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A B S T R A C T

Fishing gears are designed to catch marine species, but when lost at sea, they can continue to trap and kill aquatic 
life, a phenomenon known as ghost fishing. This study evaluated the use of a biodegradable twine made from 
poly(butylene succinate)/poly(butylene adipate terephthalate) (PBS/PBAT) in trawl fishing. The assessment 
included mechanical testing, trawl modelling, and seawater ageing simulations to explore potential loss sce
narios. Mechanical tests indicated that the PBS/PBAT braid was about half as strong as high-density polyethylene 
(HDPE) but was suitable for braiding and netting. After 3 years in seawater, PBS/PBAT monofilaments showed 
biotic degradation, with strength losses of 20 % at 15 ◦C and 80 % at 25 ◦C. This suggests that gear made from 
this polymer would degrade faster than conventional gear if lost. Trawl modelling further demonstrated that 
trawl performance was only slightly affected by material change and ageing, highlighting the potential for 
reducing ghost fishing with less persistent twine.

1. Introduction

Fishing involves capturing aquatic species actively or passively and 
accounts for the largest share of aquatic resource production (FAO, 
2024). Historically fishing gears were made of natural fibres such as 
cotton or hemp, but were replaced in the 1960s by more resistant, less 
visible, and more durable synthetic fibres like polyamide (PA) or high- 
density polyethylene (HDPE) (Matsushita et al., 2008; Hubert et al., 
2012). During fishing operations, the gear may get caught on obstacles 
or entangled with other gear, resulting in its loss at sea (Richardson 
et al., 2018, 2021). Gear loss is considered the primary cause of plastic 
pollution in the life cycle of seafood products (Loubet et al., 2022), with 
fishing gear debris responsible for a large portion of the plastic waste in 
the open seas (Lebreton et al., 2022; Morales-Caselles et al., 2021). 
Fishing gears are engineered to capture species; this capture can 
continue even after being lost, referred to as ghost fishing. Ghost fishing 
affects all marine life, including birds (Ryan, 2018; Žydelis et al., 2006), 
mammals (Hanni and Pyle, 2000; Ramp et al., 2020; Stelfox et al., 
2016), corals (Valderrama Ballesteros et al., 2018; Beneli et al., 2020), 
and fish (Beneli et al., 2020). In addition to inflicting harm and death on 
endangered species and juveniles (Hanni and Pyle, 2000; Ramp et al., 
2020), lost fishing gear also poses risks to vessels and ships (Hong et al., 
2017). Despite the seawater stability of polymers such as HDPE used for 

gear making (Le Gué et al., 2023), the mortality of ghost nets decreases 
over time due to the reduction of fishing surface and greater visibility 
because of bio-fouling (Humborstad et al., 2003). However, active 
fishing gear like seine and trawl nets are also prone to lose fragments 
(Richardson et al., 2019). Depending on their size, these fragments may 
contribute to ghost fishing; however, once they no longer ghost fish, 
they still add to plastic pollution by breaking down into small particles 
of plastics (Sharma et al., 2024) and accumulating in marine ecosystems 
due to the chemical stability of conventional polymers (Andrady, 2017). 
Besides causing physical damage to aquatic life (Wright et al., 2013), 
fishing gears made of conventional polymers are known to be a source of 
hazardous chemical additives (Jang et al., 2024).

There are ongoing efforts to create biodegradable polymers that are 
less harmful to the marine ecosystem (Wang et al., 2021). When exposed 
to seawater, these polymers break down more quickly than traditional 
ones, which could help reduce ghost fishing by decreasing their ability to 
catch marine life. However, they must be fully mineralised to avoid 
microplastic accumulation. While it may not always be necessary to use 
these polymers, such as in structures that can be retrieved at the end of 
their lifespan, their application is justified for fishing gear that is prone 
to loss and challenging to recover (Paul-Pont et al., 2023). Various 
biodegradable polyesters are currently available, differing in their 
sources and production methods. For instance, polyhydroxyalkanoates 
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(PHAs) are naturally produced by microorganisms under specific con
ditions (Derippe et al., 2024; Palmeiro-Sánchez et al., 2022; Dilkes- 
Hoffman et al., 2019). In contrast, some polyesters, such as poly
caprolactone (PCL), are entirely synthesized from petroleum-based de
rivatives (Suzuki and Tachibana, 2021; Yoshida et al., 2024; Sekiguchi 
et al., 2011; Ebisui et al., 2006). Others, like polybutylene-based poly
mers, combine bio-based and petroleum-derived components (Deroiné 
et al., 2019; Park and Bae, 2023; Le Gué et al., 2023; Grimaldo et al., 
2023; Brakstad et al., 2022). The latter group has been widely studied in 
the literature for fishing gear such as ropes (Føre et al., 2023; Le Gué 
et al., 2023) and static gear such as gillnets (Grimaldo et al., 2019; 
Brakstad et al., 2022; Le Gué et al., 2024b), lines (Cerbule et al., 2022b) 
or pots (Cha et al., 2011; Kim and Lee, 2014). While some authors found 
that replacing conventional gear with biodegradable ones did not affect 
the catch efficiency of the gear (Bae et al., 2010; Cerbule et al., 2022a, 
2023; Cerbule et al., 2022c; Kim and Lee, 2014; Kim et al., 2016, 2018; 
Yu et al., 2023), others found that it negatively affected the catch (Bae 
et al., 2012; Cerbule et al., 2022b; Grimaldo et al., 2019; Grimaldo et al., 
2018a; Grimaldo et al., 2020a; Grimaldo et al., 2018b; Grimaldo et al., 
2020b; Seonghun et al., 2014). The majority of published research 
highlights the fishing efficiency of static gears and the changes in their 
properties during fishing activities (Grimaldo et al., 2019, 2020a; Yu 
et al., 2023; Savina et al., 2024), but only a limited number of studies 
have investigated the degradation process of biodegradable gear in 
natural seawater (Kim et al., 2016; Brakstad et al., 2022; Kim et al., 
2023, 2024; Le Gué et al., 2023, 2024b).

A previous study examined the suitability of a PBS/PBAT mono
filament for rope-making, focusing on its durability after 18 months of 
exposure in natural seawater tanks (Le Gué et al., 2023). The findings 
revealed that, despite having a load at break half that of a commercial 
HDPE monofilament, the material remained interesting for rope-making 
applications. Furthermore, the PBS/PBAT monofilament underwent bi
otic degradation in conjunction with hydrolysis, leading to a gradual 
reduction in load at break over time. These characteristics suggest its 
potential as an effective material to mitigate ghost fishing in marine 
environments.

However, results on monofilament are not representative of the 
behaviour of the material in a fishing net configuration. Recent studies 
on PBSAT gillnets, including field tests at sea, revealed significant catch 
loss due to the inadequate strength of PBSAT nets (Savina et al., 2024). 
While the monofilament itself exhibited a load at break that was half 
that of polyamide 6 (PA6), this difference was amplified in knot con
figurations because of PBSAT's sensitivity to the stress concentrations 
they create (Le Gué et al., 2024a). At the knot scale, the load at break of 
PBSAT was only 25 % of that of PA6, highlighting the critical influence 
of knot performance on overall net behaviour. Furthermore, knots also 
accelerated degradation during exposure to biotic conditions, further 
weakening the net over time (Le Gué et al., 2024b). These findings 
underlined the need to evaluate both the structural complexity and 
durability of fishing gear under natural seawater conditions. These 
studies also highlight the necessity to investigate the impact of intro
ducing a monofilament across the various scales specific to each type of 
fishing gear, both in its initial state and throughout the ageing process.

Existing research has focused predominantly on ropes or static gear, 
with no studies addressing active gear such as trawl nets, which are the 
most widely used systems (Rousseau et al., 2024) and are more prone to 
loss (Richardson et al., 2019). Several explanations can clarify the 
absence of studies on trawling gear. First, they are made up of braids of 
various diameters that require different braiding steps. These braids are 
then formed into net sheets with varying mesh sizes using bowline knots. 
The panels must then be assembled according to the selected trawl plan. 
Active gear nets, especially bottom trawls, are exposed to more rigorous 
conditions than passive gear. The complexity of these structures and the 
need for more material also make prototype manufacturing more 
expensive than passive gear. The high cost of prototypes and the chal
lenging conditions could explain why no tests have been conducted yet. 

However, research in fishing technologies has developed methods to 
facilitate the design and prototyping of new trawls, mainly through the 
use of models in flume tanks (Winger et al., 2006; Druault and Germain, 
2016; Thierry et al., 2020) and commercial simulation tools (Nguyen 
and Winger, 2016; Vincent, 2000). Trawl simulation software provides 
essential data about how gear design and properties affect fishing 
operation. The important parameters include towing tension, which is 
related to fuel consumption; net geometry, which affects the fishing 
efficiency of the gear; and the force exerted on the sediment for bottom 
trawls, which impacts the environment. These insights can be obtained 
without the need for costly sea trials (Queirolo et al., 2009). Some of 
these simulation tools, such as DynamiT, are based on material prop
erties such as the stiffness, the density, and the construction of the 
twines (Nguyen and Winger, 2016; Vincent and Roullot, 2006), and can 
thus be used to investigate the impact of introducing an alternative 
material, such as a biodegradable monofilament, on trawl fishing 
operations.

The present study compares the performance of a PBS/PBAT twine to 
conventional commercial twines, focusing on the mechanical behaviour 
of knots and the long-term effects of seawater exposure. Although 
biodegradable monofilaments have been studied previously, this 
research is the first to investigate their application as twines and knots 
specifically designed for trawl fishing. The initial mechanical properties 
of both biodegradable and commercial materials were first assessed to 
estimate net resistance, with particular attention to knot properties, 
which are critical for evaluating the performance of biodegradable 
fishing gear. Twine ageing experiments were then performed to gain a 
deeper understanding of how the mechanical properties of the biode
gradable monofilament and twine change during use in natural seawater 
conditions. A novel aspect of this research is the integration of trawl 
modelling to evaluate the behaviour of a trawl constructed from 
biodegradable twine. This approach allowed for a comparison of the 
initial mechanical properties of the biodegradable trawl with those of a 
conventional twine trawl. Furthermore, the modelling incorporated 
long-term ageing data to provide insights into the performance of the 
biodegradable trawl over time, offering a unique perspective on its po
tential as a sustainable alternative in fishing operations.

2. Materials and methods

2.1. Materials

Two monofilaments were examined: one made of PBS/PBAT as a 
safer alternative and one made of HDPE as the commercial reference. 
The PBS/PBAT monofilament, produced through extrusion and draw
ing, had a 0.35 mm diameter and was white. Its initial weight-average 
molecular weight was 25.6 kg/mol, exhibiting a polydispersity index 
of 4.8. In contrast, the reference HDPE monofilament was thinner, with a 
diameter of 0.28 mm, and was green. Both monofilaments were pro
vided by Le Drezen and were identical to those used in an earlier study 
(Le Gué et al., 2023). Table 1 details their properties.

Twine samples made from these monofilaments were also tested and 
are presented in Fig. 1: one 5.5 mm PBS/PBAT twine, and 5.5 mm and 4 
mm commercial HDPE twines. The PBS/PBAT twine consists of a 

Table 1 
Properties of the PBS/PBAT and HDPE monofilaments (Le Gué et al., 2023).

Property PBS/PBAT HDPE

Density [g.cm− 3] 1.285 0.956
Diameter [mm] 0.35 0.28
Tex [g.km− 1] 121.7 54.6
Young's Modulus [GPa] 0.79 1.90
Load at break [N] 25.1 21.4
Stress at break [MPa] 261 368
Strain at break [%] 34.5 40.5
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braided cover made of 5*16 monofilaments arranged with a 35 mm 
pitch, and a core made of 20*3 monofilaments. The resulting linear mass 
is 17.0 × 103 g.km− 1. For the 5.5 mm and 4 mm HDPE twines, the linear 
masses are respectively 11.8 × 103 g.km− 1 and 5.1 × 103 g.km− 1. To 
evaluate the knot strength of both PBS/PBAT and HDPE, simple weaver's 
knots were made from the 5.5 mm twines. The knots were made by hand 
using two 200 mm twine lengths.

2.2. Density measurement

A gas pycnometer was used to determine the density of HDPE and 
PBS/PBAT monofilaments by gas displacement (Richards and Bouazza, 
2007). Before being placed in the pycnometer chamber, the samples 
were stored for 12 h in a room maintained at 21 ◦C and 50 % relative 
humidity; then their mass was measured using a balance with a precision 
of 0.1 mg. The analysis involved 10 cycles of purging to eliminate the air 
in the chamber, followed by the measurement of density based on the 
average value obtained from 20 analysis cycles. The pressure rate level 
required for equilibrium in each cycle was 0.015 psig/min.

2.3. Mechanical testing

Mechanical testing was performed on a 10 kN capacity tensile test 
machine in a room maintained at 21 ◦C with a relative humidity of 50 %. 
A 50 N load cell equipped with pneumatic grips specifically designed for 
testing fibres was used for monofilament testing. Testing fixtures for 
monofilament, twine, and knot samples were selected in accordance 
with ISO-1805 to ensure standardised testing conditions. The loads 
recorded during testing were normalised by the linear density (tex) of 
the samples, as specified in ISO-858. Monofilament samples were 50 cm 
in length, resulting in a gauge length of 30 cm. Twines and knots were 
tested using the same machine, equipped with a 10 kN load cell. Twine 
samples, each 150 cm long, were mounted in the machine by winding 
them three times around two 50 mm diameter pins. The resulting gauge 
length for twine samples was approximately 50 cm. The strain for 
monofilament and twine samples was measured using a Basler ac2440 
digital camera, which tracked the distance between two markers placed 
on the samples. Digital camera measurements enabled displacement 
precision of 0.1 mm for monofilament and knot samples, and 0.5 mm for 
twine samples. The stiffness for both types of samples was calculated by 
determining the slope between 0 % and 5 % strain. Knot samples were 
tested by clamping their four ends in pneumatic grips in both normal 
and transverse directions. Markers were placed on the four ends of the 
knot and tracked with a digital camera to compute the tightening of the 
knot. Knot tightening was calculated using virtual points defined as the 
mean position of the two markers on the same horizontal side of the 
knot. The tightening of the knot was defined as the relative increase in 
the distance between these two virtual points during the test. For twine 
and knot samples, five replicates were tested at the initial state to ensure 
reliable measurements. In contrast to the ISO-1805 protocol, which 
specifies equivalent test durations based on sample type, a fixed 
displacement rate of 50 mm.min− 1 was used for all tests. This approach 

ensured a consistent basis for effectively comparing the mechanical 
behaviour of PBS/PBAT and HDPE samples.

2.4. Seawater ageing

The samples were immersed in renewed natural seawater pumped 
from the Brest estuary on the western French coast, maintained at 
several temperatures. Sediment was removed from the seawater through 
sedimentation, and the volume of the 150 L tanks was renewed daily to 
ensure optimal water quality. Monofilament and twine samples were 
placed in plastic pots with holes to ensure water circulation. Mono
filament samples were immersed in seawater tanks maintained at 4 ◦C, 
15 ◦C, 25 ◦C, and 40 ◦C for three years. The 5.5 mm PBS/PBAT twine and 
the 4 mm HDPE twine were immersed at 25 ◦C and 40 ◦C for eight 
months. The water treatment was consistent throughout the entire 
duration of the experiments, ensuring uniform conditions for all sam
ples. For twine inspection after seawater ageing at 25 ◦C, five mono
filaments from both the inner core and the outer part of the twine were 
tested. Before any analysis, samples were dried for at least 12 h in the 
same environment-controlled room used for mechanical testing (21 ◦C, 
50 % RH). Mechanical testing of aged samples was performed according 
to the methods described in the mechanical testing section, with three 
replicates conducted for each condition. The mechanical properties of 
aged samples are expressed relative to their initial values, providing a 
straightforward way to observe the effects of ageing on the materials.

2.5. Surface characterisation

Surface observations of pristine and aged samples were obtained 
through Scanning Electron Microscopy (SEM) using FEI Quanta 200 
equipment. Before observation analysis, the samples were coated with 
60 % gold and 40 % palladium to avoid surface charging.

2.6. Mechanical modelling

DynamiT software was employed for trawl simulations, enabling the 
modelling of a trawl and its rigging by solving structural and hydrody
namic equations based on a specified trawl design and numerical mesh 
(Vincent and Roullot, 2006). In this software, twines are represented as 
rigid, elastic bars connected by perfect knee joints, which exhibit no 
friction or elasticity (Vincent, 2000). The model accounts for the sup
pleness of the twines by subdividing the bars that represent them. 
However, the joints between the subdivided bars are modelled as perfect 
knee joints, meaning that no bending stiffness is considered in the 
simulation. To manage the complexity of a full trawl design, DynamiT 
utilises a globalisation parameter, which consolidates numerous indi
vidual meshes into larger equivalent virtual meshes. This approach 
significantly reduces computational demand while maintaining the 
mechanical and hydrodynamic equivalence of the actual net. Addi
tionally, the software uses a maximum residue for equilibrium as its 
convergence criterion, controlling the deviation from equilibrium dur
ing the iterative process. The solution is considered converged when the 
residual error falls below the specified threshold, balancing accuracy 
and computational time.

Fig. 2 presents the trawl design used for simulations to compare the 
different materials, and Table 3 specifies the different net panels. The 
software requires the buoyancy coefficient b for each material, which is 
calculated from the density ρ as follows: 

b = 1 − ρ (1) 

If the buoyancy coefficient is negative, the twine floats; if it is posi
tive, it sinks. The buoyancy coefficients for PBS/PBAT and HDPE are 
0.285 and − 0.044, respectively. The stiffness of different twines and 
materials is used to assess mechanical behaviour. Since 4 mm PBS/PBAT 
twine and aged PBS/PBAT twine have not been tested, the values have 
been computed using a coefficient that considers the reduction in 

Fig. 1. PBS/PBAT and HDPE ropes used in the study.
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stiffness between Kmono, the stiffness of the monofilament, and Kmono, the 
stiffness of the twine scale, both expressed in N.tex− 1. 

atwine =
Ktwine

Kmono
(2) 

The stiffness of both pristine and aged 4 mm PBS/PBAT twines was 
estimated using the coefficient from the HDPE 4 mm twine, whereas the 
stiffness of the aged 5.5 mm PBS/PBAT twine was assessed using the 
coefficient from the PBS/PBAT 5.5 twine. The coefficients were 0.51 and 
0.48, respectively. Table 2 presents the different stiffness values used for 
each model. As the software requires stiffness parameters to be 
expressed in Newtons, these values are presented accordingly.

Simulations were conducted at a fixed depth of 100 m with various 
trawling speeds: 2.0, 2.5, 3.0, 3.5, and 4.0 knots. The numeric mesh 
sides chosen for globalisation were 0.9 m and 1 m for the top and bottom 
panels, respectively. The mesh created had 1932 bars, exceeding the 
recommended minimum of 1000 bars for good net representativity. For 
all simulations, a time step of 1 × 10− 4 s and a residue of 1 × 10− 8 were 
used to ensure good convergence for comparing the different materials. 
The following parameters were then retrieved for comparison: otter 
boards opening, which determine the lateral spread of the trawl; hori
zontal and vertical openings, which refer to the dimensions of the trawl 
mouth in both the horizontal and vertical planes; swept water volume, 
which measures the volume of water displaced by the trawl during 
operation; total weight on the seabed, which quantifies the weight 
applied by the trawl on the seabed; and towing traction, which repre
sents the force required to tow the trawl through the water.

3. Results and discussion

3.1. Mechanical testing

Fig. 3 presents the tensile curves of PBS/PBAT and HDPE at both the 
monofilament and twine scales. Monofilament curves were retrieved 
from a previous study (Le Gué et al., 2023). Each curve corresponds to a 
tested specimen, with the load normalised by its tex, facilitating a 
comparison of the behaviour between the monofilament scale and the 
twine scale and between the two materials. There was a marked 

Fig. 2. Top (left) and bottom (right) panels composing the trawl used for simulations. Italic codes such as 1N2B represent the cutting rates, while integers denote the 
number of meshes. These values are used in trawl design to determine the dimensions of the various net panels.

Table 2 
Stiffness [N] values for various twines used in each model (HDPE, PBS/PBAT, 
aged PBS/PBAT). Values denoted by an asterisk were calculated using (2). 
Values in italic were retrieved from (Le Gué et al., 2023).

HDPE PBS/PBAT PBS/PBAT aged

monofilament 153 100 69
4 mm twine 7314 4285* 2939*
5.5 mm twine 14,615 6479 4444*

Table 3 
Mesh size and twine diameter for the different net panels composing the trawl.

Panel Mesh size [mm] Diameter [mm]

A 40 5.5
B 40 4
C 60 4
D 60 5.5

Table 4 
Knot strength [kN] for PBS/PBAT and HDPE in both transverse and normal 
direction.

PBS/PBAT HDPE

Normal 3.8 ± 0.1 4.9 ± 0.3
Transverse 3.9 ± 0.1 4.8 ± 0.4

Table 5 
Model output for a trawling speed of 3.0 kn and a depth of 100 m.

Model output HDPE PBS/PBAT PBS/PBAT aged

Otter boards opening [m] 51.3 51.3 51.5
Horizontal opening [m] 11.0 11.0 11.1
Vertical opening [m] 2.6 2.4 2.4
Swept water volume [m3.s− 1] 56.8 53.4 53.9
Total weight on the seabed [kN] 3.9 4.2 4.2
Towing traction [kN] 26.6 26.6 26.5
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decrease in stiffness for both PBS/PBAT and HDPE materials when 
scaled from monofilament to twine, with reductions of 52 % and 55 %, 
respectively. This significant drop in stiffness is mainly due to how the 
twines are structured. The core of the braid is twisted at a specific angle, 
and the outer cover is woven. When the braid is subjected to stress, the 
strand orientation changes, causing the braid to deform more easily, 
which leads to lower stiffness. However, the difference in stiffness of the 
PBS/PBAT twine is still important, being 68 % lower than the stiffness of 
the HDPE twine. Specific load at break is 47 % lower for the PBS/PBAT 
monofilament compared to HDPE, but at the twine scale, both PBS/ 
PBAT and HDPE undergo equivalent loss of respectively 24 % and 27 %. 
Given that the loss in specific strength is comparable, the disparity be
tween PBS/PBAT and HDPE matches that of the monofilament, with the 
specific strength of the PBS/PBAT twine being 45 % lower. Additionally, 
the strain at break for HDPE twine is reduced compared to its mono
filament. For PBS/PBAT, the strain at break of the twine is equivalent to 
that of the monofilament. As a result, it can withstand higher strain 
before failure. The PBS/PBAT twine appeared weaker than the HDPE 
reference, but testing the twine is not sufficient to estimate or compare 
the strength of the materials in a net configuration (Le Gué et al., 2024a). 
Weaver's knot testing was then conducted to compare both materials 
further and better approach the strength of a net made from these 
twines.

Fig. 4 summarises the results obtained from knot testing both ma
terials in normal (0◦) and transverse (90◦) directions. To determine the 
specific strength of the knot, the strength values were adjusted based on 
the twine's tex and then divided by two, as each knot is made up of two 
twines. Table 4 provides the strength values obtained in kN. The 
weaver's knot properties for PBS/PBAT and HDPE were comparable in 
both normal and transverse orientations, suggesting that the resistance 
of twine-made weaver's knots remains unchanged regardless of the 
loading direction. The presence of the knot still impacted the strength 
compared to twines without a knot: the PBS/PBAT knot induced a 29 % 

reduction. A very similar reduction was measured for HDPE, showing a 
30 % lower strength. At equivalent tex, the strength of the PBS/PBAT 
knot would, therefore, be half that of the HDPE knot, resulting in a 
weaker net. However, if the use of a thicker monofilament is possible, 
PBS/PBAT could already be used as a substitute material.

In addition, the PBS/PBAT knot required less load to tighten, leading 
to higher tightening at break and a less stiff knot. This might affect the 
selectivity of the gear by altering the mesh shape and openness (Bak- 
Jensen et al., 2023), which could also affect the drag of the entire gear 
(O'Neill and Breddermann, 2024). The knots could also tighten more 
easily during towing, potentially altering the mesh size and further 
influencing selectivity.

Fig. 5 illustrates the comparative difference in performance between 
PBS/PBAT and HDPE for various tested scales. The performance 
disparity between PBS/PBAT and HDPE remains uniform across these 
scales, indicating that braiding and knotting do not impact the effec
tiveness of the biodegradable polymer, unlike the findings from previous 
tests on a biodegradable gillnet (Le Gué et al., 2024a). The PBS/PBAT is 
thus suitable for trawl netting, with particular attention focused on the 
knot stabilisation process as it involves heat and humidity, which could 
degrade the polymer chains.

PBS/PBAT is indeed more sensitive to water than HDPE and un
dergoes biotic degradation in the presence of microorganisms (Kim 
et al., 2016, 2023; Le Gué et al., 2023), the properties of the twines may 
then change with immersion time. As reported in a previous study, biotic 
degradation is influenced by the structure, which depends on the choice 
of biodegradable material (Le Gué et al., 2024b). Therefore, ageing tests 
were conducted to more accurately evaluate the changes in the twine's 
properties when immersed in seawater, to determine its performance 
during service, and to understand its degradation behaviour if lost.

3.2. Durability in the marine ecosystem

Fig. 6 illustrates the variations in tensile behaviour observed after 8 
months of immersion for both the PBS/PBAT twine and the HDPE 

Fig. 3. Tensile test curves of PBS/PBAT and HDPE at different scales (mono
filament, twine). Monofilament data were obtained from (Le Gué et al., 2023).

Fig. 4. Mechanical properties of PBS/PBAT and HDPE knots in normal and transverse directions.

Fig. 5. Comparison of the relative specific strength of both HDPE and PBS/ 
PBAT at monofilament, twine, and knot scale. Monofilament data were ob
tained from (Le Gué et al., 2023).
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reference twine. The HDPE twine did not lose any strength or stiffness 
after ageing, regardless of the temperature. For the PBSAT twine, a 
difference in tensile behaviour after ageing is observed. After being 
immersed for 8 months at 25 ◦C and 40 ◦C, the twine experienced a 
reduction in its original strength by 26 % and 46 %, respectively, while 
its stiffness remained unaffected. The mechanisms behind the degrada
tion were previously documented: biotic degradation and hydrolysis 
occurred in samples at 25 ◦C, whereas hydrolysis was the primary factor 
reducing strength at 40 ◦C. While both mechanisms occur at 25 ◦C, biotic 
degradation is the more severe. Biotic degradation is known to occur at 
the surface of the polymer (Kim et al., 2016). Twines are composed of a 
braid of intertwined monofilaments that often surround a core made of 
slightly twisted monofilaments (see section 2.1 for more details). Biotic 
degradation might impact these monofilaments in various ways due to 
their arrangement, the resultant curvature, and specific location within 
the rope.

Surface observations of the braid and core of the PBS/PBAT twine 
after 8 months of ageing in 25 ◦C seawater are shown in Fig. 7. The outer 
part of the twine showed more significant signs of degradation 
compared to the inside, featuring more holes, resulting in a more 
consistent surface deterioration. The interior of the rope exhibited 
similar holes, but they were less frequent and more widely spaced. The 
stress induced by the bending of the monofilament speeds up biotic 
degradation. Nevertheless, the curvature of the braided monofilament is 
less pronounced than that within a knot. The lower degradation seen on 
the inner part of the rope is attributed to a protective effect from the 
outer layer, which shields it from further damage.

This non-uniform degradation could lead to a different degradation 
of mechanical properties when testing a monofilament alone. Differ
ences in strength between initial and aged samples for monofilament, 
twine, and knot were then compared to assess the relevance of 

monofilament ageing when studying materials used for twine. Fig. 8
shows the relative difference in strength for different scales after 8 
months of seawater ageing at 25 ◦C and 40 ◦C. After 8 months at 25 ◦C 
and 40 ◦C, the tensile strength of the monofilament decreased by 27 % 
and 47 %, respectively, from its initial value. Twines were mechanically 
tested after ageing at 25 ◦C to assess the effect of differential erosion 
between the inner and outer sections of the twine. The load at break tests 
yielded values of 16.2 ± 1.0 N for inner monofilaments and 14.3 ± 1.6 N 
for outer monofilaments. Although a slight variation was observed, it 
was not substantial enough to influence the overall ageing rates between 
the monofilament and twine scales. This difference was also noted at the 
knot scale used here to represent the net. This indicates that mono
filament ageing can serve as a reliable predictor for the ageing behaviour 
of twine when exposed to seawater.

Monofilaments from the same batch of PBS/PBAT were immersed in 
seawater at natural temperatures for an extended period to evaluate the 
net's characteristics after three years in seawater. The investigation of 
degradation at 40 ◦C was excluded, as high temperatures impede biotic 
degradation by halting microbial activity (Zobell and Conn, 1940), 
leaving only hydrolysis to occur (Le Gué et al., 2024b). This renders the 
study of biotic degradation less relevant at such temperatures, as hy
drolysis alone causes a complete loss of mechanical properties within a 
year, as demonstrated in previous studies (Le Gué et al., 2023). The 
mechanical properties of the monofilament were first examined to 
extrapolate and understand the net's performance in service or following 
a potential loss. Fig. 9 shows the relative change of the strain at break, 
load at break, and stiffness of the monofilament with immersion time at 
4 ◦C, 15 ◦C, 25 ◦C and 40 ◦C. After 3 years at 4 ◦C, the monofilament 
showed inconsistent change of strain and load at break and no shift in 
stiffness, and therefore, no degradation of the mechanical properties was 
noted for the monofilament at this temperature. Samples aged at 15 ◦C 
exhibited no alterations until reaching 18 months, after which a slight 
reduction in both strain and load at break was observed. The reduction 
in mechanical properties was more significant for ageing at 25 ◦C, with 

Fig. 6. Tensile test curves for PBS/PBAT and HDPE twines before and after 
eight months of immersion in 25 ◦C and 40 ◦C seawater.

Fig. 7. Surface observations of monofilaments extracted from the braid and the core of the PBS/PBAT twine after 8 months of immersion at 25 ◦C.

Fig. 8. Relative difference in PBS/PBAT strength for different scales after 8 
months of seawater ageing at 25 ◦C and 40 ◦C.
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only 25 % of the initial strain and 20 % of the initial load at break 
remaining. A decline in the stiffness of the monofilament was also 
observed after 3 years of ageing. The results at 15 ◦C and 25 ◦C suggest 
that the gear would be likely to lose properties if lost at sea, but also 
during its service phase. A better understanding of the degradation 
mechanisms and kinetics is thus necessary.

The surface of the monofilament samples has been observed with 
SEM before and after 3 years of ageing and is shown in Fig. 10. No 
change in the surface morphology was observed after 3 years at 4 ◦C, 
which is coherent with the results obtained on mechanical properties. 
After being immersed at 15 ◦C for 3 years, small holes of several microns 
were noticed at various localised spots. The reduced properties observed 
at failure for this temperature might result from the holes serving as 
crack initiation points. The limited number of these holes also accounts 
for their minimal impact on the stiffness of the monofilament because 
this property is primarily determined by the material's atomic structure 
and chemical bonds (Callister, 2007). At 25 ◦C, surface degradation was 
more severe, resulting in holes that varied in size from a few microns to 
several tens of microns, consequently causing a significant decrease in 
load and strain at break according to mechanical testing. The decrease in 
stiffness observed at this temperature may be due to the reduction in 

cross-section caused by the extensive surface erosion rather than a 
change in the polymer structure. The erosion pattern at this temperature 
has already been observed on monofilaments made of PBS (Kim et al., 
2023), PBSAT (Brakstad et al., 2022; Le Gué et al., 2024b), or PBS/PBAT 
(Kim et al., 2016; Le Gué et al., 2023) and is known to be caused by 
microorganisms. Differences in biotic degradation patterns between 
15 ◦C and 25 ◦C have been documented in a previous study on PBSAT (Le 
Gué et al., 2024b): the degradation at 15 ◦C was characterised by deeper 
and more localised holes. In contrast, at 25 ◦C the degradation was more 
severe and evenly distributed on the surface. Similar observations were 
made in this study for longer immersion time on a PBS/PBAT blend, 
which underlines the importance of a better understanding of the nature 
and behaviour of the microorganisms present at both temperatures. 
Comparing the different studies reveals that the presence of surfaces 
unaffected by degradation is similar for pure PBS (Kim et al., 2023), 
PBSAT (Brakstad et al., 2022; Le Gué et al., 2024b), and PBS/PBAT (Kim 
et al., 2016; Le Gué et al., 2023). This suggests that these unaffected 
areas are independent of the type of polymer or environmental condi
tions. Further investigation is necessary to determine if they eventually 
degrade to prevent the production of microplastics from these biode
gradable polymers, which could negatively impact the environment in a 

Fig. 9. Relative change in the strain at break, the load at break, and the stiffness with immersion time in seawater for the PBS/PBAT monofilament. Markers 
featuring a white interior were obtained from (Le Gué et al., 2023).

Fig. 10. Surface observations of PBS/PBAT monofilament samples before and after three years of seawater ageing at 4 ◦C, 15 ◦C, and 25 ◦C.
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similar way to traditional plastics (Zimmermann et al., 2020; Malafeev 
et al., 2023; Limonta et al., 2024).

These long-term ageing results enable the estimation of the lifespan 
of the fishing net in use as well as the persistence of fragments that may 
be lost during fishing operations. The lack of property degradation 
during seawater exposure at 4 ◦C suggests that fishing gear composed of 
PBS/PBAT would remain intact in cold aquatic environments, implying 
that the gear would retain its stability over time but then pose the same 
issues as the conventional polymers it aims to replace. Moreover, 
because the density of PBS/PBAT exceeds that of seawater, any lost gear 
or fragment is likely to settle on the ocean floor (Bergmann et al., 2017), 
where temperatures approximate 4 ◦C or lower (Cutler et al., 2003), and 
could accumulate in the sediment if it is not mineralised (Van Cau
wenberghe et al., 2013). Yet, the microorganisms found in the seawater 
tank are probably not representative of those at similar sea tempera
tures, as the ones from Brest's estuary are not acclimated to such cold 
conditions. To clarify these points, in-situ experimentation is crucial to 
understand better the fate of such polymers in cold aquatic environ
ments. At 15 ◦C, the monofilament's biotic degradation was slow, 
resulting in a slight decrease in breaking properties after 3 years of 
immersion. At 25 ◦C, degradation occurred more rapidly, causing the 
monofilament to lose its mechanical strength after 3 years of immersion. 
The duration over which a trawl net remains functional can range from 3 
to 5 years based on its application, although it is not submerged for such 
extended periods during its lifespan. In addition, allowing the net to dry 
between two campaigns can kill the biofilm, resulting in a different type 
of ageing compared to the continuous biotic ageing observed in the 
study. Also, in real-life conditions, the net is subject to other degradation 
factors, such as UV exposure and abrasion. To estimate the lifespan of a 
trawl net during use, it is necessary to further study this by conducting 
UV ageing and abrasion tests along seawater ageing. Once fishing gear is 
lost at sea, it is no longer subject to UV radiation or wear and tear from 
trawling activities, and the tests conducted here then give a realistic 
assessment of its behaviour in the marine environment. The reduction in 
mechanical properties observed at 15 ◦C and 25 ◦C was caused by mi
croorganisms present in the marine environment. This suggests that if 
the net is lost, it will progressively lose its mechanical integrity with 
immersion time. As a result, its potential threat to ghost fishing would 

decrease. Thus, a PBS/PBAT net would present a safer alternative than 
the conventional HDPE nets. However, although marine microorgan
isms can degrade this polymer, this study does not evaluate its ultimate 
mineralisation or ecotoxicity, and further tests are therefore needed to 
better understand the impact of this polymer at sea. Furthermore, 
adopting biodegradable fishing gear requires the alternative material to 
be as effective as the conventional material (Drakeford et al., 2023). 
Based on mechanical tests in the initial state and ageing data, the 
trawling behaviour of a net made from PBS/PBAT, whether aged or not, 
was therefore compared with that of a conventional HDPE net.

3.3. Trawl modelling

The DynamiT model was used to calculate the characteristics of the 
trawl net for bottom trawling at a depth of 100 m, considering the 
diverse properties of each material and twine and accounting for varying 
towing speeds. Fig. 11a depicts vertical and horizontal opening variation 
with towing speed for HDPE, PBS/PBAT, and aged PBS/PBAT nets. The 
vertical opening for the HDPE is higher than that of the PBS/PBAT net 
until 3.5 knots, where the opening becomes similar. Ageing did not in
fluence the vertical opening, with values for the aged PBS/PBAT net 
being the same as those for the pristine one. At low towing speeds, the 
horizontal opening is the same for HDPE and PBS/PBAT nets. As the 
speed increases, the horizontal opening for PBS/PBAT becomes higher, 
first for the aged net and then for the one in its initial state. Replacing 
HDPE twines with less stiff twines led to a greater horizontal opening of 
the trawl mouth, resulting in smaller vertical openings, except for higher 
trawling speed, where horizontal and vertical openings became greater 
than the ones from HDPE. However, the observed differences are rela
tively small compared to the trawl net dimensions. Fig. 11b presents 
representations of the different trawl mouths when trawling at 3.0 knots. 
The differences between the materials, including the various states of 
PBS/PBAT, were minimal at this stage. No variations were seen in the 
bottom panels, and the differences in the top panels were negligible 
despite the significant difference in twine stiffness.

Other outputs of the model have been compared to further study the 
difference between both materials at a fixed towing speed of 3.0 knots. 
Table 5 presents the values retrieved for the different outputs. It can be 

Fig. 11. a. Vertical and horizontal opening change with trawling speed b. Shapes of trawl mouths at 3.0 knots of trawling for the different materials and ageing 
(HDPE, PBS/PBAT, PBS/PBAT aged).
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seen that despite having the same otter board opening and then the same 
horizontal opening at this speed, the vertical opening is lower for the 
PBS/PBAT net. The difference in vertical opening may be caused by the 
contrast in density between HDPE and PBS/PBAT. The latter is denser 
than water and sinks, while HDPE twines float. Because of this slight 
difference in vertical opening also observed in Fig. 11, the PBS/PBAT net 
swept 3 m3 less per second than the reference net. For one hour of 
fishing, the PBS/PBAT net would have filtered 12,240 cubic meters less 
than the HDPE net. This could lead to lower catches or increased fuel 
consumption, as the vessel may need to travel at higher speeds to 
compensate for the reduced haul volume. Small changes can have a 
significant impact when considering the overall life cycle of a product. 
Conducting a life cycle analysis could help better estimate whether this 
overconsumption is significant in the context of the entire life of the 
PBS/PBAT gear. The weight of the PBS/PBAT net on the seabed was 8 % 
greater than that of the conventional net, which is relatively small 
compared to the 66 % higher mass of the PBS/PBAT net. Both the 
reduced vertical opening and the more important weight on the seabed 
could be compensated for by changing the buoyancy of the whole gear 
with additional floats. The towing traction, or the energy required to 
pull the trawl, was similar for both the PBS/PBAT and HDPE nets. The 
substitution of HDPE with PBS/PBAT will not impact the vessel's fuel 
consumption. The comparable drag results from the same diameter 
twines being used for both the PBS/PBAT and HDPE nets. Nevertheless, 
a PBS/PBAT net with identical diameters would exhibit reduced tensile 
strength relative to an HDPE net, which may cause higher gear loss rates. 
Braid strength is also the only parameter that varies with time in the 
trawl, as none of the output parameters of the model are affected by the 
decrease in stiffness observed as the monofilament aged at 25 ◦C. This 
highlights the need for more accurate assessments of the load on trawl 
nets during snagging or gear interactions to determine if increased 
thickness is genuinely required or if it leads to unnecessary oversizing. 
Further studies should also consider other factors, such as the abrasion 
resistance of braids and knots, as well as UV exposure, to ensure the 
durability of biodegradable monofilaments without relying on thicker 
twines that would increase fuel consumption. Although DynamiT does 
not account for knot rigidity and twine stiffness, these factors could 
significantly impact cod-end selectivity and mesh opening in scenarios 
involving catch modelling. Consequently, while the replacement of 
commercial braid with biodegradable braid is expected to have minimal 
effects on trawling operations, studying the impact of this material 
change on gear selectivity is essential, for example, via fish escape 
modelling (Vincent et al., 2022), and employing a trawl model that 
considers bending stiffness and mesh opening (Vincent et al., 2020).

4. Conclusion

Using less persistent fishing gear is necessary to reduce the harm 
caused by lost gear. To achieve this, it is essential to gain a deeper un
derstanding of the use of alternative materials such as biodegradable 
polymers. This study examined the durability of a PBS/PBAT twine 
through mechanical testing and seawater ageing. Additionally, the study 
investigated the viability of utilising this twine to replace the current 
commercial HDPE twine by modelling a trawl based on the acquired 
experimental data. Mechanical testing at monofilament, twine, and knot 
scales revealed that the PBS/PBAT has half the strength of the HDPE. 
However, the consistency in the difference between both materials 
across the scales indicates that the PBS/PBAT is not sensitive to braiding 
or knotting and is thus suitable for net making. The observation of biotic 
degradation in seawater at 15 ◦C and 25 ◦C, with the loss of nearly all 
strength after three years at 25 ◦C, indicates that in the event of a loss, 
ghost gear made of PBS/PBAT would lose its properties at a much faster 
rate than one made from HDPE, and would therefore be less harmful to 
the environment. Using the DynamiT modelling software in conjunction 
with the acquired experimental data demonstrated that deploying a 
biodegradable twine would not influence trawl performance or 

configuration greatly, even when considering the effects of prolonged 
ageing. The results demonstrate that achieving the same trawl perfor
mances with less persistent twine is feasible, marking a significant step 
towards reducing the environmental impact of lost fishing gear. How
ever, it is crucial to recognise that adopting less persistent gear is only 
one part of the solution to ghost fishing. Comprehensive measures must 
be implemented to prevent gear loss in the first place, ensuring a more 
sustainable approach to fishing.
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L. Le Gué et al.                                                                                                                                                                                                                                  Marine Pollution Bulletin 211 (2025) 117433 

11 

https://www.nature.com/articles/s41598-022-16529-0
https://doi.org/10.1038/s41598-022-16529-0
https://doi.org/10.1038/s41598-022-16529-0
https://linkinghub.elsevier.com/retrieve/pii/S0304389424003984
https://linkinghub.elsevier.com/retrieve/pii/S0304389424003984
https://doi.org/10.1016/j.jhazmat.2024.133819
https://doi.org/10.1016/j.jhazmat.2024.133819
https://www.sciencedirect.com/science/article/pii/S0048969721051925
https://www.sciencedirect.com/science/article/pii/S0048969721051925
https://doi.org/10.1016/j.scitotenv.2021.150117
https://doi.org/10.1016/j.scitotenv.2021.150117
https://www.mdpi.com/2073-4360/15/18/3680
https://www.mdpi.com/2073-4360/15/18/3680
https://doi.org/10.3390/polym15183680
https://doi.org/10.1111/j.1444-2906.2008.01517.x
http://www.nature.com/articles/s41893-021-00720-8
http://www.nature.com/articles/s41893-021-00720-8
https://doi.org/10.1038/s41893-021-00720-8
https://doi.org/10.1038/s41893-021-00720-8
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0195
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0195
https://linkinghub.elsevier.com/retrieve/pii/S0029801824012976
https://linkinghub.elsevier.com/retrieve/pii/S0029801824012976
https://doi.org/10.1016/j.oceaneng.2024.117959
https://doi.org/10.1016/j.oceaneng.2024.117959
https://www.sciencedirect.com/science/article/pii/S0168165622000426
https://www.sciencedirect.com/science/article/pii/S0168165622000426
https://doi.org/10.1016/j.jbiotec.2022.03.001
https://doi.org/10.1016/j.jbiotec.2022.03.001
https://linkinghub.elsevier.com/retrieve/pii/S0025326X23007294
https://linkinghub.elsevier.com/retrieve/pii/S0025326X23007294
https://doi.org/10.1016/j.marpolbul.2023.115295
https://doi.org/10.1016/j.marpolbul.2023.115295
https://www.sciencedirect.com/science/article/pii/S0956053X22006158
https://www.sciencedirect.com/science/article/pii/S0956053X22006158
https://doi.org/10.1016/j.wasman.2022.12.022
https://doi.org/10.1016/j.wasman.2022.12.022
https://linkinghub.elsevier.com/retrieve/pii/S0165783609000198
https://linkinghub.elsevier.com/retrieve/pii/S0165783609000198
https://doi.org/10.1016/j.fishres.2009.01.005
https://doi.org/10.1016/j.fishres.2009.01.005
https://doi.org/10.3354/esr01084
https://doi.org/10.3354/esr01084
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://linkinghub.elsevier.com/retrieve/pii/S0308597X17307406
https://linkinghub.elsevier.com/retrieve/pii/S0308597X17307406
https://doi.org/10.1016/j.marpol.2018.02.021
https://doi.org/10.1016/j.marpol.2018.02.021
https://doi.org/10.1111/faf.12407
https://doi.org/10.1111/faf.12407
https://doi.org/10.1111/faf.12407
https://www.sciencedirect.com/science/article/pii/S0308597X21001330
https://www.sciencedirect.com/science/article/pii/S0308597X21001330
https://doi.org/10.1016/j.marpol.2021.104522
https://doi.org/10.1016/j.marpol.2021.104522
https://www.nature.com/articles/s41597-023-02824-6
https://doi.org/10.1038/s41597-023-02824-6
https://linkinghub.elsevier.com/retrieve/pii/S0025326X18304624
https://linkinghub.elsevier.com/retrieve/pii/S0025326X18304624
https://doi.org/10.1016/j.marpolbul.2018.06.057
https://doi.org/10.1016/j.marpolbul.2018.06.057
https://doi.org/10.1139/cjfas-2024-0094
https://doi.org/10.1139/cjfas-2024-0094
https://www.sciencedirect.com/science/article/pii/S014139101100108X
https://www.sciencedirect.com/science/article/pii/S014139101100108X
https://doi.org/10.1016/j.polymdegradstab.2011.03.004
https://doi.org/10.1016/j.polymdegradstab.2011.03.004
https://doi.org/10.4194/1303-2712-v14_1_03
https://doi.org/10.4194/1303-2712-v14_1_03
https://doi.org/10.1007/978-981-99-8357-5_8
https://doi.org/10.1007/978-981-99-8357-5_8
https://doi.org/10.1007/978-981-99-8357-5_8
https://www.sciencedirect.com/science/article/pii/S0025326X16304386
https://www.sciencedirect.com/science/article/pii/S0025326X16304386
https://doi.org/10.1016/j.marpolbul.2016.06.034
https://doi.org/10.1016/j.marpolbul.2016.06.034
https://www.nature.com/articles/s41428-020-00396-5
https://www.nature.com/articles/s41428-020-00396-5
https://doi.org/10.1038/s41428-020-00396-5
https://doi.org/10.1038/s41428-020-00396-5
https://www.sciencedirect.com/science/article/pii/S0141118719305814
https://www.sciencedirect.com/science/article/pii/S0141118719305814
https://doi.org/10.1016/j.apor.2019.102022
https://doi.org/10.1016/j.apor.2019.102022
https://linkinghub.elsevier.com/retrieve/pii/S0025326X18305976
https://linkinghub.elsevier.com/retrieve/pii/S0025326X18305976
https://doi.org/10.1016/j.marpolbul.2018.08.033
https://doi.org/10.1016/j.marpolbul.2018.08.033
https://www.sciencedirect.com/science/article/pii/S0269749113004387
https://www.sciencedirect.com/science/article/pii/S0269749113004387
https://doi.org/10.1016/j.envpol.2013.08.013
https://doi.org/10.1016/j.envpol.2013.08.013
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0290
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0290
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0290
https://linkinghub.elsevier.com/retrieve/pii/S0165783621003234
https://linkinghub.elsevier.com/retrieve/pii/S0165783621003234
https://doi.org/10.1016/j.fishres.2021.106195
https://doi.org/10.1016/j.fishres.2021.106195
http://refhub.elsevier.com/S0025-326X(24)01410-3/rf0300
https://linkinghub.elsevier.com/retrieve/pii/S0029801820302250
https://linkinghub.elsevier.com/retrieve/pii/S0029801820302250
https://doi.org/10.1016/j.oceaneng.2020.107166
https://doi.org/10.1016/j.oceaneng.2020.107166
https://doi.org/10.1002/advs.202001121
https://doi.org/10.1002/advs.202001121
https://doi.org/10.4031/002533206787353240
https://doi.org/10.4031/002533206787353240
https://www.sciencedirect.com/science/article/pii/S0269749113001140
https://www.sciencedirect.com/science/article/pii/S0269749113001140
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1016/j.envpol.2013.02.031
https://www.mdpi.com/2073-4360/16/13/1830
https://www.mdpi.com/2073-4360/16/13/1830
https://doi.org/10.3390/polym16131830
https://doi.org/10.3390/polym16131830


PLA and conventional PA trammel nets in grey mullet (Mugil cephalus) and red-lip 
mullet (Liza haematocheila) fishery. Mar. Pollut. Bull. 195, 115545. 
https://linkinghub.elsevier. 

com/retrieve/pii/S0025326X23009803. https://doi.org/10.1016/j.ma 
rpolbul.2023.115545.

Zimmermann, L., Dombrowski, A., Völker, C., Wagner, M., 2020. Are bioplastics and 
plant-based materials safer than conventional plastics? In vitro toxicity and chemical 
composition. Environ. Int. 145, 106066. https://www.sciencedirect. 

com/science/article/pii/S0160412020320213. https://doi.org/10.1016/j. 
envint.2020.106066.

Zobell, C.E., Conn, J.E., 1940. Studies on the thermal sensitivity of marine Bacteria. J. 
Bacteriol. 40, 223–238. URL: https://journals.asm.org/doi/10.1128/ 
jb.40.2.223-238.1940, doi: https://doi.org/10.1128/jb.40.2.223-238.1940.
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