should consider the presence of sensitive species as ecosystem health indicators. Epiben-
thic organisms such as sea pens are widely used to assess benthic conditions, as their populations are
declining where trawling is intense. The Pomo/Jabuka Pits fishing ground in the Adriatic Sea, subject
to various management measures over the years, is a nursery for European hake and hosts a small,
but dense, population of Norway lobster and a remarkable abundance of pink shrimp. The sea pen
Funiculina quadrangularis shares its habitat (sandy-muddy bottoms) with these crustaceans. Through
UnderWater TeleVision surveys conducted from 2012 to 2019, F. quadrangularis abundance and dis-
tribution were quantified in relation to changes in the spatiotemporal distribution of fishing efforts.
The average density (n/m?) of colonies was calculated for three periods: BEFORE implementation
of measures (before 1 July 2015), during an INTERMEDIATE period in which limitations changed
(2 July 2015 to 31 August 2017), and AFTER the implementation of a Fishery Restricted Area (from
1 September 2017). F. quadrangularis revealed an increase in density where fisheries were closed, even
after a short period. This showed how management measures can positively influence epibenthic
communities and that sea pens can be indicators of impact and/or recovery of habitats.

Keywords: Funiculina quadrangularis; vulnerable marine ecosystem (VME) indicators; Jabuka/Pomo
Pit; Fishery Restricted Area (FRA)

Key Contribution: Bottom trawling can impact marine ecosystems; benthic conditions can be eval-
uated by means of sensitive organisms such as sea pens. Through UnderWater TeleVision surveys
conducted from 2012 to 2019, F. quadrangularis” abundance and distribution were quantified in relation
to changes in the spatiotemporal distribution of fishing efforts in the Pomo/Jabuka Pits area (Adriatic
Sea). This showed how management measures can positively influence epibenthic communities.

1. Introduction

Overexploitation of marine resources, especially by means of bottom trawling, can
change or degrade habitats and have negative impacts on marine ecosystems [1-3]. Bottom
trawling, in fact, may lead to long-term changes in benthic communities and affect the
trophic condition of benthic ecosystems [4-7]. In addition to the effects directly linked
to the removal of organisms, a secondary cause can be, for example, the resuspension of
sediment, which can have a suffocating effect on non-target benthic fauna and flora [8-10].
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In order to maintain the sustainability of fish resources over time and the conservation
of ecosystems, careful management should be based on a solid understanding of the
structure and functioning of its components, including the effects of human and natural
disturbances [11,12]. A variety of management techniques can be adopted that also take into
account the presence of sensitive species as ecosystem health indicators useful to evaluate
the effectiveness of measures implemented [12,13]. Depending on the biological traits of
some species, the anthropogenic impact might result in fluctuations in abundance, which
might be reflected also in changes in the ecosystem components and biodiversity [14,15].
The selection of an organism as an indicator species is crucial, as this should represent a
link between the objectives of management measures and the actions [16].

Physical disturbance to the seabed as a result of fishing activities, including effects on
benthic communities, is addressed by the criteria under Descriptor 6 (Sea-floor integrity) of
the Marine Strategy Framework Directive (MSFD) of the European Union [17]. In partic-
ular, criterion D6C3 requires Member States to investigate the adverse effects of physical
disturbance on each habitat type and derived changes in its biotic and abiotic structure and
functions, for example, through the analysis of changes in species composition and their
relative abundance, absence of particularly sensitive or fragile species or species providing
a key function, and the size structure of species. Epibenthic organisms, such as sponges
and sea pens, are among the most used species to assess benthic conditions [13,18]. Sea
pens are colonial cnidarians belonging to the subclass Octocorallia, order Pennatulacea [19].
Sea pen forests may provide important three-dimensional habitats for fish and invertebrate
species, thus contributing to the preservation of ecosystem functions in marine benthic
ecosystems [20-23]. They can host eggs and larvae, and serve as safe habitat for young
fish [24].

The European Commission has classified sea pen forests as vulnerable marine ecosys-
tems (VMEs) and essential fish habitats (EFHs) because of their significant ecological roles
and the sensitivity of pennatulaceans to human activities [25-27]. The presence of sea pens
and possible changes in their distribution provide information in support of the evaluation
of management strategies aimed at safeguarding vulnerable species sensitive to human
impacts [20]. The General Assembly of the United Nations adopted resolution 61/105 to
safeguard VMEs in consideration of the significance of their marine ecological services [27].
To successfully ensure the long-term conservation and sustainable use of marine resources,
Resolution 70/75 emphasized the urgent need to also safeguard VMEs and mitigate the
effects of bottom trawling on them [21].

Funiculina quadrangularis (Pallas, 1766) is a tall sea pen having polyps that develop
from a square-sectioned calcareous axial rod with a peduncle at the base [26]. Individuals
can reach 200 cm in length and have an axis that is up to 25% immersed in the sediment [26].
They are frequently characterized by a feather-like appearance [22,26]. Between 20 and
2000 m of depth, F. quadrangularis is adapted to muddy environments and frequently devel-
ops dense meadows [22]. F. quadrangularis was found in marine lakes and open waters and
is globally distributed (in the Atlantic Ocean, especially in the North Sea, Mediterranean
Sea and throughout the Pacific Ocean [23,24]). F. quadrangularis is not a target for fishing
activities but may be a by-catch due to the fact that it shares the same habitat (on sandy-
muddy sediments) as Nephrops norvegicus (Linnaeus, 1758) and Parapenaeus longirostris
(Lucas, 1846) [26], two of the most important commercial crustaceans, especially in the
Mediterranean Sea [28]. F. quadrangularis is considered a critically endangered species [29];
in fact, its populations are declining in areas where trawling activities targeting the afore-
mentioned species are intense [25].

Mapping F. quadrangularis density over time and space might, thus, be useful not only
to determine their distribution in the Mediterranean, but also to assess the conditions of
the VMEs to which they belong [30,31]. Sea pens are commonly sampled by using trawl
nets, grab samplers, or scuba divers directly cutting/removing the organism [24,32,33].
Less invasive methodologies based on the analysis of photo/video recorded through
Remotely Operated Vehicles (ROVs) or towed camera systems, such as the UnderWater
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TeleVision (UWTYV), are also used for the evaluation of the distribution of sea pens on
the seabed [31,34-36]. In the Adriatic Sea, the UWTV methodology is used to derive
N. norvegicus burrow densities in the Pomo/Jabuka Pits area (important for commercial
fishing and subjected to various management strategies [37]) and was also trialled to assess
the distribution in the area of other species of ecological interest, such as F. quadrangularis,
and trawl marks [34]. The collected footage might indeed be helpful to conduct quantitative
or semi-quantitative evaluation of species coexisting with N. norvegicus in its environment;
OSPAR (the Oslo and Paris Convention for the Protection of the Marine Environment of
the North-East Atlantic) underlined the possibility of using UWTYV for the evaluation of
sea pens [38].

The aim of this study is to assess changes over time in the abundance and distribution
of F. quadrangularis in a particular region in which fishery restrictions changed in space and
time, and therefore verify the actual potential of using this species as an indicator of human
impact and/or the recovery of habitats after the implementation of management strategies.

2. Materials and Methods
2.1. Study Area

The Pomo/Jabuka Pits are three depressions delimited by the 200 m bathymetry
located in the central Adriatic Sea ([39], Figure 1); this area is one of the main fishing grounds
historically shared by the Italian and Croatian fleets [34,40]. The complex topography of
the area and the Adriatic Sea oceanographic regimes make it a very particular environment
in which the water exchange does not happen annually [41]. These conditions influence
the nutrient cycle, with consequences on local biodiversity and on the trophic status of
benthic communities [42]. Furthermore, alterations in species assemblages and possible
consequences on trophic and ecosystem balances could probably be due to the synergistic
action of fishing pressure and climate change [7,43-47].
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Figure 1. The location of the study area within the Mediterranean basin is indicated by a red
circle in the top-left rectangle; the main map shows the bathymetry of the Central Adriatic Sea
(source: [39]) and the Jabuka/Pomo Pits Fishery Restricted Area zones “A”, “B”, and “C”, according
to Recommendation GFCM /41/2017/3 [48].
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This area is the main nursery for the European hake, Merluccius merluccius (Linnaeus,
1758), in the Adriatic, and the presence of muddy bottoms and other exogenous factors
make it the habitat of a population of small-but-dense Norway lobster, N. norvegicus,
individuals [49-51]. Among the other crustacean species occurring in the area, a commercial
and ecological relevance is attributable to the pink shrimp, P. longirostris, which showed
periodic fluctuations in the area, probably linked to environmental parameter changes, and
an abundance peak in 2017 [52,53]. Also possibly linked to climate change, a crustacean
species shift also occurred in the area: the squat lobster Munida intermedia (Milne-Edwards
and Bouvier, 1899), was replaced by Iridonida speciosa (von Martens, 1878) (previously
known as Munida speciosa), first observed in 2003 [54]. Another gadoid species dwelling in
the area, the blue whiting Micromesistius poutassou (Risso, 1827), was reported to experience
fluctuations in abundance over time, probably as a result of environmental variations
and fishing exploitation [55]. Therefore, the Pomo/Jabuka Pits represent a VME and an
EFH worthy of implementation of appropriate management measures aimed at protecting
the demersal fish stocks, enhancing the densities of organisms in terms of biomass and
abundance, and protecting possible VMEs while ensuring the sustainable exploitation
of the main resources [37,56]. For this reason, a series of management measures were
implemented in the area over time [55,57], which led to the establishment, in 2017, of a
Fishery Restricted Area (FRA) by the General Fisheries Commission for the Mediterranean
(GFCM, [48]). The FRA is divided into three zones: “A,” which is closed to all fishing
activity, “B,” where bottom trawling is regulated with licenses and a number of fishing days
(two days allowed per licensed vessel per week, fishing vessels using twin bottom otter
trawls can fish one day per week), and fishery is banned from 1 September to 31 October,
and zone “C,” where trawling is permitted through licenses on Saturdays and Sundays
(from 5.00 am to 10.00 pm), whereas vessels fishing with bottom-set nets, set longlines and
traps can fish from Monday 05.00 am till Thursday 22.00 pm, and fishing is also banned
from 1 September to 31 October (fishing activity with purse seiners and pelagic trawlers
targeting anchovy or sardine is prohibited in the FRA; Figure 1). The European Parliament
and Council ratified the FRA with Regulation 2019/982 [58]. The Pomo/Jabuka Pits FRA
became permanent with GFCM Recommendation 44 /2021 [59]. Therefore, the intensity
and distribution of fishing activity in the region changed over time as a consequence of the
aforementioned changes in management measures. In fact, before the implementation of
the management measures, the fishing pressure in the area was quite high and was exerted
by a significant number of vessels [12,37]; since the FRA was established, in addition to
the spatial and temporal limitations, the number of authorized vessels is regulated by the
competent authorities and the annual list of authorized vessels is reported in the GFCM
portal (https://www.fao.org/gfcm/data/fleet/fras/en/, accessed on 16 June 2023).

2.2. Sample Collection and Video Analysis

From 2009 to 2019 (except for 2011 and 2018), the Ancona section of the Institute of
Marine Biological Resources and Biotechnologies of the Italian National Research Council
(CNR-IRBIM) and the Institute of Oceanography and Fisheries (IOF) of Split (Croatia)
partnered on an annual UWTYV survey covering the entire area of the three meso-Adriatic
depressions, conducted on board the research vessel Dallaporta (LOA 35.30 m, 258 GT,
1100 HP) [34,37,57,60]. The surveys were carried out under the auspices of the FAO-
ADRIAMED project [60]; in 2013, thanks to the Italian National Flagship Program RIT-
MARE, the UWTV equipment owned by CNR was completely renewed [61], and from
2015 to 2019 it was also supported (for the complementary experimental trawl fishery com-
ponent) by the Italian Ministry of Agricultural, Food, and Forestry Policies (MIPAAF; [62]).

The 60 fixed stations firstly defined in the area according to a random stratified sam-
pling design [34] were maintained over time and are still consistent with the stratification
currently in use based on the FRA zones, as they mainly overlap the original strata [37];
not all stations were studied in all the surveys due to ship time and weather condition
limitations [60]. During each survey, a Kongsberg Simrad colour camera mounted on a
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sledge was towed on the sea floor at about a 1-knot speed. The camera’s field of view was
set at a constant width of 80 cm. A custom data logger, synchronized with the video deck
unit and with a CTD (Conductivity, Temperature, Depth) probe recording environmental
parameters [63], acquired the vessel GPS (Global Positioning System) position (as a proxy of
the sledge position) once per minute to allow the quantification of the surface viewed. After
each survey, trained readers reviewed the collected footage following a specific protocol
to derive estimates of the target features (e.g., burrows) and/or organisms [64,65]. Each
station considered valid for N. norvegicus assessment purposes consisted of a minimum of
7 good minutes (normally out of about 10-20 min recorded per station) complying with the
speed and visibility criteria set for the Adriatic in [60]. Recently, the surface viewed in all
stations of the time series was recalculated to take into account the difference in the bottom
surface covered by the sledge and the vessel route [37].

UWTV is used to evaluate N. norvegicus following specific standards in several Euro-
pean countries [66]. However, the fact that it uses a fixed field of view makes it suitable
for collecting other ecological data potentially useful in the context of an ecosystem ap-
proach to fisheries management [34]. Figure 2 is composed of frames extrapolated from
UWTYV footage collected in the Adriatic Sea showing the environment and some recorded
organisms. Recently, the UWTV footage collected in the Pomo Pits area was in fact further
analysed with the aim to derive information on the epibenthic communities subjected to
physical perturbations and the objects of interest in the context of Descriptor 6 of the MSFD,
among which in particular is F. quadrangularis [67].

Figure 2. Images obtained by means of UWTV: (A) trawl track created by the passage of the otter
door of a bottom trawler; (B) inside the red circle is a specimen of F. quadrangularis; (C) the red circle
shows a specimen of N. norvegicus, one of the species with whom sea pens share the habitat; in all
frames are visible burrows made by various organisms.
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2.3. Data Analysis

All data acquired during the UWTV surveys are stored in a database created us-
ing the Geographic Information System (GIS) Manifold® System Release 8 (http://www.
georeference.org/doc/manifold.htm, accessed on 16 April 2023), which allows for the vali-
dation and processing of GPS data to determine the swept area for each minute, mapping,
and various types of analyses [37,60,62]. The analyses carried out within this study took into
account the densities of F. quadrangularis colonies (n/ m?) calculated for each of the recorded
minutes considered valid during the footage readings carried out to determine the densities
of N. norvegicus burrows. Because F. quadrangularis is distributed in patches and the density
values per station obtained could be very low, in order to obtain a finer spatial distribution,
in this work, estimates were calculated at the level of one minute. The density (n/ m?) of
colonies per minute was calculated using the number of individuals of F. quadrangularis
counted divided by the swept area. In order to assess the F. quadrangularis density variation
as a potential effect of the management measures implemented over time and space, an
approach was adopted that is very similar to that used in Chiarini et al. [55]; in the latter
study, in fact, a short-term evaluation of changes in fisheries management measures occur-
ring in the Pomo/Jabuka Pits Area was carried out through a Before—Intermediate—After
Multiple Sites (BIAMS) approach (a variant of the classic “before-after-control-impact”
model design also adopted in an attempt to compare contiguous strata with different
characteristics overcoming the unavailability of an adequate independent control site).
To facilitate a possible comparison with the results obtained in the area for other species,
within this study, only UWTV data collected from 2012 onward were considered; therefore,
8 UWTYV surveys conducted in the period 2012-2019 (except for 2018) were taken into
account. Overall, 3244 min of video were analysed, for a total of about 85,541 m? of the
seabed. The same three time steps defined in Chiarini et al. [55] were also adopted to allow
possible comparisons of the species response: a period “BEFORE” the implementation of
the first management measures (from 1 January 2012 to 1 July 2015), the “INTERMEDIATE”
stage (from 2 July 2015 to 31 August 2017), in which management measures have changed
over time following national regulations [68,69], and “AFTER” the adoption of Italian and
Croatian regulations analogous to the subsequent FRA application regulation [70] (from 1
September 2017 to 1 January 2020). The average density of colonies over the considered
periods (i.e., “BEFORE”, “INTERMEDIATE”, and “AFTER”) in each of the three zones (“A”,
“B”, and “C”) was analysed to assess any variations in the F. quadrangularis population.
Average densities are not theoretically influenced by differences in surface; furthermore, by
taking into consideration periods rather than single survey years, the limitation caused by
the difference in the number (and location) of minutes recorded in each zone every year
should be reduced. The standard deviation was also calculated to account for variability.
In addition, the homogeneity of variance was assessed by a Levene test and, to address
homoscedasticity, a one-way ANOVA (type II) was performed on the dataset and the
Tukey test was used as a post hoc analysis. Regarding heteroscedasticity, a non-parametric
ANOVA (Kruskal-Wallis test) and Games—-Howell post hoc test were adopted. Each of
the aforementioned periods were considered as the level of a temporal factor accounting
for the fisheries management measures adopted in the study area from 2012 to 2019. To
determine significance, the reference p-value was set at 0.05. These statistical analyses, and
the production of related graphics, were performed using R software and the rstatix, car,
dplyr and ggplot2 packages [71-74].

Furthermore, a spatial grid of 2 x 2 nautical mile cells (surface corresponding to
13.72 km? each) was built for the Pomo/Jabuka Pits area by means of the GIS. Figure 3
highlights the cells in the entire study area which were effectively monitored throughout
the time frame under examination. Mean density (n/m?) of colonies per cell was calculated
using all data from 2012 to 2019 and also for the three considered periods (i.e., “BEFORE”,
“INTERMDIATE”, and ”“AFTER”) in order to obtain density maps.
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Figure 3. Map of the study area: the polygons indicate the three zones of the Jabuka/Pomo Pits FRA,
cells of 2 x 2 nautical miles show the area covered by the UWTV surveys, while their green palette
indicates the number of minutes recorded within each.

Persistence per cell from 2012 to 2019 was also calculated using an adaptation of the
Getis G statistic adopted to identify spatial hotspots [75,76]. The persistence estimates were
obtained by dividing the number of surveys in which the species was found in a particular
cell by the total number of surveys in which that cell was visited. Only cells visited more
than 1 time (i.e., in at least 2 surveys) and in which F. quadrangularis was recorded at least
once were considered to calculate this index. Persistence was also calculated over the single
period “BEFORE” in order to create a baseline showing the initial situation before the
implementation of the management measures, to be used for comparison in future analyses
of medium- to long-term effects.

3. Results
3.1. Spatial Distribution of Colonies and Density by Period for Each Zone (“A”,”B”, and “C”)

In the entire study area, in total, 138 colonies of F. quadrangularis were found, and the
resulting average density per minute was 0.004 n/m? (+0.002). The spatial distribution
of the average density of colonies per cell over the three considered periods and over the
entire time frame of this study is shown in Figure 4. Figure 5, instead, shows the average
densities of F. quadrangularis colonies calculated for each considered zone and period.
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Figure 4. Map of the study area: the polygons indicate the three zones of the FRA, the 2 x 2 nautical
mile cells coloured with a purple palette indicate the average density of F. quadrangularis colonies (no
colonies were ever recorded in the empty cells); panels (A-C) refer respectively to periods “BEFORE”,
“INTERMEDIATE”, and "AFTER”, while panel (D) shows values calculated per each cell over the
entire time frame of the study (2012-2019).
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Figure 5. Average densities (n/m?) of F. quadrangularis colonies recorded in the three FRA zones
(“A”,“B”, “C”") for the three considered periods (“BEFORE”, “INTERMEDIATE"”, “AFTER”); yellow
bars indicate the standard deviation.

3.1.1. Area “A” across the Periods

In total, 75 colonies of F. quadrangularis were counted in zone “A”, and the average
density value calculated over the entire time frame of the study was 0.004 n/m? (£0.01). The
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highest value of density was found in the period “AFTER” (maximum density = 0.176 n/m?),
whereas the lowest was in the period “BEFORE” (minimum density other than
0 values = 0.031 n/m?). Given the heterogeneity of the variance, the Kruskal-Wallis
test was performed (p-value < 0.001). The Games-Howell post hoc test proved that the
period “AFTER” is significantly different from the other periods, showing an increase in
density over time (p-value = 0.006 obtained for the comparison of “BEFORE” and ”“AFTER”
and p-value = 0.014 for that between “INTERMEDIATE” and ”AFTER”; Figure 5).

3.1.2. Area “B” across the Periods

In zone “B”, 37 colonies were found, and the average density value calculated over the
entire time frame of the study was 0.003 n/ m? (£0.003). Both the highest and the lowest
density values were found in the period “BEFORE” (maximum density = 0.095 n/m?, min-
imum density other than 0 values = 0.032 n/ mz). Given the homogeneity of the variance, a
one-way ANOVA was performed, but no significant differences among the periods were
found, even if Figure 5 shows a slight increase in density over time.

3.1.3. Area “C” across the Periods

A total of 26 colonies were found in zone “C”, and the average density value calcu-
lated over the entire time frame of the study was 0.003 n/m? (+0.001). The highest density
was found in the period “AFTER” (maximum density = 0.091 n/m?), whereas the lowest
was found in the period “BEFORE” (minimum density other than 0 values = 0.029 n/m?).
Given the heterogeneity of the variance, the Kruskal-Wallis test was performed
(p-value = 0.002). The Games—-Howell post hoc test proved that the period “AFTER” is sig-
nificantly different from the others, showing an increase in density over time (p-value = 0.004
obtained for the comparison of “BEFORE” and “AFTER” and p-value = 0.005 for that be-
tween “INTERMEDIATE” and “AFTER”; Figure 5).

3.2. Persistence per Cell

The persistence index, calculated for each cell within the entire study area across the en-
tire time frame of the study (Figure 6A), showed the highest values (>0.9) in zones “A” and
“C”. The minimum value of persistence was recorded in Croatian territorial waters (=0.166),
whereas the maximum value was found in zone “A” (=1). The persistence index calculated
in each cell for the “BEFORE” period is shown in Figure 6B. The lowest recorded value
(=0.333) in this case was in zone “B”; the highest was in Croatian territorial waters (=1).
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Figure 6. Map of F. quadrangularis colonies’ persistence in the Pomo/Jabuka Pits area calculated
across the whole considered UWTYV time series (2012-2019; panel (A)) and only for the “BEFORE”
period (panel (B)); the 2 x 2 nautical mile cells indicate portions of seabed visually inspected at least
one time and in which colonies were seen at least once; the red palette indicates values calculated for
each cell (from 0 to 1); the polygons indicate the three zones of the FRA.
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4. Discussion

This study advances the understanding of F. quadrangularis’ geographic range in the
Adriatic Sea. Twelve species of sea pens are actually present in the Mediterranean Sea, of
which six are distributed in the Adriatic Sea, with a southward decline in abundance [30].
The presence of F. quadrangularis in the Off Ancona area, in the Pomo/Jabuka Pits, and off
the Montenegrin coast is worthy of note [30,31]. Sessile organisms are damaged by severe
bottom trawling, endangering the benthic environment and its related fish resources [26,77].
The abundance and location of sea pens in the Adriatic basin may have been influenced
by the high level of fishing activity [30,78]. Historical information on the abundance and
distribution of Pennatulacea in the Adriatic Sea is lacking, and it is challenging to identify
an original, undisturbed state. The quantity and geographic distribution of sea pens may
have been reduced in the Mediterranean basin, especially in the Adriatic Sea, due to intense
trawling targeting commercial species [30]. The use of Sentinels of Seabed (SoS) indicators
could help to map VMEs in the Mediterranean and evaluate anthropogenic impacts, as
described by Serrano et al. [13]. The historical analysis of the distribution of F. quadrangularis
in the Pomo/Jabuka Pits area is therefore noteworthy; being nowadays a FRA, it can be
used to test the recovery times of species of high ecological importance.

4.1. Effects of Different Protection Levels on Funiculina quadrangularis

The development of F. quadrangularis distribution maps could provide indications on
the state of the benthic component impacted by bottom trawling [13,23,31,34]. The slow
growth rate, late sexual maturity and lack of withdrawl capacity make this species sensitive
to trawl impact [24,26,79]. In fact, Downie et al. [33] reported F. quadrangularis to be less
resilient to trawling in the Greater North Sea and Celtic Seas than other sea pens such
as Pennatula phosphorea (Linnaeus, 1758) and Virqularia mirabilis (Miiller, 1776). However,
according to Pierdomenico et al. [80], the relationship between trawling intensity and the
abundance of this species is not straightforward in the southern Tyrrhenian Sea (i.e., the
lowest abundances were recorded in areas with strong fishing pressure, but relatively high
values were observed in areas subject to intermediate effort), as it is for another VME
indicator such as the bamboo coral Isidella elongata (Esper, 1788). While performing ROV
video survey transects in a no-take reserve and some control areas in the northwestern
Mediterranean Sea, Vigo et al. [36] found a higher abundance of Norway lobster and other
fish species within the no-take reserve than in the control area, but only a slightly higher,
but not significant, abundance of F. quadrangularis in the no-take area after 2.5 years since
the implementation. The study area considered in the present work was instead subjected
to various management measures, and consequent levels of fishing pressure, which varied
over time and space. This condition allowed to evaluate the effects of different levels of
trawl impact on sea pen colonies. The average density of F. quadrangularis colonies showed
variations over the entire study period (2012-2019), particularly in zones “A” and “C”,
which appeared to be positively influenced by the management measures. In fact, the
average F. quadrangularis density in these two zones consistently increased, especially in the
“AFTER” period following the establishment of the FRA. Although some environmental
differences between the two zones, such as the difference in bathymetry and circulation
of the Adriatic Sea, do not allow to directly compare them, it is evident that despite a
theoretically similar level of protection in the latter period, zones “B” and “C” showed
different results. The modest increase in zone “B” is likely the result of a fishing pressure
still strong enough to condition the colonies’ presence and growth compared to the other
zones. Therefore, the results of this study suggest that under effective trawling management
and, likely, favourable environmental conditions, F. quadrangularis can increase in density
within a few years. These findings are quite in agreement with those resulting for other
benthic species (e.g., N. norvegicus) in Chiarini et al. [55,57].
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4.2. Ecological Aspects and Colonies” Persistence

Although it turns out to be a species sensitive to trawling, the unbranched form
and elasticity of F. quadrangularis allow the persistence of this species even in heavily
trawled regions, but at a lower density than in well-preserved populations [80,81]. In
this study, an index was tested to determine which regions within the Pomo/Jabuka Pits
had more persistent F. quadrangularis patches. A possible limitation of this index is that it
does not account for the time sequence of the records within each cell over the different
years, so it probably should not be applied in its current form to long time series when
two records could paradoxically be at the beginning and end. However, in shorter (and
more homogeneous) time series, as in the case of the “BEFORE” period, it can provide
useful information to compare with subsequent time steps. In fact, when considering
the entire time frame of the study, zones “A” and “C” recorded the highest persistence
values. This might be correlated with management measures, but a further comparison with
persistence calculated for the “AFTER” period, considering more than one survey/year,
would be interesting to confirm this.

It would be interesting to also include in future medium- to long-term evaluations
the distribution and displacement of fishing efforts directly estimated by means of Ves-
sel Monitoring Systems (VMSs) and/or Automatic Identification Systems (AISs) [82—-85].
To allow a better understanding of the response of the abundance and distribution of
sea pen colonies to fishing pressure, more complex analyses could also be performed
on the acquired datasets, including the main physical characteristics of the study area
(e.g., bathymetry) and possible local variations over time of environmental parameters
influencing benthic communities (e.g., temperature, salinity, oxygen, etc. [57,63]).

F. quadrangularis is a significant habitat-forming species that helps create three-
dimensional bathyal environments, improves ecological functionality, and provides es-
sential habitat for fish and invertebrates [30,77,86,87]. Therefore, the assessment of its
persistence can offer important information for the correct management of the study area;
in fact, the possibility of geographically locating the most persistent patches, associated with
the measurement of density, can indicate which are the zones most in need of protection.

The use of non-invasive methodologies such as ROVs or UWTV for the collection
of information on benthic indicator species is well established and, for the evaluation of
the long-term effects of the management measures in place in the study area, it would be
desirable to maintain the UWTV time series in the future, or at least repeat video surveys
from time to time [26,36,56].

5. Conclusions

The Adriatic Sea geographic range of F. quadrangularis has been improved by this
work, which also supports the mapping of VMEs and EFHs. This study demonstrates that
effective management measures can have a positive influence on epibenthic communities
and highlights the potential of sea pens as indicators of impact on and/or recovery of
exploited habitats. These findings might be used in the planning and monitoring of
sensitive marine areas. Furthermore, these results could also be used in the context of the
Blue Economy, allowing for the exploitation of the benefits offered to commercial fishing
due to the maintenance of intact benthic habitats. However, more studies, using video
surveys, are required to assess the long-term effects of the management strategies applied
in the Pomo/Jabuka Pits area on the sea pen community. It would be relevant to include,
in future, analyses of the abundance and distribution of commercially and ecologically
important species, and more variables, such as environmental parameters or VMS and AIS
data for authorized fleets operating in zones “B”, “C”, and surrounding areas, which are
also useful to monitor the displacement of fishing efforts.
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