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Efficient and sustainable:
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Giulio Barone1 and Alessandro Lucchetti 1
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(IRBIM), Ancona, Italy, 2Faculty of Biology, Fisheries and Economics, The Arctic University of Norway
(UIT), Tromsø, Norway, 3SINTEF Ocean, Fishing Gear Technology, Trondheim, Norway, 4Technical
University of Denmark, National Institute of Aquatic Resources, Hirtshals, Denmark
Pots are traditional fishing gear type largely employed in Mediterranean Small

Scale Fisheries (SSFs). Their often higher species selectivity and catch quality

compared to other gear types such as passive set nets or trawls are appealing

characteristics for reducing the impact on benthic communities and diversifying

fishing effort in the region. Despite this, in some SSFs, pots are still rarely used as

prevalent gear due to low landings and profits. The present study investigated if

an experimental pot design of two different colours could improve the catch

efficiency for mantis shrimp (Squilla mantis) in the Adriatic coastal SSF, compared

to the traditionally used design. The experimental design in white colour

increased the catch efficiency for S. mantis compared to the same design in

black colour and the traditional pots, while the catch efficiency for black goby

(Gobius niger, another commercial species) was higher in the experimental

design regardless of the colour. Furthermore, the species composition in

catches was not significantly affected with the use of the experimental design,

neither in target nor in bycatch species, therefore not causing negative effect on

the species community. Finally, the experimental pot design also led to some

improvements in gear durability, ensuring a higher resistance to wear, sea

currents and marine fouling. The promising results obtained with this new

design could broaden the interest towards increased use of pots as alternative

and low impact gear in other Mediterranean areas.
KEYWORDS

sustainable fisheries, alternative fishing gear, small-scale coastal fisheries, Squilla
mantis, pot fisheries, Mediterranean fisheries
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1 Introduction

Mediterranean coastal Small Scale Fisheries (SSFs hereafter)

employ a wide range of fishing gear types and fishing strategies to

target several species (Bastardie et al., 2017; Tiralongo et al., 2018;

Ramieri et al., 2019; Grati et al., 2022). Pots, defined as a sub-type of

trap gear (FPO – 08.2) in the FAO catalogue of fishing gears

(ISSCFG, 2016), are amongst the most traditional gear employed

(Farrugio, 2013). They are passive gears that attract the target

species to enter the gear through one or more entrances and

retain them by preventing their subsequent escape (Miller, 1990;

Pol et al., 2010). Fish, crustaceans and molluscs are attracted to pots

by means of bait or pasture, or simply by the shelter or space pots

could provide (e.g. cephalopods, Sobrino et al., 2011).

Each pot design is usually species-specific, and each single

technical parameter of a pot can potentially affect its entry,

retention and selection efficiency (Suuronen et al., 2012;

Amengueal-Ramis et al., 2016; Petetta et al., 2021b). Thus, pot

design parameters such as volume, shape, netting mesh size and

colour, and entrance(s) (i.e. number, dimensions, position) are

factors that could affect the catch efficiency (Petetta et al., 2021b).

Potentially high species selectivity and catch quality obtained in

pot fisheries could have a potential to reduce the impact on the

benthic community and diversify the fishing effort in the region

(Petetta et al., 2021b). Specifically, pots could contribute at reducing

the high discard rates of unwanted species currently produced by

other fisheries using other fishing gear types (e.g. passive set nets,

Tiralongo et al., 2021; bottom trawls Morello et al., 2009; Petetta

et al., 2021b and dredges, Morello et al., 2005; Vasapollo et al., 2020;

Petetta et al., 2021a), and obtaining higher selling prices due to

improved catch quality (Brčić et al., 2017). However, despite their

growing popularity among fishers, pots are still rarely used as

prevalent gear in SSFs, due to low catch yields and associated

income. In 2021, the European Mediterranean pot fisheries

accounted for approximately 3200 tonnes and a value of 24

million EUR, representing 1% of the total fisheries landings and

1.6% of their revenues, respectively (Scientific Technical and

Economic Committee for Fisheries (STECF), 2023). In the

Western Adriatic Sea (FAO Geographical Sub-Area 17), SSFs

currently employ different pot designs all-year round to target

cuttlefish (Sepia officinalis; March-July), mantis shrimp (Squilla

mantis; July-November) and changeable nassa (Tritia mutabilis;

November-March) (Grati et al., 2018).

S. mantis is the only stomatopod crustacean commercially

exploited in the Mediterranean, and it is regularly found in fish

markets of Spain, Italy, Egypt, and Morocco (Abelló and Martıń,

1993). This species ranks first among the crustaceans landed in the

Italian Adriatic ports (around 3300 tonnes in 2021; FAO-GFCM,

2023), being an important component of multispecies bottom and

beam trawl fisheries and being targeted by dedicated gillnet and pot

fisheries. The latter account for around 8% of the total passive gears S.

mantis landings (SAC, and Scientific Advisory Committee on Fisheries,

2022). However, there is no reliable data on the size of the fleet engaged

in this fishery that is also not specifically regulated (Scientific Technical

and Economic Committee for Fisheries (STECF), 2023). The design of
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the commercially used pots in the S. mantis fishery has evolved over

time following empirical trials and attempts by fishers to optimize

the catch efficiency for mantis shrimp, the space required on board, the

costs for construction and the durability of the gear. Nowadays, the

most commonly employed pot design along the Italian Adriatic coast

has a square shape with a volume of around 12 l. This pot design is sold

by local fishing enterprises, but several fishers produce them by hand,

recycling materials and components intended for other uses. The pots

targeting S. mantis usually catch also another species with commercial

value, i.e. black goby (Gobius niger), with relevant landings (87 tonnes

in 2021 for the Italian fishing fleet in GSA17, FAO-GFCM, 2023),

especially in the northern part of the area (Bon et al., 2006).

S. mantis pot fisheries have been conducted in the Northern

part of the area since the second half of the last century. The use of

these pots has been limited in the past due to a strong competition

with other passive gear types and active gears targeting the same

species (Froglia, 1996). However, in the last years, pots are being

used in a wider area, along the entire Western Adriatic coasts.

Within the SSFs, pots are being increasingly more used compared to

passive nets because they are not subjected to dolphin depredation

which is a considerable challenge in the area (Lauriano et al., 2009;

Li Veli et al., 2023).

In this study, we developed and tested a new pot design

intended to improve catch efficiency in S. mantis pot fishery.

Further, we estimated and compared the impact of the traditional

and experimental gear regarding the effect on catch species

composition. Specifically, when changing gear or design it is

important to evaluate the impact from a species community

perspective to assess if the new gear design could have potential

negative effects on catch composition considering not only those

species having a commercial interest or requiring close protection

or management measures, but all the species caught by the specific

gear (Petetta et al., 2023). Finally, we assessed the wear resistance

and robustness of both pot designs for use in S. mantis fishery.

Therefore, this study was designed to address the

following questions:
- Can the new pot design increase catch efficiency of S. mantis

and G. niger?

- Is the new pot design affecting the catch efficiency for

bycatch species?

- What is the species composition in the catches of the fishery

and is it affected by changing the pot design?

- Is the new pot design more robust and wear resistant than the

currently used?
2 Materials and methods

2.1 Pot designs

The differences in pot technical parameters between the

traditional and experimental designs tested and the reason for

their modifications are listed in Table 1. The traditional design
frontiersin.org
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was the most commonly used design in the fishery, while the

experimental design was developed based on inputs from

artisanal fishers of SSFs in the fishing area.

The traditional design (hereafter, green pot) had a square shape

with a single entrance on one side and the pot frame was made of
Frontiers in Marine Science 03
galvanized metal with dark green plastic coating to provide

resistance to oxidation. It had a rectangular mesh size (10*22

mm) and the frame of the entrance was made of a plastic

material of the same colour as the pot. Despite its widespread use

in the commercial fishery, this design shows some shortcomings

regarding both catch efficiency for S. mantis and gear durability.
1. The square shape does not ensure an optimal guidance

towards the single entrance for those individuals

approaching to the pot from one of the other three sides

without entrances. In fact, they may lose contact with the

pot sides before finding the entrance, when moving along

them, due to the 90 degrees’ sharp corners (Figure 1). Also,

the rectangular mesh size might be too large to effectively

retain all commercial sizes of S. mantis and G. niger.

Therefore, the experimental pot design was created with a

circular shape without sharp corners, to ensure optimal

guidance towards the single entrance, and with a smaller

netting mesh size (10 mm square mesh).

2. As this fishery is carried out in shallow waters, we focused

on pot colour, which may affect the attraction to the

targeted species and therefore the entrance efficiency.

Based on this, the experimental design was made in two

versions only differing by colour, specifically in white and

black (Figure 1). These two versions (hereafter, white pot

and black pot) were chosen to represent the maximum

contrast and thereby the potential maximal effect of

changing pot colour on catch efficiency.

3. Traditional pots are usually deployed in fishing grounds for

the entire fishing season (approximately four months, from

late summer to autumn) and retrieved every 1–2 days or

more in the event of adverse sea weather conditions.

Therefore, they are subjected to various stressors

including: (i) wear- represented by the loss or wear of

some components and damage to the gear structure,

(ii) storms- which can potentially result in pot loss, and

(iii) marine fouling, involving reduction of the gear catch

efficiency for S. mantis. This results in a short life span and

easy breakage. To increase the duration and resistance to

wear and marine fouling, we made structural changes in the

experimental design concerning pot frame, netting mesh

and funnel materials. Pot weight was also increased to

investigate the resistance to sea currents (Table 1).
The frames of experimental pots were made by using materials

from other traditional fishing gears of the SSFs. Specifically, the

upper circular plastic frame was made using fyke net targeting S.

officinalis and the lower circular iron frame was designed using

basket trap for T. mutabilis.

In both traditional and experimental pot designs, an opening

was placed on the upper side to allow easy baiting and pot emptying

with a quick operation of lifting and closing. In the traditional

design, it was regulated by means of an internal elastic rope, while in

the experimental design by a hook connected by an elastic band to

the upper side of the pot (Figure 1). The shape and dimensions of
TABLE 1 Technical parameters of traditional and experimental pots, and
the reason for modification.

Technical
parameter

Traditional
design

Experimental
design

Reason
for

modification

Dimension
(cm)

32 (l) × 30 (w)
× 14 (h)

38 (Ø) × 17 (h)
Investigate if pot
volume increase

the catch

Volume
(l)

12.1 17.9
Investigate if pot
volume increase

the catch

Shape Square Cylindrical

Investigate if the
change in pot
shape increase

the catch

Weight
(kg)

0.5 0.9
Investigate pot

structure resistance
to sea currents

Frame
material

Galvanized
metal with

green
plastic coating

Plastic, Metal

Investigate pot
structure resistance

to wear
and duration

Netting
mesh material

As the frame Plastic

Investigate pot
structure resistance

to wear
and duration

Netting
mesh shape

Rectangular Square
Investigate effect
on size-dependent
catch efficiency

Netting mesh
size
(mm)

10 × 22 11
Investigate effect
on size-dependent
catch efficiency

Netting colour Dark Green White – Black

Investigate if the
change in pot
colour increase

the catch

Entrance
number

1 1 No change

Entrance
shape

Rectangular
with oval funnel

Rectangular
with oval funnel

No change

Entrance
external
surface (cm2)

224 224 No change

Entrance
internal
surface (cm2)

19 19 No change

Funnel length
(cm)

12 12 No change

Funnel
material

Plastic Stainless steel
Investigate the

degree of
marine fouling
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the entrance was identical in both designs: oval-shaped, positioned

in the front side and with a 12 cm long funnel (Table 1). On the

opposite side of the entrance, sideways, there was a box serving as a

bait container.
2.2 Experimental design and sea trials

A commercial vessel representative of the local fleet (LOA 6.8

m; gross tonnage 1 GT; gasoline-powered engine 100 HP) with a

crew of two fishers was used for sea trials. The activities were

performed in two consecutive years (2021 and 2022) in late

summer/autumn, which corresponds to the main fishing season

for S. mantis (Grati et al., 2018).

Fishing operations were carried out in shallow waters (around 15

m of depth) at 1–3 nautical miles off Pedaso coast (Central-western

Adriatic Sea, Italy), where fishing grounds are characterized by sandy

bottoms and are inhabited by S. mantis. Fresh sardines were used as

bait (~ 40 gr per pot). In every trial, 40 pots for each design were

deployed (120 in total). Theywere set in 4fleets containing30pots each
Frontiers in Marine Science 04
by alternating the three pot designs. The distance between pots was 15

m (Figure 1). Each fleet was made of a main propylene line with 1.5 m

branch lines where pots were attached through a quick release swivel.

This allowed to ensure a correct setup depending on the force and

direction of bottom water current.

After each deployment, observers on board sorted the catch,

which was kept separate by pot type. The total catch for each pot

was then divided into a landed catch (i.e., main target species and

other species with commercial value) and discarded catch (species

with no commercial value, commercial individuals under the

minimum landing size or in poor conditions). The number of

individuals of any species caught in each pot was recorded. All

individuals were identified to the lowest taxonomic level possible,

counted, weighed to the lowest 1 g by a small balance scale with

marine compensation. Individuals of G. niger and S. mantis were

measured to the nearest 0.5 cm for total length (TL; G. niger) and to

the nearest 0.1 mm for carapace length (CL; S. mantis). No

subsampling was conducted throughout this study.

In 18 deployments, a small underwater camera (GoPro Hero 4

Black; GoPro® Inc., California) was fixed inside one randomly
FIGURE 1

Top: Illustration of the three mantis shrimp pot designs tested in the present study i.e. green (traditional) and white, black (experimental) pots. Down:
Experimental design, with the three pot designs alternated on the same string. Pots are usually deployed in strings and attached with branch lines
that connect them to a mainline.
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selected pot, to record the behaviour of S. mantis and other species as

they approached thepot, duringentryandonce inside.The camerawas

alternately used in green, black andwhite pots. It was positioned to the

opposite side of the entrance, oriented towards the funnel. No torches

or lights were used, since i) they could affect behaviour of animals

approaching to the pot and ii) the shallow depths allowed to obtain

useful footages only with the natural light. The camera battery did not

cover the entire duration of the deployments, but only around the first

hour of set, which always happened at daylight.

At the end offishing trials in 2021 and 2022, pots were left at sea

for an additional month. In these periods, pots were again baited

and hauled several times to assess: i) the pot resistance to a longer

soaking period, including bad weather conditions expressed in

number of pot lost; ii) the level of damages expressed in number

of damaged pots; and iii) the loss of catch efficiency over time in

correlation with the degree of marine fouling on the gear (see

section 2.2.4).
2.3 Data analysis

To perform the analyses described in sections 2.3.1 and 2.3.2, we

first assigned a fixed rank to each single species caught in the sea trials,

following the procedure described in (Petetta et al., 2023), by including

it into one of the following 3 categories: 1) ‘Target species’, i.e. themain

commercial species targeted by S. mantis pots in the study area; 2)

‘Other species of commercial value’, i.e. additional species with a

commercial value, that are landed; 3) ‘Other species of no

commercial value’, i.e. those species usually discarded by the fishers.

Since the three pot designs were deployed together, attached to

the same fleets (paired deployment design), catch data was treated

as paired. The data analysis procedures described below were

conducted using the software SELNET (Herrmann et al., 2012,

2016, 2017, 2022).

2.3.1 Comparing the experimental and traditional
pot catch efficiency

The length measurements collected for the most abundant

commercial species caught, i.e. S. mantis and G. niger, were used

to investigate the length-dependent effect on the catch efficiency by

changing pot design. The analysis was carried out independently for

each species following the description below. The comparison of the

catch efficiency between pot designs was conducted separately for

each of the three combinations (sets): white versus green, black

versus green, white versus black. In each of the sets, the first design

acted as a test design and the second as a baseline design for the

specific comparison. Catch comparisons were first performed

separately for the two fishing seasons separately (2021 and 2022)

followed by a comparison with aggregating the data over these

seasons. We used the method described in Herrmann et al. (2017),

which models the length-dependent catch comparison rate (CCl)

summed over pot deployments by:

CCl =
om

j=1 ntl,j
� �

om
j=1 ntl,j + nbl,j
� � (1)
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where ntl,j and nbl,j are the numbers of individuals caught in

each size class l for the test (t) and baseline (b) pots, respectively, in

deployment j. m is the number of paired deployments considered.

We estimated the catch comparison rate CC(l,v) of Equation 1 using

maximum likelihood estimation by minimizing Equation 2:

−ol om
j=1 ntl,j � ln(CC(l, v)) + nbl,j � ln(1:0 − CC(l, v))
� �n o

(2)

where the outer summation is over the length classes l of S. mantis

or G. niger, respectively, and the inner summation is over the

deployments m. The v parameter describes the catch comparison

curve defined by CC(l,v). The experimental CCl was modelled by

Equation 3:

CC(l, v) =
exp(f (l, v0,…, vk))

1 + exp(f (l, v0,…, vk))
(3)

where f is a polynomial of order k with coefficients v0 to vk. We

considered f of up to an order of 4 with parameters v0, v1, v2, v3, and

v4. Leaving out one or more of the parameters v0…v4 led to 31

additional models for the catch comparison function CC(l, v).
The estimations of the catch comparison rate were made, among

thesemodels, byusing themulti-model inference toobtain a combined

model (Burnham and Anderson, 2002; Herrmann et al., 2017). The

ability of the combined model to describe the experimental data was

evaluated based on the p-value, calculated by the ratio between model

deviance and degrees of freedom (DOF; Wileman et al., 1996;

Herrmann et al., 2017). With p-value > 0.05, the combined model

was assumed to describe the experimental data sufficiently well, while

with p-value< 0.05 and deviance/DOF >> 1, the residuals were

inspected to determine whether the results were due to structural

problemswhenmodelling the experimental data, or toover-dispersion

in the data (Wileman et al., 1996).

A catch comparison rate of 0.5 would imply a similar catch

efficiency between pot designs, i.e. an individual of length l has the

same probability of being retained by either design. However, since

CC(l,v) does not provide a direct relative value of the catch efficiency
between gears, we further estimated the catch ratio CR(l,v)
(Herrmann et al., 2017) as follows:

CR(l, v) =
CC(l, v)

(1 − CC(l, v))
(4)

In Equation 4, a CR(l,v) value of 1.0. would imply a similar catch

efficiency between pot designs, while a CR(l,v) value significantly

larger than 1.0 would imply that the test pots (depending on the

comparison) are catching significantly more individuals with length

l compared to baseline pots.

We estimated Efron percentile 95% Confidence Intervals (CIs;

Efron, 1982) for CC(l,v) and CR(l,v) using a double bootstrapping

method (Herrmann et al., 2017), which accounts for both between-

deployments variability and within-deployment variability. However,

contrary to the double bootstrapping method in Herrmann et al.

(2017), in this study we conducted the outer bootstrapping loop (that

accounts for the variability between deployments) in pairs, to take full

advantage of the experimental design of deploying the three pot

designs simultaneously. By using multi-model inference in each

bootstrap iteration, the method also accounted for the uncertainty in
frontiersin.org
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model selection. We performed 1000 bootstrap repetitions and

calculated the 95% CIs. Significant differences in catch efficiency

between designs for specific sizes of each species (S. mantis and G.

niger) were identified by checking for length classes in which the 95%

CIs for the catch ratio curve did not contain 1.0 (Grimaldo et al., 2019).

Specifically, if CR(l,v) for one or more length classes does not include

the value 1.0within the 95% confidence intervals (CIs), it implies that a

significant difference in capture efficiency is detected at the 95%

confidence level for those size classes.

We applied the exploitation pattern indicator for catch

comparison to summarize the relative performance of tested pots

on each species caught (Veiga-Malta et al., 2019; Petetta et al.,

2023). We estimated the mean percentage of individuals for each

species (in both number of individuals nPi and weight wPi) retained

by the test compared to the baseline pots (depending on the

comparison) as follows (Equations 5 and 6):

nPi =
om

j=1ol  ntijl

om
j=1ol  nbijl

(5)

wPi =
om

j=1 rtij �ol  ntijl
� �

om
j=1 rbij �ol  nbijl
� � (6)

where i is the pre-defined species index (species rank) for each

speciesobserved ingear catches (i.e.,Herrmannet al., 2022). Parameter

rtij is the average weight for species i caught in the test pots in

deployment j, while rbij is the average weight for species i caught in
the baseline pots in deployment j. An indicator value of 100% means

that the testpot catches the samenumberof individuals orweightof the

species analysed as the baseline pot, while indicator values of 50% and

150%mean that the test pot caught 50% less and 50%more individuals

or weight than the baseline pot, respectively.

2.3.2 Comparing the species composition
We performed a catch composition analysis (Herrmann et al., 2022;

Madhuet al., 2023;Petetta et al., 2023) toquantify andcompare the species

composition in the catches of the three pot designs. This methodology

allows tomeasurehowmucheachspecies caughtdominates in the sample,

thus evaluating the impact of a fishing gear from a species community

perspective (Warwick et al., 2008).The catchdominance analysiswashere

performed to evaluate, for each pot design separately and for each species,

its relative abundance in both the total catch, the discarded catch and the

landed catch. The estimation of the species dominance pattern was

averaged over pot deployments.

The estimation of the catch dominance, in both number of

individuals (dni) and weight (dwi) was done separately by design

and for each fraction of the catch (total, discarded, landed), by

Equation 7 (Cerbule et al., 2022; Herrmann et al., 2022; Madhu

et al., 2023; Petetta et al., 2023):

dni =om
j=1

nij

oQ
i=1 nij
� �

( )

dwi =om
j=1

rij � nij

oQ
i=1 rij � nij
� �

( ) (7)
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where j represents the deployment and i is the species rank

previously defined. nij is the count numbers for each species in each

pot type, respectively. Parameter r is the average weight of species i

in deployment j in a given fraction of the catch and is obtained from

the total weight and number of individuals. Q stands for the total

number of species observed. m is the total number of paired

deployments considered in the analysis.

Further, the cumulative dominance curves were estimated, in

both number of individuals (DnI) and weight (DwI), to represent the

cumulative proportional abundances of the species (Cerbule et al.,

2022; Herrmann et al., 2022; Madhu et al., 2023; Petetta et al., 2023):

DnI =om
j=1

oI
i=1nij

oQ
i=1nij

( )
  with  1  ≤  I  ≤  Q

DwI =om
j=1

oI
i=1rij � nij

oS
i=1 rij � nij
� �

( )
  with  1  ≤  I  ≤  Q

(8)

In Equation 8, I is the species index summed up in the nominator.

The fixed species ranking in all catches in the cumulative dominance

curves allows the comparison of the steepness of the cumulative

dominance curves. Specifically, steeper sections in dominance curves

will imply that some species are being more dominant than other

species in the pot design, while horizontal parts show that the

particular species are not abundant (Cerbule et al., 2022; Herrmann

et al., 2022; Petetta et al., 2023).

The Efron 95% CIs were used to provide the uncertainty of the

values of dominance patterns obtained following the procedure

described in (Herrmann et al., 2022). This procedure enables the

estimation of the uncertainty around the dominance values at

species level induced by the limited sample sizes at single

deployment as well as for the between deployment variation in

species dominance.

Furthermore, the difference Dd in species dominance d between

pots (green pot, gr; white pot, wh; black pot, bl) pots was estimated,

for both number of individuals and weight by (Herrmann et al.,

2022; Petetta et al., 2023):

Dd = dwh − dgr

Dd = dbl − dgr

Dd = dwh − dbl

(9)

The CIs for Equation 9 were obtained based on separate

bootstrap populations for dg, dw and db, as described in (Cerbule

et al., 2022; Herrmann et al., 2022). The significance was detected by

inspecting the CIs for the difference: if the 0.0 value was within the

CIs, no significant difference was detected.

2.3.3 Underwater video observations
The recordings of underwater footages from the cameras used

in 18 deployments were used for identifying the species

approaching the pot entrance and studying their behaviour both

outside and inside the pot. VLC media player was used to observe

the footages, and data was collected on i) the timing of entrance by

species caught during the first hour of deployment, to study how

soon after the deployment each species approach the gear; ii) the
frontiersin.org

https://doi.org/10.3389/fmars.2024.1408036
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Virgili et al. 10.3389/fmars.2024.1408036
behaviour of pot-approaching-animals (in a qualitative manner), to

study eventual differences in behaviour between species regarding

pot designs.

2.3.4 Assessment of catch efficiency reduction
due to marine fouling

To evaluate the Catch Efficiency Reduction (CER) related to

fouling, we performed a numerical regression of the number of pots

catching S. mantis on fouling (expressed as percentage of fouled

pots). Since the trend was clearly not linear (see Supplementary

Material, Supplementary Figure S8), we employed a Generalized

Linear Model (GLM) to fit the data. The choice of the distribution

was based on the evaluation of which distribution better suited the

data; in our case, a negative binomial distribution was selected.

According to the different fouling locations observed, we considered

the entrance fouling value for commercial design, and the netting

frame fouling value for the experimental design (white and black

pots). To evaluate the statistical difference in the GLM coefficients,

which represents CER rate per unit offishing operation, between the

two designs, we utilized a bootstrap technique. From two reference

datasets, one for the commercial design and the other for

experimental design, 1000 samples were extracted with

replacement from each dataset. Subsequently, each set was fitted

with the respective GLM. From the 1000 values of difference

between the coefficient relative to the commercial design and the

experimental one, we derived the Efron 95% CIs for the difference.

Statistical analyses were performed using the R statistical

software (R Core Team, 2023). For the GLM with a negative

binomial family distribution, we utilized the glm.nb function from

the R package MASS (version 7.3–60.0.1).
Frontiers in Marine Science 07
3 Results

A total of 30 valid fishing operations were performed in the two

years (Supplementary Material; Supplementary Table S1). The soak

time varied from 1 to 95 hours (average range of 14–48 hours),

depending on the fisher’s choice and on the weather conditions.

A total of 24 species were caught over all deployments (Table 2).

S. mantis was the only “Target species”, while 8 species were

included in the “Other species with commercial value” category

and were mostly fish, except for the octopus (Octopus vulgaris) and

T. mutabilis. Finally, 15 species were included in the “Species

without commercial value” category and were mostly fish (10

species) followed by molluscs and crustaceans (3 and 2

species, respectively).
3.1 Comparing the experimental and
traditional pot catch efficiency

The catch comparison and catch ratio results obtained by

comparing two pot designs at a time (white vs green, black vs

green, white vs black) for S. mantis and G. niger are shown in

Figures 2 and 3, respectively. Additional results are reported in

Supplementary Material. Regarding S. mantis, white pots were

significantly more efficient than green pots, for almost all the

length classes (13 to 32.5 mm; Figure 2, top), and black pots

(from 22 to 32.5 mm; Figure 2, bottom). On the contrary, black

pots were significantly more efficient than green pots only at

catching small specimens (from 13 to 23 mm; Figure 2, middle).

Regarding G. niger, both experimental pots had a significantly

higher catch efficiency than green pots for wide length ranges, i.e.

9.5 to 14.5 cm (white vs green; Figure 3, top) and 10.5 to 15 cm

(black vs green; Figure 3, middle). This is also evident from the

length frequency distributions obtained with the different pot

designs (shown in the catch ratio graphs; Figure 3, right). Pot

colour did not affect the catch efficiency for G. niger, since the catch

comparison between black and white pots did not reveal any

significant differences (Figure 3, bottom).

Figure 4 and Supplementary Table S3 show the results obtained

from the exploitation pattern indicator analysis. The results for S.

mantis and G. niger confirm the observations made in the catch

comparison analysis. White pots caught significantly more S.

mantis than both green and black pots in both number of

individuals (on average, 37 and 27% more, respectively) and

weight (on average, 34 and 30% more, respectively), while no

significant differences were detected between black and green

pots. Both white and black pots caught, on average, 122–140% (in

number of individuals) and 129–136% (in weight) more G. niger

than green pots, while no significant differences were observed

between the two experimental pot designs (Figure 4, Supplementary

Table S3). Also, white pots were significantly more efficient at

catching Spicara maena (species ID 3) than black pots and green

pots in both number of individuals (on average, 150 and 347%

more, respectively) and weight (on average, 218 and 367% more,

respectively). No other significant differences between pots were

observed in the catches of the other species.
TABLE 2 Assigned ranking (S) of the species caught during the sea trials
and divided by category, i.e. target species, other species with
commercial value (€) and other species without commercial value (no €).

S1
Squilla
mantis

S11
Hexaplex
trunculus

S21
Pagrus
pagrus

S2
Gobius
niger

S12
Tritia
reticulata

S22
Phycis
phycis

S3
Spicara
maena

S13
Liocarcinus sp

S23
Arnoglossus
laterna

S4
Mullus
barbatus

S14
Goneplax
rhomboides

S24
Serranus
hepatus

S5
Mullus
surmuletus

S15
Conger
conger

S6
Chelidonychthys
lucerna

S16
Diplodus
annularis

S7
Scorpaena
porcus

S17
Boops
boops

S8
Tritia
mutabilis

S18
Pagellus
acarne

S9
Octopus
vulgaris

S19
Pagellus
bogaraveo

S10
Bolinus
brandaris

S20
Pagellus
erythrinus
⬤ Target Species ⬤ Other Species (€) ⬤ Other Species (no €)
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3.2 Comparing the species composition

Figure 5 represents, for each design, the cumulative species

dominance (in percentages), in both number of individuals and

weight, of the three catch fractions. Additional results are reported

in Supplementary Material. Regardless of the pot design, the species

having a commercial value represented, on average, more than 66%

in number of individuals and 88% in weight. The catch composition
Frontiers in Marine Science 08
in weight was dominated by the target species S. mantis, with a

contribution of more than 75% and 85% of the total and landed

catch, respectively (with no significant differences between pot

designs; Supplementary Table S4), while no contribution was

given to the discarded fraction. In number of individuals, this

species almost saturates the cumulative curve of the landed

fraction while its contribution to the total catch was around 50%

on average. G. niger (species ID 2) was the second most abundant
FIGURE 2

Results of the catch comparison analyses obtained for mantis shrimp (Squilla mantis) between the three different pot designs, traditional design
(green) and experimental design (white and black). The graph on the left shows the modelled catch comparison rate (black line) with 95% CIs (black
stippled curves); black circles represent the experimental rate; the grey horizontal line at 0.5 represents the baseline at which both gears have equal
catch rates. Graphs on the right show the catch ratio (black line) with 95% CI (black stippled curves); blue lines represent the length frequency
distributions obtained with the two gears (blue: white pots; light blue: green pots; dark blue: black pots); the grey horizontal line at 1.0 represents
the baseline at which both gears have equal catch rates.
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FIGURE 3

Results of the catch comparison analyses obtained for black goby (Gobius niger) between the three different pot designs, traditional design (green)
and experimental design (white and black). The graph on the left shows the modelled catch comparison rate (black line) with 95% CIs (black stippled
curves); black circles represent the experimental rate; the grey horizontal line at 0.5 represents the baseline at which both gears have equal catch
rates. Graphs on the right show the catch ratio (black line) with 95% CI (black stippled curves); blue lines represent the length frequency distributions
obtained with the two gears (blue: white pots; light blue: green pots; dark blue: black pots); the grey horizontal line at 1.0 represents the baseline at
which both gears have equal catch rates.
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landed species, with contributions ranging, on average, from 5% to

9% in number of individuals and from 3% to 5.5% in weight. Small

contributions to the landed fraction (<3% in number of individuals

and<1.5% in weight) were given by blotched picarel (S. maena,

species ID 3), red mullet (Mullus barbatus, species ID 4) and

changeable nassa (species ID 8). Nevertheless, the latter species

had a high proportion in the discarded catch (on average, 24–27%

in numbers and 14–17% in weight). Two other mollusc species had

high proportions in the discarded fraction, i.e. purple dye murex,

(Bolinus brandaris, species ID 10; on average 22–25% in numbers

and 24–39% in weight) and netted dog whelk (Tritia reticulata,

species ID 12; on average 29–32% in numbers and 9–14% in

weight). Smaller proportions were observed for two always

discarded crab species, i.e. angular crab (Goneplax rhomboides

species ID 13) with less than 9.5% and 4.5% in the discarded and

total fractions, respectively, and swimming crab (Liocarcinus sp.,

species ID 14), with less than 3.5% and 1.5% in the discarded and

total fractions, respectively. The species with species IDs 15–24 were

small fish that are only occasionally caught and discarded because of

being too few, too small or below the legal size; therefore, their

proportion in the catches were very low, especially in weight.

Figure 6 shows the comparison (delta plots) between the catch

dominance curves, for the total catch of the pots tested, i.e. white vs

green, black vs green and white vs black. This figure provides a
Frontiers in Marine Science 10
detailed insight at each single species level, considering the number

of individuals (left) and weight (right). White pots had a

significantly larger dominance of S. maena (species ID 3), when

compared to both green and black pots, in both number of

individuals and weight. Also, G. niger (species ID 2) was

significantly more dominant in the total catch of white and black

pots, when compared to the total catch of green pots, in both

number and weight. In the comparison between black and green

pots, another significant difference (only in weight) was detected for

S. mantis (species ID 1), for which a larger dominance was observed

in the total catch of green pots (Figure 5).
3.3 Underwater video observations

The recording duration varied from 55 to 65 minutes for each

deployment. A total of 1044 minutes of video recordings were

collected and analysed. The majority of individuals entering the

pots in the first hour of deployment were mantis shrimps; only a

few black gobies and blotched picarel were observed. The timing

of first entrance for S. mantis was around 16 ± 3 (se) minutes

(range: 3–46 minutes). Moreover, in the monitored pots around

70% of S. mantis catches occurred in the first hour of deployment

(Supplementary Table S6).
FIGURE 4

Results of the exploitation pattern indicator analysis for the 24 species caught in the sea trials. For each species, the three box plots indicate the ratio
(in average percentages with 95% confidence intervals) of the total number of individuals (upper graph) and weight (lower graph) retained by the test
pot compared to the baseline pot, for each comparison performed, i.e. white vs green, white vs black or black vs green pots. The horizontal red line
indicates similar exploitation pattern between the two pot designs compared.
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FIGURE 5

Cumulative species dominance in the catch of traditionally used green pots (top) and experimental white (middle) and black pots (down). The curves
(solid lines) with 95% CIs (dotted lines) represent the cumulative species dominance for the catches in both number of individuals (left) and weight
(right). The green, yellow and orange areas represent target species, other species with commercial value and species without commercial
value, respectively.
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FIGURE 6

Delta plots resulting from the comparison of single species dominance in the total catch between white and green pots (top), black and green pots
(middle) and white and black pots (down) in both number of individuals (left column) and weight (right column). The curves (solid lines) with 95% CIs
(dotted lines) represent the comparison between gears at single species level. The grey horizontal line at 0 represents an equal proportion between
the two gears. The green, yellow and orange areas represent target species, other species with commercial value and species without commercial
value, respectively.
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Individuals of S. mantis tended to quickly climb along the slope

of the entrance, and once entered, showed a stress response

probably due to confinement, but no escape events through the

entrance or meshes were recorded. No cases of aggressive behaviour

were recorded between S. mantis individuals or other species inside

the pot. Other fish species (e.g., S. maena and tub gurnard,

Chelidonichthys lucernus) stopped for some time in front of the

entrance, often without entering the pot. In several deployments,

specimens of S. maena entered and exited the pots several times

through pot entrance. Individuals of G. niger, once entered, tended

to lie at the bottom of the pot in close contact with the seabed.
3.4 Wear resistance and influence of
marine fouling

The main results are synthetized in Table 3. No pots were lost

during our experiments, although percentages of damaged pots

increased over time. Experimental design proved more resistant to

long soak times and marine currents, as commercial pots wear out in

half the time and needed to be repaired. Images of marine fouling on

pots are reported in Supplementary Material. We observed that

fouling affects almost exclusively the plastic material. Therefore, it

affected the entrance in commercial design and the netting frame in

the experimental design that were made of plastic materials.

Specifically, after every fishing season, the plastic entrances of

traditional pots were massively covered by fouling, whereas in

experimental design, no fouling on the entrances was observed.

The GLM regression analysis revealed a significant CER rate for

traditional design with the increase of entrance fouling (p-value<

0.001). The coefficient was -0.072, showing a CER rate of

approximately 7% (exp(-0.072) = 0.930) per fishing operation.

Similarly, the GLM regression analysis for the novel design

demonstrated a significant CER rate with the increase of netting

frame fouling (p-value< 0.001). The coefficient was -0.0439,

corresponding to a CER rate of about 4% (exp(-0.0439) = 0.957)

per fishing operation. The observed difference between the two

designs was statistically significant, as the 95% confidence interval

(95% CI) was [-0.050, -0.012]. Therefore, the CER rate of commercial

design should be considered significantly higher than novel design.
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4 Discussion

The aim of the present study was to improve the performance of

pots targeting mantis shrimp in a specific coastal SSF, by developing

a new pot design. The adoption of pots as a low environmental

impact gear encourages the SSF fleet diversification and thus

reduces the fishing effort of other multi-species gear that often

can catch unwanted species (e.g., gillnets and trammel nets; Yıldız

and Karakulak, 2016; Lucchetti et al., 2020; Tzanatos et al., 2020).

The increase in pot volume from traditional to experimental

design was made with an aim to increase the catch. Although in this

study we cannot rule out that pot volume increase alone had an

effect on the catch, since we tested a combination of different

technical parameters together (e.g. also pot shape and mesh size),

the mean number of S. mantis caught in each experimental pot

(regardless of the colour) was slightly higher than the mean number

in the traditional pot, suggesting that the volume increase could

improve catches. Specifically, a larger pot volume might delay the

saturation of the pot, i.e. when more animals are prevented to enter

due to high densities of other preys inside the pot. Pot saturation

has been widely observed in crustaceans (Miller, 1979; Castro and

DeAlteris, 1990) and fish (Ovegård et al., 2011). Despite the volume

increased by 50% compared to the traditional pot, the new design

still remains small and easy to handle on board the Mediterranean

SSF vessels.

Regarding the change of the pot shape, similar studies with pots

targeting crabs in other areas have shown contrasting results on

fishing efficiency (Vazquez Archdale and Kuwahara, 2005; Olsen

et al., 2019). The observation of underwater videos made in the

present study revealed that mantis shrimps in the vicinity of the pot

reached the entrance more quickly in the circular design rather than

in the traditional square design.

Both experimental pots caught a significantly larger amount of

smaller S. mantis than traditional pots. This can be related to

smaller mesh size used in experimental pot design that did not

allow the escapement of individuals of smaller length classes of S.

mantis. The same was observed for G. niger, since the experimental

design was significantly more efficient than the traditional design at

preventing small fish from escaping. We are confident in making

this assumption since all pots were deployed in the same fishing

ground at the same time; therefore, S. mantis and G. niger

populations exploited by different pots was the same. Also, in a

few cases we found small individuals of S. mantis stuck in the

meshes, suggesting escape attempts through the pot netting, as

observed in Croatia by Brčić et al. (2019). Even though in this

fishery S. mantis do not have a minimum landing size (Regulation

(EU), 2019) and all individuals caught are landed, the higher catch

efficiency of experimental pots for the smallest length classes may

pose a concern regarding sustainability of this fishery. However, it is

worth considering that S. mantis is a fast-growing species with life-

span from settlement estimated at around 18 months (Abelló and

Martıń, 1993). Also, this species exhibits strong scavenger habits

when conditions permit. For example, in the Adriatic Sea, which is

highly exploited in coastal areas particularly by dredging (Petetta

et al., 2021a), fishing leads to large amounts of discarded organisms
TABLE 3 Investigation of wear resistance and influence of marine
fouling in the two pot designs.

Investigation Traditional
Design

Experimental
Design

% Pots lost 0 0

% Damaged pots
(maintenance need)

12.5 (I Year) – 30
(II Year)

5 (I Year) – 12.5
(II Year)

Fouling On the entrance On the netting frame

% Pots covered by fouling 100 <60

CER Rate per fishing
operation (%)

7 4
CER, Catch Efficiency Reduction.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1408036
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Virgili et al. 10.3389/fmars.2024.1408036
exploitable by scavengers (Carlucci et al., 2024). Hence, in this area,

all the environmental conditions required for S. mantis to thrive are

present, encompassing those influenced by human activities, thus

securing their potential for future expansion. The most recent

assessments estimated that S. mantis in this area is sustainably

exploited; however, it was recommended not to increase the fishing

mortality (SAC, and Scientific Advisory Committee on Fisheries,

2022). Therefore, the mesh size of experimental pots could be

increased to reduce captures of small S. mantis and ensure a

higher sustainability of the fishery. In this regard, further studies

about pot selectivity are encouraged to estimate the optimal mesh

size, taking into account that this species has a length at first sexual

maturity at 25.5 mmCL (Colella et al., 2016). Also, since this species

shows high survival rates (Barragán-Méndez et al., 2020), especially

if harvested with pots, it would be appropriate to release the smaller

specimens directly into the sea.

Pot colour is a technical parameter that depending on fishery and

target species could influence catch efficiency (Petetta et al., 2021b). In

the present study, the new pot design, in white colour, was more

efficient at capturingS.mantis than the samedesign inblackcolour and

the traditional green pot design. This colour preference could likely be

related to the complex colour vision in stomatopod crustaceans, which

has beenwidely investigated (Marshall, 1999;Thoen et al., 2014; Streets

et al., 2022).Mantis shrimps have both colour vision, that allows them

to easily distinguish several colours, and polarization vision for visual

tasks such as finding prey (Zhong et al., 2020). The effect of pot colour

in the experimental designwas not evident for the smallest individuals,

suggesting that they are not subjected to a white/black attraction/

deterrence. The blotched picarel was also caught in significantly larger

amounts in the white pots, compared to black pots and traditional

green pots. This is an interesting insight for a species of the Sparidae

family, which is highly exploited by several SSFs of theMediterranean

(Grati et al., 2022). Its colour preference for white pots is in contrast

with what described in Cetinic et al. (2002) for a coastal fishery of the

Eastern Adriatic (called “Tramata”) specifically targeting sparids,

where the ropes of the gear are usually equipped with white plastic

lines or other material of white colour as an additional method for

scaring the fish. We can hypothesize that colour of the gear is not

affecting catch efficiency forG.niger, since nodifferences in the catches

between the black and white experimental pots were observed for this

species, which represents an important additional catch, especially in

thenorthernpartof theAdriatic Sea (Bonet al., 2006). In the samearea,

Grati et al. (2010) studied the behaviour ofT.mutabilis towards basket

traps, also stating that this speciesdidnot showanypreference forblack

compared to white netting.

In the present study, the majority of species caught (15 out of 24)

were always discarded, as it was observed in other fisheries in the area,

such as bottom trawl fishery (Petetta et al., 2022, 2023). However, in

our experiments, the amount of specimens caught within the

discarded species were low compared to the high rates of discards

produced by, for instance, bottom trawls in the area (Petetta et al.,

2023). Specifically, species with commercial value represented, in

weight and numbers, the majority of total catch in pots, while the

unwanted species had a minor proportion, with no Protected,

Endangered and Threatened (PET) species caught. By contrast,

passive nets (gillnet and trammel net) locally used in the coastal
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SSFs of the area often catch several individuals of species without

commercial interest and PET species, such as elasmobranchs and sea

turtles (Lucchetti et al., 2017, 2019; Virgili et al., 2018, 2024).

As regards to the material of construction, we observed that the

use of a plastic netting ensured a higher resistance to wear of the gear

(and therefore less maintenance) in the new design. By contrast, the

use of plastic in the entrance funnel in traditional design over time led

to a reduction in catch efficiency due to a greater susceptibility to

fouling of this material. Marine fouling is also an issue in other trap

fisheries as in the case of fyke net targeting cuttlefish, reducing fishing

performance over time (Belcari et al., 2002).

In our study, rigging of the gear ensured that no pot was lost,

resisting to badweather conditions and underwater currents. Also, the

increased weight of the experimental pot can contribute to a higher

stability of the gear. Given a low likelihood of pot loss, the expected

plastic pollution and ghost fishing is supposed to be very low. In some

crustacean pot fisheries, ghost fishing pots were observed to capture

from 8 to 16% crab compared to actively fished pots (Cerbule et al.,

2023;Yuet al., 2024),while, inotherfisheries,pots’fishingpotential has

been found to be low after bait consumption, with a high chance of

escape for non-target species (Adey et al., 2008; Ungfors et al., 2013).

The improved catch efficiency observed when using the new pot

design could broaden the interest towards this fishery, also in other

Mediterranean areas where S. mantis is abundant. The experiment

we conducted, if replicated, will help understanding whether the

encouraging results here obtained can be extrapolated in the whole

mantis shrimp fishery. In conclusion, we demonstrated that gear

modification in the context of a coastal SSF can lead to both, a

reduced environmental impact and improved fishing performance

in a more sustainable way.
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