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ABSTRACT

Bottom trawling causes detrimental effects on marine ecosystems, and significantly alter benthic communities,
potentially affecting the diet and trophic role of benthic feeders. The ban on bottom trawling is a common spatial
fishing restriction that has been implemented in tropical and temperate regions to restore overexploited marine
resources and ecosystems. In northern Sicily (central Mediterranean Sea) two trawl ban areas, the Gulf of Cas-
tellammare and the Gulf of Patti, were established in 1990. In both gulfs, the red mullet Mullus barbatus, a
commercially important demersal fish and benthic feeder main target of bottom trawlers, has since experienced
an impressive increase in biomass. We investigated the stomach contents, prey selectivity, and trophic position
(using carbon and nitrogen stable isotope analysis) of red mullet in the two untrawled gulfs and compared the
results with two trawled gulfs. Our results show that bottom trawling affects the diet and trophic position of red
mullet following the trophic erosion process. In untrawled areas, the species feeds in a less disturbed and well-
structured benthic community at a higher trophic position, while in trawled areas it benefits from the more
opportunistic epibenthic fauna associated with trawling-induced resuspension of organic matter.

1. Introduction

alteration to their abundance, biomass, diversity, production, and size
structure (Agnetta et al., 2024; Greenstreet and Hall, 1996; de Juan

The call for a ban on bottom trawling in certain overexploited re-
gions through the designation of fishery restricted areas (FRAs) is
gaining support, largely due to the detrimental effects of bottom-towed
gear on marine ecosystems (Badalamenti et al., 2012; Pipitone et al.,
2023). The intense practice of bottom trawling on soft seafloor has been
shown to have negative impacts on benthic assemblages, resulting in the

et al., 2007; McCauley et al., 2015; Romano et al., 2016; Sweeting et al.,
2009; Sinopoli et al., 2022).

The physical damage to the seafloor caused by bottom-towed gear
and the associated sediment resuspension amplifies these impacts,
releasing buried organic matter that modifies nutrient dynamics
(Jennings and Kaiser, 1998; Trush et al., 2002; Consoli et al., 2017;
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Fig. 1. Study area with the four investigated gulfs along the northern Sicilian coast. GCAST = Gulf of Castellammare, GTERM = Gulf of Termini Imerese, GSANT =
Gulf of Sant’Agata, GPATT = Gulf of Patti. Dotted lines indicate the trawl ban boundaries in the two untrawled gulfs. Shaded areas indicate the muddy bottoms at

40-80 m depth.

Pusceddu et al., 2005). Some opportunistic and resilient taxa such as
deep worms, small crustaceans and shrimps show minimal growth and
increased abundance under these conditions. However, many in-
vertebrates particularly tubicolous worms, experience population de-
clines, leading to altered benthic community structures (Hiddink et al.,
2008; Beauchard et al., 2023). Such alteration in benthic composition
may in turn correspond to modifications in the quantity and quality of
prey for demersal fishes (Kaiser and Spencer, 1994; Quillien et al.,
2016). Although the response of different fish species depends on their
ability to find prey and on the susceptibility of prey to fishing distur-
bance, the general effect of a reduction in benthic biomass due to bottom
trawling is a general depressed foraging base for benthivorous fishes due
to reduced prey availability (Johnson et al., 2015; Agnetta et al., 2024).
By severely affecting the structure of invertebrate and fish populations
and the availability of food sources, bottom trawling can also promote a
reshuffling of energy in the entire food web (Agnetta et al., 2022; Piroddi
et al,, 2015) and determine a decrease in mean trophic positions
(Agnetta et al., 2024; Badalamenti et al., 2002; Bianchi and Morri, 2000;
Fanelli et al., 2010; Pauly et al., 1998; Shannon et al., 2014).

Marine protected areas have proven to be an effective spatial tool for
the management of fisheries and a mainstay of the ecosystem-based
approach (Coll et al., 2013), capable of assuring protection to marine
biodiversity and essential habitats as well as rebuilding and sustainably
using fishery resources (Claudet et al; Feinberg et al., 2012; Halpern,
2003; Sala et al., 2021; Sumaila and Charles, 2002). Several types of
marine protected areas exist with different levels of restrictions, ranging
from no-take areas to partially protected areas with bans on specific
fishing gears (Auster and Shackell, 1997; Pipitone et al., 2014; Batista
and Cabral, 2016; Horta e Costa et al., 2016; Riginella et al., 2022).
Bottom trawling bans are among the most common forms of partial
protection and are widely implemented in tropical and temperate re-
gions ( Murawski et al., 2005; Mak et al., 2021; Pipitone et al., 2023).

In northern Sicily two trawl ban areas, the Gulf of Castellammare and
the Gulf of Patti, were established in 1990 (Pipitone et al., 2000a). In
both gulfs, the red mullet Mullus barbatus L., 1758, one of the main
commercially relevant demersal fish in the Mediterranean and a primary
target of bottom trawlers (Stergiou, 1990), underwent an impressive
biomass increase (Agnetta et al., 2019 and references therein; Pipitone
et al., 2023) showing a higher trophic position when compared to
trawled areas (Agnetta et al., 2024; Badalamenti et al., 2000, 2002).
Moreover, higher abundance and slightly modified isotopic structure
were also detected in the benthic macrofauna of both gulfs (Romano
et al., 2016).

These findings suggest that protection from trawling has modified
the structure of the benthic community, which in turn may have altered
the diet and trophic position of red mullet (Agnetta et al., 2024). Despite
recent advances, there is still a lack of mechanistic understanding of how
trawling-induced changes in benthic communities affect fish condition
and population parameters such as trophic position through diet shifts.
To date, only a few studies have analysed the relationships between prey
resources and fish populations in relation with fishery activity (but see
Johnson et al., 2015), and there are few simultaneous examinations of
the effects of bottom trawling on prey availability, fish stomach contents
and trophic position especially when comparing areas with different
levels of fishing disturbance, mainly due to the difficulty of monitoring
enforced FRAs over large temporal scales.

In this study, we investigate how bottom trawling affects the diet and
trophic position of the red mullet in four Sicilian gulfs with different
protection levels. We tested two hypotheses: (1) the diet of the red
mullet differs between trawled vs. untrawled areas, due to changes in
prey availability; (2) a suboptimal diet in trawled areas leads to a lower
trophic position. By integrating stomach content analysis, stable isotope
data and assessment of prey availability, we present a comprehensive
evaluation of the impact of benthic habitat disturbance on trophic dy-
namics in a commercially significant demersal fish.

2. Materials and methods
2.1. Study area

The study was conducted in four gulfs along the northern coast of
Sicily (Fig. 1): the gulfs of Castellammare (GCAST, 38°03'N 12°54'E),
Termini Imerese (GTERM, 38°00'N 13°44'E), Sant’Agata (GSANT,
38°03'N 14°23E) and Patti (GPATT, 38°10'N 15°06'E). GCAST and
GPATT are designated no-trawl areas where bottom trawling has been
prohibited year-round since 1990 (Regional Act no. 25/1990), while
artisanal and recreational fishing are permitted (Pipitone et al., 2000a).
Conversely, GTERM and GSANT permit trawl and artisanal fisheries but,
like many other Mediterranean areas, are overfished (Colloca et al.,
2013; Fiorentino and Vitale, 2021a,b). The primary fishing restriction in
these two gulfs is the ban on trawling within three nautical miles from
the coast or within the 50 m isobath where this is closer to the shoreline,
established by European legislation for the Mediterranean (Council
Regulation (EC) no. 1967/2006).
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2.2. Stomach content analysis (SCA)

The diet of red mullet was studied using specimens collected during a
bottom trawl survey carried out in spring 2005 (Pipitone et al., 2023).
Sampling took place in the four gulfs over muddy bottoms at depths of
40-80 m. Fish were frozen at —20 °C on board after capture. In the
laboratory, the total length (TL) of each fish was measured to the nearest
mm.

To achieve a representative sample size for the stomach content
analysis, a minimum of 25 non-empty stomachs were selected from each
gulf, across three size classes: 81-120 mm TL (class I), 121-170 mm TL
(class II), >170 mm TL (class III). Stomachs were dissected, and their
contents were preserved in 70 % ethanol. Prey items were identified to
the lowest possible taxonomic level, counted, and weighed (wet weight,
accuracy: 0.0001 g). Fragmented prey were quantified by counting
identifiable anatomical parts such as number of eyes, mouthparts, tel-
sons, or otoliths traceable to single specimens. These reconstructed
specimen counts were then used to estimate abundance and were
weighted to obtain biomass.

2.3. Stable isotope analysis (SIA)

Red mullet for SIA was obtained from the same trawl survey as for
SCA and within the same depth range and size classes. A sample of dorsal
white muscle was extracted from 20 red mullet individuals from each
gulf and size class, for a total of 240 fish.

Surface mesozooplankton samples were collected as a food source
proxy using a WP2 net (200 pm mesh size) towed parallel to the
shoreline of the four gulfs in spring 2005. To minimize variability in
carbon isotope data, inorganic carbonate was removed from half of
mesozooplankton samples by acidification with 1 M HCI for 3 h, fol-
lowed by rinsing and re-grinding, however no lipid extraction was
performed. There were 3 replicates per each gulf. Stable isotope data for
red mullet preys and for sedimentary organic matter were sourced from
Badalamenti et al. (2007), Fanelli (2007) and Romano et al. (2016).

SIA was performed using a Thermo Delta Plus XP continuous-flow
isotope-ratio mass spectrometer coupled to a Thermo EA 1112
elemental CHN analyser. Experimental precision, based on the standard
deviation of replicates of the internal standard for both §!3C and §'°N,
was 0.2 %o. Isotope ratios were expressed relative to Vienna PeeDee
Belemnite (VPDB) standard for carbon and to atmospheric Ny for ni-
trogen. Ratios were calculated as follows (Peterson and Fry, 1987):

0X= KL"”W - 1)} *1000

-standard
where X is 13C or 1°N, and R is the corresponding ratio 3C/*2C or
15N /14N

2.4. Data analysis

2.4.1. Stomach contents

The importance of each prey item was quantified using indices
described by Hyslop (1980): percent gravimetric composition (%W),
and Index of Relative Importance (IRI = (%N + %W) * %F) (Pinkas
et al., 1971), where %N is the percent number and %F the percent fre-
quency of occurrence of prey items in the stomachs. To standardize
comparisons across the four gulfs, the IRI was expressed as a percentage
(%IRI = (IRI/3_IRI) * 100).

A three-way permutational MANOVA (PERMANOVA) (Anderson,
2001) was conducted to assess dietary differences between trawled and
untrawled gulfs and among different size classes of red mullet. The
analysis was based on a resemblance matrix of prey biomass data
(modified Gower similarity resemblance, 4th root transformed), to
evaluate the influence of trawling on diet. The factors considered were
Protection (fixed, 2 levels: Tr, trawled; uTr, untrawled), Gulf (random, 2
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Table 1

Functional groups (FG) used for the prey identified in the stomach contents
analysis and for stable isotope analysis, named after taxonomic group and tro-
phic guild. For the details of species belonging to the different functional groups
see Table SM1.

Taxonomic group Trophic guild FG acronym

Bivalvia suspension feeder Bsf
Crustacea deposit feeder Cdf
Crustacea omnivore Co
Crustacea suspension feeder Csf
Holothuroidea deposit feeder Hdf
Gastropoda deposit feeder Gdf
Mollusca others (Caudofoveata, Scaphopoda) deposit feeder Mdf
Polychaeta carnivore Pc
Polychaeta deposit feeder Pdf
Sipuncula deposit feeder Sdf
Teleostei (Callionymus maculatus) carnivore Tcl
Teleostei (Lesueurigobius suerii) carnivore Tc2
Teleostei carnivore Te
Mesozooplankton omnivore Zoo
Sedimentary organic matter SOM

levels), nested within Protection, and Size (fixed, 3 levels: class I, class II,
class III), crossed with Protection and Gulf. The PERMANOVA test and
pairwise comparisons were performed under the permutation of re-
siduals under a reduced model method with 9999 permutations.

A principal coordinate analysis (PCoA) (Anderson and Willis, 2003)
was performed using the same resemblance matrix to visualize dietary
variation within factors Protection and Size. Prey items with the stron-
gest Pearson correlation to protection and size classes were
over-imposed on the PCoA plot.

Trophic diversity in the four gulfs was quantified using the Shannon-
Weaver index (Shannon and Weaver, 1949) as follows: H = " p; In(p;),
where p; is the proportion of each prey in the diet of each fish. This index
can be considered a good indicator of trophic niche width (Marshall and
Elliott, 1997).

To compare the number and weight of the different prey items, two
permutational univariate analyses of variance (PERANOVA) were per-
formed. These analyses followed the same experimental design adopted
for the multivariate analysis, but in this case, it was used a Euclidean
distance resemblance matrix of 4th root transformed data.

Food preferences of red mullet were assessed in each gulf using
Ivlev’s electivity index (Ivlev, 1961):

E=(ri—pi)/(ri+pi)

where ri is the relative wet weight of prey item i in the stomach and p; is
its relative wet weight in the benthic community. Values range from +1
(active selection) to —1 (avoidance), with 0 indicating no selection. For
calculation, a matrix was prepared with the organisms occurring in the
benthic samples (drawn from Romano et al., 2016) and the prey items
found in stomach contents, each placed within comparable taxonomic
categories, mainly at family or higher level.

Finally, to facilitate comparisons between diets in trawled and
untrawled gulfs, prey items were categorised into functional groups
according to similar taxonomy and trophic guild (i.e., suspension
feeders, deposit feeders, omnivores and carnivores) as per Sinopoli et al.
(2012). The final grouping is provided in Table 1, SM1.

2.4.2. Stable isotopes

The most significant prey identified through SCA were analysed for
SIA as expected to greatly contribute to the diet of red mullet. To have a
high dietary resolution (Phillips et al., 2014), preys were grouped a
priori according to the same functional groups used in SCA (Table 1) and
successively refined according to isotopic similarity (Table SM1).

For each study area, an isospace plot of mean 8'3C and §'°N values
was created to qualitatively assess the inclusion of potential prey in the
diet of each red mullet across different size classes (Fry, 2013; Phillips
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Fig. 2. Principal Coordinates Analysis (PCoA) ordination performed on all stomachs of red mullet in the untrawled (uTr) and trawled (Tr) gulfs in the three size
classes. The blue vectors indicate the value of Pearson correlations and the two-dimensional location of the main prey. Class I: 81-120 mm TL, Class II: 121-170 mm
TL, Class III: >170 mm TL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

et al., 2014). Specifically, a five-endmember polygon was depicted
around the predator isotopic values (adjusted for trophic enrichment
factor, TEF) to identify potential dietary contributors common to the
gulfs. Prey functional groups located within or near the polygon were
considered likely contributors to the diet. However, prey groups with
isotopic overlap were excluded from the subsequent application of
Bayesian mixing model (BMM) due to methodological constraints (Fry,
2013; Phillips et al., 2014). The BMM was conducted using the MixSIAR
package in R (Stock et al., 2018) to estimate the proportional contri-
bution of plausible food sources to the diet of red mullet (Parnell et al.,
2010, 2013). A single model with a multiplicative error formulation
(Stock et al., 2018) was run incorporating two fixed factors: Gulf and
Size, and assuming a priori a generalist uniform distribution. Uncertainty
(standard deviation) in both the isotopic data and TEF values was in-
tegrated into the model. The TEFs applied, 1.5 for 5'%C and 3.2 for 8'°N,
are well established for dorsal muscle of groundfish species including
Mullus barbatus, and are supported by Sweeting et al. (2007a, 2007b).

To estimate the trophic position (TP) of red mullet, 515N values were
used in the following equation:

TP = [(8"°N — 8"°Nref) / (3.2)] +2

where 5'°N is the mean isotopic value for red mullet, and 5'°Nref rep-
resents the mean isotopic value of the baseline species for each gulf. The
TEF of 3.2 %0 was applied following Sweeting et al. (2007b), assuming a
baseline trophic level of 2.

The baseline used here included the average 8'°N values of three
deposit-feeder crustaceans: the decapods Alpheus glaber and Goneplax
rhomboides and the tanaid Apseudes spinosus (Romano et al., 2016).
These species were selected for their abundance in muddy-bottom
communities, their representation in the diet of benthic feeders, and
their suitability as a baseline for demersal fish (Fanelli et al., 2009;
Agnetta et al., 2024). To evaluate the effect of factors Protection and Size
on TP, a scatterplot of TP values against size for each gulf was generated
and fitted with alinear regression model. Additionally, a PERANOVA
was conducted on the same design applied for SCA to assess the signif-
icance of these factors.

3. Results
3.1. Stomach content analysis

Analysis of the stomach contents of 327 red mullet specimens
revealed a total of 3581 prey items belonging to 68 taxa (see Table SM2).
Crustaceans, molluscs, polychaetes, and teleosts were the most repre-
sented prey items. In GCAST, harpacticoid copepods had the highest %
IRI (25.4). The decapods Alpheus glaber and Goneplax rhomboides
contributed significantly, with %IRI values of 8.7 and 13.3, respectively.
Other notable prey included scaphopods (7.2 %IRI), bivalves (5.9 %IRI),
and the polychaete Sternaspis scutata (12.9 %IRI). In GPATT the mysid
Leptomysis gracilis had the highest %IRI (38.6), followed by the decapods
A. glaber (17.0 %IRI) and Solenocera membranacea (12.3 %IRI). In
GTERM, the decapods Processa sp. was the dominant item (30.3 %IRI)
with other high contributions from the crustaceans Crangonidae (15.2 %
IRI) and L. gracilis (15.2 %IRI) and the bivalve Abra alba (18.3 %IRI). The
teleost Callionymus maculatus contributed a small but notable %IRI (4.2).
In GSANT the crustaceans Processa sp. (34.4 %IRI), Crangonidae unid.
(38.0 %IRI) and Gastrosaccus normani (16.1 %IRI) were the prey with the
highest IRI values.

Principal Coordinates Analysis (PCoA) explained a cumulative vari-
ance of the first four axes of 45.37 % and revealed three distinct clusters
based on prey composition in the stomachs (Fig. 2). In the upper left
corner of the graph, fish of all size classes from untrawled gulfs clustered
together, strongly associated with such prey as cumaceans, harpacticoid
copepods, scaphopods, Cylichna sp., Leptognathiidae and Apseudidae.
Size class III fish from trawled gulfs formed a separate cluster in the
lower left corner, together with a few fish of the same size from
untrawled gulfs. This group was correlated with prey such as Processa
sp., Nephtyidae, and Gastrosaccus normani. On the right side of the
graph, size classes I and II fish from trawled gulfs clustered together,
mainly associated with Ostracoda and Crangonidae. In the upper left
corner of the graph, fish of all size classes from untrawled gulfs clustered
together, strongly associated with prey such as cumaceans, harpacticoid
copepods, scaphopods, Cylichna sp., Leptognathiidae and Apseudidae.
Size class III fish from trawled gulfs formed a separate cluster in the
lower left corner, together with a few fish of the same size from
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Table 2

Results of PERMANOVA based on a three-factor design (Protection (Pr): trawled,
Tr, untrawled, uTr; Size (Si): L, II, III) carried out on stomach content data as prey
weight. *** = p < 0.001.

Source df MS Pseudo- P perms  Pairwise
F (perm)

Pr 11 143000 4,3514 ol 9999 Protection x
Size

Si 3 78707 5,7844 i 9997 L uTr # Tr

Gulfs (Pr) 2 27302 10,448 o 9997 IL; uTr # Tr

Prx Si 3 35987 2,6447 o 9999 IIL; uTr # Tr

Gulfs(Pr)x 6 14105 5398 i 9998 uTr:

Si I=1I=1I

Res 409 2613,1 Tr:
I=1#II

Total 424

Table 3

Marine Environmental Research 211 (2025) 107398

untrawled gulfs. This group was correlated with such prey as Processa
sp., Nephtyidae, and Gastrosaccus normani. On the right side of the
graph, size classes I and II fish from trawled gulfs clustered together,
mainly associated with Ostracoda and Crangonidae.

The PERMANOVA based on prey weight showed a significant
interaction between factors Protection and Size (Table 2). Post-hoc
comparisons showed clear differences in diet between trawled and
untrawled areas across all size classes. There was no significant differ-
ence between red mullet sizes in untrawled areas, while in trawled areas
sizes I and II were similar and differed from size IIL.

Additionally, the PERMANOVA indicated significant variability
among the four gulfs, emphasizing the influence of local factors on diet
composition.

The univariate PERANOVA showed a significant difference in prey
number for factor Protection, with a higher mean prey abundance per
stomach in the untrawled gulfs (Table 3a; Fig. 3a) and high variability

Results of PERANOVA based on a three-factor design (Protection (Pr): trawled, Tr, untrawled, uTr; Size (Si): I, II, III) carried out on a) total number of prey; b) total

weight of prey. ** = p < 0.01; *** = p < 0.001; n.s. = not significant.

Variables Source df MS Pseudo-F P(perm) perms Pairwise
a) Prey number Pr 1 394,83 12,701 o 6 Protection
Si 2 7,8098 0,45032 n.s. 9967
Gulfs (Pr) 2 31,611 9,8285 bl 9948
Prx Si 2 35,271 2,0338 ns 9960 uTr > Tr
Gulfs (Pr) x Si 4 17,883 5,5601 sk 9946
Residual 300 3,2163
311
b) Prey weight Pr 1 0,095 17,922 n.s. 6 Protection x Size Class
Si 2 0,076 10,626 i 9954 LuTr=Tr
Gulfs (Pr) 2 0,005 2,4884 n.s. 9948 I uTr = Tr
PrxSi 2 0,037 5,2594 i 9973 IIL; uTr = Tr
Gulfs (Pr) x Si 4 0,007 3,3685 i 9943 uTr:
Residual 289 0,002 I=1I=1I1
Total 300 Tr:
I=1#I
a ) 3.50
3.00 A
o 250
-g 2.00
£ b)
(= 1.50 A 0.05
& 1007 0.045 1
("]
S 0501 o~ 0.04
0.00 2 0035 -
uTr Tr e 0031
2 0.025 A
g 0.02 1
0.07 g 0.015 1
) | o
—~ 006 = 0
5 0.005 A
s 20,05 0
e
=
o 0.04 uTr
g 0.03
g
0.02
"]
= 0.01
NN :
CL1 cLu crLm

Fig. 3. Prey found in stomach contents. a) Mean number of prey in untrawled (uTr) and trawled (Tr) gulfs. b) Mean weight of prey in untrawled (uTr) and trawled
(Tr) gulfs. ¢) Mean weight of prey in the three size classes. Cl. I: 81-120 mm TL, Cl. II: 121-170 mm TL, CL III: >170 mm TL. Vertical bars are standard deviation.
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Gulf of Castellammare; GPATT: Gulf of Patti; GTERM: Gulf of Termini Imerese; GSANT: Gulf of Sant’Agata.

for factor Gulf. No significant differences were found with respect to
factor Size, nor were significant interactions between factors considered.
The PERANOVA on prey weight showed a significant interaction be-
tween factors Protection and Size however the post-hoc tests were non-
significant (Table 3b; Fig. 3b). There was a significant difference for
factor Size but the post-hoc tests were non-significant, although the
average prey weight per stomach increased with fish size (Table 3b;
Fig. 3c).

Trophic diversity as measured by the Shannon-Weaver index, was
higher in GCAST and GPATT (1.28 and 1.48, respectively), indicating a
broader dietary niche if compared to the lower values found in GTERM
and GSANT (0.97 and 0.68). However, this index measured on the
stomach contents is an individual-level diet breadth and therefore, in
addition to being influenced by the availability of prey, it is influenced
by the selectivity of the predator.

As regards the %W contribution of functional groups to the diet of
red mullet, omnivorous and deposit-feeder crustaceans (Co, Cdf) gave
the largest contribution in all gulfs and for the three size classes,
although there was a variability in the contribution of crustaceans across
gulfs and red mullet size (Fig. 4). In GCAST more functional categories
than in other gulfs contributed to the diet of the red mullet, but
carnivorous polychaetes (Pc) and deposit-feeder polychaetes (Pdf) were
more abundant in the diet from untrawled gulfs.

3.1.1. Feeding preference
A total of 89 taxa were identified across benthic samples and stomach
contents, with 38 taxa common to both that were used to calculate the

electivity index (Table SM3). The number of positively selected prey
items varied by gulfs and size classes, being generally higher in GCAST
(21, 22, 11 for size class I, II and III, respectively) and GPATT (22, 11,
11), compared to GTERM (10, 12, 6) and GSANT (10, 11, 12). In GCAST,
red mullet from size classes I and II exhibited positive selection for all
Mollusca, while in GPATT selection was limited to Bivalvia (class I, II)
and Caudofoveata (class I, III). Cumacea were selected by size class I
from GCAST and GPATT. Among Decapoda, Paguridae were selected by
most size classes of predator in all gulfs except GCAST, while Brachyura
was positively selected mostly anywhere except GPATT. Among
Amphipoda, Oedicerotidae were positively selected almost everywhere
except GTERM. Several polychaete families were selected exclusively in
the untrawled gulfs, especially in GCAST, while only very few families
were selected in GTERM and none in GSANT, highlighting distinct di-
etary patterns in these two gulfs.

3.1.2. Stable isotope analysis

Red mullet showed the highest mean &'°N values in the two
untrawled areas (GCAST: 10.62 =+ 0.81 %o, GPATT: 9.6 + 0.6 %o vs.)
while 8'3C values were similar across all areas, ranging from a maximum
—17.6 in GCAST to a minimum —18.1 in GPATT (Fig. 5). A trend of 5y
enrichment was observed in size classes II and III in untrawled areas,
suggesting that trophic position increases with size (Fig. 5). Potential
food sources plotted on the left side of Fig. 5, including the teleost
L. suerii(Tc2), omnivorous crustaceans (Col), mesozooplankton (Zoo)
and SOM, showed 8'3C values too depleted to provide significant dietary
contribution to red mullet and were more likely part of the pelagic food
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web. Conversely, macrobenthic groups plotted near red mullet on the
right side of the plot are potential contributors to their diet.

Bayesian Mixing Models (MixSiar BMM) showed the contribution of
five prey groups common to the four gulfs to the diet of red mullet of the
three size classes across the four areas (Fig. 6, Table SM4). Carnivorous
polychaetes (Pc) and detritus feeding crustaceans (Cdf) notably distin-
guished the diet between trawled and untrawled areas. Pc accounted for
a mean dietary proportion of 35 % in untrawled areas compared to 11 %
in trawled areas. On the contrary Cdf contributed approximately 15 % in
trawled areas but only 0.05 % in untrawled areas (Fig. 7). In all areas,
Bsf (bivalve suspension feeders) and Cdf were consistently replaced by
holothurians and all polychaete groups as red mullet grew larger (from
MUT_I to MUT _III). This shift was especially evident in untrawled gulfs,
where the contribution of polychaetes increased significantly for size
classes MUT_II and MUT_III (Fig. 6).

Although the PERANOVA showed variability among gulfs, TP
differed between trawled and untrawled gulfs but not between Size
classes (Table 4a). Large red mullet feed on average at a trophic position
lower by 0.5 in trawled gulfs than in untrawled gulfs (Table 4b). The
correlation between TP and fish size was positive in untrawled gulfs
whereas it was null or slightly negative in trawled gulfs (Fig. 8).

4. Discussion

The red mullet Mullus barbatus is known to feed on benthic organisms

such as decapod crustaceans, polychaetes, bivalves, gastropods and
amphipods (Wirszubski, 1953; Gharbi and Ktari, 1979; Ben-Eliahu and
Golani, 1990; Golani and Galil, 1991; Badalamenti et al., 1993; Vassi-
liopoulou and Papacostantinou, 1993; Golani and Galil, 1991; Machias
and Labropoulou, 2002). The present study supports previous results by
adding new data on the red mullet feeding habits and, food preferences
through a combined stomach contents and stable isotopes approach. The
comparison of trawled and untrawled gulfs, suggests that bottom
trawling reduced trophic diversity and simplified prey composition on
the muddy-bottom community of the continental shelf. The effect of
trawling on the diet of red mullet was more pronounced in larger fish. In
untrawled gulfs more polychaetes, bivalves and epibenthic crustaceans
(especially amphipods and decapods) were consumed, while in trawled
areas the diet was dominated by Crangonidae, Processa sp. and Mysida.
Similar results related to trawling pressure were reported for other
benthic mesopredators in previous studies from the same area: trawling
has been suggested to affect the diet of scaldfish, Arnoglossus laterna by
increasing the consumption of the fish Lesueurigobius suerii and the
shrimp Alpheus glaber (Fanelli et al., 2009). Likewise, A. glaber was eaten
more frequently by pandora, Pagellus erythrinus in trawled areas, while
in untrawled areas its place was taken by Goneplax rhomboides, a crab
associated with more stable and structured habitats (Fanelli et al.,
2010). This suggests that some benthic organisms, such as the afore-
mentioned fish and shrimp are more abundant in trawled areas, where
they probably benefit from trawling disturbance and contribute
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significantly to the diet of demersal fish.

The red mullet caught in the untrawled gulfs consumed a larger
variety of prey items than in the trawled gulfs, as indicated by the higher
values of the diversity index calculated from stomach contents. This
result is reinforced by the higher selectivity index values in untrawled
gulfs where there is a higher availability of prey due to the protection.
Moreover, a lower number of preys per stomach, but larger in size, was
observed in red mullet from trawled areas. However, this pattern should
be interpreted with caution, as the post-hoc tests for prey weight did not
confirm significant pairwise differences. This effect of trawling on prey
diversity has not fully been observed in previous studies on scaldfish and
pandora, where slight differences in the dietary diversity were found
when comparing stomach contents from trawled and untrawled areas,
suggesting that the diet of red mullet is more affected by trawling than in
the two others mentioned mesopredators (Fanelli et al., 2009, 2010).
This finding suggests that species specific fish response determine the
pattern observed comparing areas with different fishing disturbance.

Significant ontogenetic variations were found only in untrawled

gulfs.Fish of size classes I and II had similar diets but the diet of size IIT
fish shifted towards larger prey such as the crustaceans Gastrosaccus
normani and Processa sp., while the contribution of polychaetes was less
marked. The higher trophic diversity observed for red mullet in the
untrawled gulfs probably explains these differences and is also consis-
tent with the more complex benthic assemblage structure determined by
the absence of trawling impact (Romano et al., 2016).

The Ivlev index showed that the number of selected prey items
increased with the number of taxa available in the environment, con-
firming a generalist predation strategy in the red mullet (Badalamenti
et al., 1993). Other studies from a surf zone along the Tyrrhenian coast
of Sicily report on a similar relationship between local prey availability
and prey composition in red mullet stomach contents (Esposito et al.,
2014).

Results from the stable isotope analysis were largely consistent with
those from stomach content analysis and provided further insight into
the effect of the trawl ban on the trophic ecology of red mullet. Bayesian
mixing models identified several functional groups contributing to the
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dietary dissimilarity of red mullet between untrawled and trawled gulfs.
The results of the models are quite consistent with those obtained from
SCA. In fact, in both analyses, carnivorous polychaetes played a signif-
icant role as prey in the untrawled gulfs, while highly mobile
suspension-feeding crustaceans contributed more to the red mullet diet
in trawled gulfs. This result is in accordance with findings of other au-
thors that recently reported high abundance of tube worms in low
impact trawl areas and high abundance of shrimps, crustaceans and
deep infauna worms in heavily trawled areas (Beauchard et al., 2023).

Previous stable-isotope research from the same study areas had
investigated the effect of trawling on the trophic level of several
demersal fish species. Badalamenti et al. (2008) reported limited
trophodynamics effects of trawling for hake, Merluccius merluccius, and
red mullet, and no effects for monk fish, Lophius budegassa, based only on
stable isotopes data. Fanelli et al. (2009) and Sinopoli et al. (2012),
reported no differences between trawled and untrawled gulfs for
scaldfish, Arnoglossus laterna and hake, despite differences in diet
composition. For hake this was attributed to greater predation on
pelagic prey, which is unaffected by trawling (Sinopoli et al., 2012),

while for scaldfish, which exploit benthic preys, it was attributed to low
power of the analysis due to suboptimal sampling (Fanelli et al., 2009).
On the other hand, a significantly higher trophic level has been found in
pandora from untrawled areas, due to higher 5'°N values observed in all
benthic species analysed therein, including pandora’s preferred prey
(Fanelli et al., 2010). The present study on red mullet supports an in-
direct mechanism related to a "fishing down the food web" (Pauly et al.,
1998) effect such as the trophic position erosion (Agnetta et al., 2024).

Changes in the trophic position of predators can have major conse-
quences on the food web length of demersal communities (Post and
Takimoto, 2007). Our data, along with previous studies on the benthic
trophic structure in the same study areas, suggest a more complex and
better structured food web in untrawled areas, particularly in GCAST
(Romano et al., 2016). Badalamenti et al. (2002, 2008) showed that the
trophic position of a small-size benthic fish such as red mullet
(maximum recorded TL 38 cm, common TL around 23 cm: Froese and
Pauly, 2024), which preys mainly on carnivorous polychaetes, is close to
that of larger piscivorous predators (Badalamenti et al., 2000). It should
be noted that these studies used mesozooplankton as baseline and this
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Table 4
a) Results of the three-way PERANOVA for the trophic position. ** = p < 0.05; n.s. = not significant. GCAST = Gulf of Castellammare; GTERM = Gulf of Termini
Imerese; GSANT = Gulf of Sant’Agata, GPATT = Gulf of Patti. b) Mean trophic position (TP) and standard deviation (SD) of red mullet in each gulf and size class.
a) Variables Source df MS Pseudo-F P(MC) Perms Pair-wise
Trophic Position Protection 1 53.671 29.887 el 3 Utr > Tr
Size Class 2 0.10022 11.352 n.s. 9952
Gulfs (Protection) 2 0.17958 44.093 bl 9943
Protection x Size Class 2 0.29992 33.973 n.s. 9947
Gulfs (Protection) xSize Class 4 8.83E-02 21.676 n.s. 9958
Res 228 4.07E-02
Total 239
b) Gulf x size class Mean TP SD n
GCAST tot 3.39 0.25 60
GCAST 1 3.30 0.30 20
GCAST II 3.35 0.23 20
GCAST III 3.53 0.16 20
GPATT tot 3.49 0.19 60
GPATT I 3.38 0.17 20
GPATT I 3.56 0.18 20
GPATT III 3.54 0.19 20
GSANT tot 3.16 0.12 60
GSANT I 3.19 0.08 20
GSANT II 3.20 0.12 20
GSANT III 3.09 0.11 20
GTERM tot 3.12 0.25 60
GTERM I 3.14 0.16 20
GTERM II 3.09 0.35 20
GTERM III 3.14 0.21 20

llenath (mm
)

Fig. 8. Relationships between total length and trophic position of red mullet in each gulf (black = GCAST, blue = GPATT, red = GSANT, orange = GTERM). R? is the
coefficient of determination. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

choice may have inflated the estimated trophic position. The present
study strengthens this result by showing a higher trophic level for red
mullet in untrawled areas.

This scenario highlights a paradigm in the untrawled gulfs, especially
in GCAST. Despite lower benthic biomass - partially compensated by a
higher production/biomass ratio - (Romano et al., 2016), the red mullet
biomass has increased nearly 7-fold since the trawling ban (Pipitone
et al., 2023). Additionally, its trophic position is higher following the
trophic erosion process (Agnetta et al., 2024), and its diet is more
diverse than in trawled gulfs (this study). Since complex food webs
require substantial energy to sustain biomass at higher trophic levels
(Post and Takimoto, 2007), the ability of the benthic system in GCAST to
support a high biomass of demersal feeders suggest an unexpectedly
high carrying capacity. This is particularly relevant for oligotrophic
systems such as those in the southern Tyrrhenian Sea, where reduced
fishing mortality in managed areas (i.e. FRAs) could further enhance fish
biomass production. In contrast, in trawled areas resuspended sediments
appear to be a fundamental resource for opportunistic consumers
through the modification and simplification of the benthic food web

10

(Quillien et al., 2016). The resuspension of this energy source in the
water column depletes the substrate of organic matter, making it
available to suspension feeders (Pusceddu et al., 2014; Eigaard et al.,
2017). However, it remains unclear whether this energy could support a
high biomass of demersal fish, as they are removed from the community
by trawling.

5. Conclusion

This study shows that bottom trawling significantly changes the
structure of benthic communities, which has clear consequences for the
feeding habits and trophic position of Mullus barbatus. In untrawled
areas, red mullet feed on more diverse and stable benthic assemblages,
resulting in a higher trophic level than in trawled areas, where the diet
shifts towards species favoured by sediment resuspension. Through the
integration of stomach content analysis, prey availability data and stable
isotopes, we reveal a robust correlation between the condition of the
benthic habitat and the trophic dynamics of this significant demersal
species.
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Our findings suggest that banning trawling can help to maintain
complex benthic food webs that can support higher fish biomass and
trophic levels, even in relatively oligotrophic systems such as the
southern Tyrrhenian Sea. However, the source of the high energy budget
sustaining such systems remains unclear and requires further investi-
gation. Additionally, it is uncertain whether energy made available
through sediment resuspension in trawled areas can support comparable
fish production given the continuous removal of demersal biomass by
fishing.

Overall, this work emphasises the importance of spatial management
measures, such as restricted fishery areas, to preserve benthic habitat
integrity, enhance ecosystem functioning and support sustainable
fisheries.
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