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Abstract

Based on the experience gained worldwide from potential solutions to the fouling problem
of fisheries and aquaculture infrastructure, we attempted to design, construct and test
the antifouling efficiency of a new hybrid filament created from non-laminated copper
wire braided with synthetic fibers made of Dyneema. The design involved the creation
of a hybrid twine substituting a percentage of the synthetic fibers with 0.1–0.15 mm di-
ameter copper wire at 5%, 10%, 20% and 40% levels. There is limited information in the
international literature for comparison with our results, since there has never been any
attempt to create such a hybrid net. The results showed that for the 6 mm mesh, the
maximum openness obtained after the 8-month experimental period was 8.72%, with Cu
wire substitution at 35%. For the 12 mm mesh, these values were 27.07% at 26%, and for the
20 mm mesh, they were 33.68% at 28%. A conservative average independent from mesh
size to achieve optimum openness in the long term is 30 ± 4.73% Cu wire substitution. In
addition, we found that both the mesh size (mm) and the copper substitution percentage
affected the fouling process during the experimental period, which lasted 8 months.

Keywords: aquaculture nets; antifouling; biofouling; copper oxide coatings; Dyneema

1. Introduction
The prevention of antifouling, either completely or at least the delay of the process,

is crucial for net cage-based aquaculture. Antifouling increases the cost of production,
increases the workload of the farm staff and reduces the life of essential infrastructure
of the farms, such as the nets, the cages, the ropes and the mooring system. Historically,
antifouling actions have been reported since before 2000 BC, when ancient mariners covered
the lower parts of their boats with copper tiles, showing a good understanding of the biocide
capacity of this metal [1,2]. Most antifouling technology upgrades and experiences originate
from the shipping sector, for which antifouling is a major issue that leads to increased
vessel weight, limits speed capabilities and may increase fuel consumption by 40% [3].

Marine biofouling can be defined as the undesirable accumulation of micro-organisms,
algae and animals on underwater structures. The fouling process according to [3] is
divided into five stages: surface adsorption, immobilization, consolidation and micro-
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and macrofouling. During the first three phases, a polymeric biofilm matrix is formed
by bacteria and other micro-organisms, which serves both as a new surface around the
submerged structure and a source of nourishment for other micro- and macro-organisms.
Despite the characteristics of modern materials which are used in aquatic environments
(for example, steel), biofouling has always been a reason for material failure, limiting the
lifespan and service of these materials [3]. Although interest in the fouling process stems
mainly from its harmful effects on man-made structures such as nets, ropes and boats, the
process can also occur on the surfaces of living marine organisms (a phenomenon named
“epibiosis”) and can cause problems in the aquaculture of sedentary organisms such as
shellfish. Biofouling organisms can be roughly divided into microfouling (such as bacteria
and diatoms) and macrofouling (such as macroalgae, shellfish, tubeworms and Bryozoa)
types, which form a community on submerged structures [4].

Initially the typical antifouling materials were coatings based on copper, mercury and
tin (TBT). Later, due to national and international policies and environmental concerns,
other environmentally friendly coatings were developed. Those were tin free or made from
nanomaterials and other substances, such as alkali silicate agents, capsaicin agents (from
pepper plants) as well as electrodeposited substances for the metal surfaces (nickel- or
silver-based substances and similar) [5–8]. Especially for aquaculture purposes, the most
effective developed coating is made of a water-soluble solution based on Cu, and this is
the current standard. In addition to the chemical approaches to various coatings, there
has been significant research on the net material and, in particular, the design and use
of copper alloy nets [9] but not always with good results in relation to Cu leaching [10].
Furthermore, experience has shown that copper alloy nets are very expensive and extremely
difficult for farm staff to handle. In view of the possibility that the EU will proactively
ban this material from being used in aquaculture [11] due to the potential for Cu leaching
in the environment [8] and contamination of both cultivated organisms and other locally
occurring aquatic organisms, thus reaching the consumer, a large amount of research
has recently focused on the development of environmentally friendly solutions based on
copper oxide [12–15]. Moreover, the EU has introduced the Biocidal Products Regulation
(BPR) [15], which established a method of assessment for whether a commercial coating
product should be considered as hazardous to the environment based on its leaching
potential. Cu2O leaching rates are proportional to salinity, and therefore there may be
issues with marine aquaculture [16].

The common synthetic thread, which is used to create aquaculture nets in Greece, has
a denier value of 220/8 and is composed of more than 1600 fibers (with a size of 0.1 mm or
less). The first-stage yarns are created using special machines stacked with dozens of fiber
spools, which are automatically twisted together to form the initial thread. The threads
are then twisted (in groups of three) to create the final strand, which is then braided to
create the knotless aquaculture nets. The main material for these filaments is made of nylon
or of Dyneema in recently manufactured nets. Dyneema, an ultra-high-molecular-weight
polyethylene (UHMWPE; www.dyneema.com; URL accessed on 12 August 2021) product,
is advertised as the world’s strongest fiber and exhibits some advantages over nylon and the
other commonly used synthetic fibers when used for aquaculture nets, such as increased
rigidity, increased durability in stretching and friction and a smoother surface, which
reduces its vulnerability to fouling by benthic organisms. Moreover, Dyneema filaments
exhibit smaller diameter than nylon filaments and have superior rigidity and durability.
The benefits of these specifications are that the volume and weight of Dyneema nets are
smaller, making their handling, transportation and storage easier, and these nets exhibit
higher rigidity and durability than similar nets made of nylon. In addition, macrofouling
settlement and growth are affected by the material. It has been reported that aluminum,
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carbon steel and bronze are more susceptible to biofouling than some non-metallic substrata,
such as glass fiber, polyethylene, polyamide and rubber [17].

Considering the above previous research work, we aim to examine and compare
the antifouling properties of a variety of different Dyneema nets in relation to the period
until the complete fouling of the net and in relation to the mesh size. Preliminary results
analyzed during the experimental process were promising [18]. The objectives of this new
design were to increase the thread durability (especially in the case of gilthead seabream
culture, which is known for creating holes in the net), reduce the use of antifouling paints by
exploiting the antimicrobial characteristics of copper alloys and preserve similar handling
of the hybrid net to nets made only of synthetic filaments. The experimental setup we
followed includes a series of two nets treated with commercial antifouling: one with a
nanomaterial (copper-free) coating and the other with a commercial antifouling paint
based on Cu oxides. In addition, we used four Dyneema nets, in which 5%, 10%, 20% and
40% of the synthetic fibers were replaced by pure copper wire (0.1–0.15 mm, suitable for
transformers without any coating), and finally, we used a control net made from Dyneema
fibers without any treatment. In addition, each net was produced with mesh sizes of
6, 12 and 20 mm (a total of 21 different nets and an equal number of frames).

2. Materials and Methods
2.1. The Net Material

A series of 21 different nets was constructed. There were 7 different types based on
the antifouling methods used multiplied by 3 different mesh sizes 6, 12 and 20 mm. The
nets were made of Dyneema fibers. The experimental setup is summarized in Table 1.

Table 1. Specifications of the nets studied.

Net Antifouling Method Mesh (mm)

1 Standard Dyneema net; no treatment (control)

6, 12, 20

2 Copper-based coating (commercial)

3 Tralopyril-based paint (nanomaterial; copper-free; commercial)

4 5% Cu wire replacement (experimental)

5 10% Cu wire replacement (experimental)

6 20% Cu wire replacement (experimental)

7 40% Cu wire replacement (experimental)

Standard Cu2O-based coating was procured from the market without modification.
It is a red-colored water-soluble coating known for its very good antifouling properties
(AquaNet Mediterranean®, Steen-Hansen, Hylkje, Norway) and widely used in Greece.
The copper-free coating was also procured from the market, specifically for aquaculture
nets (ECONEA®, Janssen PMP, Beerse, Belgium).

The hybrid net threads were made by combining and threading together commercial
Dyneema fibers and pure copper non-laminated wire with a diameter of 0.1–0.15 mm
commonly used to make transformers and induction coils for the electronic and electrical
sectors. In total, 5%, 10%, 20% and 40% of the Dyneema fibers within each type of hybrid
220/8 thread were replaced. The 220/8 thread is composed of a total of around 1600 fibers,
and based on this, the copper wire requirement for 4–40% replacement was calculated.
The hybrid threads and the net pieces for the frames were produced at the net factory of
DIOPAS S.A. (Nea Michaniona, North Greece; https://diopas.com/).
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2.2. The Testing Platform

A series of rectangular frames were constructed from welded copper pipe with a
diameter of 15 mm. The dimensions of each frame were 2 × 2 m. A piece of aquaculture
net (hexagonal mesh, braided and knotless) was attached to each frame. All frames were
immersed within a cage fish farm area and suspended from cage frames under the cage
side corridors (Figure 1). A total of 42 frames were used for a duplicate experiment. The
frames were always kept vertical in the water to simulate the sides of the actual net pens.
Photographs were always taken from the same area of the frame.

 

Figure 1. Testing platform (not to scale).

2.3. Experimental Site

The nets were left immersed in seawater within the eutrophic environment of an
operational fish farm (total annual licensed tonnage: 350 tn of European sea bass, Dicen-
trarchus labrax, and Gilthead seabream, Sparus aurata, with a complete production cycle
of 16 months and final marketable size of fish ~400 g) located in the area of Sagiada
(North Greece; Figure 2) for 7.95 months (242 days; from 1 October 2022 to 31 May 2023).

 

GREECE 

Figure 2. Location of the experiments.
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The basic physical characteristics of the surface waters in the study area were as
follows: temperature: 17–29 ◦C; salinity: 20–37‰; 7.5–11 mg/L.

2.4. Data Collection and Analysis

The frames were taken out from the water periodically (every 10–15 days depending
on the weather and the workload of the farm staff). Each frame was photographed at least
3 times in 3 different parts of the frame. The frames were photographed immediately after
being removed from the water (while wet), and they were immersed again immediately
after in at the same location and at the same depth. All photographs were analyzed
using ImageJ image analysis software (v. 1.53s; https://imagej.net/ij/; URL accessed on
12 April 2022) in order to determine the percentage of mesh openness (see Figure 3)

Openness (%) =
open mesh area

Total Area in photograph
100%,

where the total area includes the mesh area and the threads.

 

Figure 3. A general scheme of image analysis considerations during data collection on a frame (point
1). The clogged mesh area is considered as the sum of the brown areas (in cm2 and expressed as the
percentage of the open meshes over the total mesh area in the photograph) clogged by fouling and
encrustations and the areas covered by the mesh itself (point 2).

2.5. Statistical Analyses

Statistical analysis was performed using JAMOVI (v. 2.3.18; https://www.jamovi.org;
URL accessed on 10 November 2022) software, the PAST (v. 2.03; https://www.nhm.uio.
no/english/research/resources/past/; URL accessed on 12 April 2020) ecological analysis
software and the Orange Data Mining Platform. Regressions were performed using the
software CurveExpert (v. 2.6.5; https://www.curveexpert.net/; URL accessed on 30 August
2018). Regression between parameters was based on the 2nd-order polynomial model and
on multiple linear regressions whenever appropriate. The equations are accompanied in
the text with the correlation coefficient (r2) and the probability (P). Maximization of the
2nd-order equations was carried out using the SIMPLEX linear programming algorithm.
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3. Results
The results are illustrated in Figures 4–6. In most cases, the time series profiles of

openness percentage show a short period of stability at 95–100%, lasting from a few days
to a month, during which minimal or no macroencrustations are observed. This period is
characterized by the development of the biofilm, which later forms the basis for the other
macrobenthic organisms. From this point on, a period of steady decrease in the opening
percentage is observed due to macrobenthic encrustations that contaminate the surfaces of
the nets.
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Figure 4. Fouling process of the various nets examined on a 6 mm mesh net.

Our results show that, in all cases and throughout the experimental period, the
commercial copper-based coating (Cu-oxide paint) is the most effective antifouling material
for aquaculture nets, reaching openness values of 18.91 ± 0.95%, 42.01 ± 6.73% and
61.22 ± 4.90% for the 6 mm, 12 mm and 20 mm mesh nets, respectively, after 8 months of
constant immersion in seawater. Our hybrid nets with Cu wire substitution percentage
below 20% are not as effective as the rest. The data show that in all cases, fouling progression
follows an exponential decay function with several stable periods of time, during which it
is observed that fouling organisms could detach from the nets due to their weight and as a
result of water movement through the net mesh.
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Figure 5. Fouling process of the various nets examined on a 12 mm mesh net.
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Figure 6. Fouling process of the various nets examined on a 20 mm mesh net.
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The growth begins on the braided side of the mesh of the net, then spreads across the
net opening, creating more support for other benthic organisms. Although the general trend
in openness percentage is negative (Figures 4–6), the rate of decline appears to gradually
decrease towards the end of the experimental period. This is for two reasons: (a) the
competition between organisms for space, which increases with increasing diversity and
biomass, and (b) we observe macrobenthic organisms breaking away from the Dyneema
twine. Dyneema has a far smoother surface than standard fibers used for aquaculture nets,
reducing the ability to bind macrobenthos. Fish farmers also report that the movement of
the net due to waves and currents allows some of the encrustation to be dislodged.

Comparison of the openness percentage by the end of the experimental period of
242 days for all types of nets examined in this study showed two groupings: the first
includes the 5% and 10% nets, and the second includes the nano-coated (copper-free)
net and the 20% and 40% nets (Figure 7). A more detailed analysis based on clustering
provides detailed proof of this result (Figure 8). Moreover, the analysis showed close
similarities between the 5% and 10% and 20% and 40% net pairs. On a higher level, the
nano-coated (copper-free) nets cluster with the 20% and 40% nets, while the control and
the Cu oxide-coated nets are significantly dissimilar from all the rest.
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Figure 7. Relationship between the mesh size, the Cu wire substitution percentage and the percentage
of openness of the nets by the end of the experimental period.

Regression analysis based on the second-order polynomial and maximization between
the level of substitution of the Dyneema fibers with Cu wire (5–40%) and the final open-
ness percentage (%) achieved by the end of the experimental period showed an overall
statistically significant regression:

Openness (%) = 0.350·[Cu-wire, %] + 0.622·[Mesh, mm], r2 = 0.919, p < 0.05

Using the log(10) values of all variables, the above model becomes the following:

log(Openness,%) = 0.985·(log Cu-wire)−0.018·(Log[Mesh]), r2 = 0.993, p = 0
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Figure 8. Bray–Curtis clustering of the results based on the mesh size (values 6, 12 and 20 mm), the
Cu wire substitution percentage (values 0, 5, 10, 20 and 40%) and the openness of the nets (%) by the
end of the experiment (where Cu-free: the nanomaterial-coated (copper-free) net; Cu: net with the
commercial Cu2O coating).

The coefficients of the log transformed model indicate that the important parameter
that affects openness (%) is the Cu wire (%) substitution level, while the mesh effect is
insignificant. The relationship between openness (%) and Cu wire (%) substitution for each
mesh size studied separately also showed a statistically significant relationship, which
follows the second-order polynomial model:

6 mm: Openness (%) = 0.494·(Cu-wire, %) − 0.007·(Cu)2, r2 = 0.967, std. error = ±1.05%

12 mm: Openness (%) = 2.055·(Cu-wire, %) − 0.039·(Cu)2, r2 = 0.966, std. error = ±2.79%

20 mm: Openness (%) = 2.407·(Cu-wire, %) − 0.043·(Cu)2, r2 = 0.991, std. error = ±1.93%

Maximization of the above equations showed that for the 6 mm mesh, the maximum
openness obtained after the 8-month experimental period was 8.72% with Cu wire substi-
tution at 35%. For the 12 mm mesh, these values were 27.07% at 26%, and for the 20 mm
mesh, they were 33.68% at 28%. A conservative average independent from mesh size to
achieve optimum openness in the long term is 30 ± 4.73% Cu wire substitution.

The results presented herein also show that small mesh nets tend to clog more quickly
than larger mesh nets because the surface area of the net per unit area is larger and polluting
organisms have more space to become lodged (Figures 4–6). The analysis of the relationship
between mesh size (in mm), Cu wire substitution percentage (%) and the time period until
50% of the net is not covered by fouling (in days) gave the following model:

Time(days) = 21.75 + 3.92·[Mesh, mm] + 1.77·[Cu-wire %], r2 = 0.873, p < 0.05

where, the mesh takes the values 6, 12 and 20 mm and the Cu wire substitution percentage
takes the values 0, 5, 10, 20 and 40%.

ANOVA results showed that both the mesh and the Cu wire percentage affect the
model, i.e., the days until 50% coverage of the net. In particular, the model also showed that
the average time period from the point of immersion in seawater until the first observation
of fouling organisms is around 21 ± 14 days.

Clustering analysis performed on the data based on the Bray–Curtis dissimilarity
index (data used: mesh size, Cu wire levels in % and final openness in %) proves in a
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statistical manner using the observations in Figure 7 that the final openness (%) values can
be categorized into four groups: (a) the control net group, (b) the nano-coated (copper-free)
net and the 20 and 40% Cu wire (%) substitution nets, (c) the 5 and 10% Cu wire (%)
substitution nets and (d) the Cu2O-based commercial coating (Figure 8).

4. Discussion
The fouling of aquaculture infrastructure immersed in water by macro- and microben-

thic organisms (ranging from microbes to crustaceans and shellfish) has always been a
major issue affecting the performance of the equipment (for example, net drag [19]; function,
form and durability [20–22]; increased competition with cultivated species [23] and the har-
boring of pathogens responsible for disease outbreaks [24]). The fouling process has been
described in detail in several reports and papers (for example, see [25]; Figure 2 [26,27]). In
general, fouling species in marine shellfish and finfish culture belong to the groups of Chor-
data, Turbellaria, Annelida, Algae, Porifera, Mollusca, Cnidaria and Arthropoda [28,29],
of which algae contribute the most to the foulant biomass [30]. In view of climate change
and the issue of abrupt and high-intensity weather phenomena along the coastal zone,
any issue which reduces the durability of aquaculture facilities can lead to damage and
very high financial losses [20]. Conservative estimates indicate that the economic costs of
fouling are as high as 5–10% of production costs or globally around USD 1.5 and 3 billion
annually [23]. Indicatively, the direct costs of antifouling per species can be as high as
0.03–0.12 USD/kg for salmon, 30% of the final market price for scallops and 20% for oysters.
Fouling increases the weight of the facilities (nets, ropes, buoys, mooring systems, etc.)
and covers the meshes, disrupting the local hydrology patterns and the water exchange
within the net pens. Most antifouling technology has been developed in the merchant
marine sector in order to minimize the effects of fouling on vessel hulls, with estimates
showing an increase in resistance and required power by approximately 20%, while the
capacity of the ships has also increased, resulting in them becoming vectors of pathogens
between continents and locations [31,32]. This kind of fouling substantially alters hull
hydrodynamics and increases friction and fuel consumption [16]. It has also been estimated
that the antifouling cost for salmon in Norway could be as high as USD 420–490,000 per
production cycle, though this does not seem realistic [33]. The cost of fouling on mussel
culture in Scotland was estimated at EUR 450,000–750,000 per year for farmers [34]. The
same authors report that antifouling costs for a medium-sized salmon farm in UK are
around EUR 120,000 per year for the net handling and reapplication of coatings.

A “gray” area is the absence of uniformity of the regulatory limits for heavy metals
that can be used in coatings in terms of their concentration in fish tissues. For example,
there are no limits in EU regulations related to the maximum levels of copper in food-
stuffs (EC 629/2008, L.173 and EU 2023/915). According to a recent publication [35], only
the FAO (and FAO/WHO) and UK Food Standard Committee have adopted maximum
regulatory limits of 30 and 20 ppm or mg/kg in fish samples, respectively. On the other
hand, there are set limits for chromium (Cr), cadmium (Cd) and lead (Pb) in the EU reg-
ulations. There are also limits for magnesium (Mn), iron (Fe) and nickel (Ni) in the FAO
and FAO/WHO guidelines [35]. The Scottish Environment Protection Agency has set
maximum limits for the sediment within the Allowable Zone of Effect (25 m around the
cages; Sediment Quality Criteria, SQC) of 410 mg/g for zinc and 270 mg/for copper [36].
Finally, according to [37], the water quality guidelines of British Columbia have established
a maximum limit of 3 µg Cu/L (as total copper), while the Alaska Department of Envi-
ronmental Conservation/US EPA (2007) established an acute average maximum limit of
4.8 µg Cu/L.
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Currently there are three main approaches to antifouling prevention (usually in combi-
nation): (a) chemical-induced limitation of the biofoulant’s attachment on surfaces, (b) use
of chemicals to kill the biofoulants and (c) the mechanical removal of the biofouling from
the surfaces [38]. The most popular antifouling method is the use of coatings, which include
various biocides in order to stop or prolong the fouling process. The importance of these
coatings lies in the simplicity and cost of their application, which is almost double the
cost of TBT coatings, which have been banned since 2008. Considering examples from the
shipping industry, most of the coatings on hard surfaces (such as a ship’s hull) that are
allowed to be used for antifouling can have a lifespan of 3–5 years [3].

Taking these approaches into consideration, we addressed the issue of designing a
hybrid thread composed of Dyneema filaments (0.1–0.2 mm) and pure non-insulated copper
wire with a diameter of 0.1–0.15 mm (similar to those used to make transformers and coils).
We tested the antifouling efficiency of nets made of this thread (braided, knotless) for a
long time period with constant immersion in seawater using the percentage of Dyneema
filament replacement in the thread (5, 10, 20 and 40%) as a factor, and in addition we
compared those four nets with nets treated with a commercial copper-free nanocoating
and a common copper-based antifouling coating. Our results showed that, in all cases
and throughout the experimental period, the copper oxide-based coating is the most
effective antifouling material for aquaculture nets [39,40], reaching openness values of
18.91 ± 0.95%, 42.01 ± 6.73% and 61.22 ± 4.90% for the 6 mm, 12 mm and 20 mm mesh
nets after 8 months of constant immersion in seawater. Hybrid nets below 20% are not
as effective as the rest. The data showed that in all cases, fouling progression followed
an exponential decay function with several stable periods of time, during which it was
observed that fouling organisms could detach from the nets due to their weight and the
water movement (currents, waves) through the nets.

Experiments have shown that nanomaterial coatings have low antifouling potential
unless they contain copper or other commonly used metal oxides such as titanium oxide [41].
The use of nanomaterial coating in a similar series of experiments lasting 7 months showed
a final obstruction percentage of 14%, while the value for the control net was 24.66%
and similar to the results reported by [12]. However, this paper [12] did not provide
information on the mesh of the net. The reported value of 14% after 7 months is within
the values found in this study of 14%, 21% and 30% for 6, 12 and 20 mm meshes after
8 months. Copper-nanomaterial-based coatings are not only known to prevent fouling
with the included biocides and their gradual release, but also, through surface preparation
before coating, they also can affect the adhesion of the fouling organisms [34,42]. In general,
it has been shown that the application of nanomaterial coatings is a complicated process
which starts with the chemical preparation of the surface in order to allow the attachment
and stabilization of the coating. This procedure involves the use of chemicals (for example,
silane [41]). Our results showed that the nanomaterial approach is inferior to the use of
hybrid nets and copper coatings (see also [40,43]. This can be considered as an added
benefit of the use of nanomaterial coatings should copper and other biocides be banned in
the near future [44]. An important disadvantage of these coatings seems to be their fast
degradation in the marine environment and the need for re-application after a period of
several months (6–7 months according to [42]). Tralopyril, which was used in this study, is a
pyrrole, i.e., a synthetic organohalogen compound, and it can be considered as an endocrine
disruptor and is used as an insecticide and as an antifouling biocide. Since tralopyril works
by disabling mitochondrial oxidative phosphorylation, it is a broad-spectrum antifoulant.
However, some businesses also combine tralopyril with copper or zinc pyrithione as the
latter may be more effective against the growth of algae [45]. At this time, no maximum
residue levels (MRLs) have been established for tralopyril, though there are reports that
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some residues are measurable in the muscle of fish such as salmon [45] and turbot [46] as
well as shellfish [47,48], even after short-term exposure. The approval of tralopyril as an
antifouling product by the European Commission made it clear how crucial it is to carefully
consider the risks, exposure and efficacy related to any application-covered uses when
evaluating a product. It is critical to reduce emissions and losses in the environment and to
collect any waste or losses that contain tralopyril for reuse or disposal. It is necessary to
verify whether existing minimal risk levels for products that may leave residues in food or
feed should be modified or whether new ones should be established. In order to ensure
that the applicable minimal risk levels are not exceeded, any necessary risk mitigation
measures should also be implemented [45].

The use of copper alloy nets instead of nylon or polyamide, etc., has also been pro-
posed the last 10 years, and several designs have been studied [49,50] worldwide (Chile,
Australia, Scotland, China, Turkey, Greece, USA, etc.) for a variety of species such as
salmon, trout, gilthead seabream, European sea bass, cod, and cobia [37]. Despite the obvi-
ous disadvantages of high weight and handling difficulties, as well as the frame needed
for carrying this weight in water [49], the copper surface acts as a potent biocide for any
fouling organisms. In addition, the material prevents rips in the mesh, which can allow
escapes from the farms and the opposite, negative results from attacks by predators [50].
The biocide capabilities eliminate the need for coatings or other antifouling applications.
It should be noted that even though these nets are known in the market as copper alloy
nets, they contain significant amounts of zinc, composing with copper 89.18% of the ma-
terial (65–71.5% Cu and 27.4–35% Zn) [9,51]. A seven-month experiment with gilthead
seabream in copper alloy nets, in comparison with nylon nets, showed improved weight
gain by almost 25% (in weight percentage in relation to the control nylon net) and almost
11.6% in specific growth rate (in relation to the control nylon net) for the fish reared in
the copper alloy nets [9]. Finally, the Food Conversion Ratio was found to be lower for
the fish reared in the copper alloy nets in relation to the others reared in the nylon nets
(1.48 and 2.09 g feed/g weight, respectively) [9]. In addition to these benefits, certain
risks in their use are recognized, such as the possibility of creating metal-resistant micro-
organisms due to their constant immersion in water and the fact that metal is leached out
into the environment [52]. Even though there is a general understanding that due to the
manufacture of the copper alloy nets from copper/zinc (2–3 mm in diameter) they have
minimal handling requirements and almost an infinite life cycle, according to [37], these
cages have 6–8 years of life expectancy or less (4 years according to [51]) and also require
cleaning in situ 1–2 times per year [37]. A similar approach was recently reported and
involves the use of other metals—such as stainless steel—which have very low toxicity in
relation to copper or copper/zinc but also have a very small life cycle due to high corrosion
and biofouling potential. The durability of these materials against water can be increased
using nanoporous films of neutral metals, such as tungsten oxide films, which are applied
through electrodeposition [6]. Their main mode of action is that the coating significantly
reduces the potential of the surface to allow fouling.

Finally, the mechanical approach has also been applied in European aquaculture in
three main ways, often in combination: on site using scrapers and pressurized water, net
removal and cleaning on shore either using washing machines or air drying [34]. The
benefit of this approach is that chemicals are not used, and it is more environmentally
friendly than the other approaches. However, mechanical scraping of the nets reduces their
lifespan and increases production costs. In addition, it has been reported that the effects of
on-site cleaning on gill’s integrity and health status are much more detrimental because
fouling particles are detached from the net, and a thick cloud of debris is produced [43].
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Copper leaching experiments have shown that the most important period after the
immersion of the metal in the water is the first 1 month. Experiments with copper alloy nets
showed that leaching to the environment starts from 630 µg/cm2/day (day 1) and stabilizes
at levels around 1.4–6.9 µg/cm2/day, whereas when leaching from antifouling copper
coatings (data from shipping), this value can be as much as 30 µg/cm2/day according to a
review of eight commercial hard and polishing Cu2O shipping coatings [16]. In a similar
way, leaching from nylon nets with copper antifouling paint starts from 250 µg/cm2/day
(day 1) and stabilizes below 0.5 µg/cm2/day as reported in [51]. According to experimental
findings regarding their toxicity, copper alloys do not present a significant environmental
risk, even though subsequent LCA analysis showed that loading of copper for a period over
four years, results in copper release to the environment of an estimated 282 kg and 35 kg
per net pen for a copper alloy and nylon with an antifouling coating net, respectively [51].
In comparison to a recreational boat (LOA 12 m, beam 4 m painted with copper–epoxy
hull coat), the leaching process may produce 4.3 kg of copper during a 3- year life cycle
assessment [51,53]. Experiments with copper nanomaterials (polyaniline) showed that
leaching starts from day 1 at 158–160 µg/L and stabilizes at 17–19 µg/L after 8 days of
cultivation of pig-face seabream (Lethrinus lentjan; [12]).

Even though we did not perform toxicity tests for copper residuals in water and fish, in
all cases that we know of, the use of copper as an antifoulant has not caused problems with
the quality of consumer products from aquaculture (tissue concentration) with regard to the
existing limits [43,54,55], and therefore we speculate that our approach is environmentally
and product-friendly within the current limits. Experimental results on the comparison of
leaching and toxicity from copper alloy nets and nylon nets treated with copper antifouling
paint showed that, according to [37], copper is an essential micronutrient for the metabolism
of plants and animals and is also used in fish food and in dietary supplements. Therefore, it
should also be considered that the leaching of copper from these nets (hybrids studied here
and the copper alloy nets as well) can be beneficial for the environment (also considering the
currents and waves, which disperse all pollutants, [51]) as long as the concentration levels
do not exceed toxic limits. Furthermore, the chemical changes expected due to climate
change (increase in temperature and acidity) also need to be factored into the studies of
metal leaching. Finally, the rates of retention of copper in the bodies of fish is another factor
which needs to be examined, considering that it has also been shown that after a period
of 2–3 weeks, copper is released from the body, reaching 12–19% of the initial value in the
body muscle (100% at day 0; [56]).

The usefulness of pure copper alloy nets or hybrid synthetic Cu wire nets, as in this
case, can be limited by their corrosion in seawater. Measurements reported by the Copper
Development Association indicate a loss of 0.02 mm/y. This allows the estimation of
complete corrosion of the wire used in this study (0.1–0.15 mm in diameter) after 60 to
90 months. Some manufacturers of pure copper alloy nets indicate a lifespan of more
than 60 months (for example, Qingdao Waysail Ocean Technology Co., Ltd, Qingdao City,
China; https://www.qdwaysail.com/fishing-net-copper-alloy-net.html; URL accessed on
13 December 2024). Similar results showing a corrosion rate of 13.9 µm/y (0.014 mm/y)
following a 12-month exposure to natural seawater were reported by [57] for pure Cu
wire. Conventional synthetic nets (nylon, polyethylene, polypropylene and mixtures), in
comparison, also show a high loss of tensile strength by 52% after 3 years of use [58] due
to the effects of seawater and UV radiation at low depths. In a review, it was reported
that polyamide loses 80% of its strength after 4 years, while nylon nets exhibit an overall
lifespan of 4–6 years (48–72 months) [59]. It should be noted that such lifespan estimates
are indicative, since, as we discussed above, handling can reduce the lifespan of the
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net significantly (for example, sun drying instead of washing or the use of mechanical
antifouling methods instead of washing).

5. Conclusions
Our analysis and experiments, which are presented here, demonstrate that our method,

which substitutes copper-based coatings with a thread made of Dyneema filaments and
uncoated copper wire of the same diameter, offers an alternative antifouling solution for
aquaculture nets. Although the results unequivocally demonstrate that the conventional
copper-based coatings currently in use exhibit the best antifouling properties, our method
produces intriguing results in the context of a potential EU ban on the use of copper-
based coatings. Furthermore, our method makes it possible to build aquaculture nets
that are comparable to the synthetic nets currently in use in terms of material flexibility
and handling using the equipment already present in a typical fish farm (such as cranes,
warehouse space and suitability for cleaning in a net washer). Additionally, adding copper
wire to the thread makes the net more rigid against water movement and currents and
increases its resistance to bites from certain fish, like the gilthead seabream.

Our results and the existing literature on the subject clearly identify two issues: at first,
the Cu-based solutions show the best antifouling performance for aquaculture nets, and
secondly, research is still ongoing, since actual solutions with similar performance have not
been produced yet. The possibility of a ban on Cu coatings on an EU level will force fish
farmers to utilize other existing commercial methods that have limited antifouling perfor-
mance, which will directly affect the production cost (workload of staff, more frequent use
of materials, reduction in the life cycle of the nets, etc.). Also, the literature shows that more
attention should be paid to solutions that do not significantly change the characteristics of
the nets (flexibility, easy handling using the machinery of an average farm, easy application,
low/minimal copper leaching). Finally, it is obvious that further research is required to
establish the relation between the copper wire surface and diameter, since the surface is
linearly related to the copper ions available for antifouling performance.
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