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Abstract: This paper reports the results of a 15-year trawl ban imposed in 1990 in the Gulf of
Castellammare (GCAST: NW Sicily, central Mediterranean Sea) and its effects on the biomass and size
structure of demersal finfish and shellfish and on the proportion of different commercial categories of
fish. Data were collected by experimental trawl surveys conducted in the GCAST and in two trawled
areas before and after 1990. The biomass of the total assemblage and of a number of selected species
was significantly higher in the GCAST after the ban. Highly commercial species had the largest
increase in the same gulf after the ban, particularly at the depths used by artisanal fishermen. The
results from size-based indicators were not as clear-cut as those from biomass though. Although the
length frequency distributions obtained in the GCAST were significantly different from the other
gulfs, in several cases, the values of the size indicators were higher in the trawled gulfs. Our results
suggest that, at the temporal and spatial scale adopted, trawl bans may drive full biomass recovery
but only partial size structure recovery of the fish populations subject to trawl exclusion, at least in
the Mediterranean. The trawl ban in the Gulf of Castellammare provides an example of an effective
ecosystem-based fisheries management tool that offers the potential for fish stock rebuilding and for
the economic sustainability of artisanal, small-scale fisheries.

Keywords: spatial management; fishery closure; size structure; fish biomass recovery; small-scale
fisheries; sustainable fisheries; trawlable fish assemblage

1. Introduction

Fishing activities and, in particular, bottom trawling directly and indirectly affect fish
assemblages and cause a number of undesirable consequences on fish populations such
as reduced biomass, truncated size structures, and disrupted food webs, with a large part
of world stocks falling in the range between fully exploited to depleted [1–6]. Fisheries
management aiming at sustainable yields through approaches based on catch quota and
control of fishing effort have proved generally effective when applied to monospecific
fisheries [7,8] and even then, stock collapses have occurred with dramatic consequences [9].
Multispecies fisheries, which dominate in warm-temperate and tropical regions, are more
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complex to manage due to the high number of species involved, the variety of their ecolog-
ical and biological traits, and the complex interactions with habitats and environmental
parameters. An ecosystem-based approach addressing the fish assemblage as a whole as
well as the habitat has been often invoked, especially in areas characterized by conflicting
human activities—including but not limited to fishing—that would benefit by a spatial
approach [10,11]. Models as well as empirical observation suggest that multispecies fish-
eries may benefit from partial or total protection in terms of increased biomass [12–15],
better structured size distributions with a higher abundance of larger fish [16] (‘filling-in
effect’ in Baskett & Barnett, [17]), increased resilience to overfishing for overexploited
low-mobility species and for underexploited highly mobile species [18], increased and
less variable catches in surrounding areas [19,20], increased yield reliability under dif-
ferent management scenarios [21], better economic performance of outside fisheries at
determinate management conditions [22], and export of adult biomass [13,23,24].

Marine protected areas (MPAs) sensu lato are widespread tools for the conservation
and enhancement of living marine resources. Several types of MPAs exist, ranging from
no-take reserves to partially protected areas (PPAs) that allow some nondestructive fishing
activities [24,25], each of them is widely applied with different levels of success [26]. PPAs
and multiple-use MPAs have been advocated as effective large-scope management tools,
sometimes even more effective than fully protected MPAs in that they address more widely
the different ecosystem services while considering also human activities and sustainable
resource use [27]. Sciberras et al. [28] observed that while PPAs (such as no-trawl areas)
may produce less strong effects than no-take areas, they still have the advantage of offering
an effective management option where the institution of fully protected areas is not socio-
economically viable. PPAs based on the ban of towed fishing gears have been created in
tropical (southeastern Asia: [29]), warm-temperate (Mediterranean: Pipitone et al. [30]),
and temperate (North Sea: Pastoors et al. [31]) areas, where they have generally yielded
very encouraging results in terms of fish stock enhancement. Furthermore, coastal small-
scale fisheries, which represent a widespread and important socio-economic sector in most
temperate and tropical areas and are generally considered a sustainable activity [32], may
vastly benefit from their inclusion in MPAs’ and PPAs’ management plans [33–35].

PPAs have been realized in the Mediterranean in the form of spatial fishery restrictions
of various sizes and with different objectives [30]. The Gulf of Castellammare (NW Sicily)
makes up a case study as a no-trawl area where a year-round trawl ban has been in place
since 1990 while artisanal and recreational fishing are permitted [36]. The main effects
of trawl exclusion on demersal fish and invertebrates in the Gulf after the first few years
have been investigated, including those on fish biomass [36] and size spectra [37], the
food web [38–41], fish growth and condition factor [42–44], stock dynamics of commercial
species [45], and benthic communities [46,47]. However, as regards the effects on fish
biomass, published data are spatially and temporally limited, and those on fish size have
been scarcely addressed to date.

The general objective of the present study was to evaluate the effects of the trawl
ban on the shelf demersal assemblage in the Gulf of Castellammare (GCAST) no-trawl
area. To attain this objective, we used fisheries-independent surveys and compared (1) the
biomass of the total demersal assemblage and of selected species before and after 1990
(i.e., the starting year of the ban) in the GCAST and in two areas open to trawlers, namely,
the Gulfs of Termini Imerese (GTERM) and Sant’Agata (GSANT); (2) the proportion of
different commercial categories of fish in GCAST before and after 1990, with the purpose of
inferring the potentialities of the artisanal fishery inside the no-trawl area and to inform
future management measures; and (3) the size structure of selected species in GCAST and
in the two trawled gulfs after 1990.

The following hypotheses based on the effects expected from the trawl ban were tested:
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Hypothesis (H1). The demersal biomass in the GCAST after 1990 is higher than in the GCAST
before 1990 and than in the GTERM and the GSANT after 1990, and is similar in the three gulfs
before 1990, and in the GTERM and the GSANT before vs. after 1990;

Hypothesis (H2). The proportion of highly commercial demersal species in the GCAST is higher
after 1990;

Hypothesis (H3). The size structures of demersal species in the GCAST after 1990 are different
and with larger median size and an increased proportion of larger individuals than in the GTERM
and the GSANT.

2. Materials and Methods
2.1. Study Area

The study area includes the GCAST, where a trawl ban was imposed in 1990, and two
areas open to trawling, the GTERM and the GSANT, all located on the coast of northern
Sicily (central Mediterranean Sea) (Figure 1). The three gulfs are characterized by a large,
gently sloping central soft-bottom portion bordered by rocky promontories on the sides and
share similar hydrological and oceanographic conditions [46]. The approximate distances
between the centers of the gulfs are 73 km (GCAST to GTERM) and 60 km (GTERM to
GSANT) as the crow flies. The trawl ban area in the GCAST extends for 200 km2 from
the shoreline to about 500 m depth. Inside this area, artisanal (set and drifting gears) and
recreational fishing are permitted. Outside the trawl ban area as well as in the GTERM
and the GSANT, trawling is permitted at depths greater than 50 m but prohibited within
1.5 nautical miles from the coast according to the depth, in conformity with EC Regulation
1967/2006 and subsequent amendments.
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Figure 1. Study area: the Gulfs of Castellammare (GCAST), Termini Imerese (GTERM) and Sant’Agata
(GSANT). The black contours indicate the surveyed areas. The dotted line in GCAST indicates the
outer limit of the no-trawl area.

2.2. Sampling Design and Data Collection

Experimental trawl surveys were carried out in each gulf before (1985–1987, when all
gulfs were trawled) and after 1990 (2004–2005, when GCAST was untrawled). A stratified
random sampling design was adopted with each gulf divided into three depth strata
(A: 10–50 m, B: 51–100 m, C: 101–200 m).

The bottom otter-trawl net used in the surveys had the following main specifications:
headline 31.3 m, ground rope 41 m, stretched mesh at the cod end 35 mm. Trawl hauls
were conducted at an average speed of 2.7 knots and lasted 60 min in all cases except in
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the GCAST after 1990, when higher catches were expected and a 30 min tow duration
was adopted.

The total catch of each haul was identified at species level. Nineteen species (six cephalopods,
one crustacean, and twelve fishes: Table 1) were selected as target species based on their different
bio-ecological traits, more specifically: macrohabitat (benthic and benthopelagic species), and
life span (short-lived, medium-lived, and long-lived species, considering their average life span
as reported by Relini et al. [48] and Maiorano et al. [49]). The decision of analyzing biomass
and/or size was based on species’ abundance and frequency of occurrence in the samples
across surveys.

Table 1. List of target species selected for the collection of biomass and size data and their bio-
ecological traits. B: biomass; S: size; Be: benthic; BePel: benthopelagic; LL: long-lived; ML: medium-
lived; SL: short-lived.

Group Species Common Name Biomass/Size Ecology/Biology

Cephalopod Alloteuthis media midsize squid S BePel/SL
Cephalopod Eledone cirrhosa horned octopus B/S Be/SL
Cephalopod Illex coindetii broadtail squid S BePel/SL
Cephalopod Octopus vulgaris common octopus B Be/SL
Cephalopod Sepia elegans elegant cuttlefish S Be/SL
Cephalopod Sepia officinalis common cuttlefish B Be/SL
Crustacean Parapenaeus longirostris deep-water rose shrimp B/S BePel/SL

Fish Arnoglossus laterna scaldfish S Be/ML
Fish Capros aper boarfish S BePel/ML
Fish Chelidonichthys cuculus red gurnard S Be/ML
Fish Diplodus annularis annular seabream B BePel/ML
Fish Lepidotrigla cavillone large-scaled gurnard S Be/ML
Fish Lophius budegassa anglerfish B Be/LL
Fish Merluccius merluccius hake B/S BePel/LL
Fish Mullus barbatus red mullet B/S BePel/ML
Fish Pagellus acarne axillary seabream B BePel/ML
Fish Pagellus erythrinus pandora B/S BePel/ML
Fish Phycis blennoides greater forkbeard S Be/LL
Fish Spicara flexuosum picarel S BePel/ML

Three commercial categories were assigned to all species collected in the GCAST before
and after 1990 (n = 210; Supplementary Materials Table S1) based on retail prices in the Gulf
of Castellammare coastal towns: highly commercial (HC: ≥ €15/kg, n = 59), moderately
commercial (MC: < €15/kg, n = 71) and noncommercial (NC: discarded species, n = 80).

2.2.1. Biomass

Biomass data were collected in the three gulfs before and after 1990. The swept area
method [50] was used to estimate an index of biomass at sea (kg/km2). The trawl net
wingspread adopted to calculate the swept area was estimated by the following equation:

Ws = −3.2999 + 0.00487 × TrW + 7.4283 × OBoS + 0.0482 × FlV,

where Ws = wing spread (m), TrW = length of trawl warps (m), OBoS = otter boards
size (m2), and FlV = floats volume (dm3) [51]. Biomass data (kg/km2) were standardized to
30 min tows and expressed as mean values for the total trawlable assemblage (= total catch),
for each of ten target species, and for each commercial category.

2.2.2. Size

Length data were collected in the three gulfs in autumn 2004 and spring 2005. All indi-
viduals belonging to fourteen target species (Table 1) were measured at the lowest 0.5 cm
(deep-water rose shrimp at the lowest 1 mm) as dorsal mantle length (ML, cephalopods),
carapace length from eye socket to dorsal posterior carapace margin (CL, deep-water rose
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shrimp), and total length (TL, fishes). The size structure of each selected species was described
by its length frequency distribution (LFD) and by the following length-based indices [52–54]:

Lm, median length;
L95, the 95% percentile of each LFD;
L2/3, the percentage of individuals larger than 2/3 of the maximum length recorded in
the samples.

L95 and L2/3 are sensitive to the abundance of large-sized individuals and are considered
robust indicators of the effect of fishing on fish populations, more so if used jointly [52,54,55].

2.3. Data Analysis
2.3.1. Biomass

• Total trawlable assemblage

To test the effect of the trawl ban on the biomass (kg/km2) of the total trawlable
assemblage, a BACI (before-after-control-impact) with a multiple controls asymmetrical
experimental design [56,57] was adopted with three factors: Time, fixed, with two levels
(before-1990 and after-1990); Status, fixed, with two levels (Trawled and Untrawled); and
Locality, random and nested within Status, with two levels under the group Trawled
(GTERM and GSANT) and one level under the group Untrawled (GCAST). Thirty-two
replicates randomly selected from a dataset of about 500 hauls were considered for each
combination of Time/Locality (n = 204). A PERMANOVA on square root transformed data
was computed through restricted permutations of residuals under a reduced model [58].
Significant terms relevant to the hypothesis were investigated through post hoc pair-wise
tests using the PERMANOVA t-test and 9999 permutations.

• Target species

The same experimental design used for the total assemblage biomass was used for
the analysis of biomass data of the ten target species, drawn from the same dataset. In
this case the number of replicates depended on the actual occurrence of the species in the
depth strata (Table 2). Square root transformed biomass data were analyzed using the
Primer and PERMANOVA+ software [59,60]. Significant terms relevant to the hypothesis
were investigated through post hoc pair-wise tests using the PERMANOVA t-test and
9999 permutations.

Table 2. Number of replicates of target species considered for each combination of TimexLocality,
and depth strata in which each species occurred.

Strata Replicates

Horned octopus B-C 22
Common octopus A-B-C 32
Common cuttlefish A-B 20
Deep-water rose shrimp C 12
Annular seabream A-B 20
Anglerfish A-B-C 32
Hake A-B-C 32
Red mullet A-B 20
Axillary seabream A-B-C 32
Pandora A-B 20

• Commercial categories

A two-way ANOVA was used to test the effect of the trawl ban on the biomass of the
three commercial categories (HC, MC, NC) in GCAST. A symmetrical experimental design
was adopted with two factors: Time, fixed, with two levels (before-1990 and after-1990) and
Stratum, random, with three levels (A, B, C). The depth strata were tested since the artisanal
fisheries are more active in the less deep (i.e., A and B) strata. A Cochran’s C test was used a



Sustainability 2023, 15, 2425 6 of 19

priori to test the homogeneity of variances while the Student–Newman–Keuls (SNK) test was
used to make pair-wise comparisons among sample means. The analyses were completed
using the “GAD” package within the R and R-studio open source softwares [61–63].

The results of all tests are presented as Supplementary Material (Supplementary
Materials Tables S2–S4).

2.3.2. Size

A two-sample Kolmogorov–Smirnov test was applied to each couple of areas (GCAST
vs. GTERM, GCAST vs. GSANT, and GTERM vs. GSANT) in order to test the differences
between LFD shapes in the three gulfs. The test was run using the "Stats" package within
the R and R-studio open source softwares [61,62].

3. Results
3.1. Biomass

• Total trawlable assemblage

The total after-1990 biomass in the GCAST was always higher (6.2- to 11.6-fold) than
in any other location and time (Table 3). As shown in Supplementary Materials Table S2,
the total biomass was similar in the three gulfs before 1990 and in the GTERM and the
GSANT before vs. after 1990.

Table 3. Mean biomass (kg/km2) of the total trawlable assemblage in the before-1990 and after-1990
periods in the three gulfs. s.d.: standard deviation.

Before-1990 s.d. After-1990 s.d.

GCAST 203.1 ±54.12 1265.6 ±866.81
GTERM 108.7 ±43.15 130.7 ±49.39
GSANT 139.9 ±53.59 132.0 ±90.06

• Target species

The after-1990 GCAST biomass values of seven out of ten target species were higher
than in all other Time/Locality combinations (Table 4) even though not always significantly
(Supplementary Materials Table S3). The three species with slightly higher biomass in the
GTERM or the GSANT before or after 1990 were horned octopus, common octopus, and
deep-water rose shrimp. The highest relative increase in the after-1990 GCAST compared
to all other localities and periods was observed in annular seabream, hake, red mullet,
axillary seabream, and pandora.

• Commercial categories in GCAST

The relative contribution of HC species to the total biomass of the GCAST was higher
than that of the MC and NC species in both sampling periods (Figure 2). After 1990,
the proportion of MC species decreased while that of the NC and HC species increased
(Figure 2). The analysis of the biomass of the three commercial categories in each depth
stratum shows that, as a consequence of the overall biomass increase, the biomass of each
category also increased significantly after 1990 (Tables 5 and S4). As regards the increase
of each category, while before 1990 they had similar biomass values in the three strata,
after 1990, the HC and MC species had significantly higher values in strata A and B than
in C, while NC species had the highest biomass in stratum B and the lowest in A, with
an intermediate value in C (Tables 5 and S4). The largest increase for the HC species as
described by the after-1990/before-1990 ratio was recorded in stratum A, while the largest
increase for the MC and NC species was recorded in stratum B (Figure 3).
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Table 4. Mean biomass (kg/km2) of selected target species in the before-1990 and after-1990 periods
in the three gulfs. In italics: standard deviation. GCAST: Gulf of Castellammare; GTERM: Gulf of
Termini Imerese; GSANT: Gulf of Sant’Agata.

GCAST GTERM GSANT

Before-1990 After-1990 Before-1990 After-1990 Before-1990 After-1990

Horned octopus 10.1 17.9 11.2 18.7 11.7 9.1
±12.27 ±24.66 ±15.24 ±14.43 ±12.35 ±9.36

Common octopus 6.2 24.4 22.4 2.9 27.4 5.0
±15.14 ±33.23 ±24.87 ±12.25 ±27.11 ±16.13

Common cuttlefish 1.7 12.3 4.7 1.8 5.3 5.0
±2.86 ±1.53 ±7.52 ±3.00 ±5.00 ±6.40

Deep-water rose shrimp 4.5 25.0 27.7 24.7 13.3 18.4
±7.27 ±16.04 ±27.70 ±15.07 ±13.53 ±10.01

Annular seabream 14.3 143.7 4.4 10.3 3.3 2.6
±20.95 ±218.66 ±4.35 ±30.33 ±4.05 ±4.83

Anglerfish 5.6 34.3 6.7 3.4 12.6 2.8
±8.73 ±40.86 ±8.25 ±5.26 ±11.78 ±5.48

Hake 45.4 138.8 15.4 21.8 17.7 23.9
±52.41 ±98.36 ±20.82 ±23.36 ±17.01 ±16.18

Red mullet 47.1 313.4 18.9 5.9 31.6 22.8
±77.16 ±425.13 ±24.72 ±10.29 ±45.84 ±69.10

Axillary seabream 15.6 86.3 8.7 0.6 7.0 0.5
±51.43 ±157.26 ±15.07 ±1.90 ±12.46 ±1.25

Pandora 11.6 128.2 1.6 9.9 7.3 18.0
±12.26 ±130.51 ±3.24 ±10.69 ±7.65 ±15.48
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Figure 2. Percentage contribution of commercial categories to the total biomass in the Gulf of Castel-
lammare in the before-1990 (left) and after-1990 (right) periods. HC, MC, NC: highly commercial,
moderately commercial, and noncommercial species.

Table 5. Mean biomass (kg/km2) of commercial categories in the before-1990 and after-1990 peri-
ods in the Gulf of Castellammare. HC, MC, NC: highly commercial, moderately commercial and
noncommercial species. A, B, C: depth strata (10–50, 51–100, 101–200 m, respectively). In italics:
standard deviation.

Before-1990 After-1990

HC MC NC HC MC NC

A
145.1 101.2 22.5 1356.8 491.5 124.0
±90.4 ±143.5 ±16.1 ±1088.7 ±521.7 ±99.6

B
124.9 84.0 20.6 802.2 478.8 339.8
±81.7 ±60.0 ±15.7 ±592.5 ±249.7 ±163.0

C
95.5 70.2 18.8 382.4 201.3 191.0
±49.6 ±65.8 ±20.1 ±290.3 ±116.3 ±101.5
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3.2. Size

• Length frequency distributions

The LFD shapes recorded in 2004–2005 in the three gulfs were significantly different
for all species in each possible pair of gulfs (K-S tests: p < 0.001, except horned octopus in
GTERM vs. GSANT, pandora in GTERM vs. GSANT, and broadtail squid in GCAST vs.
GTERM, all p < 0.01), with the only exception of elegant cuttlefish in GTERM vs. GSANT
(p > 0.8) (Figure 4).

• Length-based indices

The length-based indices help to characterize and synthetize the observed size struc-
tures and are reported in Table 6. Lm was higher in the GCAST for all species except
broadtail squid (highest in the GTERM), and deep-water rose shrimp (highest in the
GSANT). L95 was higher in the GCAST for seven species, the exceptions were midsize
squid (highest in the GTERM), horned octopus (highest in the GSANT), elegant cuttlefish
(highest in the GTERM), deep-water rose shrimp (highest in the GSANT), boarfish (highest
in the GSANT), red mullet (highest in the GCAST and the GSANT), and picarel (highest in
the GSANT). L2/3 was higher in the GCAST for nine species; the exceptions were scaldfish
(highest in the GCAST and the GSANT), boarfish (highest in the GSANT), red mullet
(highest in the GSANT), pandora (highest in the GTERM), and greater forkbeard (highest
in the GSANT).
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Figure 4. Length frequency distributions of fourteen target species in the three gulfs in 2004–2005.
ML: dorsal mantle length; CL: carapace length; TL: total length. Blue bars: GCAST, red bars: GSANT,
green bars: GTERM.

Table 6. Length-based indices of fourteen target species in the three gulfs in 2004–2005. GCAST: Gulf
of Castellammare; GTERM: Gulf of Termini Imerese; GSANT: Gulf of Sant’Agata. Lm, median length;
L95, the 95% percentile of each length frequency distribution; L2/3, the percentage of individuals
larger than 2/3 of the maximum length recorded in the samples. The highest values for each species
are in bold font.

Lm (mm) L95 (mm) L2/3 (%)

GCAST GTERM GSANT GCAST GTERM GSANT GCAST GTERM GSANT

midsize squid 52 47 42 77 78 67 15 6 2
horned octopus 92 72 77 111 117 121 38 27 19
broadtail squid 62 68 58 183 153 91 11 5 2

elegant cuttlefish 38 32 32 51 53 51 47 15 13
deep-water rose shrimp 16 16 18 111 117 121 38 27 19

scaldfish 97 88 82 142 127 127 24 6 24
boarfish 48 42 42 72 51 74 3 2 11

red gurnard 132 72 77 223 81 90 16 1 2
large-scaled gurnard 102 68 72 121 92 108 61 3 11

hake 127 87 87 262 192 203 7 0 0
red mullet 123 122 117 172 166 172 4 11 15
pandora 168 117 142 268 211 212 6 21 16

greater forkbeard 127 108 103 232 172 171 9 10 15
picarel 128 122 122 172 177 178 39 22 21

4. Discussion

Spatial measures such as the trawl ban in the GCAST represent an application of a
multispecies spatial approach that matches the principles of ecosystem-based fisheries
management. Spatially explicit management has the potential to preserve ecosystem re-
silience and allow sustainable fishing and protection of habitats, community structure,
and ecosystem functions [64,65]. Although fisheries-induced impacts may have evolution-
ary components that are hardly reversible, leading in some cases to the lack of recovery
after protection [66], most of the partial or absent effectiveness observed in some cases
has been explained mainly with unsuccessful habitat protection, lack of compliance, mis-
management issues, inappropriate planning, unexpected fish stock redistribution, modi-
fications of fishing pressure, and impact from recreational fishing or fisheries-unrelated
human activities [67–73].

Overall, the use of fishery reserves (sensu Auster & Shackell [74]) and, more generally,
of partially protected areas as management tools has been enthusiastically fostered and the
evidence of their potential in an ecosystem-based approach has been steadily growing [75–78],
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although a high variability in their effectiveness—see examples above—should be acknowl-
edged. The Mediterranean Sea, an area historically exploited by coastal and offshore
fisheries [79], provides several examples of the successful use of trawl bans and other
area-based management tools [30], some of which date back to more than one century ago
such as the trawl ban imposed in 1896 in northern Sicily, leading to an increase of catches
and an enhancement of the economic condition of a vast number of artisanal fishermen [75].

Our study has provided evidence that a year-round trawl ban imposed on the soft
bottoms of the continental shelf in a warm-temperate region such as the Mediterranean may
lead to a remarkable enhancement of the demersal fish assemblage. The effect is clearer for
biomass but less defined for the size structure of the affected populations.

4.1. Biomass

• Total trawlable assemblage

The total biomass of the demersal fish assemblage in the GCAST underwent an
increase after the 1990 trawl ban, confirming our first hypothesis. An increase in finfish and
shellfish biomass is the most commonly observed effect of fishing exclusions in coastal and
offshore ecosystems [12]. The increase of the total biomass observed in the GCAST should
be considered a clear sign of ecosystem recovery after a multidecadal intense fishing impact
on the area [80].

The similarity between the before-1990 biomass value in the GCAST and the before-
and after-1990 values in the two trawled gulfs shows that in the absence of the trawl ban,
the three areas shared a similar amount of trawlable resources. The postban biomass
increase in the GCAST had already been observed as early as 1994 [36], although supported
by a much smaller dataset and a weaker statistical design than in the present work. Similar
evidence of biomass increase was recorded in a few other trawl exclusion areas in the
Mediterranean [52], the Atlantic Ocean [24,81–84], and the Pacific Ocean [73], even though
only a few studies [69,85] have considered the effect of protection on the whole trawlable
assemblage rather than on a few target species.

• Target species

Considering the ten target species, they reflected, to a large extent, the same general
trend of increased biomass observed for the total trawlable assemblage in the GCAST
after the ban. Red mullet in particular has undergone a dramatic increase [36,45] and has
possibly contributed to the recovery of two of its main predators, white grouper Epinephelus
aeneus and anglerfish [86]. The biomass of red mullet, pandora, annular seabream, and
axillary seabream increased also in a no-trawl area in the NW Aegean Sea [52]. Likewise,
positive effects of a trawl ban on the recruitment of hake, along with some evidence of
spillover to adjacent fishing grounds, were recorded from another small no-trawl area
located off the Catalan coast [87].

The general postban biomass increase observed in the GCAST did not involve all
target species though. The biomass of horned octopus and deep-water rose shrimp was
similar in the after-1990 GCAST and in some of the other Time/Locality combinations;
while that of common octopus was higher after 1990 but only in the GCAST. Cephalopods
are short-lived, fast growing, rapid-turnover species, and as such, they are expected to
suffer from intense fishing less than slower growing, longer living species as most demersal
finfish are [88,89]. This might explain the observed biomass values of the first two species
but not the increased biomass of common octopus and common cuttlefish in the after-1990
GCAST. Environmental factors have been suggested to impact cephalopods even more than
anthropogenic factors such as fishing [89,90], so unknown, complex interactions between
co-occurring natural and human impacts, as well as possible predation release due to the
after-1990 increase of fish biomass in the GCAST might have driven the observed trends.

Deep-water rose shrimp is another fast growing, short-lived species and a prey for a
number of fishes [48,91]. Its short life span associated with low biomass of predators could
justify the high biomass values recorded in the trawled areas, while the increase of potential
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predators such as anglerfish and hake and the intense fishing pressure exerted on the shelf
break outside the trawl ban area, where most of the population lives (pers. observ.) could
have hampered a larger increase in the GCAST, where, nonetheless, protection triggered a
biomass increase after the ban.

• Commercial categories in the GCAST

The biomass of highly commercial species (i.e., generally large-sized, long-living dem-
ersal finfish) is supposed to increase as a result of protection, while that of noncommercial
species is expected to remain unchanged or even to increase in exploited assemblages, due
to the selective pressure exerted on larger, more valuable species [2,92]. Our second hypoth-
esis was based on this postulate and was largely confirmed by our findings. The percentage
contribution of HC and NC species to the total survey catch in the GCAST has slightly
increased after the ban, while the MC species have remarkably decreased. Larger biomass
of noncommercial species was also reported from a no-trawl area in the NW Aegean when
compared to areas with medium and high level of fishing pressure [52]. These results might
be due to the long-term protection allowed to soft-bottom shelf communities in the GCAST
and the NW Aegean: in the absence of trawling impact, the benthic and nekto-benthic
fish assemblages have recovered, so also the smaller, noncommercial fishes living in those
habitats could rebuild and thrive.

The increased and larger biomass of HC species, coupled with a lower biomass of NC
species at lower depths (stratum A) offers potential economic advantages to artisanal fish-
ermen in the GCAST, who operate largely within the -100 m isobath (pers. observ.). Trawl
bans in coastal areas may provide an increase of income to artisanal fishermen [29] [34]
because of fish biomass increase and among-fleets conflict reduction [80], and an oppor-
tunity to expand the fishing areas in the absence of competing trawlers [35], especially
when coupled with economic incentives meant to keep a low trawling intensity also on
adjacent grounds [93].

4.2. Size

Fish populations are expected to contain more abundant older and larger fish and have
a wider, less contracted size distribution when subject to full or partial protection [17,94].
A reduction of fishing pressure can also lead to the survival and increased abundance
of large females, which are able to produce more and better eggs and to contribute to
higher recruitment [95], and provide the conditions for a recovery from overexploitation,
as suggested by Fiorentino et al. [45] for red mullet in the Gulf of Castellammare.

To assess the effect of the trawl ban on the size structure of demersal fish populations,
we compared LFDs and some size-based indices in the GCAST and in two trawled areas
comparing length data collected 15 years after the start of the ban. Overall, our third
hypothesis has been partially confirmed by data.

LFDs were different in all possible pairs of gulfs, showing differences for each species
not only between the GCAST and each of the GTERM and the GSANT but also between
the two trawled gulfs—except for elegant cuttlefish in GTERM vs. GSANT. The size-based
indices displayed different trends in the three gulfs although values were generally higher
in the no-trawl area. Lm was higher in the GCAST for all species except broadtail squid
and deep-water rose shrimp, whereas L95 and L2/3 were higher in the GCAST for seven
and nine species out of fourteen, respectively, indicating a presence of large individuals of
some species in the trawled gulfs. As regards the last two indices, the observed situation is
not easy to interpret but it does not seem to be directly related to bio-ecological traits, since
species with different life span and different habitat had higher values in the trawled gulfs.
It is not unlikely that not only fishing pressure, but possibly also unknown site-specific
variables or density-dependent effects may have affected the demographic structure of
the fished populations. A complex interaction between resource availability and density-
dependence [81,96] may have played a role in the growth performance of some species
in our study areas, as well as the pressure exerted by artisanal fishermen targeting a
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small number of benthic and bentho-pelagic species—especially red mullet, pandora and
cephalopods—using size-selective fishing gear [35,97].

5. Conclusions

Our survey data collected in three areas along the coast of northern Sicily demonstrate
that a trawl exclusion may lead to a significant increase in demersal biomass and in a higher
proportion of highly commercial species in the shallower grounds exploited by artisanal
fishermen. Less clear results were obtained from the analysis of length data, although there
is a general indication of larger sizes for some of the studied species in the no-trawl area.
Overall, the Gulf of Castellammare case study sheds light on the recovery mechanisms after
a strong reduction of fishing pressure in a warm-temperate shelf ecosystem and represents
an addition to the adoption of an ecosystem-based fisheries management approach in
the Mediterranean [10].

The trawl ban in the Gulf of Castellammare represents also a powerful and very
promising tool for the management of coastal fishery resources within the Common Fishery
Policy (Reg. EU 1380/2013) and a way to attain the objectives set for European waters by
the Marine Strategy Framework Directive (2008/56/EC).

The specific situation observed in the Gulf of Castellammare (including the extremely
low biomass of sharks and rays and the boost of mesopredators (pers. observ.)), suggests
that the Gulf might still be at an early stage of recovery. Further research is needed to
investigate the evolution of the fish and benthic assemblages and of the seabed habitats in
the Gulf of Castellammare in order to evaluate the long-term consequences of the trawl
ban on the ecosystem and on the performances of the artisanal fishery.
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www.mdpi.com/article/10.3390/su15032425/s1, Table S1. List of species collected during the trawl
surveys made in GCAST from 1985 to 2005, and their commercial category. HC: highly commercial;
MC: moderately commercial; NC: noncommercial. In grey: target species selected in the paper,
Table S2. Results of 3-factor PERMANOVA analysis on square root transformed biomass data of
the total trawlable assemblage (a). Post hoc pair-wise tests are reported; significant tests in bold (b),
Table S3. Results of 3-factor PERMANOVA analyses on square root transformed biomass data of
target species (a). Post hoc pair-wise tests are reported when the interaction TimexStatus is significant;
significant tests in bold (b), Table S4. Results of two-way ANOVA on biomass data of commercial
categories in GCAST (a), and results of the SNK test for the TimexStratum interaction (b). HC: highly
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