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Jørgen Vollstad b 

a UiT The Arctic University of Norway, Tromsø, Norway 
b SINTEF Ocean, Trondheim, Norway 
c DTU Aqua, Technical University of Denmark, Hirtshals, Denmark 
d University of Split, Department of Marine Studies, Croatia   

A R T I C L E  I N F O   

Keywords: 
Marine pollution 
Biodegradable fishing gear 
Haddock 
Atlantic cod 

A B S T R A C T   

Longlining is a widely used fishing method. During longline fishing, some of the snoods connecting the hooks to 
the mainline are often lost at sea. Since snoods are made of nylon or polyester, lost snoods contribute to marine 
plastic pollution. Replacing nylon or polyester with a new material made of biodegradable plastics can poten-
tially reduce macro- and microplastic pollution that is caused by lost snoods. In this study, we estimated the risk 
for snood loss in a longline fishery targeting haddock (Melanogrammus aeglefinus (Linnaeus, 1758)) and Atlantic 
cod (Gadus morhua (Linnaeus, 1758)) in Barents Sea. Further, we compared catch efficiency in this fishery for 
snoods made of biodegradable and nylon materials. No significant differences were found between the two 
materials. Therefore, catch efficiency does not represent a barrier for using biodegradable materials in snoods.   

1. Introduction 

Longlining is a widely used fishing method in different fisheries 
worldwide (Watson et al., 2006; He et al., 2021). All types of longlines 
consist of three components: a mainline, snoods and hooks (Fig. 1). The 
snood (also termed gangion) is a short line connecting mainline with the 
hook at the other end at regular intervals. Each snood is attached at a 
certain interval along the mainlines either directly with a knot or by 
using a clip or swivel usually equipped with a spinner (He et al., 2021). 
Fish are attracted to the longline by bait on the hooks. 

In Norway, demersal longlines are widely used to target demersal 
fish species such as cod (Gadus morhua (Linnaeus, 1758)), haddock 
(Melanogrammus aeglefinus (Linnaeus, 1758)) and Greenland halibut 
(Reinhardtius hippoglossoides (Walbaum, 1792)) in coastal/inshore areas. 
In 2020, line and longline fisheries contributed to 33.8% of haddock, 
19.8% of cod and 39.5% of Greenland halibut landings in Norway 
(Norwegian Directorate of Fisheries, 2021). The coastal fleet uses both, 
manually and mechanically baited gears and operates between 10.000 
and 30.000 hooks per day (Mustad autoline, 2021a). Their operation is 
based on daytrips and landing of fresh fish (fresh fish on ice/chilled 
water). The deep-sea longline fleet (called the autoline fleet) operates 

mechanized baiting systems with up to 60.000 hooks deployed and 
hauled per day and their capture periods last for weeks (Larsen and 
Rindahl, 2008; Mustad autoline, 2021b) since processed fish is packed 
and stored frozen. This fleet targets similar species as the coastal fleet, 
while such species like tusk (Brosme brosme (Ascanius, 1772)), ling 
(Molva molva (Linnaeus, 1758)), redfish (Sebastes spp.) and spotted wolf- 
fish (Anarhichas minor (Olafsen 1772)) are common bycatch species. 

The longline fishery mostly uses synthetic materials such as spun 
polyester or polyamide 6, herein called nylon, monofilament for the 
main line and monofilament nylon or twisted polyester for snoods. 
While the Norwegian deep-sea fleets use snoods made from polyesters, 
the coastal fleets with manually and mechanically baited gears prefer 
the monofilament nylon snoods. In demersal longline fishery, longlines 
(or sections of them) are often lost at sea because of being deployed 
along rough grounds and because of large abrasion of the materials. 
Similarly, snoods risk being lost at sea because of, for example, being 
snagged at the seafloor or during the fishing process when the fish break 
the snood line and escape with the hook and part of snood. 

Because snoods are made from petrol-based synthetic plastic mate-
rial, they will degrade very slowly in seawater in case of being lost. 
Furthermore, even after long exposures (i.e., decades), the material does 
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not degrade completely – instead it is being broken down into smaller 
plastic particles and increases macro- and microplastic pollution and 
releases toxic substances into the marine environment (Moore, 2008). 
This can negatively impact the food web of the marine ecosystem (Lee 
et al., 2013; Cole and Galloway, 2015; Desforges et al., 2015; Chae and 
An, 2017; Lusher et al., 2017). Use of biodegradable plastic to replace 
synthetic plastic materials such as nylon in fishing gear are being tested 
in other fisheries such as gillnets (Grimaldo et al., 2018a, 2018b, 2019, 
2020) by using biodegradable material made of polybutylene succinate 
co-adipate-co-terephthalate (PBSAT) resin. Such biodegradable material 
has the properties for being fully degraded after specific time in the 
seawater by naturally occurring microorganisms (Tokiwa et al., 2009). 

Experiments with biodegradable PBSAT materials to replace 
commonly used nylon material, have shown reduced catch efficiency in 
gillnet fisheries (Grimaldo et al., 2018a, 2018b, 2019, 2020). Biode-
gradable PBSAT material has a lower tensile strength (Grimaldo et al., 
2020) compared to nylon. Therefore, use of biodegradable PBSAT 
plastic in the snood material could potentially show a reduced catch 
efficiency because of the loss of snoods during the fishing process as a 
result of breaking of the material. An increased material thickness 
(diameter of the snood) may be needed for biodegradable snoods to 
provide a similar tensile strength to that of the nylon material. However, 
earlier trials testing increased snood thickness (diameter) in longline 
fishery targeting hake (Merluccius merluccius) have resulted in a reduced 
catch efficiency (Herrmann et al., 2017). The reasons for this might be 
related to the visibility of the snoods to the fish (Herrmann et al., 2017). 
However, the effect of increased snood diameter is not known in other 
fisheries. 

Additionally, the extent of snood loss by using the biodegradable 
materials should not exceed the loss of snoods made of nylon to be 
accepted commercially. In case of increased snood loss by changing of 
the material, more labor would be involved to replace the loss. It would, 
furthermore, increase the costs by using additional quantity of snood 
material and hooks and reduce the capture efficiency during fishing. 
Although some snood loss is common in the fishery (i.e., 5.9% in the 
Patagonian toothfish fishery (AFMA, 2010)), the extent of such loss per 
gear deployment has not been scientifically quantified. Further, long-
lines using the biodegradable material must obtain a similar catch effi-
ciency to that of nylon snoods to be adopted by the industry, and thereby 
contribute at reducing marine plastic pollution. Initial tests are needed 
to provide information whether the new material is initially providing a 
similar catch efficiency to that of nylon before further proceeding with 
experiments involving repeated deployments for determining the effect 
of long-term use of the biodegradable snoods on the catch efficiency. 

In this study, we estimated the probability of snood loss using nylon 
and biodegradable PBSAT materials with two different monofilament 
thicknesses. Further, we tested the effect of using the biodegradable 
material with a similar and increased snood material thickness on the 
catch efficiency of haddock and cod targeted in a coastal longline fishery 

in Northern Norway. Thus, the aims of this study were to address the 
following research questions:  

• What is the risk for snood loss in coastal longline fishery for haddock 
and cod?  

• Is there any difference in risk for snood loss if the snood material is 
changed from nylon to biodegradable PBSAT plastic material with 
equal and increased material thickness?  

• Is there any difference in catch efficiency of haddock and cod if the 
snood material is changed from nylon to biodegradable PBSAT 
plastic material?  

• Would the catch efficiency change if an increased material thickness 
of biodegradable PBSAT snoods is used? 

2. Materials and methods 

2.1. Sea trials and experimental setup 

Sea trials were conducted onboard a commercial coastal longline 
vessel “Vardøyfisk 2” (12.95 m LOA) during November 2021. The fish-
ing grounds were located in Northeast Norway between 
70◦00.00–70◦07.64 N and 30◦19.85–30◦43.68 E. The fishing depth 
varied between 100 and 240 m. The trials consisted of two series of 
longlines, where each longline was made from 6 mainlines which con-
sisted of 415 snoods and hooks each. The snoods were attached to a 
three stranded spun polyester mainline with 5.5 mm diameter. The 
distance between each snood was 1.3 m. Therefore, the total length of 
each mainline was 540 m. Prior to each fishing trip, all longlines were 
manually baited using mackerel (Scomber scombrus Linnaeus 1758) and 
stored in tubs. The longlines of each series were deployed and soaked 
equally long time in the same area. 

In each series, the mainlines with biodegradable and nylon snoods 
were alternated (Fig. 2) as follows: 

Series 1: A longline consisting of three mainlines with 415 snoods 
each made of biodegradable PBSAT material of 1.0 mm diameter 
alternated with three mainlines with 415 snoods made of nylon with 
1.0 mm diameter. 
Series 2: A longline consisting of three mainlines with 415 snoods 
each made of biodegradable PBSAT material with an increased 
diameter (1.1 mm) alternated with three mainlines with 415 snoods 
made of nylon with 1.0 mm diameter. 

During hauling of the longlines, fish were sorted according to type of 
the snoods (biodegradable or nylon). All haddock and cod were 
measured for the total length to the closest cm below. Further, after each 
fishing trip during the rebaiting, the numbers of lost or damaged snoods 
for each material type were recorded. New snoods were attached if 
missing or replaced if damaged where necessary so that the number of 

Fig. 1. Illustration of longline components.  
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snoods was identical for each longline deployment (i.e., 415 snoods per 
mainline). 

2.2. Estimating risk of snood line loss 

The risk for losing a snood (Ploss) during one deployment of it is 
quantified by the probability averaged over deployments and snoods of 
the specific type: 

Ploss =
1
m

∑m

i

{
1

nsi

∑nsi

j=1
g
(
sij
)
}

with

g(s) =

{
1 ∀ s = lost

0 ∀ s ∕= lost

(1)  

where nsi is the number of snoods on the mainline in deployment i. sij is 
the status (lost or retained) of snood number j after line deployment i. m 
is the number of deployments. 

Estimation of uncertainties for Ploss calculated based on Eq. (1) 
required consideration that the risk may vary between deployments 
with the same type of snood due to uncontrolled effects in the fishing 
process. Further, assessing the risk for the individual deployments is 
subjected to uncertainty (within-deployment variability) because of 
limited number of snoods being deployed. To account for these un-
certainties in the estimations, a double bootstrap method was adapted. 
This method is well established for evaluating fishing gear selectivity 
and catch efficiency for fisheries known to be subjected to a similar 
structure in uncertainties (i.e., Herrmann et al., 2017). The procedure 
accounts for between-deployment variation in the risk by selecting m 
deployments with replacement from the pool of deployments of main-
lines with the specific snood type (i.e., nylon or biodegradable (1.0 mm 
or 1.1 mm diameter, respectively)) during each bootstrap repetition. 
Within-deployment uncertainty in the obtained risk was accounted for 
by randomly selecting snoods with replacement from the selected 
mainline. The number of snoods selected from each deployment was the 
same as the number of snoods used in that deployment (nsi). The 
resulting data for each bootstrap were then used to estimate the ex-
pected risk for snood loss based on Eq. (1). We performed 1000 boot-
strap repetitions and calculated the Efron 95% percentile confidence 
intervals (Efron, 1982) (CIs) for the estimated probabilities. 

To infer the difference ΔPloss between two types of snoods, we used 
the two populations of bootstrap results obtained by the procedure 
described above following method described in Larsen et al. (2018) and 
Herrmann et al. (2018): 

ΔPloss = PlossB − PlossA (2)  

where PlossA represents the value for Ploss for snood type A, and PlossB 
represents the value for Ploss for snood type B. Efron 95% percentile 
confidence limits for ΔPloss was obtained based on the two bootstrap 
populations of results (1000 bootstrap repetitions in each) for both PlossA 
and PlossB. As they were obtained independently, a new bootstrap pop-
ulation of results was created for ΔPloss by: 

ΔPlossi = PlossBi − PlossAi i ∈ [1…1000] (3)  

where i denotes the bootstrap repetition index. As the bootstrap 
resampling was random and independent for the two groups of results, it 
is valid to generate the bootstrap population of results for the difference 
based on Eq. (3) using the two independently generated bootstrap files 
(Herrmann et al., 2018). Based on the bootstrap population, Efron 95% 
percentile CIs were obtained for ΔPloss as described above. In case ΔPloss 
does not include the value 0.0 in the CIs for Ploss, the loss risk between 
deploying snoods of type A and B, respectively, will be significantly 
different. 

We used an identical approach for estimation of Preplacement for need of 
snood line replacement between longline deployments and difference 
ΔPreplacement between different types of snoods. We used the statistical 
software SELNET (Herrmann et al., 2012) to conduct the analysis 
described above. 

2.3. Estimating the length-dependent catch efficiency between longlines 
with different snood materials 

Comparison of catch efficiency between the mainlines with different 
snood materials in Series 1 and Series 2 was estimated as catch com-
parison rate and catch ratio (Herrmann et al., 2017). We used the catch 
information (numbers and lengths of haddock and cod caught with each 
of the mainlines with different snood materials and diameters) to 
determine whether there was a significant difference in the catch effi-
ciency averaged over deployments. We used the statistical software 
SELNET (Herrmann et al., 2012) to analyze the catch data and conduct 
length-dependent catch comparison and catch ratio analyses. We also 
tested whether a potential difference between the snood types could be 
attributed to the size (total length) of haddock and cod. We used the 
method described in Herrmann et al. (2017) to assess the change in 
relative length-dependent catch efficiency when changing the snood 
material in each series. Further, we applied the same method to assess 
the change in relative length-dependent catch efficiency between snood 
material types. The method models the length-dependent (l) catch 

Fig. 2. Experimental setup used during the fishing trials. Series 1 consisted of nylon (a) and biodegradable PBSAT (b) snoods of 1.0 mm diameter. Series 2 consisted 
of biodegradable PBSAT snoods of 1.1 mm diameter (c) and nylon snoods of 1.0 mm diameter. 
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comparison rate (CC(l)) and catch ratio (CR(l)) summed over all de-
ployments for the full deployment period. We used the double boot-
strapping method (1000 bootstrap repetitions) to estimate the 95% CIs 
for the catch comparison and catch ratio curves following the descrip-
tion in Herrmann et al. (2017). When the catch efficiency of the two 
types of snoods is equal, the catch comparison rate is 0.5 and the catch 
ratio is 1.0. The length-integrated average catch ratio (CRaverage) value 
was estimated directly from the experimental catch data. Details on the 
estimation of CC(l), CR(l), and CRaverage is explained in Herrmann et al. 
(2017). 

Further, to infer the effect of changing biodegradable snood diameter 
from 1.1 (A) to 1.0 (B) mm on the catch ratio curve CR(l) where both 
catch ratio curves are obtained against the same baseline (i.e., nylon 
snoods with 1.0 mm diameter), the length-dependent change CRA/B(l) in 
the values was estimated by (Jacques et al., 2021): 

CRA/B(l) =
CRA(l)
CRB(l)

(4)  

where CRB (l) is the catch ratio value for biodegradable snoods with 1.0 
mm diameter and CRA (l) is the catch ratio value for biodegradable 
snoods with 1.1 mm diameter. Efron 95% percentile CIs were obtained 
based on the two CRA/B (l) bootstrap populations of results (1000 
bootstrap repetitions in each) for both CRA (l) and CRB (l) (Herrmann 
et al., 2017). As they were obtained independently, a new bootstrap 
population of results was created by: 

CRA/B(l)i =
CRA(l)i

CRB(l)i
i ∈ [1…1000] (5)  

where i is the bootstrap repetition index. As the bootstrap resampling 
was random and independent for the two results, it is valid to generate 
the bootstrap population of results for the difference based on Eq. (5) 
using the two independently generated bootstrap files (Herrmann et al., 
2018). 

2.4. Mechanical properties of the snoods 

All biodegradable snoods were made of the PBSAT resin (Kim et al., 
2017, patent EP3214133). Biodegradable snood line material was pro-
duced in South-Korea and manufactured by S-EnPol Ltd. The mean 
tensile strength of biodegradable (1.0 mm and 1.1 mm diameter sepa-
rately) and nylon snood material was measured according to ASTM 
D2256/D2256M-21 (ASTM, 2021). The tensile strength tests were per-
formed on new material samples that have not been used in fishery. The 
measurement for the mean tensile strength and elongation at break of 
the samples were recorded for each material type. Tensile strength, 
given in kilograms, is defined as the stress necessary to break the tested 
snood material. Elongation at break, given as a percentage relative to the 
initial snood sample length, is defined as the length of the sample after it 
has been stretched to the breaking point. The differences in tensile 
strength between the different materials were estimated using Welch's t- 
test (Microsoft Excel2007). 

3. Results 

3.1. Risk of snood line loss 

Longlines with 2490 nylon snoods and 1245 biodegradable snoods 
with 1.0 or 1.1 mm diameter, respectively, were deployed during each 
fishing trip (Table 1). In total, the gear was deployed over 5 fishing trips. 
Snoods were considered lost when a snood together with hook was 
missing on the mainline (Fig. 3a) or when they were broken (Fig. 3b). 
The snoods were replaced in cases when a part of the hook was missing 
(Fig. 3c), or the snood was damaged during the fishing process (Fig. 3d). 

The risk of the loss of snoods (Ploss) varied from 4.66% (CI: 
3.84–5.46%) for nylon snoods to 6.10% (CI: 4.59–7.96%) for 

biodegradable snoods with 1.0 mm diameter thickness, and the rate of 
lost biodegradable snoods was higher compared to the nylon material 
(Table 1). The pairwise difference between the rates of snood losses 
between the material types (ΔPloss) did not show statistical significance 
(Table 2). 

Further, the differences in number of replaced snoods by material 
type and diameter (Preplacement) were recorded. No significant differences 
were observed for snood loss between the three snood line types as the 
pairwise difference (ΔPreplacement) included 0.0 (Table 2). 

3.2. Catch efficiency of biodegradable versus nylon snoods 

In total, 4943 haddock and 936 cod were captured and included in 
the analysis of this study (Table 3). The fit statistics of the catch com-
parison analysis showed that the deviation between the experimental 
data and the modelled data fitted well in both series for both haddock 
and cod because p-value >0.05 (Wileman et al., 1996). This showed that 
the deviation between the experimental data and the modelled data 
could be coincidental and, therefore, the model could be used to 
describe the trends in the data (Table 3). 

Both types of longlines in both series had a similar pattern of 
capturing haddock and cod regarding the fish length. For haddock, the 
length ranged between 31 and 78 cm and for cod it was between 31 and 
111 cm total length (Figs. 4 and 5). Biodegradable snoods with both 
material thicknesses (1.0 and 1.1 mm) did not show significant differ-
ence in catch efficiency when compared to the nylon snoods of 1.0 mm 
for either haddock or cod (Figs. 4 and 5). The average catch ratio 
(CRaverage) for both haddock and cod did not show any significant dif-
ferences between use of nylon or biodegradable snoods with either 1.0- 
or 1.1-mm diameter of the snoods (Table 3). There was an indication of 
reduced capture of haddock when using 1.1 mm biodegradable material 
(CRaverage = 84.43 (CI: 76.73–101.95)). However, this difference was not 
statistically significant. Moreover, the length-dependent change in catch 
ratio between biodegradable snoods (CRA/B(l)) with material thickness 
of 1.1 mm (CRA(l)) and 1.0 mm (CRB(l)) did not show significant dif-
ference in capture of haddock and cod (Fig. 6). 

3.3. Mechanical properties of the snood lines 

The average tensile strength of the nylon snood material was 47.8 kg 
while for the biodegradable material it was 32.7 and 37.0 kg for snoods 
with 1.0 and 1.1 mm thickness, respectively (Table 4). The average 
elongation at break was 33.1% for nylon snoods and 31.7% and 29.3% 

Table 1 
Numbers of total lost and replaced snoods over all deployments and mean risk of 
snood loss or need for replacement for each of the three snood line materials. 
Values in brackets represent 95% confidence intervals. Lost snoods were regis-
tered in cases when the snood with the hook was missing on the mainline while 
additional replaced snoods were registered in cases when hooks or part of the 
hooks were missing, or the snood was damaged during the fishing process.   

Nylon (1.0 
mm diameter) 

Biodegradable 
(1.0 mm diameter) 

Biodegradable 
(1.1 mm diameter) 

Total number of 
snoods in each 
deployment 

2490 1245 1245 

Total number of lost 
snoods over all 
deployments 

584 378 348 

Total number of 
replaced snoods 
over all 
deployments 

175 100 88 

Probability of loss 
(Ploss) (%) 

4.66 
(3.84–5.46) 

6.10 (4.59–7.96) 5.59 (3.99–7.38) 

Probability of 
replacement 
(Preplacement) (%) 

1.41 
(0.76–2.18) 

1.61 (0.59–3.60) 1.43 (0.83–3.60)  
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for biodegradable snoods with 1.0 and 1.1 mm thickness, respectively 
(Table 4). There was a significant difference in the tensile strength be-
tween biodegradable snoods of both material thickness compared to 
nylon material (Welch's t-test, p-value <0.01). The difference was also 
significant when the tensile strength was compared between the two 
biodegradable snoods with different material thicknesses (Welch's test, 
p-value <0.01) (Table 5). 

4. Discussion 

In this study, we investigated whether biodegradable PBSAT 

materials can be used to reduce marine plastic pollution caused by lost 
snood lines. Specifically, we estimated the risk of snood loss, replace-
ment, and catch efficiency when using nylon and biodegradable snood 
material in a longline fishery for haddock and cod. In addition, we tested 
whether increased biodegradable snood thickness would show different 
results compared to biodegradable material of equal thickness to that of 
nylon snoods. We aimed at estimating the initial differences between the 
materials, i.e., using new materials for the snoods that have not been 
subjected to fishing. 

The estimated probability of snood loss in the coastal manually 
baited longline fishery for haddock and cod using nylon snoods was 
4.66% (CI: 3.84–5.46%) during a longline deployment. Since the coastal 
longline fishery usually uses longline sets with 10.000–30.000 snood 
lines (Mustad autoline, 2021a), the estimated snood line loss in this 
longline fishery for haddock and cod would vary between 466 
(384–546) to 1380 (1152–1638) snoods for each single deployment 
when using nylon snood lines. We found no significant increase in 
biodegradable snood loss during initial trials when compared to nylon 
snoods. The estimated biodegradable snood loss was 6.10% (CI: 
4.59–7.96%) and 5.59% (CI: 3.99–7.38%) for 1.0 and 1.1 mm snood 
thickness, respectively. There were no significant differences regarding 
the estimated replacement of snoods of nylon and biodegradable ma-
terial with the different thickness. However, there was an indication of 
increased 1.0 mm biodegradable snood loss compared to biodegradable 
snoods of 1.1 mm thickness and nylon snoods. These results correspond 

a b

c d

Fig. 3. Examples of cases when snoods were lost (pictures a and b) or needed replacement (pictures c and d) for the next longline deployment during rebaiting. (a) 
snood missing after deployment; (b) broken snood; (c) removed broken hook; (d) removed damaged snood. 

Table 2 
Pairwise difference (delta) between snoods of the three materials with corre-
sponding diameters in brackets regarding risk of loss or need for replacement of 
the snoods. Values in brackets represent 95% confidence intervals.   

Loss (ΔPloss) (%) Replacement 
(ΔPreplacement) (%) 

Biodegradable (1.0 mm) against 
nylon 

1.41 
(− 0.26–3.57) 

0.19 (− 1.28–2.27) 

Biodegradable (1.1 mm) against 
nylon 

0.26 
(− 0.18–0.36) 

0.02 (0.00–0.04) 

Biodegradable (1.1 mm) against 
biodegradable (1.0 mm) 

− 0.48 
(− 3.11–1.86) 

− 0.18 (− 2.14–1.28)  
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Table 3 
Fit statistics, catch comparison results and number of fish observed. Results for biodegradable snoods with 1.0 mm thickness (left column) and 1.1 mm thickness (right 
column) for haddock and cod. In all cases the nylon snoods with 1.0 mm thickness were used as a baseline. Values in brackets represent 95% Efron confidence limits. 
DOF denotes degrees of freedom.   

Haddock Cod 

1.0 mm diameter 1.1 mm diameter 1.0 mm diameter 1.1 mm diameter 

p-value 0.0829 0.1167 0.3097 0.2700 
Deviance 47.11 44.02 71.17 74.69 
DOF 35 34 66 68 
CRaverage (%) 89.44 (63.64–124.65) 84.43 (76.73–101.95) 91.46 (64.41–123.51) 97.53 (70.40–136.52) 
Number of individuals (biodegradable snoods) 1355 949 210 237 
Number of individuals (nylon snoods) 1515 1124 246 243  

Fig. 4. Catch comparison and catch ratio analysis for haddock. Left: biodegradable snoods with 1.0 mm thickness vs nylon snoods. Right: biodegradable snoods with 
1.1 mm thickness vs nylon snoods. Upper graph: the modelled catch comparison rate (black curve) with 95% confidence intervals (black stippled curves). Circles 
represent experimental rate. Middle: the estimated catch ratio curve (black curve) with 95% confidence intervals (black stippled curves). The grey stippled lines at 
0.5 and 1.0 represent the point at which both gears have an equal catch rate. Bottom: the length frequency distribution of fish captured with the biodegradable 
snoods (green line) and nylon snoods (red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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with the results obtained from the material testing regarding tensile 
strength of the snoods. Thus, the highest estimated risk of losing the 
snoods is associated with the material with the lowest tensile strength, i. 
e., the biodegradable material with 1.0 mm thickness (mean tensile 
strength was 32.7 kg compared to nylon with mean breaking strength of 
47.8 kg). Therefore, although not statistically significant, the results of 
snood loss and replacement indicate that the materials with higher 
tensile strength (i.e., nylon followed by biodegradable material of 1.1 
mm thickness) has lower estimated risk of snood loss or replacement 
compared to biodegradable snoods with 1.0 mm thickness. 

Further, the results showed no significant difference in catch effi-
ciency of haddock and cod between the tested materials. Both Series 1 
and Series 2 were carried out in similar conditions and the catch length 
dependency was also similar between the two series. No significant 
differences were found between fishing with snoods made of nylon and 

biodegradable materials. CRaverage did not show any significant differ-
ences between the snood line materials for either haddock or cod 
(Table 3). In addition, the results show that fishing with snoods with 
equal and increased twine thickness did not result in difference in catch 
efficiency. Specifically, in initial use of the biodegradable snoods, 
increasing the snood line thickness from 1.0 mm to 1.1. mm did not 
affect the catch efficiency when compared to conventionally used nylon 
snoods of 1.0 mm diameter. Moreover, the pairwise difference between 
biodegradable snoods on catch efficiency of haddock and cod was not 
significant. 

Therefore, the results of this study show that use of biodegradable 
PBSAT material for snoods in longline fishery has a potential to reduce 
the marine plastic pollution. Moreover, since there are no significant 
differences in the estimated loss and replacement of snoods, the use of 
biodegradable material would not result in an increase of the associated 

Fig. 5. Catch comparison and catch ratio analysis for cod. Left: biodegradable snoods with 1.0 mm thickness vs nylon snoods. Right: biodegradable snoods with 1.1 
mm thickness vs nylon snoods. Upper graph: the modelled catch comparison rate (black curve) with 95% confidence intervals (black stippled curves). Circles 
represent experimental rate. Middle: the estimated catch ratio curve (black curve) with 95% confidence intervals (black stippled curves). The grey stippled lines at 
0.5 and 1.0 represent the point at which both gears have an equal catch rate. Bottom: the length frequency distribution of fish captured with the biodegradable 
snoods (green line) and nylon snoods (red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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work with replacing the snoods and loss in catch efficiency due to 
missing snoods and hooks during the fishing. 

Because of the properties of the biodegradable PBSAT material, the 
lost snoods would not affect marine environment negatively even if the 
snoods are lost at the same quantities as with the nylon material due to 
biodegradation. Controlled laboratory aging test (Grimaldo et al., 2020) 
indicated that the chemical structure of the PBSAT polymer changed 
more than nylon over a 1000 h aging period (Fig. 7). The PBSAT 
monofilament exhibited changes in the surface in the form of degrada-
tion of the amorphous regions and the monofilament's crystalline re-
gions. However, since aging tests are unable to replicate the outdoor 
conditions of field tests (i.e., temperature, light, bioactivity, and phys-
ical conditions), it was not possible to directly correlate the results of the 
field and laboratory tests. Grimaldo et al. (2020) concluded that it was 
unclear whether the fragmentation process observed in the aging test 
would have occurred in the marine environment or within the time 
needed for microbial activity to degrade the material. 

It is also important to show that the new biodegradable materials do 
not have any negative ecotoxicological effects on the marine environ-
ment before the material is used in large scale. Generally, biodegrad-
ability is exclusively a function of the polymer structure and does not 
depend on the origin of the raw materials, whether they are pet-
rochemically based or comes from renewable resources (Witt et al., 
1999). Therefore, biodegradable polymers are an active area of inves-
tigation, particularly those polymers that can be produced from 

sustainable, biobased monomers, such as copolymers of polybutylene 
succinate (PBS) and PBS resin blended with polybutylene adipate-co- 
terephthalate (PBAT/PBSAT) that can be degraded by naturally occur-
ring organisms. PBS-degrading microorganisms are widely distributed in 
the environment, including both actinomycetes, proteobacteria and 
fungi (Suyama et al., 1998; Ishii et al., 2008; Tokiwa et al., 2009). The 
ester linkages may be attacked by esterases and lipases in the environ-
ment (Tokiwa et al., 2009; Yamamoto-Tamura et al., 2015). MALDI-TOF 
analyses indicated fungal hydrolytic degradation of the ester bonds, 
with 10–30% mineralization during 100 days of incubation (Saadi et al., 
2013). Anaerobic polyester degradation have also been reported 
(Pathak, 2017), while PBS degradation under anoxic conditions have not 
been reported. PBAT has been reported to be degraded by actinomycetes 
and fungi (Kijchavengkul et al., 2010; Meyer-Cifuentes et al., 2020). 
However, most PBAT-degrading microorganisms cannot use the mono-
mer as carbon-source, suggesting bacterial cooperation for complete 
mineralization (Meyer-Cifuentes et al., 2020). Toxicology tests of 
aliphatic-aromatic copolyesters (i.e., Ecoflex-type) with Dapthnia magna 
and Photobacterium phosphoreum under conditions present in a com-
posting system showed no significant toxicological effects, neither for 
the monomeric intermediates nor for the oligomeric intermediates. This 
study concluded that there was no indication for an environmental risk 
when this material were introduced into the composting processes (Witt 
et al., 2000). 

This study was conducted with new snood materials and for a limited 
period and, therefore, it lacks the time dimension effect on the perfor-
mance of the materials. Therefore, this study should be followed up by 
tests of prolonged snood use in the fishery. However, such preliminary 
results are important to report to investigate which material has po-
tential to be developed to commercial use and to avoid potential repli-
cation of unsuccessful research and development work (Thabane et al., 
2016). The obtained results in this study showed no initial significant 
differences between biodegradable and nylon snoods and the two twine 
thicknesses of the biodegradable material regarding estimated snood 
loss, need for replacement and catch efficiency. However, this difference 
must be estimated over repeated use under wearing of the material. 
Since differences in tensile strength for the biodegradable material 
compared to nylon are estimated to increase over time and affect the 
catch efficiency of the material in other fisheries (i.e., Grimaldo et al., 
2020), similar processes might take place over prolonged biodegradable 
snood line use. This could further affect the loss of snood lines and the 
catch efficiency. Furthermore, currently biodegradable PBSAT materials 
are more expensive compared to nylon (Standal et al., 2020) which 
might be related to limited production since the material is still in the 

Fig. 6. Difference between biodegradable snoods of 1.0 and 1.1 twine diameters regarding catch efficiency of haddock and cod. Black line represents the estimated 
catch ratio curve with 95% confidence intervals (black stippled curves). Horizontal stippled line at 1.0 represents the point at which both gears have an equal 
catch rate. 

Table 4 
Mechanical properties of the snoods with corresponding diameters (in brackets). 
Mean values for tensile strength (kg) and elongation at break (%), with range of 
values (in brackets) and sample size for longlines used in the experiments.  

Snood material Elongation (%) Tensile strength (kg) Sample size 

Nylon (1.0 mm) 33.1 (30.5–34.9) 47.8 (46.8–48.9)  3 
Biodegradable (1.0 mm) 31.7 (30.6–33.1) 32.7 (32.5–32.9)  5 
Biodegradable (1.1 mm) 29.3 (28.5–29.9) 37.0 (36.7–37.5)  5  

Table 5 
Difference in tensile strength compared by material types (Welch's t-test). Values 
in brackets are diameters of the material.  

Compared materials p-value 

Biodegradable (1.0 mm) vs nylon (1.0 mm) 1.43E-03 
Biodegradable (1.1 mm) vs nylon (1.0 mm) 2.00E-03 
Biodegradable (1.0 mm) vs biodegradable (1.1 mm) 3.50E-07  
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development phase. That is probably a barrier for replacement of nylon 
to biodegradable PBSAT snoods. However, this challenge might be 
overcome in time with reduction in costs if the production of the 
biodegradable material is scaled up and put in mass production. 
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