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Preface 

The international Workshop Methods for the Development and Evaluation of 

Maritime Technologies � DEMaT has a 29 year long history since it was first 

held in Rostock in 1993. The founding idea was to initiate an international 

working group that gravitates around topics such as fishing technology and 

marine aquaculture. Over the years, DEMaT�s focus has been widened, 

welcoming participants that work in areas such as oceanographic research, 

general ocean engineering and naval architecture. The 15th edition of the 

workshop was somewhat special as we were forced to interrupt the usual bi-

annual rhythm and postpone the meeting for one year. Furthermore, after many 

successful years, the longstanding head of the steering committee Prof. Dr.-Ing. 

habil. Mathias Paschen handed his responsibilities over to his successor Prof. 

Dr.-Ing. Sascha Kosleck.  

To address the actual global developments with regard to climate change and 

sustainable living including the associated changes needed in handling precious 

resources, the 2022 DEMaT centred around �Technologies to ensure a 

sustainable marine food production�.  

Many researchers, from academia, research institutions and industry alike 

accepted the challenge. Over three days, their attendance and participation 

sparked a diverse and interesting discussion from large health monitoring 

networks over general aspects of marine food production to detailed solutions 

for specific day to day problems. In this context we would like to express our 

special gratitude to this year�s keynote speakers, 

÷ Prof. Tsutomu TAKAGI, Hokkaido University, Faculty of Fisheries

Science, Japan

÷ Antonello SALA, National Research Council, Institute of Marine

Biological Resources and Biotechnologies, Italy

÷ Prof. Nils GOSEBERG, Technical University Braunschweig, Leichtweiß-

Institute for Hydraulic Engineering and Water Resources, Germany

÷ Hans POLET, Science Director, ILVO - Flanders Research Institute for

Agriculture, Fisheries and Food, Belgium

÷ Prof. Ana IVANOVIC, University of Aberdeen, School of Engineering,

United Kingdom
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The following summary of this year�s contributions intend to round up the 2022 

workshop and provide a basis for further discussions and new research ideas. 

Special thanks go out to my team at the Chair of Ocean Engineering for their 

hard work which started long before the first talk and only ends with the 

delivery of these proceedings. It wouldn�t have been possible without all of you. 

 

 

Rostock, January 2023  

Sascha Kosleck 
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USING HYDRODYNAMICS TO OPTIMIZE THE DE-

SIGN OF SEA STAR TRAWLS 

Karen B. BURGAARD1, Stefan CARSTENSEN2, David R. FUHRMAN2, Fin-

barr G. O9NEILL1  
1 Technical University of Denmark, National Institute of Aquatic Resources, 2, 

Willemoesvej, Hirtshals, 9850, Denmark 
2 Technical University of Denmark, Department of Civil and Mechanical Engi-

neering, 403, Koppels Allé, Kgs. Lyngby, 2800, Denmark 

Abstract 

Towed fishing gear can be used to catch sea stars where the hydrodynamics 

around the gear is used to lift the sea stars from the seabed. An experimental in-

vestigation has been carried out in a current flume, measuring flow velocities 

with laser Doppler velocimetry around a simplified model of the groundgear of a 

realistic fishing gear. The experimental data is used to validate a computational 

fluid dynamics (CFD) model in OpenFOAM. The results from the CFD model 

are then used in a particle path model to provide an initial estimate of how the 

hydrodynamics around the groundgear affect the sea star dynamics. The trajec-

tory of the sea star is found to depend on when in the vortex shedding cycle the 

groundgear approaches the sea star. 

Keywords  

Sea star, trawl, Computational Fluid Dynamics, particle path 

Nomenclature 

D 3 diameter of cylinder

U0 3 free stream velocity  

e 3 gap between cylinder and bed

u 3 velocity component in x-direction

v 3 velocity component in y-direction

vs 3 settling velocity

xp 3 position in x-direction

yp 3 position in y-direction

�t 3 time step 
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Introduction 

Globally sea stars are major predators of molluscs and other benthic inverte-

brates, and can have considerable impact on cultivated beds and natural popula-

tions of shellfish species such as mussels, oysters, scallops and clams. Conse-

quently, methods must be developed to protect shellfish beds from sea stars. 

Towed fishing gear can be used to catch sea stars where the hydrodynamics 

around the gear are used to lift the sea stars from the seabed. 

The traditional sea star trawl fishing gear used in Europe can have a large 

detrimental impact on the seabed. The frontal part of the gear can come into 

contact with the seabed, which can both damage the shellfish that the sea stars 

are predating and have broader environmental consequences for the local eco-

system. Hence, efforts have been made to develop trawl fishing gears which 

minimise these impacts. 

One of the methods being considered is to use hydrodynamics to lift sea 

stars from the seabed rather than to lift them mechanically with seabed-

contacting gear components. Part of the design process involves computational 

fluid dynamics (CFD) and experimental trials in a flume channel.  

The hydrodynamics have been studied around parts of the fishing gear 

e.g. the trawl doors, where optimization techniques have been developed to re-

duce drag, and thereby fuel consumption (Parente et al. (2008) and Leifsson et

al. (2015)). Further, the fluid-net interaction has been studied by Tang et al.

(2017) and the effect of mesh size and trawl gear accessories on the bottom

trawl hydrodynamic performance by Thierry et al. (2019). However, the hydro-

dynamics around the groundgear, and how it can be used to optimize the effi-

ciency of the gear, have not been studied to date.

This paper presents some preliminary studies involving both experimental 

measurements and CFD results performed on sea star fishing gear, and how they 

can be used to optimize the design. For simplicity, the frame of reference is re-

versed in the study such that the model of the groundgear is stationary and sub-

ject to a steady, uniform current just upstream, mimicking a towed groundgear 

in a stationary water column. 

Experimental methodology 

Direct velocity measurements were carried out in a current flume within the Hy-

draulics Laboratory at Technical University of Denmark Department of Civil 

and Mechanical Engineering. The flow velocities were measured with laser 

Doppler velocimetry upstream, around and downstream of a simplified model of 

a realistic groundgear for a sea star trawl. The model of the groundgear was a 
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circular cylinder with a diameter of D=10 cm which is mounted at a fixed gap 

distance to the bed, e=10 cm.  

A schematic diagram of the experimental configuration is shown in Fig-

ure 1. A coordinate system with origin at the centre of the cylinder is chosen. 

The flume provides a steady, uniform current, U0=0.54 m/s and a free stream 

turbulence intensity less than 2% upstream of the cylinder. The measurements 

will serve to validate the CFD model, described below, whose output is used to 

model sea star trajectories. 

Figure 1  

Schematic diagram of the experimental setup and coordinate system. 

Computational method 

The numerical simulations are performed using the open-source software Open-

FOAM v2006. The CFD model is based on Reynolds-Averaged Navier-Stokes 

equations coupled with a k-Ë turbulence model of Wilcox (2006) and imple-

mented in OpenFOAM as in Li et al. (2022).  

The dimensions of the cylinder in the computational model are the same 

as the model in the flume, such that the experimental data can be used to directly 

validate the CFD model. The mesh used in the CFD model is shown in Figure 2. 

A smaller cell size is used closer to the cylinder and the bed, where higher reso-

lution is required to capture the flow correctly.  

A no-slip boundary condition is used at the bed and the cylinder, and the 

inlet conditions are set to match the background velocity and turbulence field in 
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the experiments. After validation of the CFD model, additional models with dif-

ferent e/D values were additionally simulated. In these subsequent simulations, 

the fixed value of the velocity at the seabed was now changed to have the same 

value as the free stream velocity. This set up the model now represents towing 

conditions as in the field.  

Figure 2  

Close up of computational grid used in computational fluid dynamics model. 

Particle path model 

The velocity field obtained from the CFD model is used together with a particle 

path model to estimate the movement of the sea stars. The position of the sea 

stars at each new time step (time level n+1) is determined from the position at 

the previous time level (n) and the velocity in the following way 

(1) 

(2) 

corresponding to a explicit forward Euler method. The particle paths are calcu-

lated by post-processing the output of the CFD simulation. In addition to the 

flow velocities (u and v), the settling velocity, vs, is also needed when calculat-
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ing the sea star trajectory. Preliminary measurements conducted at the Danish 

Shellfish Centre suggest the fall velocity of sea stars is in the range 0.08 m/s to 

0.2 m/s. A value of the settling velocity in the lower end of this range was cho-

sen for the below presented particle trajectories, namely a settling velocity of 

vs=0.08 m/s. The sea stars are inserted in the model as particles. A restriction is 

applied for the lower position of the sea star, such that it cannot obtain a position 

lower than y/D=0.1, corresponding to the approximate thickness of a sea star. 

Further, the sea stars are not allowed to move in the x-direction when they are at 

the bed (y/D=0.1). 

Results 

Comparison of CFD model and experiments 

The measured mean velocity profile for the streamwise and vertical velocity are 

shown in Figure 3 together with the corresponding profiles obtained in the CFD 

model. The profiles are found at seven x-positions, x/D= -2.5, -1.5, 0, 1.5, 3.5, 

5.5, 7.5. The CFD model predicts the velocity field very well and captures how 

the water is flowing around the cylinder. The streamwise velocity is increasing 

on either side of the cylinder at x/D=0, while a downward and upward flow is 

seen from the vertical velocity in the gap and above the cylinder, respectively. 

Downstream of the cylinder it can be seen from both the data and the CFD mod-

el that the streamwise velocity is decreasing in the wake region at the centre of 

the cylinder y/D=0. 

Figure 3  
Mean streamwise (u) and vertical (v) velocity profiles at x/D= -2.5, -1.5, 0, 1.5, 

3.5, 5.5, 7.5 for LDV measurements (o) and CFD model  (-) . 
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Particle path model 

The particle paths of the sea stars are found from the velocity fields obtained 

with the CFD simulation and eqns. (1) and (2). The mobilization of the sea stars 

is highly related to the vortex shedding. A vortex shed from the bottom part of 

the cylinder will cause an upwards flow, ejecting the sea star from the seabed, 

while a vortex shed from the upper part will cause a downwards flow, hence the 

sea star will remain at the seabed. The upwards flow must exceed the settling 

velocity for the sea stars to be ejected. The particle paths are found during sev-

eral vortex shedding cycles, such that all aspects of the cycle are captured. All 

the paths are combined to obtain the probability of the sea star location down-

stream of the groundgear.   

Figure 4 shows the probability of the sea star location downstream of the 

cylinder for the gap ratios e/D=0.5, 0.625, 0.75, 0.875, 1. From the figure it is 

seen that the gap ratio has a large impact on the ejection and paths of the sea 

stars. The sea stars are ejected at x/D=1.5 at the earliest for the smallest gap ra-

tio, which increases to x/D=3 for the largest gap ratio. The number of sea stars 

ejected is also smaller when the gap ratio is increased, however, the paths are 

more regular than for small e/D, where the sea stars are affected by the rotating 

flow of the vortices, causing them to move up and down in the water column. 

There is no configuration where all of the sea stars are ejected, due to the 

downwards flow from the shedding from the upper vortex.   
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Figure 4  
Computed probability of sea star location based on the particle paths down-

stream of groundgear.   

 

Discussion 

 
The probability of the sea star position can be used to design the sea star trawl, 

thus increasing the efficiency of the gear. For example, the gap ratio effects the 

ejection and path of the sea star, meaning that the position of the net has to be 

positioned according to the gap ratio, where the gap ratio depends on the fishing 

grounds.  

The gap ratio is not the only parameter that has an impact on the path of 

the sea stars. Other parameters such as the velocity of the flow, diameter of the 

cylinder and the settling velocity of the sea stars, which may depend on the sea-

son, will also affect the paths but has yet to be covered in this study. Further, it 

DEMaT´22

9



should be noted that the sea stars are modelled as passive particles in the model, 

whereas their size and mutual interaction could have an impact on their paths. 

Conclusions 

The velocities around a groundgear of a sea star trawl have been measured with 

LDV and compared with a CFD model. The CFD model provides promising re-

sults and was able to capture flow velocities around the cylinder.  The velocity 

field from the CFD model was used together with a particle path model to find 

the probability of sea star location downstream of the groundgear. The sea star 

location was dependent on the gap between the cylinder and the seabed. The 

ejection of the sea stars occurred later for a large gap ratio. Further, a larger per-

centage of the sea stars were ejected into the water column when the gap was 

small.  
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HYDRODYNAMIC DRAG AND CATCH EFFICIENCY OF LOW 

POROSITY CALANUS NETS 

Enis N. KOSTAK1, Eduardo GRIMALDO1,2, Jesse BRINKHOF1,2, Bent 
HERRMANN1,2,3, Roger B. LARSEN1  
11UiT the Arctic University of Norway, Norwegian College of Fishery and 
Aquatic Science, Breivika, 9037, Tromsø, Norway 
2SINTEF Ocean, Department of Fisheries Technology, Trondheim, Norway 
3Technical University of Denmark, Section for Fisheries Technology, Institute for 
Aquatic Resources, Willemoesvej 2, 9850, Hirtshals, Denmark 

Abstract 

A major challenge for the aquaculture sector is access to sustainable and cost-
effective raw materials for feed. New materials should preferably be from marine 
sources outside the human food chain. The ocean hosts many species, especially 
in lower trophic levels that are either not harvested or only marginally utilized. 
One of this species, Calanus finmarchicus, has potential to contribute with new 
and large volumes of marine raw materials enabling sustainable growth of the 
Norwegian aquaculture production. Lack of an efficient fishing method has been 
the most important limitation in the development of fishing for Calanus. Fine-
meshed trawls, as those currently used in Calanus trawling, have high drag forces, 
causing high levels of greenhouse gas emissions (GHGE). Therefore, it is 
important to increase catch efficiency and reduce drag and thus GHGE. This study 
aims at developing more energy effective and catch-efficient Calanus harvesting 
technology. We studied the hydrodynamic performance of Calanus nets with 
different mesh sizes at various flow velocities in a flume tank. The catch 
efficiency of the same set of nets used in the flume tank was assessed during 
experimental fishing in the Norwegian Sea. While the net with 750 ¿m mesh size 
had the lowest drag force in all flow speeds, the 500 ¿m mesh size net provided 
the highest catch efficiency with a small margin to 250 ¿m mesh size. Results 
demonstrated the challenge of obtaining a reduction in drag and simultaneously 
increase catch efficiency when trawling for Calanus.  

Keywords  

Plankton nets, mesh sizes, catch efficiency, drag force, Calanus 
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Nomenclature 

FD �  Drag Force [N] 
t � Twine diameter [¿m] 
a � Inside measured vertical mesh size [¿m] 
d � Inside measured diagonal mesh size [¿m] 
b � Inside measured horizontal mesh size [¿m] 
Sn � Solidity ratio
n � Number of meshes in the imaged frame
x � Vertical measure of the projected area [¿m] 
y � Horizontal measure of the projected area [¿m]

Introduction 

Due to the increasing demand for global marine products as feed in aquaculture 
and human consumption, there is a growing need for suitable alternatives that can 
provide omega-3-rich oil, protein, and other bioactive compounds. (Lenihan-
Geels et al., 2013; Hua et al., 2019). The ocean hosts many species, especially in 
lower trophic levels that are either not harvested or only marginally utilized (FAO 
2020). One of these species, Calanus finmarchicus, has the potential to provide 
new and significant quantities of marine raw materials that would enable the 
production of aquaculture in Norway to increase sustainably. Only recently a 
commercial quota on Calanus has been set, opening possibilities to harvest and 
utilize this nearly unexploited resource, with an estimated biomass of 290 million 
tons. (Aksnes and Blindheim, 1996; Skjoldal et al., 2004; Prellezo, 2019).  

Currently, in Calanus fisheries, fine-meshed trawls (~500 ¿m bar length) are 
being used with mouth openings up to 100 m2. The catch rates with these trawls 
are up to 2 tons per hour with a 100 m2 trawl and a tow resistance of approx. 20 
tons at 1 knot towing speed (Grimaldo and Gjøsund, 2012). This results in a high 
greenhouse gas emission if Calanus is to be used as a significant ingredient in 
salmon feed in the future.  

Therefore, to reduce greenhouse gas emissions it is important to develop 
harvesting technology that provides a significantly lower energy consumption per 
unit of catch than current technology (Jafarzadeh et al., 2016). To achieve this, 
we need to understand the interaction between the hydrodynamic properties of 
low-porosity nets with different mesh sizes and their respective harvesting 
efficiencies.  
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Gjøsund and Enerhaug (2010) obtained basic relations for the flow through and 
forces on tapered net sections, based on pressure drop and streamline deflection 
through porous screens, and present parametric examples for the filtration 
efficiency and drag on conical nets. The model allows easy assessment of the 
effect of varying mesh opening, twine thickness, porosity, taper angle and flow 
velocity. For a tapered net, it is the pressure drop through the net panels that 
defines the degree to which the flow is blocked, and the pressure drop will 
primarily be a function of the ratio between the total open mesh area of the section 
and the inlet area of the section (Gjøsund and Enerhaug 2010). The filtration 
efficiency is defined as the ratio between the average velocity across the net mouth 
and the velocity of the net through the water (e.g., the towing velocity through 
quiescent water) (Grimaldo and Gjøsund, 2012). A net panel or a trawl section 
will always cause some blocking of the flow. However, the blocking will only 
become noticeable if the panel has both sufficiently low porosity (small mesh 
opening, high solidity) and steep tapering angle (Valdemarsen et al., 2011). 
Clogging of mesh panels is a common problem in Calanus trawls, and a problem 
that this theoretical model cannot account for. It is expected that clogging of net 
panels will be positively correlated increasing drag, but its effect on fishing 
efficiency is unknown. Once again, there is a need of conducting controlled 
hydrodynamic tests combined with fishing trials to have a better understanding of 
the processes affecting catch efficiency.  

Generally, towing resistance increases in relationship with towing velocity. This 
is rarely a problem for small sampling nets like those used in this study, but it can 
be extremely important for the fuel efficiency of full-scale commercial plankton 
trawls. Also, one of the main concerns for commercial plankton trawls is catch 
efficiency along with fuel consumption (Grimaldo and Gjøsund, 2012). 

Therefore, if we want to optimize fuel efficiency considering catch efficiency, 
more improved hydrodynamic designs are needed for Calanus trawlers.  
Thus, to enable development of the optimal design of Calanus trawls we need to 
investigate; i) which mesh size and solidity has the lowest drag under given flow 
speeds, and ii) what is the catch efficiency for those mesh sizes?  

Materials and methods 

Experimental nets 

In this study, four different mesh sizes (250, 500, 750, and 1000 ¿m) in 
experimental plankton nets were used with a 5º tapering angle (Fig. 1, left). All 
nets were attached to a plastic ring (hoop) of 1 m diameter. The total length of the 
nets was 5 m (4.9 m from opening to the codline). The nets were built from 
polyamide monofilament material (Nylon PA 6.6 � KC Denmark).  
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The mesh size and twine diameter were measured using a scaled microscope with 
a �Leica� camera microscope and imaging software. Images (Fig. 1, left) were 
analyzed in the FISHSELECT software tool (Herrmann et al., 2009). The twine 
diameter (t) and inner mesh size were measured vertically (a) and horizontally (b) 
from the middle of the bars (Fig. 1, right).  

Figure 1  
Scaled images of the net samples (left). Measured parameters and their positions 
in the image (right). 

The solidity depends on twine thickness and mesh size (Tang et al., 2017). 
Solidity ratio (Sn) is often used to describe the geometrical characteristic of 
netting, and it can be formulated as the projected area�s ratio to the total area 
covered by the outline of the netting panel by using number of meshes (n) in a 
frame with area x × y (Fig. 1).  ÿ௡ ൌ 1െ ௡௔௕௫௬ (1) 

Flume tank experiments 

The plankton nets were tested at the SINTEF flume tank in Hirtshals, Denmark 
(2-3 June 2022). The rings were tied to the main towing wire with 4 bridles from 
the hoop. To prevent swaying, the towing wire passed through a small ring which 
was fixed to the tank walls from the side (Fig. 2). Also 2 floaters with each 80 g 
lifting capacity, were attached to 3 of the nets to maintain the neutral buoyancy 
and prevent it from rotating. Except for the 1000 ¿m net which required 4 floaters 
with the same lifting capacity due to its higher weight. The drag measurements 
were performed with 0.31, 0.51, 0.72, 0.98 m/s flow speeds for each net. All nets 
were tested individually, by increasing the speed, respectively, and only 
horizontal towing direction flow velocity was considered for this study. 
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Figure 2 

Flume tank photo of all nets that were used in the study (left). Front view of the 
500 ¿m net and experimental setup (right). 

Field experiments 

Experimental trials were carried out onboard the R/V �Helmer Hanssen'' (63.8 m 
LOA, 4080 HP) during 15-16 June 2022 in the Norwegian Sea, between 69º062-
69º242N and 14º002-15º082E along continental shelf across Langøya Island. All 
hauls were carried out with an average towing speed of 1.97 (1.1-2.6) knots (0.57-
1.34m/s) with a towing time of 60 min. and an average towing depth of 7.3 (13.8-
2.5) m. 

Figure 3 

Experimental setup that was used in sea trials. 
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The same nets were used in sea trials as flume tank tests, however this time four 
nets were fitted in 2.1x2.1 m steel frame (Fig. 3). Four plastic floats were tied at 
the top side of the frame, and chain weight attached to the bottom of the frame to 
maintain a perpendicular towing position. A Scanmar SS4 depth sensor was 
attached in the middle of the upper bar of the frame. The four nets were towed 
simultaneously in the frame, lined up in clockwise directions 250, 500, 750 and 
1000 ¿m, respectively. 
 
Statistical methods 

The data set was analysed by using the statistical software tool SELNET 
(Herrmann et al., 2012). Uncertainties in estimated values for drag forces and 
catch values were obtained by none-parametric bootstrapping (Efron, 1982) with 
1000 repetitions. Specifically, we used Efron 95% percentile confidence bands 
(Efron, 1982).  
 
Results  

Netting properties 

10 different and random mesh size and twine diameter measurements were 
conducted for each net using microscope images. Mean measurements for the 
mesh sizes and twine diameters are given in Table 1.  
 

Table 1 

Mean measurement values for twine diameter (t) and mesh sizes for each vertical 
(a), horizontal (b) and diagonal (d) directions for all nets along with solidity ratio 
(Sn) and measured mesh sizes. Measured mesh size values represent mean values 
for a and b.  

Mesh size 

(µm) 

Nominal  250  500  750  1000  

Measured 194  446  655.5  898.5  

t (µm) 198  345  318  514  
a (µm) 187  431  676  929  
b (µm) 201  461  635  868  
d (µm) 274.53  631.09  927.47  1271.40  

Sn 0.7398  0.6528  0.5517  0.5895 

 
Flume tank experiments 

In this study, the 750 ¿m mesh sized net was used as the baseline for analysis. In 
Fig. 4, changes in drag can be seen for each mesh size with increased flow 
velocity. All the nets showed a decrease in drag force for all flow speeds when 
increasing the mesh. Contrary to expectation the net with 750 ¿m mesh size has 
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the lowest drag force compared to the other mesh sizes. Solidity ratio values were 
calculated for each mesh size and fitted into a plot corresponding to the relevant 
nominal mesh size (Fig. 4). The coefficient of determination gave us high R2 
values for the solidity ratio for the regression model. Due to the low margin of 
error around the estimated values in Fig. 4, the 95% confidence limits are 
presented in Table 2. 

Figure 4 
Solidity ratio (Sn) for each mesh size versus drag force (FD). 

Table 2 

Mean drag force FD (N) values for the tested nominal mesh sizes at each flow 
speed (m/s). Values in �()� represent 95% confidence limits. 

250 ¿m 500 ¿m 750 ¿m 1000 ¿m 

0.31 m/s 64.33(64.2-64.5) 57.84(57.7-57.9) 49.35(48.8-49.7) 50.99(50.8-51.3) 

0.51 m/s 172.37(171.4-172.9) 157.49(156.6-157.9) 133.85(133.7-134.0) 140.24(139.1-141.2) 

0.72 m/s 335.20(332.6-337.8) 311.52(307.8-314.3) 266.6 (262.8-270.1) 276.89(272.7-280.1) 

0.98 m/s 617.41(611.7-623.2) 577.40(573.8-581.0) 505.08(496.5-510.3) 521.64(517.1-526.5) 

Sea Trials 

A total of 10 valid hauls were carried out during the sea trials. After each tow, the 
catch from the four nets was put into separate containers, and the catch weight 
was recorded for each codend. Total weight of about 23.9 kg was caught for all 
hauls. Onboard microscope examination of the catch revealed that the catches 
consisted predominantly of Calanus spp., along bycatch species, like jellyfish, 
algae, fish eggs, and larvae etc. 
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According to the total catch data, the mesh size with 500 ¿m showed a slightly 
higher catch efficiency than 250 ¿m, but not statistically significant, as opposed 
to net with 1000 ¿m mesh size (Fig. 5).  
 

  

Figure 5 

Catch amounts for all measured mesh sizes. Error bars represent 95 % confidence 
limits. 

On the other hand, for the estimated catch ratio, the difference between 500 ¿m 
and 750 ¿m is significant with a 55.6% estimated increase in the catch (Fig. 6). In 
addition, we have a 78.8% estimated catch loss with 1000 ¿m net. 

  

Figure 6 

Estimated catch ratio for measured mesh sizes with the net with 750 ¿m mesh size 
as baseline. Error bars represent 95 % confidence limits. 

The 750 ¿m mesh sized net, which was selected as the baseline for the 
experiments, demonstrated the lowest drag force values. However, the 250 ¿m 
and 500 ¿m mesh nets, which demonstrated higher catch efficiency than the net 
with 750 ¿m mesh size, performed also higher drag force. The 1000 ¿m mesh net 
showed the poorest results both in terms of catch efficiency, and a high drag force 
value compared to 750 ¿m. 
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Discussions and conclusions 
This study showed that solidity highly affects the drag force of the fine meshed 
Calanus nets. A similar correlation is found between the amount of catch and 
mesh size (Fig. 5), except for the smallest mesh size.  

The amount of catch between the net with 250 ¿m and 500 ¿m mesh size was not 
significantly different. One possible explanation could be that the nets retained 
the same size distribution of Calanus, meaning that the net with 500 ¿m mesh size 
already retained the entire size distribution encountered in the fishing area. 
Another possible explanation could be that the small mesh size in the net with 250 
¿m mesh size caused a �bucket-effect" pushing the water and target species in 
front of the net opening. Both possible explanations need further investigation.  

Nevertheless, the 750 ¿m mesh size can be an alternative to the 500 ¿m mesh size 
which is used in commercial Calanus trawls. The net with the 750 ¿m mesh size 
had both a lower catch efficiency and drag force compared to the net with the 500 
¿m mesh size. In this case the optimal mesh size becomes a cost-benefit trade-off 
between catch efficiency (income) and drag force which leads to increased fuel 
consumption and GHGE (cost).   
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Abstract 

For the purpose of improving hydrodynamic performance and reducing contact 

with the seabed, a new self-adjusting otter board (SAO) has been developed by 

MLD (https://mld.one/) for operating in demersal trawl fishery. The SAO has 

two flaps (upper and lower) that can be opened and closed in order to control the 

lift on the otter boards and thus control the horizontal and vertical position in the 

water. These dynamic otter boards can be controlled remotely by the skipper or 

by a positive feedback control system using acoustic signals. A full-scale exper-

iment was conducted to compare the engineering performances of SAO against 

a conventional seabed-contacting design. There was no seabed contact when 

SAO was set to a target height of 5 meter above the seabed. Lift and drag coeffi-

cients at a towing speed of 1.54 m/s were calculated to be 2.25 and 0.48 for 

SAO and 1.48 and 1.18 for conventional door respectively. Thus, the efficiency 

(lift/drag ratio) of the SAO was 4.68 whereas that of the conventional otter 

board was 1.25. The results provide the information for fishermen to make an 

informed decision about the viability, engineering performance and fuel effi-

ciency of self-adjusting otter boards.   

Keywords  

Self-adjusting otterboard; Hydrodynamic drag; Lift/drag ratio; Seabed contact; 

Trawl. 
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Nomenclature 

 

CL � lift force coefficient                                           [-] 

CD � drag force coefficient                                         [-] 

Ã � sea water density                                                  [kg/m3] 

V � towing speed                                                       [m/s] 

� � projected area of otter board                               [m2] 

Fspread � lift force of otter board                                 [kgf] 

Fdrag � drag force of otter board                                 [kgf] 

³ � otter board attack angle                                       [ç] 
Ç � pitch angle of the otter board                               [ç] 

Introduction 

The otter boards produce a hydrodynamic lift (spreading) force acting perpen-

dicular to the direction of tow that is related to the horizontal expansion of the 

trawl at the cost of generating a drag force acting against the towing direction 

that must be overcome by trawler. While drag causes energy/fuel consumption, 

lift directly relates to the effectiveness, and lift-to-drag ratio characterizes the 

efficiency of the otter board (Balash et al. 2020). Otter boards can account for 

approximately 30% of the total trawl-system drag force trawling operations 

(Sterling and Eayrs, 2010; You et al., 2020). In general, the improvement of hy-

drodynamic performance, reducing the resistance, and mitigating seabed contact 

are the main challenges in the design of the otter board. In recent years, various 

studies have been conducted to improve the design and hydrodynamic character-

istics of trawl otter boards. Developed designs include a door with a rectangular 

curved surface and a high aspect ratio, a comprehensive door with a slotted el-

liptical surface, cambered otter boards, multi-wing otter boards, airfoil-shaped 

otter board, a door with a vertical curved V-shaped surface, and a rectangular 

otter board with a slotted curved V-shaped surface (SEAFISH et al. 1993; Reite 

and Sørensen, 2004, 2006; Prat et al. 2008; Sala et al. 2009; Liu et al., 2014; 

Takahashi, et al. 2015; Wang et al. 2017; Su et al. 2018; Xu et al. 2017; Balash 

et al. 2020; Chu et al. 2020; Wan et al. 2021). 

A new self-adjusting otter board (SAO) has been developed by the door manu-

facture MLD, Esbjerg, Denmark. The SAO is made up of three thin static foils 

of sheet material placed above a thicker flapfoil that contains the mechanical 

parts. Each otter board has two flaps that can be rotated about a shaft from 0ç to 

45ç in order to control the otter board in both horizontal and vertical directions as 

follows: the upper flap controls movement in downward direction, the lower flap 

controls movement is upward direction, and the two flaps in combination con-

trols movement in horizontal direction (Fig 1). Sonars positioned at the bottom 

of the SAO measure height above the seabed and a dynamic feedback system 
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controls the flap angles to ensure that the door spread and the height above the 

seabed are kept constant. Lift coefficient and lift to drag ration could be changed 

by changing upper and lower flaps angle consequently, it is possible to control 

the spreading force and altitude of the doors. Here we measure the lift and drag 

coefficients and the efficiency of the MLD doors and compare them with those 

of a conventional seabed-contacting door. 

 

Material and methods 
The trials were carried out in the Kattegat/Skagerrak Sea onboard of RV 

�Havfisken� (17 m L.O.A., 373 kW engine power). All hauls took place in same 

area with similar depth and substrata where water depth varied from 35 to 42 m 

and the substrata was sandy and muddy. Warp lengths were paid out 200 m for 

conventional and 136 m for SAO. A typical otter board Thyborøn type 2 with 

area of 1.78 m2 was selected as the reference door. When the otter boards were 

changed through the trials, the rigging, the net, groundgear, floats etc. were kept 

identical. For the SAO, the door height was targeted as 5 m above the seabed. 

Each set comprised different speed settings along with two reciprocal course 

legs, one directly with the tide and one directly opposite to account for the ef-

fects of prevailing wind and water current conditions. 15 minutes of readings 

were then recorded from the instrumentations. During every haul the following 

technical data was recorded: warp and sweep tension (recorded at 1 second in-

tervals from the load shackle), speed of the vessel (recorded by GPS) and speed 

of the net through the water (recorded by flowmeter), water depth, wind speed, 

and warp and sweep angles (reading from DST tilts). 

The total length of SAO defined as the distance from the leading edge of the 

door to back edge of flapfoil. The door area calculated as 1.74 m2.  
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Figure 1 

Schematic view of the self-adjusting otter board used during the sea trials; both 

flaps in 40 degrees adjustment expected to increase ~40% lift/spread. 

 

The main parameters describing the hydrodynamic performance of otter board 

are lift coefficient (CL), drag coefficient (CD) and efficiency (CL/CD), whose cal-

culation formulas can be described as follows: 

CL =                                                                                                         (1)           

CD =                                                                                                         (2)      

Efficiency =                                                                                                     (3) 

where the door spread and drag forces are calculated from the resolved compo-

nents of the sweep tension behind the door and the warp tension ahead of the 

door, Ã is the fluid density (Ã = 1026 kg/m3), g is gravity acceleration (m/s2), V 

is the velocity of the otter board relative to fluid (m/s), A is the projected area of 

otter board (m2), Fspread is the lift or spreading (kgf) force and Fdrag is the drag 

(kgf) force. The efficiency (lift-drag ratio) is a main parameter for the perfor-

mance of the otter board which enable to direct comparison of two otter boards. 

The higher the value of CL/CD the more efficient the otter board is. 

The data was modelled using a generalized linear mixed effects model (GLMM) 

with a Gaussian distribution (Zuur et al. 2013). The mixed effect model�s struc-

ture was: 

Y = X ^ + H + [                                                                                                   (4) 

Where Y is the outcome variable; X is a predictor variable; ^ is the fixed-effects 

regression coefficients; H is the random effects and [ is the residuals. There are 

a random source where H denotes a vector of haul random effect of each door 

type, and is assumed to follow a normal (Gaussian) distribution: Hi > N(0, 

Var(Hi)) where Hi is hauls random effect in observation i. Therefore, Var(Y) = 

Var(H) + Var([). The variance components are estimated by the method of re-

stricted maximum-likelihood (REML) (Patterson and Thompson, 1971), which 

set unbiased estimates for the variance components. The mixed effect model was 

implemented using the �lme42 package in R (Bates et al., 2012; R Core Team, 

2020). 

 

 

DEMaT´22

24



Results and discussion 

The results of the trials are summarized in Table 1. Door drag force, coefficients 

of lift, drag, and efficiency for each door type are shown in Fig. 2, Fig. 3, Fig. 4, 

and Fig. 5 respectively, as a function of net speed. 

The mean gear drag force at intermediate speed showed 19% reduction by SAO. 

The results showed that door type and speed significantly affect door drag. The 

door drag for SAO was consistently estimated to be significantly lower than for 

conventional door by about 69% at intermediate speed and this difference in-

creases as speed increase. The resistance of the SAO accounts for up to 14% of 

the total-system drag while this value is estimated to be 28% for conventional 

doors. 

Results for the SAO show lower values of drag coefficient and higher values of 

lift coefficient than the conventional door (Table 4). The drag coefficient of the 

conventional door is constant with speed while that of the SAO goes slightly 

down. The lift coefficient of both doors reduces with speed but the decline is 

steeper for the SAO. There is more variability in the measurements of the SAO 

values because of movement of the flaps. The efficiency (lift/drag ratio) of the 

SAO was 4.48 whereas that of the conventional otter board was much lower and 

in the range 1.16 to 1.36. Drag coefficient and efficiency of conventional doors 

were reported as 1.0 and 1.49 in a flume tank study (SEAFISH, 1993). The 

higher CD value in our study in comparison with flume tank study might be due 

to seabed friction and ground shear effect. On the other hand, the drag coeffi-

cient and efficiency of the SAO were estimated to be 0.73 and 3.74 respectively 

in a flume tank experiment done by MLD (SINTEF, 2015). Generally, it is diffi-

cult to achieve a dynamic similarity between the prototype and the full-scale 

gear in particular when flap angle of prototype door was set at constant angle. 

Further, as seen in Fig. 6, there was no seabed contact in target height of 5 m 

above the seabed. 

Conclusion 

Engineering performance of SAO has been validated comprehensively through 

CFD simulations, flume experiments, and sea trials. First two phases have been 

completed by MLD and the final phase validated through the current study. In 

this study, full-scale trials is conducted to investigate the hydrodynamic perfor-

mance and seabed contact of self-adjusting otter boards. Through an analysis of 

the results, the following conclusions are drawn: 

(1)  Overall, compared to the conventional otter boards, the SAO had up to >69% less drag significantly. The resistance of the SAO accounts for up 
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to 14% of the total-system drag while this value is estimated to be 28% 

for conventional doors. 

(2)  Results for the SAO show lower values of CD and higher values of CL 

than the conventional door. The lift-to-drag ratio of SAO was exceeded 

4.4, which is 3.5 times greater than for conventional otter boards, imply-

ing a 19% drag reduction for trawling systems. 

(3)  There was no seabed contact at all when the SAO height set as 5 m.  

(4)  Further study needs to investigate the catching performance of SAO in a 

demersal trawl fishery. 

Table 1 

Estimated values of angles and hydrodynamic coefficients respect to different 

speeds. Conventional (Con) and self-adjusting otter board (SAO), angle of at-

tack of otter board (³), gear drag (GD), door drag (DD), drag force coefficient 

(CD), spreading force coefficient (CL), efficiency of otter board (Eff), and pitch 

angle of the otter board (Ç). 

Door 

type 

Speed 

(m/s) 

³ GD 

(kgf) 

DD 

(kgf) 

CD CL Eff Ç 

Con 1.28 35 1456 366.5 1.23 1.68 1.36 10.1 

1.54 35 2028 555.5 1.24 1.55 1.25 12.3 

1.81 35 2483 754.5 1.24 1.44 1.16 15.2 

SAO 1.28 16 1205 155 0.52 2.39 4.5 7.7 

1.54 16 1632 209 0.48 2.22 4.6 9.1 

1.81 16 2011 245 0.43 1.98 4.6 11.3 
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Figure 2 

Estimated curve for comparing door drag between door types. Points represent-

ed experimental observations and shaded area represented 95% confidence in-

terval. 

 
Figure 3 

Comparison of lift coefficient between SAO and conventional doors. Shaded ar-

ea represented 95% confidence interval. 
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Figure 4 

Comparison of drag coefficient between SAO and conventional doors. Shaded 

area represented 95% confidence interval. 

 
 

 
Figure 5 

Predicted efficiency of SAO in comparison with conventional door. Shaded area 

represented 95% confidence interval. 
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Figure 6 

Actual height of SAO during the hauls respect to the port and starboard sides. 

Black dashed line shows target height. 
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Abstract

New high-strength materials used for production of netting structures allow for a

reduction of the twine diameter. This results in a reduced drag of the netting

when exposed to a fluid flow. Consequently, a trawl built with such materials

has less drag, so less fuel would be consumed during trawling.

Also, aquaculture cages would benefit from using smaller twine diameter net-

ting. A good water quality inside the cage is of utmost importance for the health

of the fish stock. The use of netting with a smaller twine diameter would reduce

the blockage of the netting and thus would result in an enhanced fluid exchange

in the cage, keeping the water quality at a high level.

However, precise information of drag and lift of these high strength materials is

missing, which is necessary as input for simulation tools to predict the shape of

netting structures as well as the fluid field inside and around these. Therefore,

wind tunnel experiments have been conducted to record drag and lift  coeffi-

cients of a high strength PE material with a twine diameter of 1.8 mm and a half

mesh size of 60 mm. Four net panels have been measured with a hanging ratio

of 0.2, 0.3, 0.4 and 0.5 respectively. The angle of attack varied from 0° to 90°

and the measurements were done at wind speeds of 16, 20, 24 and 28 m/s.

The unique details and the results of the experiments will be presented here.

Keywords 

net panel, drag and lift coefficients, wind tunnel tests, net hydrodynamics

Nomenclature

A 3 area

C 3 hydrodynamic Coefficient

F 3 force

L 3 length

Re 3 Reynolds Number

a 3 mesh size (half mesh)
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m 3 number of meshes in length of net panel

n 3 number of meshes in width of net panel

u 3 hanging ratio (u1 3 lateral, u2 3 longitudinal mesh-direction)

v 3 velocity

³ 3 mesh opening angle (³ = sin-1 (u1))

³ 3 angle of attack

· 3 dynamic Viscosity

Ã 3 density

Introduction

With the increased use of high strength materials for netting, the overall twine

area and therefore the drag of  the trawl  decreases.  However,  little  is  known

about the hydrodynamic behaviour of such materials.

The aim of this work was therefore to provide detailed information about the be-

haviour of thin twine netting material in a flow field. To do so, the forces acting

on the net panel in the flow were recorded at known air speeds and angles of at-

tack in the wind tunnel.

Four net panels of 8 x 8 meshes of the same 1.8 mm twine material but at differ-

ent hanging ratios have been investigated. The mesh size of the net panels was

60 mm. With the forces recorded, the geometrical parameters of the net panels

and the flow information from the wind tunnel, the force coefficients in longit-

udinal and transverse direction with respect to the flow direction have been cal-

culated for each setup. 

Previous Work

Many experiments like this have been conducted either substituting the actual

net with a grid made from metal bars (Bortlik and Hoffmann [1] and Kruse [2])

or placing the net panel in a rigid frame (Madsen et al [3]). Both methods have

their drawbacks. With rigid bars, usually the knots of the net are neglected and

the surface of the bars is smoother than that of the actual netting material. Using

actual nets on the other hand requires said frame to place the net panel rigidly in

the flow field. However, the frame tends to influence the flow field significantly.

Subtracting that influence from the results is sometimes hard to realize.

Another simplification is the limited size of the net panel compared to the net

structures  in  real  life  applications.  The  flow  often  reaches  the  net  panel

undisturbed which is not the case for a section of netting within a trawl. Here

most parts of the netting structure would be in a flow field effected by other

parts of the trawl. One way to overcome this modelling problem is to place an

object, preferably netting or a grid, in the flow in front of the net panel. Bortlik

and Hoffmann as well as Kruse used for their experiments a metal grid with
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hinges at the knot positions. That way, the hanging ratio could be adjusted as

desired. The hinges at the knot position were an additional deviation from the

real life netting. Bortlik and Hoffmann also investigated the effect of placing an

extra row of the grid in front of the actual grid panel.

Materials and Methods

The experiments have been conducted at the wind tunnel facility of the Chair of

Ocean Engineering at the University of Rostock in February 2022.

The net panels investigated were made from high strength polyethylene with a

twine diameter of 1.8 Millimetre and a mesh size of 60 Millimetre half mesh.

There have been four net panels of 8 x 8 meshes with hanging ratios of 0.2, 0.3,

0.4 and 0.5 respectively. As the number of meshes kept constant, the hanging

ratio is also a reference for the solidity of the panels.

When it  comes to  testing  of  net  panels,  usually,  the  influence  of  the  model

holder has to be considered very carefully. Even more so with decreasing twine

diameter as the ratio between twine area and covered area decreases as well

which in turn increases the effect of the model holder in relation to the effect of

the actual model. In order to reduce the model holding bracket to a minimum

size,  the  netting material  has  been cut  to  four  pieces  which were  soaked in

epoxide resin and put in frames under tension with the desired hanging ratio to

let the resin set.

Figure 1
Netting material after treatment with epoxide resin
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This process resulted in stiff net panels with fixed mesh openings as shown in

Figure 1. However, due to the small twine diameter, the net panels were still too

flexible to be fixed with a single bracket to the 6-axis load balance of the wind

tunnel, especially under wind load.

For the experiments, the net panels had to be additionally stabilised. This was

realized  by  building  a  second  6-axis  load  balance  which  was  fixed  to  the

traverse-system of the wind tunnel and placed overhead above the measuring

section. That way, the bracket holding the net panel could be fixed at the lower

and upper end. Furthermore, the measuring section was limited at the bottom by

a table covering the lower load balance and by an end plate at the top end of the

net  panels.  Also,  the  upper  load  balance  has  been  encased  to  prevent  any

influence of the wind flow on it. The final setup is shown in Figure 2.

Figure 2
Net panel in measuring section of the wind tunnel with end plate and second

load balance

The tests were conducted under Reynolds9 law of similarity, which states that

the flow field around two geometrically similar objects is similar too when the

Reynolds Number in both cases is constant. The Reynolds Number, as seen in

Equation (1), expresses the ratio of inertial forces to viscous forces.

Re= ÃvL

·
(1)
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For these tests,  that means that the flow around a net in water has to be re-

created with a similar net in air as the fluid medium.

Re=
Ãw vw L

·w

=
Ãa v aL

·a
(2)

The indices w and a in Equation (2)  representing the medium water  and air

respectively.  The characteristic length,  L in Equation (1)  and (2)  is  here the

twine  diameter  of  the  netting  material.  As  this  is  the  same for  the  real  life

application  and  the  test  case,  the  air  speed  of  the  wind  tunnel  tests  can  be

calculated according to Equation (3).

v a=vw
Ãw·a

Ãa·w

(3)

For  convenience  reasons,  the  calculated  air  speed  has  been  rounded  for  the

speed adjustment of the wind tunnel as shown in Table 1.

Table 1
Towing speed in water and corresponding air speed for wind tunnel tests

Towing speed in

water in kn

Calculated air

speed in m/s

Set air speed

in m/s

Reynolds

number

2 15.81 16 ~2000

2.5 19.76 20 ~2500

3 23.71 24 ~3000

3.5 27.67 28 ~3500

For each panel and each velocity, the angle of attack has been varied from 0° to

90°. The steps between have been adjusted over the full span. For small angles

of attack up to 20 degrees, the step between each measurement was five degrees.

Additionally there have been three measurements around the angle of attack that

was expected to yield the maximum lateral  force with a step of  ten degrees

between  them.  The  final  measurement  was  then  taken  at  90°  which  should

represent the angle of attack with the highest drag force.

Furthermore,  for  each setup there has been a series  of  measurements  with a

separated row of meshes in front of the net panel to establish a disturbed flow

around the actual panel. For that series, the last angle of attack of 90° has been

skipped as the effect was suspected to be marginal and also because the space in

the measuring section was not sufficient to place that extra row of meshes.

A summary of the different setups is given in Table 2.

In order to obtain the forces in longitudinal and transverse direction with respect

to the flow direction, it was only necessary to record the forces in x- and y-

direction in the coordinate system of the load balances in which the x-axis is
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aligned with the flow direction, y is parallel to the end plate and at a right angle

to the x-axis, and the z-axis is in the vertical direction. The forces were recorded

simultaneously at both load balances and combined later in the data processing.

The z-component was not recorded since there were no fluid loads expected in

this direction.

Table 2
Overview of tested parameters

Variable values

Angle of attack 0°, 5°, 10°, 15°, 20°, 45°, 55°, 65°, 90°

Hanging ratio u1 0.2, 0.3, 0.4, 0.5

Air speed 16 m/s, 20 m/s, 24 m/s, 28 m/s

Additional row of meshes with (up to 65°), without

Experimental Results

Exemplary for the collected data, Figure 3 shows the recorded forces in the two

relevant directions at a flow velocity of 28 m/s. Likewise, the same forces are

depicted in Figure  4 but rather for the constant hanging ratio of 0.3. Based on

the coordinate system of the measurement equipment, the force in y-direction is

negative.

Figure 3
Recorded forces in x- and y-direction for the tested hanging ratios at 28 m/s air

speed

0 25 50 75 100

Fx

Fy

0.2

0.3

0.4

0.5

-10

0

10

20

DEMaT´22

36



Figure 4
Recorded forces in x- and y-direction for the tested air speeds with a hanging

ratio of 0.3

From the formula for the hydrodynamic force, Equation (4), the Equations (5)

and (6) for the hydrodynamic coefficients can be derived.

F=C
Ã

2
v ² A (4)

C x=2ç
F x

Ãv ² A
(5)

C y=2ç
FY

Ãv ²A
(6)

Here,  the indices x and y are  representing the direction of  the force were x

corresponds to the longitudinal or drag and y to the lateral force of the panel.

For the calculation of the hydrodynamic coefficients,  the area A is the twine

surface  area.  This  is  in  accordance  with  the  experiments  of  Bortlik  and

Hoffmann who gave the formula for the twine surface area as shown in Equation

(7).

A=4çmnÃ d(a2 d

2çsin (2ç³)
) (7)

As a comparison, Figure 5 shows the results from Bortlik and Hoffmann from a

grid that came closest to the set-up used for the present experiments together
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with some of the recent results. There is a good overlap for the drag coefficients

but  not so much for the lift coefficients. As the investigated angles of attack

were limited to a maximum of 30 degrees, there is no comparison of the shape

of the curves possible. However, looking at the results from Madsen et al., the

shapes of the curves are very similar with the maxima reached around the same

angles of attack. Only the values differ as the material tested was different and

the reference area too.

Figure 5
Lift and drag coefficients from Bortlik and Hoffmann compared to the recent

results with a hanging ratio of 0.3 at 28 m/s air speed

When looking at Figure 7, it can be clearly seen that there is a Reynolds number

independency for the hydrodynamic coefficients at the tested air speeds.

Interestingly, the smallest hanging ratio and therefore highest solidity does not

necessarily lead to the highest lift or drag, at least not over the full range of

angle of attack (Figure 2 and 6).
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Figure 6
Lift and drag coefficients related to the twine surface area for the tested hanging

ratios at 28 m/s air speed

Figure 7
Lift  and drag coefficients related to the twine surface area for  the tested air

speeds with a hanging ratio of 0.3
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different results from the measurements without that extra mesh row. It seems,

the influence from this kind of material is too little, at least from a single row of

meshes.  To  verify  this  assumption,  further  experiments  with  other  flow

disturbing objects, like a bigger piece of such material, would be needed.

Conclusions

As a main achievement it was accomplished to create a comprehensive dataset

for the tested material. For the ongoing project SimuNet, this will be used to

verify  the  discretisation  approach chosen  for  substituting  the  net  material  in

CDF-simulations. Furthermore, the procedure to create supplementary datasets

for other materials, if needed, was determined.
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Abstract  

In this paper the state of the art of the experimental methods used for offshore 

structures and offshore tools, mainly focusing on tools and constructions related 

to fisheries and aquaculture, is explored. An overview of the most common types 

of flexible structures, together with the mathematical models used for their repre-

sentation is presented. Furthermore, using the main physics of the fluid structure 

interaction problem and, by relaying in a dimensional analysis of it, the concept 

of similarity in the classical experimental set-up of flexible structures is criticized.   

With all the above, the scope of this paper is to expose the accuracies and flaws 

of the experimental methods in the field of offshore flexible structures. With the 

aim to raise the awareness of the limitations and special considerations that need 

to be taken during the experimental campaigns.   

Keywords  
Flexible structures, Morison9s equation, fishing gear, fluid structure interaction. 

Introduction 

Most of the constructions of mankind, nowadays even more so, are based on rigid 

materials such as steel. It is simple to grasp that the usage steel or other metallic 

materials bring several advantages, they are simple to shape and to join, their 

availability is worldwide, and most importantly they have outstanding mechanical 

properties that make them perfect for almost all structural applications. However 

in the field of offshore engineering there are still points of application where such 

materials usage is limited, cases of this are fishing gears, cables in general and 

aquaculture installations.  

Due to their great rigidity, or put in another way, low damping, sea loads are less 

than forgiving in such structures and the engineering requirements heavily inten-

sify. For example, pen-net fish cages, the structures that will be the focus of this 

paper and that are widely used in the Norwegian seas to grow and harvest salmon, 

are made of a flexible floating ring from which a half oval net, conformed by 
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plastic-based threads, hangs.  The flexibility of the material translates in a defor-

mation of the structure, following currents and wave motions, which implies low 

structural loads on the expense of a reduced living space for the fish. 

However, these structures are associated with an additional problem in terms of 

design. This is, that contrary to highly rigid structures which can be easily con-

sidered completely rigid from the point of view of the fluid-structure calculations, 

these flexible structures cannot. Under these circumstances the designer needs to 

rely on empirical or semi-empirical approaches to the problem and work with 

simplified mathematical models. 

In the following sections some of such experimental approaches will be men-

tioned and evaluated. In the same manner, the models used for the simulations of 

such structures will be judged.  

Into the concept of scaled model tests 

When facing with the problem of designing such a structure, for example a pen-

net fish farm, the first most valid approach would be to do model tests of it. With 

this the designer would theoretically be able to determine the main design param-

eters. The question remains, however, in how to confront model scale tests, in 

other words, if a model scale fish cage were to be tested the researcher should 

know if the model test results are scalable or at least significative of the full scale 

or not. 

To successfully do model test, it is important that the model and the model set-up 

match the so-called similarity.  

Geometric similarity exists when model and net are the same shape and all linear 

dimensions of the model are related to the corresponding dimensions of the pro-

totype by a constant scale factor [1]. 

The dynamic similarity is related to how forces cause accelerations. At corre-

sponding points in the flow, identical kinds of forces are parallel for the case of 

the model and the prototype and are related by a constant scale factor [1]. 

Finally, the kinematic similarity needs to be complied with. In this case velocities 

at corresponding points (corresponding points are points of the set-up that are at 

the same scaled distance in the model as in the prototype) in the two flows (model 

and prototype) are in the same direction and are related by a constant scale factor 

in magnitude. Additionally, flow regimes must be the same (laminar, turbulent) 

[1]. 

Non-dimensional numbers or coefficients are relations between physical effects 

that are comparable in units. This allows for the comparison of the effects of dif-

ferent forces types.  
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In this particular problem the forces that affect the system are viscous, gravita-

tional, inertial forces and internal body forces. 

To relate these forces to each other in this paper the chosen dimensionless param-

eters should be the Reynolds number (ý�), the mass number (�), and the Cauchy 

number (ÿý).  ý� = ý�ý0ÿÿ  
( 1 ) 

� = ý�/ý� ( 2 ) 

ÿý = ý�ý02ý  
( 3 ) 

Let us assume now that we want to engage in an experimental campaign to eval-

uate the previously mentioned offshore closed fish farm. Our goal should be to 

archive geometrical, kinematical and dynamic similarities during the process so 

we can then scale the results by means of the dimensionless parameters. Let us 

assume that the main parameters of the problem are simple and as presented in 

Table 1. 

Table 1: Example of scale vs full scale model test 

Parameter Model value required parame-

ter 

Full 

scale 

Material (?) Nylon 

Scale of the model  1:50 1:1  

Density [ýý/ÿý] 1150 1150 

Diameter [ÿ] 2.00E-05 0.001 

Trawl speed [ÿ/ý] 100 2 

Density/Young [ýý/ÿýÿÿÿ] 1.59E-10 3.97E-07 

Re 1.68E+03 1.68E+03 

CY 1.59E-06 1.59E-06 

M 8.91E-01 8.91E-01 
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From the beginning one can appreciate the complexity of the problem, first of all, 

to archive geometrical similarity the twine diameter would need to be 0.02 micro-

metres. Also because of this, to archive the same Reynolds number the fluid media 

would need to be either extremely dense, or if it is towed in salt water extreme 

speeds would need to be archived. 

If the model tests are being taken in salt water and a material with the same density 

as the nylon in used as well, so that the mass number can be matched. This will 

keep the relative gravity forces in the same proportion; however, the Cauchy num-

ber will be greatly influenced. Because to maintain the same Cauchy number the 

relation between the density and the young modulus will need to be one hundred 

orders of magnitude different. Such material simply does not exist. 

Experiments with full scale nets or other flexible structures 

Once understood that scaling model tests is a challenging matter at best, the de-

signer will either have to do full-scale tests, which defeats the purpose of efficient 

preliminary design, or relay on numerical methods that can approximate the solu-

tion. 

For this second option there are two differentiated routes that can be taken, on one 

hand there is the option of complex numerical tools such as CFDs, on the other 

are semi-empirical formulas. In the CFD field the state-of-the-art shows that it is 

feasible to present good results in the fluid domain solution. However, due to the 

small scale of the netting, it is not feasible to archive a computational mesh accu-

rate enough and that would allow the full cage-mesh problem to be solved in a 

feasible amount of time[2]. In this case the preferred approach is the usage of 

porosity models to account for the pressure and velocity reduction of the field, 

and the usage of FEM models for the deformation of the net [3], [4]. Others im-

plement the semi-empirical formulas in the CFD codes to use the velocity field 

generated by the numerical codes[4].  

At the end, it seems unavoidable to go through the usage of semi-empirical for-

mulas, in particular the usage of the Morison equation [4]. Which depend on ex-

perimental values because of the drag and mass coefficients which are needed to 

describe the physics of the problem. 

The option is then to engage in experimental campaigns, trying to test significant 

pieces of material that could represent by themselves the desired coefficients on 

the whole structure. Some examples are given below. 

Currently, the focus of interest is the determination of the drag coefficient as it is 

usually assumed that the condition to be of most interest is the fishing gear or fish 

farm under a constant flow speed. There are several pieces of literature that ap-

proach this from a similar way. Reference [5] presented experimental results of a 
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large model on a fjord, in which deformation of the cage, drag and velocities in 

different points were measured. A comparison of the results with literature pre-

sented is also given in their publication [5], and in such comparison, it can be seen 

that the Morison approach overestimates the drag force at high flow speeds be-

cause of the reasons mentioned above. Moreover, these results can be said to be 

useful for that specific geometry and size, but scaling the results will lead to du-

bious results.  

In the works of [6] two dimensional sheets of netting at small angles of attack 

were tested in the wind tunnel. The net is tested horizontally (holes are perpen-

dicular to the flow direction), and it is made of aluminium, therefore the flexibility 

of the structure is not considered. In the aft of the net different plates with different 

porosities were tested to study the impact of clogging in the distribution of forces 

of the grid. The result was a noticeable effect on the drag and lift forces depending 

on the clogging of the plate. These experimental results are interesting to under-

stand a part of the physics of the problem, however the data found might not be 

extrapolated to more general cases. 

The works presented in [7] show both a screen method and experimental results 

for a square net in constant flows and at different Kreulegan-Carpenter number 

(KC). This formulation was however proven by [8] to underestimate the contri-

bution of the drag coefficient at high angles of attack. Because of the specific 

geometry, these model tests are useful in the context of the screen model ap-

proach, but they do not guarantee that the extrapolation of such panels to a com-

plex geometry will generate equivalent results. An interesting part of the experi-

ments of the authors was the oscillatory flow testing, from which it was discov-

ered that the added mass coefficient is large in comparison with single cylinders, 

tested in [9]. Moreover, the added mass coefficient seems to be independent of 

twine diameter or net solidity. This is yet another proof of how applying Morison 

equation or similar methods blindly can deal to great errors in computation. In the 

work of these authors the oscillatory effects were normalized to an effective thick-

ness and a modified KC number, giving some intuition on the correlation of these 

values. However, nothing more than an intuition on this relation was presented, 

leaving the physics of the problem unresolved. Therefore, here it can be observed 

how the impact of the net on the fluid and the complexity in the interaction make 

simplistic models unrealistic. 

Evaluation of the physics of the problem 

The literature shows clear limitations in what seems to be the only method avail-

able to approach the design of these structures. However no real explanation be-

hind the physics of Morison9s formula is given[10], and it is then difficult to iden-

tify the source of error. 
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Thus, to be able to evaluate the numerical models as well as the experiments being 

made in the state of the art, a comprehensive look into the physics of the problem 

is needed. The scope is to understand the main drivers of the forces and interac-

tions, as well as the effect of such interactions between both domains: The solid 

and the fluid domain. 

For the fluid domain the constitutive equations that define the problem are the 

mass balance and the momentum balance. This set forms the Navier-Stokes equa-

tions for incompressible fluids. 

 ýÿÿ ý = 0 ( 4 ) ý ýýýý = 2ý�þ� 2 ÿý + ÿýý 
( 5 ) 

For the solid, it can be considered that the modal approximation formulation rep-

resents sufficiently well the movement of the solid. In a single mode approxima-

tion, the displacement of the body ý(ý, ý), can be represented by a modal displace-

ment function þ(ý) and a modal shape ý(ý) as shown in. Additionally, it is fairly 

common to use the equation of the spring mass model, as it is applicable to most 

oscillatory problems 

 ýý(ý, ý) = þ(ý)ý(ý) ( 6 ) 

ýÿ ý2þýý2 + ýþ = ÿ 
( 7 ) 

Next, the interconnection between the fluid and solid domain. Such connection is 

given by the kinematic and the dynamic conditions. In the first place, the kine-

matic condition connects the velocities of both domains, making them the same 

at the interface. This reads: 

 ý(ý, ý) = ýý(ý)ýý = ýþ(ý)ýý ý(ý) 
( 8 ) 

The second condition, the dynamic condition, equals the forces in the domain. On 

the fluid side we have the pressure and viscous forces acting on the free surface, 

meanwhile in the solid side we have the quantity called modal force ÿ. The dy-

namic condition reads: 
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+ ((2ýý + ÿ(ÿý)) �)  ýýþÿÿ��ÿ�ÿ�� = þýÿ ( 9 ) þýÿ = ÿ ( 10 

) 

This gives a simple overview of the physics involved in the FSI (Fluid-Structure-

Interaction) problems, due to the multiple correlations and the unknowns in the 

equations, such problems are not simple to solve.  

Morison9s equation: A look into the correlation with complex models 

As mentioned above, such formula is the most used approach to tackle flexible 

slender structures. However, there is little critic or analysis of such equation, and 

even though one can find some literature that proves that there exist certain limits 

of application industry and researches use it comfortably in almost any scenario. 

The reason is that, the equation does not only produce good results in most cases, 

but it is also intuitive. The total force is a subdivision of damping forces and in-

ertial forces, which are characterized by two experimental coefficients ÿÿ and ÿý.  þý�ÿÿ��ÿ = ýÿýþý� + 0.5ýÿÿý(ý��ý�ý2 2 ý����ÿ2 ) 

 

( 11 

) 

Such equation was specifically made for oscillatory flows and slender structures, 

but in practice it is widely used for a wide range of shapes, sizes and flows.  

Morison9s equation can be understood as a simplification of the conservation of 

fluid momentum. From such equations, the Morison equation is equivalent to the 

volume and surface integral of the velocities around the body. Pressure and grav-

ity forces are not considered and need to be included separately. 

The mathematical formulation of the momentum theorem, [11]: ýýý + (ýý ýþ)ý + +(ýý (ý �)ýþ)ÿ = 2þ� 2 + ý�ýþÿ + + ý�ýþý  

 

( 12 

) 

In the Morison equation the force due to density and pressure differences need to 

be included separately. The Morison equation can then be seen as a simplification 

of such integrals in the way: 2þ� = ýýý + (ýý ýþ)ý + +(ýý (ý �)ýþ)ÿ= ýÿýþý� + 0.5ýÿÿý(ý��ý�ý2 2 ý����ÿ2 ) 

(13 ) 
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This shows that the Morison equation premise of inertia and drag forces is more 

than a simple intuition of how the physics of the problem should work. In fact, 

the momentum equation shows that the fluid will suffer and transmit forces based 

on those two terms. In the Morison equation, however, the forces are only being 

received by the solid while assuming a flow velocity field. 

A better way to approach the Morison equation might be by means of the dynamic 

condition on the interphase. It can be approached with a multivariable Taylor ap-

proximation by assuming that it is a function þýÿ that depends on the position, 

velocity and acceleration of the body as variables. Leaving the following relation:  

þþ j þ(ýÿ)0 + ýþýÿýþ 0 þ + ýþýÿýþ� 0 þ� + ýþýÿýþ� 0 þ�   ( 14 ) 

þ(ýÿ)0 + ýþýÿýþ 0 þ + ýþýÿýþ� 0 þ� + ýþýÿýþ� 0 þ�  = ÿ ý2þýý2 + ýþ  ( 15 ) 

In the Morison equation only the third and fourth terms are being presented. The 

first term relates to the initial loads of the system, and the first term is the so-called 

induced stiffness. Such induced stiffness might also play a role, for example, the 

usage of an oscillator equation considering only the induced stiffness is a common 

approach to determine flow induced instability in air-foils.  

If velocity and acceleration of the body are significant, and so they are the damp-

ing and added mass terms when compared with the induced stiffness, then those 

two terms dominate. And only if the impact of the body on the fluid can be ne-

glected, Morison9s equation will thrive. Additionally, because the acceleration 
and the velocity have different phase the linear superposition of both forces fol-

lows a logic.  

The Morison equation simplifies the intermediate stages by assuming that the var-

iation depends only on the flow velocity and acceleration, and that the domain 

integrals remain the same. 

The previous analysis allows to conclude that Morison9s equation has significant 
limitations that need to be considered: 

First, at intermediate ranges of velocities between maximum acceleration and 

maximum velocity is not guaranteed to be accurate. Even less so if the integral of 

the body and surface over the domain changes due to flow changes. This is a 

common and known problem of this equation, and it derives from the empirical 

nature of the drag and mass coefficients, which is usually a scalar value, and de-

notes an average over a range of oscillations.  
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Second, neglecting the dynamic condition and not resolving the velocity flow 

field results in the known errors in the Morison codes which include the excessive 

drag in successive panel9s configuration and for the net deformed in large angles 

of attack, as the fluid velocity is reduced due to the twines and this is not consid-

ered in such codes. 

Third, because the velocity field is not being resolved, and the induced stiffness 

is not included, instabilities of the system are not considered. Such instabilities 

may include flutter and effects such as lock in or galloping. In general, the larger 

the velocity of the fluid compared with the movement of the body the greater of 

the dominance of such induced stiffness. 

Conclusions and final considerations 

As presented in this paper, the fluid structure interaction problem is highly com-

plex. A Taylor expansion approach to the problem of a solid-fluid interface, plus 

the fundamental equations of the problem show how the physics of the system are 

related to each other and the induced effects that the movement of a body in a 

fluid has. Because of this, the usage of semi-empirical approaches such as the 

Morison equation can be justified, but only in specific cases. The user of the for-

mula shall always acknowledge the implications and limitations of it. 

Consequently, model test and other approaches to the prediction of response of 

flexible bodies and their key empirical coefficients shall be undertaken with care. 

So far it is thought impossible to be able to scale results from a model test to a 

full-scale structure due to the impossibility of archiving similarity in any of its 

forms. 

The proposed methodology to test and predict the behaviour of flexible structures 

is then to proceed with model tests, but rather than using them to obtain the final 

results, as a mean to develop and perfect efficient numerical methods that will 

apply to the full-scale model.  
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Abstract 

It has now been sufficiently proven that the existence of extensive seagrass re-
spectively eelgrass fields in coastal areas has positive economic and ecological as 
well as health-promoting effects. Eelgrass meadows of the species Zostera marina 
largely dissipate the energy of fluid flow close to the sea bed. This prevents, for 
example, scour formation of coastal structures or sanding-up of traffic channels. 
The oxygen-carbon balance of seaweed is many times better than that of rainfor-
ests. Likewise, recent research results say that eelgrass meadows significantly 
limit the spread of harmful bacteria of the species Vibrionidae.  

On the other hand, a significant decline in eelgrass meadows in the northern hem-
isphere has been noted for years. 

In this light, the authors set themselves the goal of designing a technology for 
efficient and sustainable reforestation of seagrass beds and testing it in the south-
ern Baltic Sea. The basis of their technological approach is the well-known prin-
ciple of "rolled turf". 

The seeds or young plants are placed on specially developed textile, plastic-free 
growing media. They are cultivated under controlled conditions, e.g. in green-
houses. After a few days to weeks, the growth media including plants will be fixed 
on the previously determined location on the seabed by means of diving opera-
tions. The paper presents the technological concept as well as initial results. 

Keywords 
Seagrass, eelgrass, seagrass reforestation, technology development, textile plas-
tic-free growing media 

DEMaT´22

51



Introduction 

At the internet address Seagrass and Seagrass Beds | Smithsonian Ocean (si.edu), 
numerous important publications are available that deal in particular with specific 
issues on the biology of seagrasses in the oceans and marginal seas and their eco-
logical importance for both the health of the marine environment and the world�s 
climate. 

REUSCH [7] points out for example the importance of a stable seagrass stock for 
the oxygen and carbon dioxide balance. Unlike the flora in tropical rainforests, 
seagrasses are able to transport the climate-damaging CO2 via their roots to the 
seabed, where it is permanently deposited. In addition, according to REUSCH [7], 
fewer Vibrio bacteria are found in the vicinity of seagrass meadows in the Baltic 
Sea. 

A recent report by the German government also shows that a stable seagrass pop-
ulation has a positive effect on the greenhouse effect, see [2].  

Seagrass beds also have a positive effect on stabilising the seabed against sedi-
ment movements (erosion and scouring) by significantly dampening the energy 
of near-bottom currents, see PASCHEN & WRANIK [6], HARBRECHT [4] as well as 
MENZEL & PASCHEN [5].  

Last but not least, healthy seagrass beds guarantee ideal spawning and nursery 
conditions for a large number of marine species. 

The seagrasses Zostera marina and Zostera noltii occurring in the Baltic Sea re-
gion are listed as endangered species. Both nutrients entering the coastal areas of 
the Baltic Sea via inflows from the terrestrial zone and rising water temperatures 
due to climate change, especially in the summer months, are significant stress 
factors for these seagrasses and have a negative impact on the population and the 
spread of the natural seagrass meadows, as BOBSIEN [1] shows. 

A natural recolonization of seagrass beds has already been observed in recent 
times due to an improvement in water quality caused by a measurable decrease in 
nutrient inputs in the western and southern Baltic Sea. However this natural re-
colonization takes place on large time scales. In this context, REUSCH [7] says that 
it can take decades even on suitable areas. In this respect, supportive measures are 
necessary to sustainably push the process of reintroducing seagrass meadows at 
manageable costs.   

In many countries, efforts can be observed, especially among young marine sci-
entists, to accelerate the spread of plants by manually replanting plants removed 
from one site in another.  Some of these efforts have produced satisfactory results. 
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Nevertheless, this is, in the long term, a time-consuming manual process and 
therefore a costly method. 

GLÜCK [3] succeeded in providing experimental proof that seagrass plants can 
develop just as well on artificial habitats as on natural sediments. On that note the 
chance were given to develop a technological concept for seagrass field�s resto-
ration on the basis of the proven method of rolled turf to significantly reduce the 
manual effort under water.  

The aim of the project is a validated technical concept for a technology that is 
suitable and acceptable for the afforestation of seagrass beds from both an eco-
logical and a commercial point of view. The tasks associated with this are inevi-
tably complex. Only individual steps are explained below. 

Material and Methods 

Explanation of the concept 

The concept pursued is based on the rolled turf principle. Textile, plastic-free 
growing media are the basis for planting seagrass meadows. Healthy seagrass 
plants collected as flotsam from the beach after storms or seagrass seeds are put 
into suitable plant carriers. In this way prepared carriers, will be kept in basins 
onshore until the plants start growing or the seeds germinate under controlled con-
ditions. 

When the plants reached an adequate size as well as a sufficient robustness against 
mechanical loads divers are going to spread the plant carrier including the 
seagrass plants on the seabed. In the same time the growing media will be fixed 
on the seabed by ground spikes. All these operations have to be done in one step. 

In this context it is important to pay attention that there is a close contact between 
seabed and carrier. In other case the roots of the young seagrass plants will not 
have the possibility to grow into the sediment.  

Subsequently, all parts of the installation have to be checked regarding correct 
workmanship and to be documented typically by underwater photographs and vid-
eos.   

In order to be able to observe both the progress of growth of the seagrass and the 
process of successive degradation of the growth carrier, monitoring should be 
done by means of ROV�s or by divers. 
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Material and design of the textile plastic-free growing media 

The material textile, plastic-free growth carriers should be made from has to be 
compatible with the marine environment as well as the seagrass. The growth car-
riers themselves can be practically designed in a strand, mesh or grid shape.  

Shape of carrier is not so important whether netlike or grid structure. Much more 
important is the design of the strand which keeps the seed respectively the young 
plants and it is the basis for manufacturing the carrier. On the one hand, material 
and design of the strand must ensure the required strength of the growth carrier to 
withstand current and wave induced loads until the seagrass plants are firmly an-
chored to the seabed. On the other hand, the strand should have such a structure 
that provides sufficient support to the plant without hindering its growth. 

It is in the interest of the project to use such materials which are available in the 
region in sufficient quantities and at low costs. For this reason, experiments were 
carried out in particular with dead seagrass, hemp and flax fibres for manufactur-
ing the strand. In addition, viscose fibres made of wood were also tested as a sup-
plementary material.  

The general construction of the strands is shown in fig. 1. An example of a rope 
made from seagrass can be seen in fig. 2. 

 

Figure 1 

Structure of the textile strands developed 
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Figure 2 

Finished strand, made from seagrass 

The conceptual structure of a grid-shaped growth carrier is shown in fig. 3. One 
example of a produced growing media is depicted in fig. 4. In this case, the weft 
is manufactured from hemp. The warp consist of viscos fibre. 

The growing media consisting of rhombic meshes are similar in structure to the 
grid-like ones. Two mesh bars of each mesh are comparable to the warp threads 
in terms of their structure. The other two mesh bars consist of a strand that is 
comparable to the weft thread of the grid construction. The net-like growth me-
dium shown in fig. 4 is made of hemp and flax. 

 

Figure 3 

Detail design of the growing media in grid shape developed and used for the pro-
ject  
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Figure 4 

Example of a growth carrier in both grid shape (left) and net-like shape (right) 

Results and Conclusion  

First results 

In mid-February 2022, the first trials began according to the concept described 
above. For this purpose, several basins filled with seawater (length: 4 m, width 
1.25 m, height of the water column: approx. 35 cm) were installed in a greenhouse 
by an air temperature between 6°C to 8°C, later up to 20°C.  

Healthy seagrass plants collected from the beach after a storm were placed in dif-
ferent types of growing media by hand. The distance between the plants was about 
20 cm by 20 cm. 

The growth mediums and plants prepared in this way were kept in the greenhouse 
for 10 weeks. During this time, the condition of both the plants and the growth 
carriers was regularly checked. Selected parameters of the water body were meas-
ured. 

About every 10th plant was marked with special markers to precisely follow its 
development. This way, it could be determined that more than 50 percent of the 
plants developed well. They showed recognisable root and leaf growth, see fig. 5. 
Individual plants already developed seeds during this period. The rest of the plants 
died. 

On 13 April 2022, the growth carriers including plants were deployed to a previ-
ously determined location with sandy soil in the Baltic Sea close to Rostock in 
approximately 7 metres depth (Rosenort reef) by two research divers.  

For this purpose, the growth mediums and plants were placed in trough-like 
transport containers before. 
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Figure 5 

Seagrass plants placed in the growth carrier, two markers are visible. 

The installation went well due to good weather conditions, see fig. 6. However, 
everyone involved was sceptical whether the plants would survive the heavy drop 
in temperature well (Baltic water temperature was below 6°C). 

 
Figure 6 

Photographic image immediately after installation 

On 18 May 2022, i.e. approximately five weeks after installation, the first moni-
toring took place. It could be seen that 

÷ a great number of plants took a good development with regard to growth of 
roots and leaves, see fig. 7 and 8,   

÷ the viscous threads of the growth media were already partly in the process 
of degradation, 

÷ unfortunately, the growing carrier also form a good habitat for green algae, 

÷ a less number of plants didn�t survive the procedure. 
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Figure 7 

Monitoring on 18 May 2022, condition of the plants and growth medium is satis-
factory 

 
Figure 8 

Monitoring on 18 May 2022, view on individual plants 

 

At the beginning of August 2022, there were days of very stormy weather with 
corresponding rough seas in the southern Baltic Sea. The monitoring on 16 Au-
gust made the extent of this weather event clear. Numerous plants and growth 
mediums were destroyed. Of course, this was an unpleasant result. In terms of 
research, it led to further gains in knowledge. 

Conclusion 

It is internationally proven that the worldwide protection of seagrass meadows in 
general and the restoration of seagrass beds in the Baltic Sea in particular is of 
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high priority under the aspect of "climate protection". In addition, there are nu-
merous other reasons to do everything possible to protect and increase seagrass 
meadows. These have already been mentioned in the introduction to the paper. 

With this project, the authors are taking up the challenge of developing a promis-
ing technology for the sustainable reforestation of seagrass beds based on textile, 
plastic-free growth media. 

The results so far have clearly shown that the concept as a whole leads to the 
specified goal. 

It must also be accepted that there is still a need for further optimisation, particu-
larly in the construction of the strands, which are important for seed germination 
and seedling development. 

Likewise, the existing hydrological and meteorological conditions must be sub-
stantially taken into account in the choice of a suitable location. 
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Abstract  

In demersal trawls the most commonly used codends are diamond-mesh.  

However, diamond-mesh codends is discovered to vary in mesh geometry which 

lead to a less well-defined size selection process. One alternative often adopted 

to reduce variability in mesh geometry, and thereby obtain a sharper size 

selection, is to force the meshes to adopt a square geometry by turning the 

codend netting 45 degrees (T45 standard square-mesh). Therefore, we tested the 

size selectivity of a standard square-mesh and a standard diamond-mesh codend 

and a fixed diamond-mesh codend whose mesh geometry was optimally defined 

to suite the morphology of cod. Using Atlantic cod (Gadus morhua) as a case 

study, we found no evidence that the square-mesh codend had lower variability 

in size selection than a standard diamond-mesh codend with same mesh size. 

Moreover, we demonstrated that the square-mesh codend had significantly 

larger variability in size selection compared to what was obtained with a codend 

where the mesh geometry was kept fixed during the fishing process. These 

results demonstrate that the use of square-mesh codends is not a sufficient 

strategy to reduce the variability in codend size selection. On the contrary, this 

would need a codend construction where the mesh geometry is kept constant 

during fishing, thus providing a new engineering challenge for the development 

of commercial trawl gears. 

Keywords  

Codend size selectivity, fixed mesh openness, diamond-mesh, square-mesh, 

mesh opening angle 

Nomenclature 

DOF 3 Degrees of freedom (number of independent values in the data set)  

L50 3 The size at which there is 50 % retention probability [cm]  
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SR 3 The difference in length between fish with a 75% probability of retention 

and the length of fish with a 25% probability of retention [cm] 

SRB 3 The baseline SR [cm] 

SRT 3 SR value for treatment design [cm] 

deviance 3 measure of deviation of the data points and the model  

p-value 3 quantifies the probability of by coincidence obtaining at least as large 

a discrepancy between the experimental data and the model  

�SR 3 Percentage change in SR value for treatment compared to baseline [%] 

Introduction 

Selectivity is a keystone in the aim for sustainable fisheries (Vasilakopoulos et 

al., 2015) Selectivity is defined by Wileman et al. (1996) as <the probability of a 

fish of a given species and size being retained by a gear once it has encountered 

it=. In towed fishing gears, the majority of the selection occurs in the catch ac-

cumulating part, i.e. the codend (Wileman et al., 1996). Selection across sizes 

(i.e. size selection) is often described by a sigmoid curve with retention proba-

bility as a function of length of the fish. The ideal size selection curve would be 

knife-edged with a critical length, corresponding to the minimum landing size, 

at which all fish below would be released, and all above would be retained, 

(Wileman et al., 1996; Andersen, 2019). The advantage of a sharp size selection 

would be to maximize economic yield and minimize undersized discard. To de-

fine the sharpness of the curve, and thereby the variation in sizes retained, the 

selection range (SR) is used. SR is the difference in length between fish with a 

75% probability of retention (L75) and the length of fish with a 25% probability 

of retention (L25) (Wileman et al. 1996). Therefore, optimal size selection aims 

at obtaining an SR as close to zero as possible.  

 

Diamond-mesh are the most commonly used codend design and have tradition-

ally been applied due to their simplicity in structure and operation (He, 2007; 

Wienbeck et al. 2011; Sistiaga et al. 2021). However, a variety of studies have 

concluded that diamond-mesh codends do not maintain a constant mesh open-

ness during trawling (e.g., Robertson and Stewart, 1988; Reeves et al. 1992; 

Herrmann, 2005). During the catch process, as the catch develops in the codend, 

the mesh openness becomes more heterogeneous, whereby meshes close to the 

catch build-up zone become more open and meshes further forward in the 

codend become more elongated and thereby closed (Jones, 1963; Herrmann, 

2005; Herrmann and O9Neill, 2005). These variations in the mesh openness 

have been associated to large SR values and therefore to a large variation in the 

size selection of the codend (Fryer, 1991; Herrmann and O9Neill, 2005; 
Herrmann, 2005). This leading to an unwanted catch structure i.e. retention of 

undersized fish and release of valuable large individuals. One alternative, often 
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adopted in an attempt to reduce variability in mesh geometry, is the use of 

square meshes, as they have shown less variability compared to diamond meshes 

(e.g., Robertson and Stewart, 1988; Broadhurst et al, 2004). However, former 

research has raised doubts regarding the size selection variability in square-mesh 

codends (Wienbeck et al., 2014). 
 

The effect of variability in mesh openness on the sharpness of codend size selec-

tion was first quantified experimentally by Bak-Jensen et al. (2022). The study 

found a significant difference between a codend where mesh openness was kept 

constant and a simple diamond-mesh codend where the mesh and thereby the 

openness was flexible. By using the same approach, we aimed at answering the 

two questions:  

" Does a square-mesh codend produce a sharper selection curve than a di-

amond-mesh codend? 

" Does a square-mesh codend produce a shaper selection curve than a di-

amond-mesh codend with a fixed mesh opening angle? 

 

Materials and methods 

The experimental fishing trials were conducted in the Baltic Sea onboard the 

German FRV Solea (42.40 m LOA, 1780 kW), during September 16th to 27th 

2021 (diamond-mesh) and June 13th to 27th 2022 (fixed mesh codend and 

square-mesh codend). The covered codend method according to Wilemann et al. 

(1996) was applied. Individuals escaping from the experimental codends were 

collected using a cover surrounding the entire codend (Wilemann et al., 1996; 

Wienbeck et al. 2011, 2014). The three experimental codends were tested one at 

a time for a number of hauls. The catches obtained at each haul were treated for 

each compartment separately. The total length of all cod individuals was meas-

ured using measuring boards and the lengths were rounded to the centimetre be-

low. 
 

For the fixed mesh codend, a rigid steel frame setup was used, according to Bak-

Jensen et al. (2022). The four rectangular surfaces of the frame were covered 

with diamond-mesh angled at 60ð opening angle instead of the 40ð mesh open-

ing angle used by Bak-Jensen et al. (2022). The angle was obtained by using a 

measured angle of 60ð to test the netting during fixation. The angle of 60ð was 

chosen according to the design guide in Herrmann et al. (2009), it would have a 

larger L50 close to the L50 expected with square-mesh. The rigid frame codend 

is hereafter referred to as <OA60=. The diamond-mesh and the square-mesh 

codend were made of the same netting as the netting used for the OA60 made of 

5 mm Euroline single twine. The mesh size for the codend was measured to 

110.4 cm ± 4.0 cm, 112.4 cm ± 2.7 cm and 113.9 cm ± 2.1 cm for the square-
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mesh, diamond-mesh and the OA60 respectively. The square and the diamond 

mesh were made of two panels with 24 and 43 meshes respectively. The four 

panels in the OA60 were each 11 meshes wide.  The cover was made of single 

2.5 mm-PE twine with a nominal mesh size of 55 mm and had a diameter of ~3 

m (Bak-Jensen et al., 2022). All the codends are pictured below in Figure 1.  

 

   
Figure 1 

The three codends. From left square-mesh, diamond-mesh and OA60.  

 

The statistical analysis was conducted according to Bak-Jensen et al. (2022). All 

the experimental codends were analysed using the methodology described in 

Wileman et al. (1996). The codend retention probability was modelled by simple 

mathematical functions with parametric structures leading to non-decreasing, s-

shaped selectivity curve asymptotically restricted to values between [0.0, 1.0] 

(Wileman et al. 1996). The logistic, probit, gompertz, and Richard selectivity 

models (Model descriptions in Bak-Jensen et al. 2022) were fitted to the exper-

imental data and the best model was chosen based on the AIC value (Akaike, 

1974). The collected data was bootstrapped with 1000 repetitions and analysed 

using the chosen model to obtain 95% confidence bands. If the variation in mesh 

geometry is contributing to the variability in size selection and the variability is 

reflected on the SR, then the average SR estimated by pooling the hauls should 

maintain the same variability across hauls (Fryer 1991; Herrmann, 2005; 

Herrmann and O9Neill 2005). By testing the selective properties of a square-

mesh codend and an experimental codend with the geometry of the meshes fixed 

or a diamond-mesh codend, the contribution of geometric mesh variation to the 

variability in selectivity is quantified by the following statistics: 

ýþý % = 100 
 þýÿ 2 þýý þýý  

 

(1) 
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Where SRT is the selection range estimated for treatment which in this case is 

either the diamond-mesh codend or OA60. SRB is the selection range estimated 

for the square-mesh codend and is used as baseline. Therefore, �SR quantifies 
the contribution of the variability in mesh geometry in percentage (%). A value 

of �SR ~ 0 would imply that the variation in selectivity obtained experimentally 
could not be related to the flexible nature of the codend meshes. Conversely, the 

larger the value of �SR, the larger the contribution of geometric mesh variation 

is to the overall selectivity variation. To evaluate if �SR is significantly different 

from zero, 95% confidence intervals are estimated from a bootstrap distribution 

of �SR obtained from a previously estimated bootstrap distributions for SRB and 

SRT (Larsen et al. 2018; Herrmann et al. 2018). Thus, significant differences 

would be found when the 95% confidence intervals around �SR did not overlap 

the value associated to the null hypothesis Ho: �SR = 0.0. This procedure is 

equivalent to methodologies often applied to assess differences between selec-

tivity and catch comparison curves (Herrmann et al. 2018; Larsen et al. 2018; 

Melli et al. 2020). 

 

Results  
The result from size selection estimates and fit statistics of the models picked by 

AIC is shown in Table 1. In the table the number of hauls and the number of cod 

individuals measured is listed. The hauls were only used if they contained more 

than 20 individuals. The models presented in Table 1 were fitted to the data for 

the three codends (Figure 2). The SR was found to be lowest for the OA60 

(5.51cm) compared to the square-mesh codend and diamond-mesh codend (7.42 

cm and 8.75 cm, respectively) (Figure 3). Eq. 1 was used to calculate the differ-

ence in SR between square-mesh codend and diamond-mesh codend to 17.88 % 

(Table 2). The variation in size selection between square-mesh codend and dia-

mond-mesh codend was not significant. However, a significant 25.69 % less 

variation in the size selection was found in the square-mesh codend compared to 

the OA60.  

 

Table 1 

Fit statistics obtained from the covered codend analysis showing the L50 and SR 

for the four different trawl configurations tested. Values in parentheses represent 

95% CI9s. The fit statistics in terms of the p-value, deviance, and DOF. Number 

of hauls and number of fish measured is listed last. For number of fish the first 

number is the total count and the count in the cover in brackets.  

 

  Square  Diamond  OA60  

Model Richard Logit  Richard 

L50 (cm) 38.25(37.56-39.28) 27.79 (25.21-30.70) 33.57(33.03-34.12) 
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SR (cm) 7.42(6.35-8.70) 8.75 (6.80-11.62) 5.51(4.97-6.12) 

p-value 0.86 0.17 0.98 

Deviance 35.66 38.56 28.64 

DOF 46 31 46 

No. hauls  14 15 6 

No. fish  3937 (3409) 566 (485) 3629 (2414) 

 

 
Figure 2 
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Length-dependent probabilities of escape in the OA60 and square- and diamond-

mesh codends respectively. The solid curves represent the models fitted to the 

data (points) with the 95% CIs (shaded area). The frequency curves represent 

the number of fish caught in each length class in the codend (solid) and cover 

(dashed). The data for the diamond-mesh codend is collected in fall 2021 (Bak-

Jensen et al., 2022).  

 

 
Figure 3 

Length-dependent retention probabilities of escape in the square-, diamond-

mesh codends and OA60. The solid curves represent the selected model with the 

95% CIs (coloured area). The horizontal lines denotes the points for the L25 and 

L75 which marks the interval for the SR (showed with shadowed colours from 

the model curve to the x-axis). The data for the diamond-mesh codend was col-

lected in fall 2021 (Bak-Jensen et al., 2022).  

 

Table 2  

The ôSR for between the two other codends compared with square-mesh 

codend. * denotes value with significant difference.   

 ôSR for square-mesh codend comparison  

Diamond-mesh codend [%] 17.88 (-13.53; 63.96) 

OA60 [%] -25.69 (-38.67; -10.65) * 

 

Discussion  
We assessed and compared the size selectivity results from a standard square-

mesh codend to a standard diamond-mesh codend. We also tested the variability 

in selectivity in a standard square-mesh codend and compared it with a dia-

mond-mesh construction that ensured mesh openness remained constant. Our 

results showed no evidence that a square-mesh codend has less variation in size 
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selectivity than a diamond-mesh codend. That no significance was found could 

be a result of the less cod caught in the fall 2021 where the data for the dia-

mond-mesh was collected compared to the catch from summer 2022. The 

square-mesh codend which has been assumed to have stable mesh openness and 

low variability (i.e. Robertson and Stewart, 1988; He, 2007) was found to have a 

significant higher SR and thereby lower variability compared to the OA60. 

Similarly to diamond meshes, the flexible meshes in the square-mesh codend are 

at some level affected either in the catch build-up process or during haul back, 

which affects the risk of losing valuable catch or increasing retention of unwant-

ed catch. According to our results using square-mesh codends is not an effective 

strategy to reduce the issue of selectivity variation caused by variation in mesh 

geometry.  

 

Therefore, we propose a change in the way we think trawl codend design to-

wards a focus on stabilization of the meshes. As the construction used in this 

experimental trial is not feasible for commercial fisheries due to the large un-

handy structure that can be a hazard risk, and limitation in catch volume, a new 

design should be developed. The need for a functional codend with high selec-

tive properties is more relevant than ever. However, the solution requires main-

taining of the mesh openness regardless the difference in tension for example 

caused by changing catch size and during haul back. The design keeping a con-

stant mesh openness cannot be inflexible as the need for storage and handling 

onboard the vessel makes it necessary for a construction that it is somehow easy 

managed.   
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A BIOLOGICAL APPROACH TO BOTTOM IMPACT; 

THE CASE OF DEMERSAL TRAWLING IN THE AE-

GEAN SEA 

Ozan SOYKAN1, Adnan TOKAÇ1 
1, Ege University, Faculty of Fisheries, 35100, Bornova, 1zmir, Turkey  

Abstract  

The impact of demersal trawling on species diversity along the Turkish coast of 

the Aegean Sea was emphasized in the present study. Samplings were carried 

out with commercial trawlers from 2010 to 2012. While a total of 68 species 

was landed, the discarded catch was composed of 191 species; 110 fish (59 al-

ways discarded), 26 crustaceans (19 always discarded), 25 molluscs (15 always 

discarded) and 30 other invertebrates (all discarded). Total discarding rate for 

pooled data was calculated to be 33 ± 20 %. Among the obtained taxonomic 

groups, fish composed the majority of the discarded fraction in terms of number 

and weight. It was found that the most abundant discarded species in terms of 

number were Serranus hepatus (13%), Capros aper (8%), Citharus linguatula 

(6%), Parapenaeus longirostris (5%), Lepidotrigla cavillione (5%), Munida 

ruttlanti (4%), Argentina sphyraena (4%), Diplodus annularis (4%), Chlo-

rophthalmus agassizi (3%) and Lampanyctus crocodilus (3%). It was also de-

termined that undersized commercial species are subject to discarding. Our 

study indicated that discards generated by bottom trawling in the Aegean Sea 

constitute an important fraction of the total catch and that the number of affected 

species is very high. The area is the most efficient trawling zone among Turkish 

Seas thus requiring long-term monitoring in terms of fish stocks and trawl dis-

cards to maintain a sustainable fishery. Therefore, discarding features (species 

composition, discard ratio, CPUE values and etc.) of Aegean Sea trawl fishery 

should be more seriously considered during decision making and ecosystem 

friendly innovations must be implemented to the Aegean Sea trawl fishery. 

Keywords  

Discard, trawl, Aegean Sea, Impact 

Introduction 

Trawl fishery has been recognized with high discarding features in the Mediter-

ranean. Aegean Sea, a shared water between Turkey and Greece, has been under 

a big trawl fishing pressure for many years. Multispecies character of Mediter-

ranean aquatic environment is probably the most important reason of trawl dis-
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cards in the area. Discards of trawl fisheries are composed of unwanted species 

(noncommercial species), by-catch species (low commercial value), and under-

sized individuals of commercial species. The discard rate of 10.8% (dis-

cards/total catch), estimated for the world�s marine fisheries, is equivalent to 9.1 

million tonnes discarded annually (Gilman et al., 2020). Discarding and its ef-

fects in the Mediterranean and in the Aegean Sea were emphasized in many 

studies (Machias et al., 2001; Allain et al., 2003; Sanchez et al., 2004; Yemi`ken 

et al., 2014; Soykan et al., 2016). Although coastal areas in the Turkish part of 

the Aegean Sea are rich in terms of gulfs and bays, there is a narrow continental 

shelf with hilly and jagged bottom structures that limit fishing activities in the 

area (Soykan et al., 2016). Total fisheries production of Turkey was given to be 

785811 tonnes and 46% of this amount belonged to capture fisheries (TUIK, 

2020). Purse seiners and trawlers contributed to the majority of this amount, 

with bottom trawlers providing 90% of the demersal resources. Although there 

are many studies addressing some aspects of trawl fishery including selectivity, 

catch composition and catch per unit effort values in Turkey, discarding features 

are less mentioned. In the present study, discarded trawl catches in the three 

main fishing areas of the Turkish coasts of the Aegean Sea were emphasized us-

ing data from commercial trawlers. The main features of discarding process 

were considered such as species composition, discard ratios and catch per unit 

effort values (CPUE). 

Materials and Methods 

This study was performed in the legal trawling areas of Turkish coasts of Aege-

an Sea from Saros Bay (North) to Güllük Bay (South) between 2010 and 2012 

by commercial trawlers (Figure 1A). Study area was divided into 3 subareas as 

North Aegean, middle Aegean and South Aegean Sea. Depth of the trawl hauls 

ranged from 40 m in the south to 450 m in the north. Study was carried out by 9 

commercial trawlers having typical engine powers of 400-500 hp. Samplings 

were carried out by 1200 mesh trawl net with a stretched mesh size of 44 mm 

(Figure 1B). A total of 311 trawl hauls were performed; 49 in the north, 141 in 

the middle and 121 in the south. Species were divided into 2 categories as com-

mercial and discarded. Estimating the total catch, recording the commercial 

composition of the catch which was identified at the species level and listed as 

fish, cephalopods, crustaceans and finally sampling the discarded portion of the 

catch comprised the on board works. Researchers didn�t interfere with the nor-

mal fishing practices of the crew. After the marketable species were sorted by 

the fishermen, the number of boxes was counted and their weight calculated. 

Depending on the quantity of discarded catch, either the total or a sample was 

retained to be investigated in detail in the laboratory to determine the specific 

composition of the haul discard and weight by species. The number of discarded 
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species (S) was counted for each haul in the laboratory. The diversity indices 

were computed using the number of specimens (N). Total hauling time for each 

area was standardized according to the time spent in North, where had the min-

imum total hauling time. The estimations were made using the Species Rich-

ness, evenness diversity index, Brillouin diversity index, Fisher diversity index, 

Shannon-Wiener diversity index and Simpson diversity index. The SIMPER test 

was performed to determine the level of dissimilarity according to trawl fishing 

areas; north, middle and south of the Aegean Sea. Computation of diversity in-

dices and SIMPER analysis were performed using the PRIMER 5 statistical 

package program. Data such as position and depth (start and the end of each 

haul), duration of the haul, percentage of marketable and discarded fractions of 

the catch were recorded for each haul. Data on the species composition of the 

landings and discards, by haul, were standardized to hourly yields (kg/h). Calcu-

lation of discard rate was performed according to Kelleher (2005) by the men-

tioned formula below with standard deviation values:  

100x
ld

d
dr

û
ý

 

Where d represents discarded catch and l landings. 

Catch per unit effort (CPUE) and standard error were calculated according to 

Phiri and Shirakihara (1999) as follows: 

õ

õ
ý

nh

t
nh

Ci

CPUE

 

Where Ci is the catch amount per operation (kg); t is hauling time (min/hour) 

and nh: number of trawl operations (hauls). 
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Figure 1 

(A) Study area and total of 311 fishing hauls, from 2012 to 2014 in the Aegean 

Sea. (Length of trawling varied from 50 to 430 minutes, trawling speed from 2.4 

to 2.6 knots; water depth ranged from 40 to 450 m (B) Technical plan of trawl 

net (Tosuno�lu&Aydõn., 2007). 

Results 

A total of 311 hauls were conducted during the seasonal samplings. The average 

depths according to the region were 284, 155 and 71 m. for north, middle and 

south part of the Aegean Sea respectively. The typical duration of a trip was 1 

day and the haul duration ranged between 50 to 430 minutes with an average of 

178 (3 hours) ± 63 minutes (SD). It was found that the mean hauling time was 

156 ± 63 minutes (SD) for north, 189 ± 71 minutes (SD) for middle and 175 ± 

47 minutes (SD) for south. A total of 925 hours (128 hours for north, 444 hours 

for middle and 353 hours for south) were spent during trawl operations. A total 

of 23560 kg total catch was obtained from the samplings and of those 16840 kg 

was marketed and the rest 6720 kg was discarded. The total number of discarded 

individuals was found to be 465740. The minimum discard ratio was obtained 

from north part of the Aegean Sea with 1% while the maximum rate was 90% in 
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the south. Discard ratios were found to be 22 ± 19.9 %, 27.3 ± 17.4 % and 44.2 

± 18.2 % for north, middle and south respectively. ANOVA analysis indicated a 

significant difference between the discard ratios of each subarea (p<0.05). Total 

discarding rate for pooled data was calculated as 33 ± 20 %. Furthermore, it was 

found that �depth� and �discard ratio� didn�t show any relationship (r=0.18). 

Discard CPUE values according to subareas were determined to be 6.8±0.9 

(S.E) kg for north, 7.4±0.5 (S.E) kg for middle and 8.2±0.5 (S.E) kg for south. 

No statistical significant difference was observed between the discarded CPUE 

values of each subarea (ANOVA, p>0.05). No statistical relation was found be-

tween the depth and CPUE values (r=0.24). A total of 68 species was landed and 

200 discarded. Species composition of the study was given in Soykan et al., 

2019. Within the commercial fraction, 60 were fishes, 5 molluscs (cephalopods) 

and 3 crustaceans. The discarded catch was composed of 200 species belonging 

to eight taxonomic groups (Porifera, Cnidaria, Annelida, Arthropoda, Mollusca, 

Echinodermata, Tunicata, Chordata). Among them, the most abundant phylum 

was Chordata with 116 species. The second dominant group was molluscs (30 

species), followed by arthropods (28 species) and echinoderms (16 species). The 

rest of the taxonomic groups were represented with 10 species.  

The most affected species in terms of weight were S. hepatus (11%), D. annu-

laris (9%), C. linguatula (7%), L. cavillione (5%), C. aper (4%), S. canicula 

(4%), S. mantis (3%), S. flexuosa (3%), N. sclerorhynchus (3%), A. sphyraena 

(2%). According to number based order, S. hepatus (13%), C. aper (8%), C. lin-

guatula (6%), P. longirostris (5%), L. cavillione (5%), M. ruttlanti (4%), A. 

sphyraena (4%), D. annularis (4%), C. agassizi (3%), L. crocodilus (3%) and 

they composed more than 50% of the discarded fraction. Hoplostethus mediter-

raneus, Nezumia sp. and Sycliorhinus canicula dominated the discards in the 

North in terms of weight and number. For middle Aegean Sea, Capros aper, 

Parapenaeus longirostris and Argentina sphyraena were represented with the 

maximum number of individuals respectively. Dominant discarded species of 

the South in terms of weight and number are Serranus hepatus, Diplodus annu-

laris and C. linguatula. The ecological indices of discarded fish for each subarea 

are shown in Table 1. 

Table 1 

Ecological parameter means for the subregions (North, Middle, South) in the 

Agean Sea. S: Species number (S), N (Total specimens), d (Species Richness), 

J´ (Evenness Diversity index), % (Brillouin Diversity index), ³ (Fisher Diverstiy 

index), H� (Shannon-Wiener Diversity Index), 1-� (Simpson Diversity Index). 

S N d J' % ³ H' 1-» 
North 82 35958 7.722 0.7008 3.081 10.02 3.088 0.9254 

Middle 145 77761 12.79 0.6975 3.466 17.23 3.471 0.9498 
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South 134 57763 12.13 0.5534 2.705 16.41 2.71 0.8629 

 

The species richness (d) was estimated as 7.72 in the north and 12.79 in the 

middle Aegean Sea. Evenness diversity index (J´) was found to be minimum 

with a value of 0.55 in the South. The Shannon - Weiner diversity index had the 

maximum value (3.471) in the middle and minimum (2.71) in the south. The 

SIMPER analysis indicated that C. aper and S. hepatus displayed highest aver-

age dissimilarity among discarded fish (Table 2). Dissimilarity between north 

and middle was computed to be 64 % by the leading of C. aper with 13 %. S. 

hepatus showed the highest contribution (21 %) on the dissimilarity between 

north and south which was estimated to be 93 %. Dissimilarity of middle and 

south was found to 77 % and the greatest contributions belonged to S. hepatus 

(15 %) and C. aper (10 %). 

Table 2 

SIMPER analysis results of discarded species according to their number (The 

total duration of trawl hauls for each subarea was standardized to 128 hours). 

Av. Ab.; Average of abundance, Av. Diss.; Average of Dissimilarity, Contrib.; 

Contribution Percentage, Cum.; Cumulative Percentage.  

North Middle 

average 

dissimilariy: 63.79 

Species Av.Ab. Av.Ab. 

Av.Dis

s Contrib% 

Cum.

% 

Capros aper 774 10561 8.61 13.49 13.49 

Coelorhynchus 

coelorhynchus 5369 0 4.72 7.40 20.89 

Argentina sphyraena 663 4869 3,7 5.80 26.69 

Chlorophtalmus agassizi 229 4199 3.49 5.47 32.16 

Lepidotrigla cavillione 44 3781 3.29 5.15 37.32 

Lampanyctus crocodilus 445 4094 3.21 5.03 42.35 

Cithaurus linguatula 77 3589 2.81 4.84 47.19 

Hymenocephalus italicus 3941 745 2.78 4.41 51.59 

North South 

average 

dissimilariy: 93.03 

Av.Abun

d 

Av.Abun

d 

Av.Dis

s Contrib% 

Cum.

% 

Serranus hepatus 95 18028 19.13 20.57 20.57 

Diplodus annularis 23 6004 6.38 6.86 27.43 

Cithaurus linguatula 77 6009 6.33 6.80 34.23 

Coelorhynchus 

coelorhynchus 5369 0 5.73 6.16 40.39 
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Spicara flexuosa 0 4672 4.99 5.36 45.75 

Lepidotrigla cavillione 44 4177 4.41 4.74 50.49 

Middle South 

average 

dissimilariy: 76.73 

Av.Abun

d 

Av.Abun

d 

Av.Dis

s Contrib% 

Cum.

% 

Serranus hepatus 2582 18028 11.40 14.85 14.85 

Capros aper 10561 0 7.79 10.16 25.01 

Diplodus annularis 225 6004 4.26 5.56 30.57 

Parapenaeus longirostris 5736 593 3.79 4.95 35.51 

Argentina sphyraena 4869 0 3.59 4.68 40.20 

Spicara flexuosa 64 4672 3.40 4.43 44.63 

Munida ruttlanti 4522 18 3.32 4.33 48.96 

Chlorophtalmus agassizi 4199 0 3.10 4.04 53.00 

Discussion and Conclusion 

Fishing has significant direct and indirect effects on the habitat, diversity, and 

community productivity (Machias et al., 2001). Discard practices are very im-

portant for fisheries management especially for multispecies trawl fishery. Dis-

card studies require onboard performance usually under rough weather condi-

tions and hard laboratory work which makes it difficult to practice. Machias et 

al., (2001) supported this idea by indicating the need for special effort and fi-

nancing for long-term monitoring of the discarded yield. On the other hand dis-

card information is essential for ecosystem based fisheries management. Trawl-

ing was reported to be one of the most responsible fishing activity for the bulk 

of the discards (Stergiou et al., 1999). Eastern Mediterranean fisheries was re-

ported to have four distinct characters compared to those of other areas (Stergiou 

et al., 1997b): (1) Highly oligotrophic conditions; (2) higher diversity in com-

parison to other northern temperate environments, but lower than tropical re-

gions; (3) greater number of marketable species than in temperate waters, lower 

than tropical regions; (4) the small size of species, captured with small mesh 

sized trawl net increase the diversity as well as the number of discards (Stergiou, 

1999).  

A total of 311 trawl hauls were done; 49 in the north, 141 in the middle and 121 

in the south. Less hauls conducted in the north in comparison to other areas were 

due to tough sea and weather conditions. Because while there are many bays 

which are geographically prevented from rough winds, also available and legal 

to operate in the middle and south of the Aegean Sea, such areas are very limited 

in the north. The results of our study show average discard ratio (2010-2012) in 

the Aegean Sea as 33 ± 20 % including 191 species. Yemi`ken et al., (2014) re-

ported the discard rate to be 32.2 ± 16.5% with 69 discarded species from the 
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North-eastern Mediterranean. Soykan et al., (2016) stated the discard ratio as 

33.2 % from the middle Aegean Sea including 84 discarded species in one legal 

fishing season (autumn, winter and spring). Sanchez et al, (2004), declared the 

discard ratio to be 26% covering 309 species in the northwest Mediterranean. 

Machias et al., (2001) reported the discard ratio from the northeastern Mediter-

ranean as 44%. The results of our study on discard ratios are in accordance with 

those of performed in the Mediterranean region indicating that multispecies 

character of Mediterranean ecosystem enables the formation of discards. The 

main reason for discarding is the lack of commercial value of some of the caught 

species (Sanchez et al, 2004). Presence of 68 commercial species within the dis-

carded catch composition is very high which means more than 1/3 the discarded 

fraction were composed of undersized or unmarketable (due to its condition) 

commercial species. In the present study no species were specifically targeted, 

but all marketable individuals were separated for sale by the fishermen. It is dif-

ficult to nominate a target species in multispecies fishery areas, especially for 

bottom trawls. Therefore, the term �commercial catch� may be used instead of 

�target catch� to clarify the classification of the total catch for multispecies bot-

tom trawl fishery (Soykan et al., 2016).  

Regarding the species composition, north was represented by 82 discarded spe-

cies while middle (145 species) and south (134 species) were more diverse. 

SIMPER analysis revealed that C. aper and S. hepatus were the main species for 

dissimilarities among regions. The greatest dissimilarity (93 %) between regions 

occurred in between north and south. Beside This discrepancy is attributable to 

difference in depths of trawl hauls. Difference is attributable to �depth� factor, 

because the mean depth (288 m) of the legal trawling zones was almost two 

times and four times more than the middle (155 m) and south (71 m) respective-

ly. 

It was also found that discard ratio was almost two times greater in the south 

(mean depth 71m, discard ratio 44.2%) than in the north (mean depth 288 m, 

discard ratio 22%). Yemi`ken et al. (2014) reported the discarded biomass ratios 

as 44% for the shallower than 60m depth, and its value was 75% of all the dis-

carded catch. Authors explained this situation with the higher fish productivity 

of shallow waters than deeper (>60 m) waters. This opinion was also supported 

by Sanchez et al. (2004) as they stated more discards in shallowest waters than 

that of deeper areas. This case was revealed by the concentration of the appreci-

ated juveniles at certain time of the year (Aldebert et al., 1998). Furthermore, it 

was stated that the structure of the coastal fish community varies in the Mediter-

ranean because of new immigrant species entering from the Red Sea (Yemi`ken 

et al., 2014). Our study included 6 lesepsian fish species; Lagocephalus spadi-

ceus, Saurida lesepsianus, Siganus rivulatus, Stephanolepis diaspros, Sphyraena 

chrysotaenia and Uponeus mollucensis. While four of them were captured only 
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from the south, S. lesepsianus was obtained from both middle and south Aegean 

Sea. Yemi`ken et al. (2014) reported 27 lessepsian fish species in the 1skenderun 

Bay (North-eastern Mediterranean).  

From the other side, discards are also known to provide nutrition to the ecosys-

tem and enhance productivity, as discards returned to the water can be recycled 

by the food web (Rijnsdorp and van Beek 1991; Groenewold and Fonds 2000; 

Bozzano and Sarda 2002; Cabral et al. 2002). Nevertheless, discard material is 

rapidly consumed by opportunistic scavenging species, such as crabs, starfish 

and fish among others (Kaiser and Spencer, 1994; Ramsay et al., 1997; Fonds 

and Groenewold, 2000; Demestre et al., 2000b; Sanchez et al., 2004). It was also 

mentioned in many studies that scavenging seabirds also benefit the discarded 

material not only in supporting their populations, but also in their breeding 

performance in the western Mediterranean (Oro and Ruiz, 1997; Sanchez et al., 

2004). From this point of view Reducing discards may not be always beneficial 

but could potentially cause some negative impacts on the ecosystem at least in 

the short term, in contrast to the objectives of ecosystem based fisheries man-

agement (EBFM) (Zhou, 2008).  

Our study showed that discards generated by bottom trawling in the Aegean Sea 

constitute an important fraction of the total catch and that the number of species 

affected is very high. The area is the most efficient trawling zone among Turkish 

Seas thus requiring long-term monitoring in terms of fish stocks and trawl dis-

cards to maintain a sustainable fishery. Therefore, discarding features (species 

composition, discard ratio, CPUE values and etc.) of Aegean Sea trawl fishery 

should be more seriously considered during decision making. 
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A DATA-BASED STUDY ON THE COMPARISON OF 

FISHING GEAR SELECTIVITY AND FISHERS�       

SELECTIVITY IN THE BOTTOM TRAWL FISHERIES 

Adnan TOKAÇ1, M. Hakan KAYKAÇ1 
1Ege University Faculty of Fisheries 35150, Bornova, 1zmir, Turkey  

Abstract  

The improvement of trawl codend selectivity and discard rates is crucial for sus-
tainable trawl fisheries and management. Some technical improvements to in-
crease selectivity on the trawl codend such as increasing the mesh size and re-
ducing the number of meshes around the codend may cause a very little amount 
of loss from the economical fish to be caught. This is one of the most undesira-
ble situations for fishers and generally it is not possible to agree on this point at 
the first stage with the fishers'. However, in traditionally used trawl nets, a sec-
ond selection procedure is also applied once more to the species caught on the 
deck by the fishers, and the species are separated mainly into two groups as will 
be marketed and discarded. In this study, a comparison was made between gear 
selectivity versus fisher�s selectivity for hake (Merluccius merluccius) in three 
different trawl codend using the previous selectivity studies data. For this pur-
pose, fishers' selectivity data were used which were recorded in previous fishing 
gear-focused selectivity studies. Thus, it has been possible to make a compari-
son between previously published fishing gear selectivity results and fisher's se-
lectivity results. The results indicated that when the fishing gear selectivity is 
improved, the selectivity is coming closer to the fisher's selectivity, and the 
amount of discarded fish decreases as well. The main goal should be to ensure 
the fisher's selectivity in the trawl codend. Thus, numerous advantages such as 
cost reduction, use of unnecessary labor and time, and most importantly, protect-
ing the ecosystem will be achieved.  

Keywords  

Selectivity, fishers, bottom trawl, Mediterranean Sea  
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Introduction 

Conventionally, selectivity trawl fisheries has been regulated by means of a 
legally defined minimum codend mesh size. However, it is apparent that many 
other aspects of gear design also influence gear selectivity (Reeves et al., 1992). 
Many researchers have therefore suggested increasing the mesh size and 7 or 
changing the mesh shape in the codend (Tokaç, et al., 2004, 2010; Bahamon et 
al., 2006; Sala et al., 2008; Sala and Luchetti, 2010). In addition, the General 
Fisheries Commission for the Mediterranean (GFCM) has encouraged studies 
aimed at improving selectivity and reducing discards of the Mediterranean 
demersal trawl fleet (GFCM, 2007). The Council Regulation of the European 
Commission concerned with management measures for sustainable exploitation 
of fishery resources in the Mediterranean Sea also requires EU countries that use 
towed nets, i.e. demersal trawls, to replace the 40 mm diamond mesh with a 
square mesh at the codend, or, if the ship owner makes a justified request, with a 
50 mm diamond mesh (E.C., 2006). 
 
However, the size selection in the sea by the gear is followed by a fisher 
selection process on the vessel resulting in that only a proportion of the catch 
reaching the deck on the fishing vessel will be landed in the harbour. The fishers 
sort the catch on the  deck of the fishing vessels into landings and discards 
(Mytilineou, 2018). In this study, a comparison was made between gear selectiv-
ity versus fisher�s selectivity for hake (Merluccius merluccius) in three different 
trawl codend using the previous selectivity studies data. For this purpose, fish-
ers' selectivity data were used which were recorded in previous fishing gear-
focused selectivity studies. Thus, it has been possible to make a comparison be-
tween previously published fishing gear selectivity results and fisher's selectivity 
results. 
 
Material and methods 
 
The 26.2 m LOA, 294 kw commercial trawler was chartered for a 15-day sea 
trial from 5 to 27 August 2004. Trawling was carried out in international waters 
of the Aegean Sea at depths of 274�426 m. All tows were carried out during 
daytime. Towing duration varied between 130 and 430 min, and towing speed 
varied from 2.1 to 2.2 knots. Fishing was conducted using a conventional 
bottom trawl with 900 meshes around the mouth. Three different codends were 
used to study the overall selection process. The first one had 300 meshes around 
its circumference (three seams of 100 mesh panels) as in commercial practice 
(300 MC). The second had 200 meshes (33% reduced, two seams of 100 mesh 
panels) around its circumference (200 MC). Finally, the third was constructed as 
150 diamond meshes on the lower and 75 square meshes on the top panel 
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(SMTPC) (Figure 1). Three codends were constructed of netting which was 
made of 40 mm nominal mesh size PE material. The covered codend method 
was used to collect the selectivity data (Wileman et al., 1996). The cover used 
was 10.15 m in length and made of 24 mm nominal mesh size knotless PA 
(polyamide) netting. It was supported by two hoops 1.9 m in diameter. Selectivi-
ty and discard data were collected for hake. At the end of each tow, first the 
cover catch was taken and target species were separately sorted from the rest of 
the catch and weighed. Meanwhile, the crew of the fishing boat sorted the 
marketable codend catch and left the discards on deck. Thus, the fisherman 
performs a second selection process on the deck. Full or sub-samples were taken 
and weighed separately for marketable catch and discards. For the target species, 
length measurements were taken to the cm below. Before the data analysis 0.5 
cm was added to each length class. Data from the sub-sampled catch were raised 
prior to the estimation of the selection parameters. Selectivity parameters were 
calculated by fitting a logistic equation using the maximum likelihood method 
as given in Wileman et al. (1996). CC 2000 software (ConStat, 1995) was used 
in the analysis. Selection parameters for hake were calculated using a less 
rigorous approach of stacked haul method (Millar et al., 2004), which does not 
incorporate an explicit modelling of the between haul variation. 
 

 

Figure 1  

Illustration of tested codends: 300 MC_conventional type; 200 MC_ 33% 
reduced and SMTPC_square mesh top panel codend  

Codend Selectivity 
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Selectivity data were collected using the covered codend method and selection 
curves of the pooled data were obtained by fitting a logistic function: 

û ý)exp(1/)exp()( 2121 lvvlvvlr ûûûý  

where r(l) is the retained proportion of length class l, given that it entered the 
codend (Wileman et al., 1996), and ¿=(¿1, ¿2)T is the vector of the selectivity pa-
rameters. The values of L50 were estimated from the expressions:  

2

1
50

v

v
L

ý
ý

 

Fisher�s Selectivity 

Selectivity data on board were collected using the marketed (codend) discard 
(cover) method and selection curves of the pooled data were obtained by fitting 
a logistic function: 

û ý)exp(1/)exp()( 2121 lvvlvvlr ûûûý  

where r(l) is the retained proportion of length class l, given that it obtained on 
board like cover codend (Wileman et al., 1996), and ¿f=(¿1f, ¿2f)T is the vector of 
the selectivity parameters. The values of L50 were estimated from the expres-
sions:  

2

1
50

v

v
L

ý
ý  

All these parameters were calculated by maximum likelihood using the 
software CC 2000 (ConStat, 1995).  

 

Results 
Selection curves of 300 MC, 200 MC, and SMTPC codends were found to be 
significantly different when considering gear and fisher�s selectivity for each 
codend type (Figure 2, 3 and 4). L50 values of 10.81 and 18.71, and SR values 
of 6.12 and 1.61 cm for 300 MC; 11.60 and 25.01, and SR values of 4.07 and 
2.95 cm for 200 MC; 12.89 and 19.33 and SR values of 7.44 and 2.97 cm for 
SMTPC were estimated for gear and fisher�s selectivity, respectively (Table 1). 
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Figure 2  

300 MC. Selection curves and length frequency distributions of the population 
entering and escaping from the codends (gear-codsel) on the left (red) and 
selection curves and length frequency distributions of the codend population 
seperated by fisher�s as marketed (codend) and discard (cover) (fisher�s sel) on 
the right (blue). 

Figure 3  

200 MC. Selection curves and length frequency distributions of the population 
entering and escaping from the codends (gear-codsel) on the left (red) and 
selection curves and length frequency distributions of the codend population 
seperated by fisher�s as marketed (codend) and discard (cover) (fisher�s sel) on 
the right (blue). 
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Figure 4  

SMTPC. Selection curves and length frequency distributions of the population 
entering and escaping from the codends (gear-codsel) on the left (red) and 
selection curves and length frequency distributions of the codend population 
seperated by fisher�s as marketed (codend) and discard (cover) (fisher�s sel) on 
the right (blue). 
 
Discussion 
The obvious problems for both target and by-catch species in the Mediterranean 
are the small sizes of the retained individuals and the multi-species nature of the 
fisheries. Hake escape probability through bottom trawl codend was generally 
low for the species population structure in the fishing grounds examined, where 
commercial trawl fishery is practiced (Mytilineou et al., 2018). When 
considering the results of the square mesh top panel codend (SMTPC) in the 
present study show higher mean L50 values than that of the commercial codend 
(300 MC) and 33% reduced codend (200 MC) for hake. In case of considering 
the codend selectivity,  the results of the square mesh top panel codend 
(SMTPC) have higher mean L50 values than the 300 MC and 200 MC for hake. 
On the contrary, when considering the fisher's selectivity, it is seen that 300 MC 
has the highest L50 value (Table 1). This is a pretty expected result because of 
the amount of discard of this codend is much higher than the other codends. 
Conventional bottom trawling is a fishing methods producing high quantities of 
discards. Historically, trawl selectivity studies were always focussed on 
modelling only the gear selectivity occurring in the sea. However, the size 
selection in the sea by the gear is followed by a fisher selection process on the 
vessel resulting in that only a proportion of the catch reaching the deck on the 
fishing vessel will be landed in the harbour (Mytilineou et al., 2018). 
 

DEMaT´22

88



T
a

b
le

 1
 

S
el

ec
ti

vi
ty

 p
ar

am
et

er
 e

st
im

at
es

 [
L

50
 (

cm
),

 l
en

gt
h 

at
 5

0%
 r

et
en

ti
on

; 
S

R
 (

cm
),

 s
el

ec
ti

on
 r

an
ge

; 
C

I,
 c

on
fi

de
nc

e 
in

te
rv

al
; 

S
F

, 
se

le
ct

io
n 

fa
ct

or
; 

v1
 a

nd
 v

2,
 m

ax
im

um
 l

ik
el

ih
oo

d 
es

ti
m

at
or

s 
of

 s
el

ec
ti

vi
ty

 p
ar

am
et

er
s;

 R
11

, R
12

, 
an

d 
R

22
, 

va
ri

an
ce

 
m

at
ri

x 
m

ea
su

ri
ng

 w
it

hi
n-

ha
ul

 v
ar

ia
ti

on
; 

d.
f.

, 
de

gr
ee

s 
of

 f
re

ed
om

];
 n

um
be

r 
of

 s
pe

ci
m

en
s 

in
 c

od
en

d 
an

d 
co

ve
r 

fo
r 

30
0 

M
C

 a
nd

 S
M

T
P

C
. 

R
  

S
E

 
v 1

 
v 2

 
R

1
1
 

R
1
2
 

R
2
2
 

D
ev

ia
n

ce
 

d
.f

.
p
-V

a
lu
e

C
o

d
en

d
 

C
o
v

er
 

L
5

0
 

S
E

 
N

la
n

d
in

g
 

N
d

is
ca

rd
 

N
co

v
er

 

2
0
0

 M
C

 C
O

D
E

N
D

 
1

0
.8

1
 

0.
09

 
6.

12
 

0.
31

 
-3

.8
82

0.
35

9 
0.

03
69

 
-0

.0
03

4
0.

00
03

 
40

.8
2 

54
 

0.
90

7 
2

8
9
9
 

21
12

 

20
0 

M
C

 F
IS

H
E

R
M

A
N

 
18

.7
1 

0.
22

 
1.

61
 

0.
19

 
-2

5.
50

8
1.

36
4 

9.
21

78
 

-0
.4

76
7

0.
02

49
 

24
.2

7 
53

 
1.

00
0 

10
71

 
18

28
 

21
12

 

3
0
0

 M
C

 C
O

D
E

N
D

 
1

1
.6

0
 

0.
07

 
4.

07
 

0.
14

 
-6

.2
53

0.
53

9 
0.

04
23

 
-0

.0
03

7
0.

00
03

 
67

.4
9 

49
 

0.
04

1 
5

4
9
7
 

33
62

 

30
0 

M
C

 F
IS

H
E

R
M

A
N

 
25

.0
1 

0.
11

 
2.

95
 

0.
14

 
-1

8.
63

3
0.

74
5 

0.
75

39
 

-0
.0

31
2

0.
00

13
 

78
.6

7 
47

 
0.

00
3 

12
81

 
42

16
 

33
62

 

S
M

T
P

C
 C

O
D

E
N

D
 

1
2
.8

9
 

0.
31

 
7.

44
 

0.
65

 
-3

.8
16

0.
29

6 
0.

09
94

 
-0

.0
07

8
0.

00
07

 
10

1.
8 

50
 

0.
00

0 
1

2
1
5
 

78
4 

S
M

C
 F

IS
H

E
R

M
A

N
 

19
.3

3 
0.

33
 

2.
97

 
0.

28
 

-1
4.

30
6

0.
74

0 
2.

11
23

 
-0

.0
99

9
0.

00
48

 
25

.6
9 

50
 

0.
99

8 
76

4 
45

1 
78

4 

DEMaT´22

89



Conclusion 
Improving of a larger mesh size by ensuring the mesh opening during trawling is 
essential to improve size selectivity. Not only gear selectivity but also fisherman 
selectivity needs to be studied.The number of studies on this subject needs to be 
increased, and this remarkable difference between gear selectivity and the fish-
ers own selectivity needs to be explained to fishermen very well. 
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Abstract 

The knowledge of hydrographic conditions is of central importance for the 

assessment of the state of marine ecosystems � with all its implications on climate 

or usage of the sea. Currently, data collection is mainly carried out by 

environmental monitoring programs and very costly. Spatial and temporal 

resolution is insufficient and data validation is mostly hand-operated before it can 

be stored in scientific databases. Therefore, we urgently need new monitoring 

strategies. More efficient data collection not only contributes to a better 

understanding of the marine ecosystem, but is relevant to issues such as: 

÷ Fish stock forecasts

÷ Monitoring of the marine environment e.g. North and Baltic Sea (HELCOM)

÷ State on ocean acidification, oxygen deficiency and eutrophication

÷ Implementation of sustainable development goals (e.g. MSRL in Europe)

Ships of opportunity could play an important role here. Today, ferries and cargo 

ships can be equipped with FerryBox systems 1 to collect hydrographic data, but 

they are limited to surface water measurements and ferry routes or sea lanes. In 

contrast, fishing vessels deploy their gear deep below the surface. Here we present 

a method for using fishery as ships of opportunity in data collection and our results 

from a feasibility study on a fleet of commercial fishing vessels over the period 

of nine weeks. We show our experience with existing systems, the collected data, 

feedbacks from fishermen and a fine granulated list of necessary system features, 

which are not yet offered by existing systems. Therefore we started to develop 

HyFiVe (Hydrography on Fishing Vessels) - an autonomous measurement system 

to be installed on board of fishing vessels. We show that this can carry out a 

significant increase in the temporal and spatial data collection density at a 
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relatively low cost. Further we present the development status, the results of 

which will be published under open source licenses. 

Introduction 

Isaac Newton said; "What we know is a drop, what we don`t know is an ocean". 

Even though much has changed since this quote, it is still true for the oceans 

themselves, especially below sea surface. The temporal and spatial resolution of 

physical and chemical parameters of the water body (hydrography) is insufficient 

to follow its increasing process dynamic. Therefore, we need to intensify data 

measurement density and improve the process of validation for important 

forecasts on climate development and the evolution of underwater flora and fauna. 

This is especially true for coastal and marginal seas with limited water exchange, 

which represent a particularly sensitive ecosystem such as the Baltic Sea. Inflows 

of oxygen-rich water masses from the North Sea and North Atlantic represent an 

important control process for its overall state. In marine research, hydrography 

provides important foundations not only in the field of oceanography, but also in 

the areas of marine biology, marine chemistry, geological processes and marine 

ecology. Here it plays a prominent role in a variety of processes that have a 

decisive influence on the development of fish stocks and other living aquatic 

resources. 

At present, data collection is mainly carried out by research vessels, moored 

platforms and drifting Argo-Floats 15. Research vessels visit determined positions 

a few times per year to collect measurement profiles with very precise profiling 

CTD instruments and water samplers during their research cruises; but the spatial 

and temporal resolution is very low. Moored measuring stations continuously 

collect data at a few strategic positions; their temporal resolution is high, but their 

spatial resolution is low. Floats use sea currents at different depths for navigation 

and can increase the density of data collection, but are limited to suitable areas. 

However, all these methods are very cost-intensive and can increase data 

collection density only at considerable expense. For this reason, ferries and cargo 

ships are equipped as ships of opportunity with FerryBoxes, which are 

measurement systems that collect hydrographic data along the way. However, 

they only measure close to sea surface. The same applies to data collected by 

satellites that reveal physical parameters. However, the fields of climate research 

as well as marine and fishery research require physical and geochemical 

parameters with their dynamics in the entire water column. 
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In this context, fishing vessels are ideal ships of opportunity, as they operate 

widely distributed in time and space and regularly profile their gear through the 

water column. However, the data collection systems on board commercial fishing 

vessels need to operate fully autonomously and transmit their data without 

disturbing any fishing operations. Key features of HyFiVe include autonomous 

recording of hydrographic data, transmission and visualisation of data from a 

large number of vehicles to a shore-based server, remote maintenance access from 

shore, automatic validation algorithms, intelligent power supply and advanced 

trigger functions. 

Feasibility study and requirements 

In contrast to research vessels, fishing vessels operate almost all year round in 

wide areas. A system to increase the data acquisition density for hydrographic 

parameters for autonomous use on fishing vessels has special requirements. On a 

trawler, a typical deployment position is at one of the trawl doors.  

Figure 1 

HyFiVe system: autonomous hydrographic data acquisition for fisheries 

above: non fishing mode                 below. fishing mode 
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We use three system components for data collection, position allocation and data 

transmission, processing and visualisation: 

÷ data logger for underwater use at the fishing gear,

÷ deck unit on the vessel for data read from the data logger on air, record of

the vessel positions via GPS and on shore data transmission,

÷ on shore server including web service package to collect, validate and

process data from all vessels towards international databases,

Figure 1 illustrates the functioning of HyFiVe system in its two operating modes. 

Our main focus is on optimised data formats and protocols for the bidirectional 

data flow between all components and towards national and international 

databases. 

A feasibility study with four commercial German fishing trawlers (demersal 

trawler with a length of 20-30 m) was carried out in the period from April 2016 

to June 2016, in which semi-autonomous data loggers were installed on the trawl 

doors and recorded hydrographic parameters there. The recording was limited to 

temperature, salinity, dissolved oxygen content, water turbidity and water 

pressure. All parameters in conjunction with depth, time and global coordinates 

of the measuring positions. We used a system from the company NKE 

Instruments, which can record at least parts of the data in a synchronised way. We 

procured this system and critically tested it under real conditions in the German 

Baltic Sea commercial fishery fleet, deployed in the region of Arkona Sea to 

Bornholm Sea. In the period from 20.4.2016 to 16.6.2016 on four fishing vessels: 

Christin Bettina (25m), Blauwal (26m), Antares (21m) and Crampas (18m) from 

Sassnitz. Figure 2 shows the mounting of the data loggers at a trawl door and the 

position logger and data synchronisation unit on deck. 

Figure 2 

mountings: data logger at trawl door (left) and GPS logger on deck (right) 
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During the nine-week test period, 198 hauls were recorded. One system failed 

during the functional test and two vessels had longer downtimes due to technical 

problems or crew illness. The other vessels showed an average of 10 hauls per 

week, which corresponds to 20 vertical profiles and 120 hours of underwater data 

collection per week and vessel.  

Figure 3 

left: positions of hydrographic    right: positions for two exemplary 

        measurements during test phase; hydrographic sections  

        profiles (yellow dots) (Figure 4 left and right) 

        underwater tracks (green lines) 
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Figure 4 

left: Bornholm Sea section1;      right: Bornholm Sea section 2;  

temperature and salinity 27.4.- 1.5.16; temperature and turbidity:  

       24.-28.5.16 

The result is a very high-resolution data set in the areas south of Bornholm island 

and northeast of Ruegen island. We computed the measured data by example from 

the area south of Bornholm along two vertical lines shown in Figure 3 right. It is 

presented in form of two hydrographic sections each on its own time slot and 

target parameters. The graphs are shown in Figure 4. 

From feasibility study to system development 

Even if the system in the test phase did not meet the basic requirements for this 

application, the study showed that a system introduced as HyFiVe:   

÷ can collect considerable amounts of hydrographic data, 

÷ can be implemented with current technology, 

÷ cannot be setup from any available technical system worldwide yet, 

÷ has a high acceptance by the fishermen (when local data visualisation is 

available) 

Furthermore, the study delivered a large number of important system 

requirements for autonomous operation at commercial fishing vessels. For 

implementation, it is necessary to develop innovative and universal solutions and 

concepts. In addition to the basic functionality of existing logger systems, a 

number of functions are required that enable the system to be used on a large scale. 

In particular, modularity in sensor assembly, remote maintenance, long battery 
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life and easy recharging of the data logger, special trigger management of the 

sensors (e.g. parameter dependent trigger intervals) and reliable bidirectional data 

transmission across all components are essential components for this application. 

Finally, after intensive market research, it became clear that such a system would 

only be possible through a new development in form of a third-party funding 

project. First project application was in 2016, with positive funding decision in 

2021. 

HyFiVe project 

HyFiVe project has three local project partners: Hensel Elektronik, Leibnitz-

Institute for Baltic Sea Research Warnemuende and Thuenen Institute of Baltic 

Sea Fisheries and is funded by the Federal Ministry of Food and Agriculture. 

Project duration is 3 years from September 2021 to August 2024. The general 

project outline is:  

1. determination of the specification of the overall system,

2. development of a multi-parameter data logger,

3. development of a deck unit,

4. development of server architecture including a web service package for

storage,

5. storage, administration, analysis and visualization of the data,

6. integration and validation of the overall system,

7. and exploitation and publication.

The project philosophy is to use open concepts, open standards and open sources 

and to be modular, future-proof and modifiable. All results, sources and 

construction plans will be published under open source licenses to achieve 

sustainability and connectability. We use MPL 2.0 2 for software, CERN OHL W 

3 for hardware and CC-BY-SA 4 for documentation with weak copyleft and 

commercial usability. 

First results 

So far, functional samples of the three main components data logger, deck unit 

and land-based server have been developed and tested in their basic functions to 

be able to determine the overall functionality of the system. The wireless dataflow 

between data logger and deck unit based on WiFi is shown in Figure 5. The 

transfer between the deck unit and the land-based server is via mobile phone 

network. 
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Figure 5 

Dataflow between data logger and deck unit 

The data logger uses an ESP32 microcontroller [5] and integrates the conductivity 

probe K0.1 from Atlas Scientific 6, the temperature probe TSYS01 7 and the 

pressure sensor MS5837-30BA 8 to measure CTD. While in the water, it stores 

the measured data on an SD card and sends it to the deck unit after surfacing. 

Figure 6 left shows it attached to the CTD of the RV Elisabeth Mann Borgese [14] 

for validation tests. 

The deck unit consists of a Raspberry Pi 9 and a router RUT955 by Teltonika 10. 

The router provides WiFi, global position data and a link to mobile network. A 

multiband antenna on the cover enables the external connections. The deck unit 

software stores GPS data, merges it with the CTD data from the data logger, 

visualize the data and transfers it to the onshore server. For these steps we use the 

open source software Node-Red (data fusion) 11, InfluxDB (data storage) 12 and 

Grafana (data visualisation) 13.  
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Figure 6 

left: data logger on CTD     right: data logger at plankton 

sampler 

The system had been tested in two typical deployment scenarios of fishery trawls 

at on the cruise EMB295 in July 2022. First, it was attached to the CTD sampler 

(figure 6 left) to collect down- and up-cast data: profiles at 1 Hz with depths of up 

to 230 meters. The parallel CTD measurements are suitable for validation. 

Second, it was attached to a dragged plankton net to collect data on a horizontal 

track (figure 6 right): trawl data over 700 meters at about 3m depth were collected. 

The data logger autonomously started the measurement of the profile when 

immersed in water and detected its end after surfacing, transmitting the data to the 

deck unit. The deck unit added the GPS positions to each measurement and 

transmitted the data onshore where we visualized and evaluated the data. More 

detailed information about accuracy and reliability will be published later. Figure 

7 shows the measured temperature and conductivity over depth at 7.7.2022, 16:13 

(UTC) in position 57.191°N, 20.072°E. It indicates the different stratified water 

layers between surface and seafloor. At around 20 m water depth a typical sharp 

summerly thermocline from 18°C sea surface temperature to 5°C in the 

intermediate layer is shown, which develops in calm weather conditions. The 

conductivity diagram shows the same rapid decrease in 20 m water depth between 

both water layers but a strong increase in about 60-70 m water depth. It detects 

the pycnocline between surface water layer of lower salinity (fed by freshwater 

runoff) and higher salinities of the deep water layer (fed by saline inflows from 

the north Atlantic). The plot in figure 8 exemplary displays the collected 

temperature data along the plankton sample track in global positions. 
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Figure 7 

Autonomously measured profiles for temperature and conductivity 

 

Figure 8 

Autonomously measured temperature on a trawl over 700 metres 

Next steps 

Until now, the system has been tested with a unidirectional dataflow from the 

logger to the onshore server. Next steps will be the integration of the bidirectional 

data flow for maintenance from shore and a test on a real fish trawler. The cruise 

has shown a good functionality of the overall system. Further objectives lie in 

automated data evaluation algorithms and the integration of different sensors and 

sensor types to the data logger such as dissolved oxygen, pCO2, turbidity and 

others. 
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Abstract 

Blue bioeconomy offers options for the development of innovative products. In 

the ongoing project (Plant³ � MarZucker), technologies for producing high-

quality carbohydrates from marine algae by enzymatic pre-treatment are 

developed, focussing on the production of fine chemicals for pharmaceutical 

applications. This aim requires a high degree of quality control all along the 

production chain, including the source of biomass. To allow sustainable 

production of standardized quality biomass, aquaculture approaches are 

developed and tested. An important further aspect of this strategy is to establish 

a source of additional income for local fishermen. 

The development of aquaculture production started on a laboratory scale and 

lead to on- and inshore prototype facilities. The onshore aquaculture was built in 

an old cooling channel of the former atomic power plant in Lubmin as a flow-

through system. The inshore prototype was constructed in the Wieker lagoon on 

the island Rügen. Both aquaculture prototype facilities should mainly produce 

biomass of the green algae Ulva sp. Two major issues emerged during the 

development and running of these facilities. First, administrative complications 

occured to obtain permission for the installation and operation of on- as well as 

inshore aquaculture facilities. And secondly biological implications occurred 

caused by competing species overgrowing the target organism Ulva sp. The 

measures effectively reducing competing species differed between approaches 

and became more difficult under field conditions because of the higher 

complexity of the environment. The work for this project is still in progress and 

will be optimized in the approaching project period. 

Keywords  

Aquaculture, Ulva, onshore cultivation 
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Introduction 

Marine resources are highly influenced by the intensive usage by human society, 

especially for the food industry. To cope with ongoing and future problems it is 

important to reduce the impact on the marine ecosystems. Worldwide 

approaches to developing sustainable and economical marine resources are an 

ongoing process (Potts et al., 2016; Carballeira Braña et al., 2021; Cochrane, 

2021). One approach is the development of ecologically sustainable aquaculture 

facilities. Here, we focus on cultivating marine macroalgae as a source of 

specific high-quality carbohydrates like ulvans (Reisky et al., 2019; Tziveleka et 

al., 2019) in the Western-Pomeranian coastal region. Using this resource for the 

production of carbohydrates a regional value-added chain shall be established.  

The green algae Ulva sp. has been chosen as the main target organism because 

of its fast growth and widespread occurrence along the Western-Pomeranian 

coast. First, different methods for cultivation on a laboratory scale were tested to 

optimize cultivation conditions employing physiological parameters assessed. 

Because of the high morphological plasticity of the genus Ulva, the 

determination on species level was omitted, respecting the ongoing taxonomic 

debate (Steinhagen et al., 2019; Tran et al., 2022, Wichard, 2015). Using lab-

grown strains for inoculation, the exact taxonomic evaluation of them can be 

determined after the debate is settled. For this work, the parameters of interest 

are growth characteristics and ulvan content of the isolated strain, as strain-

specific parameters are independent of taxonomic affiliation. Secondly, a 

prototype facility for onshore aquaculture, with the potential for simple scale-up 

to a production level, was designed and installed. This prototype facility was 

used to gather reliable data about biomass yield and installation as well as 

maintenance efforts. These data are crucial concerning the installation of a start-

up facility with focus on its applicants, mainly fishermen. In a third approach an 

inshore aquaculture facility of Ulva sp. in a natural habitat without land-based 

infrastructure was tested. This attempt increases the risk of losses due to natural 

events such as e.g. overgrowth by other algae or storm events while reducing 

installation and maintenance costs. To obtain data about the balance of pros and 

cons, irrespective of administrative problems, especially for industrial-scale 

installations, such an inshore facility was installed too. 

Materials and Methods 

The aim of laboratory cultivation of Ulva sp. is to find cultivation conditions 

suitable for Ulva sp. in terms of long-term survival and growth of biomass. In 

the laboratory, the availability of coastal habitat water as a medium for 
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aquaculture is limited. Furthermore, the composition of habitat water could 

differ with each acquisition. Therefore, we produced the Ulva cultivation 

medium (UCM) as described in Stratmann et al. (1996) for the laboratory 

cultivation.  

The first cultivation experiment consisted of 1 l glass beakers with 800 ml UCM 

and an aeration system (Fig. 1). This cultivation method leads to sufficient 

growth in short time periods of about 2 to 4 weeks before the growth of 

epiphytes suppressed the Ulva sp. These overgrowing by epiphytes was the main 

issue of the laboratory cultivation, which elevates with increasing time periods. 

Additionaly, the cost of the UCM is quite high, so the volume of the UCM was 

reduced to 250 ml. This cultivation method allows short-term experiments to 

optimize the cultivation conditions almost without influence of phytoplankton.  

 

Figure 1  

Cultivation of Ulva sp. in artificial light, in 1 l glass beakers (left) and 250 ml 

Erlenmeyer flasks (right) with aeration. 

 

The dependencies between growth rate of Ulva sp. and levels of salinity and 

nutrient concentrations (nitrate and ammonium) of the UCM were tested. 

Therefore, the UCM was modified corresponding to a central composite design, 

with different salinity (4, 8, 16, 24, 32) and nutrient (21.25, 42.5, 85, 170, 

340 mg l-1 NaNO3; 1.65, 3.3, 6.6, 13.2, 26.4 mg l-1 (NH4)2SO4) levels. The 

experimental setup is further depicted in Fig. 2. 

For each combination of factor levels, 250 ml of the respective UCM was filled 

in an Erlenmeyer flask and placed under artificial light for fourteen days with a 

photoperiod 16 h day and 8 h night cycle. To calculate the growth rate of each 

Ulva sp. individual, its surface area was determined by photogrammetric survey 

with the software ImageJ (Wayne Rasband, Maryland, USA) at the start and end 

of the experiment. 
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 Sal. 

-2 -1 0 +1 +2 
Nut.  

-2   1   

-1  1 1 1  

0 1 1 4 1 1 

+1  1 1 1  

+2   1   
 

 

Figure 2  

Central composite design (ccd) of the experiment for testing the influence of 

salinity (Sal.) and nutrient concentration (Nut.) levels (-2, -1, 0, +1, +2). Left: 

scheme with number of replicates per combination of factor levels: salinity (4, 8, 

16, 24, 32) and nutrients (21.25, 42.5, 85, 127.5, 170 mg l-1 NaNO3; 1.65, 3.3, 

6.6, 9.9, 13.2 mg l-1 (NH4)2SO4). Right: photography of the implementation of 

the ccd. 

 

The establishment of onshore installations allows the large-scale production of 

high amounts of Ulva sp. biomass. And the advantages of these onshore 

installations include the controllability of the environmental conditions. 

Nevertheless, a suitable location to build these onshore aquaculture installations 

has to be found. A key factor is hereby the access to coastal water and an 

electrical connection. For this project, it was possible to rent a small area at the 

EWN (Entsorgungswerk für Nuklearanlagen GmbH) in Lubmin, Western-

Pomerania, Germany (Fig. 3). The planned prototype facility itself consisted of 

3 × 4 intermediate bulk containers (IBC) with a flow-through installation 

(~1 m³ h-1) accessing the coastal water as the medium (Fig. 4). Different types of 

hard substrates were placed inside these IBCs to provide a foundation for the 

spores to attach on. Additionally, several Ulva sp. individuals were cut into 

small pieces (< 5 mm) to trigger the sporulation process (Hiraoka and Oka, 

2008; Gao et al., 2010) and deployed into the IBCs. 

 

DEMaT´22

106



 

Figure 3  

Location of the onshore aquaculture prototype installation at the EWN 

(Entsorgungswerk für Nuklearanlagen GmbH) in Lubmin, Western-Pomerania, 

Germany.  

 

 

Figure 4  

Aquaculture prototype installation with 3 × 4 IBCs containing water from the 

channel which is pumped to the first IBC of each row and flowing in a cascade 

through the other IBCs back to the channel. 
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For biomass production of Ulva sp. in natural habitat and under natural 

conditions another prototype installation was built inshore. The site where to 

install this inshore aquaculture prototype is in the western part of Wieker 

Bodden at northern Rügen (Fig. 5). The prototype installation consisted of 2 × 2 

long ropes made of sisal with a length of about 6 m respectively. Each pair of 

ropes was connected multiple times to shorter ropes of about 0.8 m in length. 

The construction was anchored in shallow waters of about 1 m depth with stones 

connected to the two bottom ropes. The two top ropes are held near the surface 

by buoys (Fig. 6). The ropes were impregnated with small pieces (~5 mm) of 

Ulva sp. to enhance the sporulation of Ulva sp. and to provide a nearby hard 

substrate for the attachment of the spores. Furthermore, some individuals of 

Ulva sp. were fixated on the ropes as additional starter organisms (Fig. 6). 

 

 

 

Figure 5  

Location of the inshore aquaculture prototype installation in Wieker Bodden at 

northern Rügen, Germany. 
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Figure 6  

Inshore aquaculture prototype installation in the Wieker Bodden at northern 

Rügen, Germany. 

 

Results 

 

Figure 7 shows the main results of the laboratory acclimation experiments 

conducted to optimize cultivation conditions of the Ulva sp. strain regarding 

salinity and nutrient (nitrate and ammonium) content. No significant impact of 

salinity on the relative growth rate was found; however, the oligohaline 

conditions expected at the field sites (~8 psu) were clearly suitable for 

cultivation. Also concerning N-compounds the given concentrations (Figure 7 

shows NaNO3), which fell into the range observed at the sites, were found to be 

suitable.  
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Figure 7  

Dependencies of the growth rate of Ulva sp. area (rgr) from salinity (left) and 

nitrate (NaNO3, right). The points represent the mean growth rate of the algae 

area and the vertical lines are the confidence bands of 95 %. 

 

Production of high amounts of Ulva sp. biomass in IBCs as an onshore facility 

were not as successful as planned. Biomass production of the target species 

occurred only directly at the water inlet, the remaining part of the vessels were 

soon overgrown by opportunistic species (Fig. 8). 

 

Figure 8 

Some scattered individuals of Ulva sp. on the water surface of the IBC (left) and 

several on the clamp holding the settlement ropes (right). Growth of Ulva sp. 

biomass was observed only in the zone exposed to the incoming water. 
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Moreover, the effluent tubes were colonized within a few weeks by red algae 

(Rodomela sp.) resulting in flooding the concrete floor. This flooded concrete 

floor provided a suitable habitat for Ulva sp. (Fig. 9), which developed high 

biomass especially after the main efflux tube broke and the basement was 

flooded continuously (Fig. 9). Because of the harvested amount of biomass and 

the approximate period in which the flooding appeared, it was possible to 

estimate a production rate of about 0.5 kg fresh weight per square meter and 

week. This event will give rise to an altered design, consisting of shallow 

compartments with continuous and intense water flow instead of the voluminous 

vessels that were used so far.  

 

 

Figure 9  

Blocked tubes by a red algae (Rodomela sp., top-left) leading to an overflow of 

the IBCs (middle) and flooding of the concrete floor on which high amounts of 

Ulva sp. grew (middle-left). The damaged main afflux tube (bottom-left) 

resulted in massive growth of Ulva sp. algae on the ground (right). Half of the 

biomass was harvested, whereas the other half was left to function as a starter 

population for the next harvest. Some of the individuals were over 2 m long 

(right). 

 

The experiment with the prototype aquaculture facility for inshore cultivation of 

Ulva sp. was operating for one month prior to growth estimation of Ulva sp. on 

ropes. So far, the operation time was limited to one month and further 

modifications will be established until the end of the project period. Hence, the 

following results should be regarded as preliminary. Within this month of field 

incubation, the ropes consisting of sisal and hemp, were fully overgrown with 
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algae, mainly Ceramium and Cladophora species. The ropes made of polyamide 

� used for the anchorage � were free of algae. As a result, the utilization of ropes 

made from natural resources is suitable for aquaculture installations. The 

implemented Ulva sp. were still present and several additional attached 

individuals could be observed. This method did not result in the production of 

large amounts of Ulva sp. biomasses within the evaluated time period of one 

month because of the large amount of competitive species (Fig. 10).  

 

 

Figure 10  

Part of the inshore prototype installation after one month. The implanted Ulva 

sp. are still on the ropes as well as some additionally grown individuals of Ulva 

sp. Several other algae like Ceramium sp and Cladophora sp. are additionally 

growing on the ropes which decreased the possible attachment of Ulva spores 

and prevented further growth of Ulva sp. individuals. 

 

Discussion 

Al-Hafedh et al. (2015) described that a high discharge of water benefits the 

growth rate of Ulva sp. in onshore installations such as the IBCs, which were 

used in this project. Unlike their approach, we did not install aeration systems in 

the tanks leading to the movement of the algae. Such aeration could provide 

better conditions for the growth of Ulva sp. and may prevent the overgrowth of 

competitive species, but would also cause additional costs. The overgrowth of 

opportunistic species is a common problem in aquaculture facilities for 

DEMaT´22

112



macroalgae cultivation and there is no general solution for prevention measures 

established (e. g. Haglund and Pedersén, 1993; Kerrison et al., 2016).  

The results from the onshore prototype facility are used to improve this 

prototype and also the laboratory constructions. The design will be further 

developed to allow the water to flow over the Ulva sp. algae. Consequently, 

preventing Ulva sp. to be overgrown by opportunistic species while still 

allowing the settlement of spores as well as the growth of Ulva sp. This system 

and the fast growth rate of Ulva sp. should provide a high production of Ulva sp. 

biomasses. These works are still in progress and further positive results are 

anticipated, especially with this cultivation method.  

Chemodanov et al. (2019) used aerated cages for the successful cultivation of 

Ulva sp. Here, an energy source is necessary to operate the air pumps but the 

needed area for such a cultivation of Ulva sp. biomasses is reduced compared to 

cultivation installations with long ropes. Nevertheless, inshore aquaculture for 

Ulva sp. with ropes still looks feasible but must be further improved. In the 

foreseen future, ropes will be incubated beforehand in the laboratory to allow 

seedlings to grow prior to inshore facility installation. It is anticipated that this 

method will lead to the domination of Ulva sp. individuals and thus decrease the 

growth of other opportunistic species.  Noteworthy, it is feasible to place this 

installation at sites where Ulva sp. is the dominant species, which would reduce 

the probability of overgrowth with opportunistic species. This requirement 

however limits the possible places for a set-up and shows a great disadvantage 

concerning the administrative management involved, and therefore it is 

necessary to  find other solutions as proposed in this project.  
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Abstract 

To meet the requirements of increasingly complex and specialized marine moni-

toring, highly specialized sensor systems adapted to the respective measuring task 

are required. The setup of such systems with commercially available sensors often 

poses a great challenge to the user due to the lack of standards regarding data 

formats and interfaces, a lack in technical expertise and significant cost implica-

tions. Another limitation is the lack of adaptability of sensor systems for specific 

applications, because most commercially available products are not open-source 

systems. 

Our goal is to develop and evaluate a library of methods and tools for developing 

application-specific sensor networks for water quality monitoring in marine ap-

plications. The presented open-source sensor prototyping platform �OpenAqua-

Sense� is a tool for the development of tailor-made sensor systems for in-situ 

measurement of a variety of water quality parameters. To ensure the adaptability 

and expandability of the systems, a special focus was placed on a modular system 

character. Due to the pressure-tolerant design of the system, sensor manufacturing 

can be realized in a 3D-printing process. In addition to significantly reduced costs, 

this offers a high design flexibility, which in turn has a positive effect with regard 

to integration and usability. Functionality and application are demonstrated using 

the example of turbidity monitoring for two different scenarios. 

Keywords  

Turbidity Sensor, Photonic Sensing, Marine Monitoring, Environmental Monitor-

ing, Open-Source, Rapid Prototyping 

Nomenclature 

CAN  � controller area network

GPS  � global positioning system
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I2C   � inter-integrated circuit 

ILED  � LED current 

IR   � infrared 

JSON  � java script object notation 

LED  � light emitting diode 

OR   � operating range 

PC   � polycarbonate 

PCB  � printed circuit board 

PETG  � polyethylene terephthalate glycol 

PWM  � pulse-width modulation (duty cycle) 

SD   � secure digital 

SPI   � serial peripheral interface 

Ti   � integration time 

UART � universal asynchronous receiver transmitter 

USB  � universal serial bus 

 

ü   � wavelength 

Introduction 

The sustainable utilization and protection of ocean environments combined with 

an efficient use of ocean resources is becoming more and more important and is 

one of the most crucial challenges of the 21st century. The dependency of man-

kind on ocean resources will continue to increase as the world's population grows. 

Thus, the ability not only to monitor ocean environments but also the impact of 

man-made marine facilities is becoming increasingly important. 

 

An example for the need of comprehensive monitoring are on- and off-shore aq-

uaculture facilities at an industrial scale. Here, it is essential to detect potentially 

dangerous changes in water quality at an early stage to initiate appropriate counter 

measures. One crucial water quality parameter is turbidity. It is verified, that a 

high turbidity can have a significant impact on the feeding behaviour (Zingel and 

Paayer, 2010) and the stress (Kathyayani et al., 2019) of the cultured organisms. 

Furthermore, high dissolved sediment can cause bad gill conditions and reduce 

the grow rate of fish (Sutherland and Meyer, 2007). Besides of that, high levels 

of dissolved solids have significant impacts on the physical, chemical and biolog-

ical characteristics of the water body (Bilotta and Brazier, 2008). Thus, Parra, 

Rocher et al. (2018) developed a tailor-made low-cost sensor system for turbidity 

monitoring in fish farm inlets. The presented system is able to distinguish between 
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sedimentary and planktonic turbidity, providing important information about the 

water quality. 

Comprehensive monitoring is not only necessary to observe the condition of the 

marine facilities, it also enables the study of the long-term consequences that these 

facilities potentially cause for the environment. This allows proactive measures to 

be taken for a more sustainable operation. One major impact is the input of to 

much food into the environment. To address the problem of over-feeding, Parra, 

García et al. (2018) developed a smart sensor system prototype that combines fish 

presence sensors and a feed detection system in the fish farm�s drainage. It is 

demonstrated that constant monitoring does not only provide information about 

the feeding process itself. Furthermore, the information can also be used as the 

basis for automated seafood production.  

To meet the requirements of increasingly complex and specialized marine moni-

toring, highly specialized sensor systems adapted to the respective measuring task 

are required. The setup of such systems with commercially available sensors often 

poses a great challenge to the user due to the lack of standards regarding data 

formats and interfaces, a lack in technical expertise and significant cost implica-

tions. Furthermore, marine research increasingly relies on autonomous sensor sys-

tems and networks that produce large amounts of data. In order to be able to man-

age the ever-increasing data volumes in the future, standardization in data pro-

cessing and an adaptable, tailor-made data management  is key (Schulz et al., 

2015).  

Another limitation is the lack of adaptability of sensor systems for specific appli-

cations, because most commercially available products are not open-source sys-

tems. Schima et al. (2019) state, that a modular and adaptive sensor concept is the 

key factor in providing user-specific and service-oriented environmental monitor-

ing systems. Here, it is particularly demonstrated that this can be achieved by 

open-source based systems. In addition, the ability to access and adjust all parts 

of the system enables the implementation of sophisticated functions such as auto-

calibration and adaptive system behaviour. 

Applications where prototypes based on the OpenAquaSense platform have been 

successfully developed in the past include various stationary and mobile environ-

mental monitoring scenarios, as well as observation of fishponds and a sea cu-

cumber farm (Tokaç et al., 2021). The previous studies have been promising and 

have shown that by using the platform the development effort and time can be 

significantly reduced. During this paper, the systems applicability for marine 

measurements is showcased in a tailor-made approach to measure marine turbid-

ity. 
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Material and Methods 

The aim of the open-source sensor prototyping platform OpenAquaSense, that is 

available online via https://gitlab.com/christoph.strehse/openaquasense, is to sim-

plify the future development of tailor-made sensor systems for marine monitoring 

applications based on a modular system concept as shown in Figure 1. This con-

cept can be classified into three main parts - one or more sensor probes located 

underwater, a top side unit located at the surface and the corresponding software. 

Each partial system feature is represented by one of the modules available in the 

OpenAquaSense library. 

 

 

Figure 1 

General system concept 

The sensor probe includes the sensing modules, consisting of printed circuit 

boards (PCBs) that contain the required electrical components. Furthermore, a 

module for transmitting the data to the top side unit is integrated. With the casing 

being 3D-printed the probe can be shaped and configured individually, according 

to tasks and site specific requirements. 

The top side unit gathers, pre-processes and stores the sensor data using data trans-

mission and logging modules. Optionally, the data can also be forwarded to an 

end user device like a computer or smartphone. Here, cable and Wi-Fi connections 

can be realised. In addition, the top side unit can capture metadata such as global 

positioning system (GPS) coordinates that cannot be accessed underwater. 

The software includes the firmware of the sensor probes and top side unit, respec-

tively also providing an automated measurement routine. Optionally, a graphical 

user interface is available to get instant graphical feedback. 
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The open-source platform provides a wide range of options. Hence, tailor-made 

sensor system prototypes can be set up quickly combining the modules required 

for the respective application. Beyond that the user or other developers can always 

add individual modules. These are then made publicly available on the platform. 

Over time, this results in an increasing selection of modules for a wide range of 

applications. 

To ensure that the turbidity measuring system presented in this paper meets the 

respective requirements, a development cycle, as shown in Figure 2, is applied. 

To be able to operate the sensor at greater water depth each component is designed 

to be pressure-tolerant, casted with epoxy resin. This enables the casing to be 3D-

printed allowing great freedom with regard to shape. Thus, small, cost-effective 

and easy-to-handle probes can be realised. After integrating the firmware and ad-

ditional software modules, the assembly is evaluated and validated. Here, for ex-

ample, the emitter-detector characteristics, temperature dependencies and pres-

sure tolerance is investigated and the system is calibrated under laboratory condi-

tions before using it in the field for the first time. 

Figure 2 

Underlying system development cycle 

To demonstrate the possibilities provided by the platform, two sensor systems that 

have been developed using the OpenAquaSense platform are presented. One is 

used for mobile turbidity monitoring on a German freshwater lake called 

�Müritz�. The other one is used for stationary turbidity monitoring in order to 

investigate sediment settling behaviour.  
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Mobile Turbidity Monitoring 

The system design for the mobile turbidity monitoring application is shown in 

Figure 3. To enable turbidity measurements, the sensor probe includes two sens-

ing modules, being the infrared (IR) emitter and the detector module. The IR mod-

ule is based on a SFH 4651 light emitting diode (LED) with a peak wavelength of ÿ ൌ 860 ÿÿ, whose brightness can be adjusted by a LP55231 LED driver, as well 

as a TSL2572 IR photo detector. Both modules communicate via inter-integrated 

circuit (I2C) bus. 

 

 

Figure 3 

System design for mobile turbidity monitoring system 

To reduce the actual size of the sensor components to be integrated, the firmware 

runs on an Arduino Mega 2560 microcontroller located in the top side unit, con-

nected to the sensor by the I2C bus. To assign the current position to each turbidity 

measurement, a NEO-6m GPS module is connected using the universal asynchro-

nous receiver transmitter (UART) interface of the microcontroller. The data is 

logged to a secure digital (SD) memory card, connected to the microcontroller via 

the serial peripheral interface (SPI). Additionally, all data can be exported via 

Bluetooth or universal serial bus (USB). Power is supplied either via USB or an 

internal battery pack. 

 

To achieve maximum mobility, the sensor modules are integrated into a torpedo-

shaped carrier to be towed by a surface vessel, as shown in Figure 4. It consists of 

three sections and two wings (NACA 4418 profile) to generate the necessary 

downforce. Bow and stern sections as well as the wings are 3D-printed using pol-

yethylene terephthalate glycol (PETG). Transparent filament is used to implement 

3D-printed optical sensor windows. For ease of production, the middle section is 

built from a polyvinylchloride (PVC) tube. 

The sensor modules, including emitter and detector are integrated in the bow. To 

provide pressure tolerance, the bow section is casted with the epoxy resin CRYS-

TAL-CLEAR by R&G. 
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Figure 4 

Casing design for a mobile turbidity monitoring system (all values in ÿÿ) 

To reduce complexity and cost, most of the device is designed to be flooded with 

water. For reasons of transversal stability and to prevent a total loss of the system 

in case the tow rope breaks, the stern section includes stabilisers and a foam core 

is inserted in the upper area of the tube to raise the centre of buoyancy. The top 

side unit components are mounted in a waterproof polycarbonate (PC) standard 

casing. 

The system firmware runs on the microcontroller located in the top side unit. Be-

sides the control and communication of the sensor probe modules, it provides an 

automated measurement routine. Before initiating the measurements, this routine 

starts searching for a GPS signal. If the GPS signal is available, the sensor probe 

performs an IR measurement using the adjusted settings. The brightness of the 

LED is adjusted by the LED driver. In this case, it provides a current of ý௅ா஽ ൌ
4.0 ÿý, while the pulse width modulation (PWM) duty cycle, adjustable between 

0 to 255, is set to ÿÿý ൌ 40. For the IR detector, an integration time of ÿ௜ ൌ
612 ÿý is used.  

To determine the amount of ambient IR-light, hence the offset, for each measure-

ment an additional measurement is taken with the LED turned off. The measured 

values are supplemented by general settings, the current position and time before 

being converted to java script object notation (JSON) and logged to the SD card. 

This routine then repeats at a sampling rate of 0.05 ÿÿ. The values used for all 

measurement settings are summarized in Table 1. 
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Table 1 

System configuration for mobile turbidity monitoring 

Measurement Setting Value  

Sampling Rate 0.05 Hz 

PWM 40 

ILED 4.0 mA 

Ti 612 ms 

The field tests are conducted on a north German freshwater lake named �Müritz�. 

To evaluate the suitability of the system for the designated application, the sensor 

is towed behind a boat at speeds between ÿ െ ÿ ýÿ.  

Stationary Turbidity Monitoring 

The system design for the stationary turbidity monitoring system is illustrated in 

Figure 5. The modules used for IR detector and IR emitter are the same as for the 

mobile system. However, they are connected to an additional microcontroller 

within the sensor probe, the ESP32 NodeMCU. This offers over-the-air program-

ming, meaning new firmware or laboratory evaluation routines can be uploaded 

wirelessly. It also supports a Bluetooth connection to nearby devices. Further-

more, using a microcontroller located in the sensor probe enhances the system for 

the use of a MCP2515 controller area network (CAN) bus module, connected via 

the SPI. This bus protocol supports cable lengths of 50 ÿ. 

 

 

Figure 5 

System design for stationary turbidity monitoring system 

The sensor casing itself is u-shaped, with detector and emitter modules facing 

each other. To simplify the assembly and to ensure accurate alignment of the sens-

ing modules, the electrical components are first mounted and wired on a carrier, 

which is then inserted and fixed into the casing. The assembled system as well as 
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the dimensions of the casing are shown in Figure 6. Both, casing and carrier are 

3D-printed using PETG filament. To achieve maximum signal yield, borosilicate 

glass is used for the optical sensor windows. As mentioned before, the overall 

assembly system is casted with CRYSTAL-CLEAR epoxy resin to provide pres-

sure tolerance. The top side unit components are again mounted in a waterproof 

(PC) standard casing. 

Figure 6 

Left: fully assembled sensor for a stationary turbidity monitoring system, middle 

and right: detailed casing design (all values in ÿÿ) 

At the end of each measuring cycle (detecting ambient light, measuring IR per-

meability of the fluid, adding time stamp) the current operating range (OR) is 

established and adapted to ensure the sensor always operates to its full potential 

using its maximum resolution. The OR is determined as a combination of ÿÿý, ý௅ா஽ and ÿ௜ and is adjusted if the detected IR value exceeds or falls below certain 

thresholds. In line with the prevailing turbidity gradient, the sampling rate is au-

tomatically adjusted to values between 1 and 0.2 ÿÿ. The available measurement 

settings for all operating points are summarized in Table 2. 

Table 2 

System configuration for mobile turbidity monitoring 

Operating Range Measurement Setting Value 

OR 1 

PWM1 200

ILED1 20 mA

Ti1 172 ms

DEMaT´22

125



OR 2 

PWM2 255 

ILED2 25.5 mA 

Ti2 172 ms 

OR 3 

PWM3 255 

ILED3 25.5 mA 

Ti3 250 ms 

OR 4 

PWM4 255 

ILED4 25.5 mA 

Ti4 500 ms 

all Sampling Rate 0.2 Hz, 1 Hz 

 

To evaluate the system�s suitability, the sensor probe is lab tested. Here, sediment 

with a particle size below 63 ÿÿ was added to fresh water at a mass ratio of 1% 

and stirred until the water was uniformly turbid. Subsequently, the turbidity was 

measured until the water optically appeared clear. Since the linear behaviour of 

the used setup has already been investigated in previous studies (Strehse et al., 

2019) a relative signal strength can be calculated according to equation (1), thus 

making IR values obtained at different operating ranges comparable. 

 ýý௥௘௟ ൌ ýý௫ ; ்೔ర்೔ೣ ; ௉ௐெర௉ௐெೣ ; ூಽಶವరூಽಶವೣ           (1)  

Results 

After initial tests have been successfully executed under laboratory conditions, 

both systems were found to be appropriate to conduct the intended measurement 

task. 

Mobile Turbidity Monitoring 

The measurements were conducted on a sunny to partly cloudy day with low 

wind. Thus, the water surface was relatively calm. The towed carrier could be 

deployed and retrieved from the boat without any problems. Also, the carrier�s 

path and water depth was stable at all times with the sensor continuously perform-

ing measurements. 

The sensor integrates how many emitted IR photons reach the detector per time 

putting these ÿýÿÿýý in relation to the overall emitted photons. The more turbid 

the water is, the fewer photons reach the detector, which means that a high detec-

tor signal corresponds to low turbidity and vice versa. Calibrating the sensor using 
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samples with known turbidity, the detected photon counts can directly be trans-

lated into fluid turbidity. During the measurements, the detector has partially 

reached its saturation of 65535 ÿýÿÿýý. Since the exact amount of light can no 

longer be determined in this case these measurements were excluded from the 

evaluation. Before each IR measurement the amount of ambient IR light was de-

termined and subtracted from the obtained IR value. To reduce the effect of sud-

den changes to ambient light during an actual measurement the integration time 

must be as short as possible while increasing the brightness of the LED in order 

to still obtain a high detector signal. 

Figure 7 illustrate the location as well as the corresponding detector count during 

the mobile campaign. At latitude 53.484, longitude 12.656 (blue dot) a sediment 

cloud was deliberately stirred up to see if the sensor is working correctly. The 

values measured indicate that the water in the canal has a higher turbidity (lower 

photon count) than on the open lake. This corresponds with visual inspections. 

Overall, the suitability of the system for this application has been successfully 

proven. 

Figure 7 

Results for mobile turbidity measurement 
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Stationary Turbidity Monitoring 

After adding the sediment to the water tank, the water apparently became very 

turbid. To avoid sediment settling on the optical windows, the sensor was placed 

sideways in the tank. The system has continuously collected data and no error 

occurred. Due to the adaptive OR adjustment, the detector has not reached satu-

ration at any time. Additionally, the relative measurement range could be in-

creased from 65535 ÿýÿÿýý to 310000 ÿýÿÿýý. Also, the adaptive sampling 

rate adjustment worked as intended. However, further tests are needed to deter-

mine reasonable turbidity gradient thresholds. 

The results of this test are presented in Figure 8. It took approximately 670 ý for 

the sediment to settle. The sensor provided plausible data across all ORs. Overall, 

the suitability of the system for this application has been proven for clear as well 

as highly turbid water. 

 

Figure 8 

Results for stationary turbidity measurement 

Conclusion and Future Work 

The aim of this paper was to investigate the suitability of OpenAquaSense as an 

open-source prototyping platform for tailor-made marine monitoring systems. For 

this purpose, sensor system prototypes were developed for two measurement sce-

narios, mobile and stationary monitoring of turbidity. Using the prototyping plat-

form, both systems could be developed cost-effectively while significantly reduc-

ing development time and workload. 
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Particularly the mobile system illustrates the advantages provided by the possibil-

ity of integrating the sensor components into an application-specific casing. The 

developed torpedo-shaped carrier is easy to set up and handle. The sensor system 

worked reliably over the whole measurement duration. In addition, it has been 

demonstrated that the customisation of the sensor firmware brings great ad-

vantages, as exemplified by filtering ambient light. 

The second application demonstrates the potential of a smart sensor, especially 

for stationary monitoring. By automatically adapting the operating range, the 

measurement range is considerably extended. Also, an event-based monitoring is  

executed by an automatic adaption of the sampling rate offering the potential to 

considerably save power which in turn increases the possible operating time. 

Future work will focus on the development of additional system modules, in par-

ticular sensing modules, for example for measuring the water temperature, con-

ductivity and many more. In addition, an implementation of a network of smart 

sensors based on OpenAquaSense is planned. In this network each individual sen-

sor is working adaptively and event-based at its corresponding application site 

with multiple sensors feeding into one topside combining all measurements into 

a single data base. Therefore, reasonable thresholds for different applications must 

first be determined during future tests. Furthermore the pressure tolerance of the 

sensor probes must be improved to such an extent that they are suitable for use in 

deep-sea environments of up to 4000 ÿ. This will significantly increase the num-

ber of possible areas of application. 
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Abstract 

With this preliminary study, the advantages and disadvantages of morphometric 

measurements of aquatic species using 3D scanner images instead of classical 

methods were emphasized. Classical morphometry measurements of aquatic 

species such as height, width, height, carapace length, which are usually applied 

by a ruler or caliper, include variations between the measurements of different 

researchers as well as the variation between the measurements of the same re-

searcher. Furthermore, when required, it is not possible to measure the 

individual which was previously measured with classical methods. 3D image 

measurements enable to measure not only metric parameters such as length, 

width and height, but also area and volume. Since there is no variation in the 

measurements of the image, there is no need for repetition. On the other hand, 

during the process of scanning aquatic creatures with a 3D scanner, the long 

post-processing time required to obtain the final image after scanning was a sig-

nificant disadvantage previously. However, this process time has been shortened 

considerably with the recent updates on the 3D scanner software. Thus, it has 

become easier to conduct morphometric measurements of aquatic species using 

3D scanner images. In this paper, species with different body structures from the 

echinoderm phylum, which can change shape continuously after getting out of 

the water and therefore bring difficulties during classical measurement methods, 

sea cucumber (Holothuria tubulosa), starfish (Echinaster sepositus) and fish 

with dissimilar body morphology, bogue (Boops boops), annular sea bream 

(Diplodus annularis) and axillary sea bream (Pagellus acerna) were 

investigated. 

Keywords  

Aquatic species, morphometry, 3D, scanner images 
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Introduction 

Classical morphometry measurements of aquatic species such as height, width, 

height, carapace length, which are usually applied by a ruler or caliper, include 

variations between the measurements of different researchers as well as the vari-

ation between the measurements of the same researcher. Furthermore, when 

required, it is not possible to measure the individual which was previously 

measured with classical methods. 3D image measurements enable to measure 

not only metric parameters such as length, width and height, but also area and 

volume. Since there is no variation in the measurements of the image, there is no 

need for repetition. There are morphometric studies on subjects such as mor-

phology, shape changes especially of living things such as starfish and also de-

termination of the movement of skeletal components (Schwertmann et al. 2019). 

A thorough scrutiny of the literature reveals that several methods are used to 

evaluate starfish size and these consist of measuring with vernier calipers using 

different kinds of methods (Barker & Nichols 1983; Penney & Griffiths 1984; 

Minchin 1987; Scheibling & Lauzon-Guay 2007; Campbell et al. 2001; 

Bernstein et al. 1981) On the other hand, during the process of scanning aquatic 

creatures with a 3D scanner, the long post-processing time required to obtain the 

final image after scanning was a significant disadvantage previously. However, 

this process time has been shortened considerably with the recent updates on the 

3D scanner software. Thus, it has become easier to conduct morphometric 

measurements of aquatic species using 3D scanner images. In this paper, species 

with different body structures from the echinoderm phylum, which can change 

shape continuously after getting out of the water and therefore bring difficulties 

during classical measurement methods, sea cucumber (Holothuria tubulosa), 

starfish (Echinaster sepositus) and fish with dissimilar body morphology, bogue 

(Boops boops), annular sea bream (Diplodus annularis) and axillary sea bream 

(Pagellus acerna) were investigated. 

 

Material and Methods 

In this study, three different fish species bogue, annular sea bream, and axillary 

sea bream, as well as starfish and sea cucumber, a total of five different aquatic 

species were studied. The methodology followed in the study has been in the 

form of comparing the classical morphometric measurements applied until now 

with the measurements made on 3D scanner images for each investigated 

species. To obtain the correct morphometric measures we used each individual 

as fresh as possible when measurements were taken. Because, it is very 

important that the shape of the species measured is not affected by dehydration, 

depressurization, rigor mortis, or any other factor that could alter the original 

shape. Artec Space Spider which is a high-resolution 3D scanner based on blue 

light technology was used in this study. 
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Results 

Measuring bogue (Boops boops) morphology 
 

Bogue has a body slender, with 3 - 5 weak, golden longitudinal stripes and a 

black spot at the pectoral fin base. The measurement results made with the use 

of classic and 3D images on the bogue are summarized in Table 1. 

Table 1  

The measurement results made with the use of classic and 3D images on the 

bogue  

 Total length (cm) Weight (g) Volume (ml) 

Classical measure-

ment method 

 

 

21.6 

 

107.9 

 

111 

 Total length Surface area (mm2) Volume (mm3) 

Measurement made 

on the 3D scanner 

image 

 

21.679 

 

16611.57 

 

108920.05 

 

As it can be seen from the results in Table 1, the total height and volume 

measurements made by both methods were found to be very close to each other. 

A graduated cylinder was used to measure the volume of the fish using the 

classical method. Figure 1 shows the total length, volume, and surface area 

measurement results on the 3D scanner image. Especially when scanning the 

shape of the fish in 3D, some deformities may occur due to the hanging of the 

fish. In order to prevent measurement errors caused by these deformities and to 

measure on an equal plane, a plate surface can be added to the required place on 

the 3D scanner image. The pink-colored part seen in the tail of the fish in Figure 

1 shows this application. 

 

Apart from this, fish cross sections, which are one of the most important 

parameters that determine the escape of fish from the codend meshes of the 

trawl nets, can also be able determined via 3D scanner images, which is actually 

important progress for further selectivity studies (Figure 2) 

 

Measuring annular sea bream (Diplodus annularis) morphology 

 

Annular sea bream individuals shows ranged from 8.2 to 20.9 cm total length in 

size and from 8.7 to 137.1 g in weight. The mean length showed an increase 

with increasing water depth. The species was characterized by protandric her-
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maphroditism. The measurement results made with the use of classic and 3D 

images on the same annular sea bream individual are given in Table 2. 

 

 
Figure 1  

Total length, volume and surface area measurements for bogue via 3D scanner 

image 

 

 
Figure 2  

Measuring of fish cros section via 3D scanner images for bogue 
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Table 2  

The measurement results made with the use of classic and 3D images on the 

annular sea bream 

 Total length (cm) Weight (g) Volume (ml) 

Classical measure-

ment method 

 

 

14.95 

 

63.7 

 

61 

 Total length Surface area (mm2) Volume (mm3) 

Measurement made 

on the 3D scanner 

image 

 

14.976 

 

12625.73 

 

62009.77 

 

As can be seen from the results in Table 2, the total height and volume meaure-

ments made by both methods were found to be very close to each other, as in the 

bogue results. 

 

 
Figure 3  

Total length, volume and surface area measurements for annular sea bream via 

3D scanner image 
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It is a very easy species to work with with a 3D scanner, since the body structure 

of the annular sea bream is tighter and also the body lines are very clear than 

other fish (Figure 3). In addition to determining the cross sections, the body 

circumference can be easily measured via 3D scanner images (Figure 4). 

 

 
Figure 4 

Measuring of fish cros section and body circumference via 3D scanner images 

for annular sea bream  

 

Measuring axillary sea bream (Pagellus acerna) morphology 

 

Axillary seabream, is a bony fish, which has an economic value in the Mediter-

ranean fisheries. Linear and geodesic distance measurements made on the 3D 

scanner image of axillary sea bream individual are shown in Figure 5.  

 

 
Figure 5 

Measuring of fish cros section and body circumference via 3D scanner images 

for axillary sea bream 
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Measuring starfish (Echinaster sepositus) morphology 

 

As a result of the literature search, it is seen that several methods are used to 

determine starfish size, and most of these consist of measuring, with vernier 

calipers. However, it is also seen that some of them were not clear about how 

the measurements were done and how to reproduce them.  

 

Table 3 

The measurement results made with the use of classic and 3D images on the 

starfish 

 Arm length (cm)  Arm width (cm) Mouth radius (cm) 

Classical measure-

ment method 

 

9.2 2.5 1.8 

10 2.5 1.8 

10.5 2.5 1.8 

 10 2.5 1.8 

 9 2.5 1.8 

 Arm length (mm)  Arm width (mm) Mouth radius (mm) 

Measurement made 

on the 3D scanner 

image 

90.22 22.44 18.20 

101.80 20.94 18.18 

105.06 20.34 18.11 

 103.27 20.39 18.32 

 86.55 21.53 18.84 
 

The measurement values of arm's length, arm width, and mouth radius, 

respectively, made on the classical measurement method and 3D scanner image 

of the sea star are given in Table 3. The measurements made on 3D scanner 

images are shown in Figure 6. When the values are examined, it is seen that the 

values obtained from both methods agree with each other, similar to the 

previous results. 

 

Measuring sea cucumber (Holothuria tubulosa) morphology 

 

Among the examined species, sea cucumber is the most difficult species to make 

morphological measurements on its. The sea cucumber, which is taken out of the 

water for measurement, gives out its water during the measurement and 

constantly changes its shape. For this reason, as can be seen in Table 4, there are 

differences between the values obtained by both measurement methods 

compared to the previous species (Table 4). It was observed that the sea 

cucumber contracted and shortened in length, while it thickened a little, 

especially during the scanning period with a 3D scanner (Figure 7). 
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Figure 6 

Measuring of starfish section via 3D scanner images  
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Table 4 

The measurement results made with the use of classic and 3D images on the sea 

cucumber 

 Length (cm) Width (cm) Weight (g) 

Classical measure-

ment method 

 

18.0 4.5 121.8 

12.5 3 51.6 

9.5 3 30.49 

 Length (cm) Width (cm) Volume (mm) 

Measurement made 

on the 3D scanner 

image 

13.7 5.5 87912.8 

11.3 2.9 30098.8 

7.6 2.5 5214.3 

 

 
Figure 7 

Total length, width and volume measurements for sea cucumber via 3D scanner 

image 
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Conclusion and future work 

 

In the scope of this paper, some methods for using 3D scanner images for 

morphometric measurements are verified. Classical morphometry measurements 

of aquatic species such as height, width, height, carapace length, which are usu-

ally applied by a ruler or caliper, include variations between the measurements 

of different researchers as well as the variation between the measurements of the 

same researcher. Furthermore, when required, it is not possible to measure the 

individual which was previously measured with classical methods. 3D image 

measurements enable to measure not only metric parameters such as length, 

width and height, but also area and volume. Among the 5 species examined in 

the study, the results obtained from both measurement methods were found to be 

compatible with each other, except for the sea cucumber. For this reason, mor-

phometric measurement methods can be developed quickly over 3D images for 

other species except sea cucumbers. However, more extensive studies are need-

ed for sea cucumbers. 
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Abstract 

Bottom trawling is a globally practised fishing technique where the fishing gears 
are trawled close to the seabed. It is often associated with large amounts of by-
catch, poor fuel efficiency and the alteration of the seabed. This study computa-
tionally simulates the flow through fishing nets by modelling them as surfaces for 
applying porous media models to understand the effect of different parameters 
associated with bottom trawling.  
The netting surface of a demersal fishing gear is complex in shape. However, 
usually, there are several types of netting panels joined in a single gear making it 
easy to simulate if modelled as triangulated surfaces. In this study, simulations 
were carried out of a rigid net panel being trawled close to the seabed. The result-
ing wall shear stress on the bottom boundary was investigated to provide a better 
understanding of sediment entrainment in the panels wake.  
Results show that the faster and closer we tow the netting to the seabed, the higher 
the wall shear stress peak experienced on the seabed, the magnitude of which is 
large enough to mobilise fine sand sediments. 

Keywords  

Computational simulation, Netting, Porous surface, Demersal trawling, Seabed 
impact 

Nomenclature ÿ   � fluid velocity ý   � Kinematic pressure ÿ௘௙௙(   � Effective Kinematic viscosity 
uinf  � Freestream velocity 
Si     � Source term for porous resistance 
Cd  � Drag coefficient 
Cl      � Lift coefficient ÿ௪         � Wall shear stress (N/m2) 
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ÿ        � Density of the fluid 
A  � Area of the netting panel 
Cij  � Inertial porous resistance coefficient material matrix 
Dij  � Viscous porous resistance coefficient material matrix 
Fdrag � Drag force 
Flift  � Lift force 
 

Introduction 

Demersal trawling is a fishing technique that is commonly employed around the 
world to collect marine animals that live near the seafloor. It is a prominent fishing 
technique that contributes a significant amount of marine food and is well-known 
for its large bycatch, low fuel efficiency, and ecological impact due to the destruc-
tion of the benthic habitat on the seafloor. In this type of fishing, fishing gear is 
towed close to the seabed to catch target species such as fish and shrimp that live 
near the seafloor. Understanding the hydrodynamics of demersal fishing gear in 
fluid flow is essential for enhancing them in all these areas.  
There have been many research on the individual impact of fishing gear compo-
nents such as trawl doors, lines, and so on, but the impact of fishing nets on sedi-
ment mobilization has received little attention.  
 
Computational simulation is a fast-growing toolkit which can be used to predict 
the hydrodynamics for the flow through and around the fishing nets.  In this study 
3D computational simulations were used to understand the hydrodynamics of 
fishing nets towed close to the seabed. Fishing nets are flexible structures and 
their behaviour in water is a fluid structure interaction problem. To simulate the 
behaviour of nets in the water, considering them as twines and knots (or cylinders 
and spheres) applying usual non-slip boundary conditions are very computation-
ally expensive. In recent years there were more developments in this area to make 
simulations more efficient and considering net as a porous medium emerged and 
has been proven to be a viable choice for simulating fishing nets ([1],[3],[4]). In 
this study, netting material is modelled as a porous surface. Numerical simulations 
are carried out to understand the effect of different parameters such as trawling 
velocity, distance the netting panel make from the seabed. The results are contex-
tualised in relation the wall shear stresses required for sediment mobilisation. The 
net is considered as rigid and so only the fluid part of the problem is solved during 
in this study.  
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Numerical model 

The numerical approach used in this study solves the Reynolds Averaged Na-
vier Stokes equations (RANS) with an additional source term to account for the 
porous resistance offered by the fishing net. A steady state solution for a netting 
panel in an incompressible, uniform flow is found for the following equations 
written in vectorial form:  
The continuity equation:  

 ' ; ÿ( ൌ (0            (1) 

and the momentum equation, 
 ' ç ሺÿ · ÿሻ െ ' ç ý ൌ െ'ý ൅ ÿ௜        (2) 

Where ý is the Reynolds stress tensor given by:  ý( ൌ (ÿ௘௙௙(' ; ÿ          (3) 

The effective Kinematic viscosity needs to be calculated or modelled using tur-
bulence models. In this work, the turbulence is modelled using a two equation 
shear stress transport turbulence model, ý െ ÿ(ÿÿÿ.   
The source term ÿ௜ is the resistance offered by the net in the fluid flow calcu-
lated using the Darcy-Forchheimer porous media model:  ÿ௜ ( ൌ ( െ ÿ௜௝ÿÿ( െ ( ଵଶÿ௜௝ÿ|ÿ|ÿ        (4) 

Where Dij is the material matrix for viscous porous resistance coefficients and 
Cij is the material matrix for inertial porous resistance coefficients. These coeffi-
cients vary for different types of net and should be calculated for each type of 
net individually using fitting approaches with experimental results and analytical 
models or CFD models. The hydrodynamic force coefficients are found using 
the following equations: 

 ÿௗ ( ൌ ( ଶ(ி೏ೝೌ೒ఘ஺௨೔೙೑మ           (5) 

ÿ௟ ( ൌ ( ଶ(ி೗೔೑೟ఘ஺௨೔೙೑మ           (6) 

 
where Fdrag is the drag force and Flift is the lift force of the netting panel, A is the 
total area of the netting panel and uinf is the freestream velocity.  
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Surface based modelling of fishing nets 

The porous media approach generally models netting as a thin solid with the width 
of the porous media and cells inside this volume were applied the porous re-
sistance forces. This technique tend to have difficulties while simulating fishing 
nets with complex structures and big deformation. [2] devised a porous media 
technique that considers nets as a surface to cope with the various forms of trawl 
gears and to permit easy connection with structural solvers. This method is used 
here to gain a better understanding of the flow through and around netting panels 
towed near to the seafloor. 

 

CFD simulation 

 
CFD simulations were carried out using the open source CFD toolkit, Open-
FOAM. PorousSimpleFoam, an incompressible steady state solver for turbulent 
flows with implicit or explicit porous media implementation was used for solving 
the RANS equations. The solver uses a SIMPLE (Semi-Implicit Method for Pres-
sure Linked Equations) algorithm. The governing equations were solved using a 
finite volume discretization method.  
Triangulated surfaces are used to depict the netting, which has been proved to 
accurately replicate the three-dimensional complexity of real fishing gears. The 
net used in this study is a knotless nylon net, having a twine diameter of 2.8 mm, 
and a mesh bar length of 29 mm, yielding a solidity ratio of 0.184. porous coeffi-
cients for this net were given by [3]. 
 
 

 
Figure 1  

Domain used for simulating the netting panel close to the seabed 

Figure 1 shows the domain used to simulate the netting panel towed close to the 
seabed. The domain is 18 m long, 8 m wide and 5 m deep with the leading edge 

DEMaT´22

144



of the netting panel 2.5 m from the inlet. The wall shear stress (ÿ௪) demonstrated 
in the results were plotted along the center line of the bottom wall which has fixed 
fluid velocity boundary condition applied on it. A velocity defined flow was 
achieved using fixed inlet velocity and zero pressure at outlet.  
 
Results and Discussions 
Parameters which were varied to understand their importance in demersal trawl-
ing and sediment transport were the distance of the netting panel from the seabed 
and the fluid flow velocity. These parameters were varied over a significant range 
and their effect on hydrodynamic forces made by the netting panel and the wall 
shear stress acted on the bottom wall are presented in this section. The critical 
wall shear stresses were calculated from Shields curve for different particle size 
sediments, 0.07 N/m2 for suspending fine silt (8-32 µm), 0.2 N/m2 for moving fine 
sands of particle size 63-500 µm and 0.5 N/m2 for moving coarse sands of particle 
size 500-2000 µm. 
 

Distance between seabed and netting panel 

In bottom trawl fisheries, netting panels usually are at lower angles of attack and 
towed at different heights from the seabed. A 1 m x 1 m netting panel making 10° 
with the seabed was simulated for a flow speed of 2m/s with its leading edge 
making a distance from the seabed from 0.1 m to 1.0 m. 
 

 
Figure 2 

Drag and lift coefficients for towed netting panel making 10° with seabed at 2 m/s 
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Figure 3  

Wall shear stress plotted along the center line of the bottom wall for towed netting 
panel making 10° angle from seabed at different distances for a towing speed of 
2 m/s. 

 
Flow speed 

Fisheries around the world operate at different speeds and they vary depending on 
the size and power of the vessels to the target species. It is important to understand 
the effect of flow speed on the impact of fishing nets for sediment entrainment. 
Simulations were carried out for different flow velocities ranging from 0.25 m/s 
to 3.5 m/s for a netting panel making a distance between the leading edge and 
bottom wall of 0.1 m and an angle of 10°. Results show a constant coefficient of 
lift and drag making a parabolic curve for lift and drag forces increasing in mag-
nitude with increasing towing speed. 
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Figure 6  

Hydrodynamic forces for netting panel making 0.1m leading edge distance and 
10° to the seabed towed at different speeds.  

 
Figure 7  

Wall shear stress plotted along the centre line of the bottom wall for netting panel 
making 0.1 m leading edge distance and 10° to the seabed towed at different 
speeds. 

The figure 7 shows how the speed of the trawling could make a coarse sand move 
with towing a 1 m x 1 m netting panel at around 3.5 N/m2. Net used in the trawl 
fisheries fishing gears are very much longer having more area of netting moving 
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close to the netting. This study of numerical simulations using porous media 
model shows it can be used as an effective tool for understanding the impacts of 
fishing nets in sediment transport while bottom trawling.  
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Abstract 

Industrial fishing is mostly carried out by trawls or similar gears that produce a 
high proportion of discards. One of the methods to increase the selectivity of 
trawls is to modify the shape, size, orientation and stiffness of their meshes. To 
assess the performance of new designs, fishing trials are required. Since the late 
1990s, computational simulation methods have been proposed to predict the 
structural behaviour of fishing gears and hence reduce the need of fishing trials in 
the preliminary stages of the design process. 
Several numerical models for netting have been proposed. Many of them 
discretize the twines using spring or bar elements. While these models can 
accurately predict the planar deformation of netting, preliminary experiments 
show that they cannot predict the interaction between in-plane and out-of-plane 
bending that happens in areas of high curvature like cod-ends. 
This paper aims to develop numerical models to accurately predict the 
deformation of netting with mesh resistance to opening. The proposed approach 
consists of discretizing the twines with 3D beam finite elements. The complexity 
of these elements is notably higher than springs and bars in terms of element 
formulation and degrees of freedom of the model. Different beam element 
formulations have been evaluated, and the most promising results correspond to 
Euler and Isogeometric Analysis (IGA) beams. The first ones are the simplest and 
highly efficient for moderate deflections, where shear effects are not important. 
In contrast, IGA beams have a more sophisticated formulation, where no 
assumptions about the rotations are made, and show better performance, with 
better accuracy and lower number of iterations than Euler beams. Even though, it 
has been observed that the increased complexity of beam models makes them 
difficult to converge to the equilibrium position from a far initial position.  

Keywords  

Netting, fishing gear, resistance to opening, simulation, beam element. 

Introduction 

The selectivity of trawls can be increased by modifying the shape, size, orientation 
and stiffness of their meshes [5]. Over the last few years, authors have proposed 

DEMaT´22

149



numerical models to predict the shape and deformation of net panels using 
springs, bars or triangular elements [3, 6, 7, 8]. The effect of mesh resistance to 
opening, which is quite important in trawls and has a high impact on the 
selectivity, can be modelled by introducing rotational springs [4]. These, 
compared to the model presented here, use simpler formulations, which allow 
reducing the number of degrees of freedom, and therefore facilitates the 
convergence of the simulation. However, they do not consider the interaction 
between in-plane and out-of-plane bending that happens in areas of high curvature 
(e.g. codends) in netting with high resistance to opening of the meshes. 
To avoid this limitation of current models, we propose to discretize the netting 
using 3D beam finite elements. This article presents an introduction to this 
approach, which is quite complex due to the number of factors that interfere: 

- The formulation used to discretize the beam elements. 
- Type of analysis to be carried out, that is, whether it is a dynamic or static 

analysis, in the latter case for large displacements due to the nature of the 
problem. 

- The time-stepper selected to iterate until reaching the convergence of the 
system, what means to reach the final equilibrium position. 

- Complexity of the problem. By this we mean the number of degrees of 
freedom of the problem and the shape of the netting. Simulating a small 
and flat net panel is far easier than simulation a complete trawl codend. 
Also, the type of constrains and loads that act on the model has an impact 
on the complexity 

To give greater clarity to how a simulation can be affected by these, various 
models are proposed to be analyzed, gradually increasing their complexity, which 
allows, by varying these factors and their parameters, to detect which ones favor, 
or not, the convergence of the simulation. 

Methods 

Numerical model 

The numerical models that we will present and compare in this work have the 
same netting discretization scheeme, the differentiating element is the type of 3D 
beam finite element used to discretize the twines and knots of the meshes. 
First of all, the mechanical and geometric properties of the netting are defined. In 
Figure 1, a single netting mesh can be observed, its geometry is completely 
defined establishing the diameter of the twines, the mesh length ÿþÿý/ and resting 
angle ý0 given by the position of the twine with respect to the horizontal, the knot 
width ÿ and height �. 
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Figure 1 

Geometrical properties and discretization in beam elements of a single netting 
mesh used in the simulations. 

Then we proceed to characterize the material and therefore the mechanical 
properties of the netting. To do this, the axial stiffness ýý, the bending stiffness ýý and the torsion stiffness ÿþ of the twines are defined, as well as their density 
per unit length ýý. Once here, the netting is entirely defined and any other 
parameter required by the program can be calculated from them. 
The next step consists in settle the number of meshes of the netting panel under 
study, in Figure 2 it schematically represented a 2x2 panel, which is generated 
based on the order of creation of the meshes (numbering in balloons), that goes 
from left to right (ý increasing) and from top to bottom (þ decreasing), this made 
the origin of the coordinates system coincide with the upper left corner of the 
panel. Likewise, as can be observed the order of creation of the nodes goes 
clockwise. 

 
Figure 2 

Creation of a netting panel of 2x2 meshes. 

Having the mechanical properties, geometry and the logic followed to create the 
panels, the next step is to discretize the mesh into beam finite elements for the 
netting twines and knots, as shown in Figure 1. The knots are modeled as a rigid 
cross of a single beam element per side, whose center starts from the node 
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generated during the creation of the panel, with the goal of represent the effects 
induced by the stiffness of the knots on the twines. On the other hand, the twines 
are discretized using at least a default minimum of four beam elements. As a 
result, a completely discretized mesh panel is obtained.  
We have tested three 3D beam element formulations: Euler, Isogeometric 
Analysis (IGA) and Absolute Nodal Coordinate Formulation (ANFC). However, 
the last one was quickly discarded because it proved to be much more inefficient 
than the others, even for simple problems. In the present work, the results of the 
two most promising methods, those that use Euler or IGA beams, will be analyzed 
in detail. 
After discretizing the netting into beam finite elements, it only remains to define 
the constraints of the model, as well as the loads acting on it, which vary 
depending on the problem configuration. In this work we used simple test cases 
with small netting panels made up of five meshes in both transverse and normal 
directions. Different loads were applied to adopt various forms and thus evaluate 
the convergence capacity of the models. In addition, a more complex example 
representing a trawl codend is analyized. 

Test cases 

Plane deformation of a small netting panel 

The first test case consists in holding the netting panel from its upper knots, 
allowing free displacement of the nodes in the direction of the "ý" axis and free 
rotation with respect to any of its axes. In other words, just to two degrees of 
freedom are restricted, the translation in "þ" and in "ÿ". This is represented in 
Figure 3.1 by a series of movable hooks. The forces are applied in the direction 
of the "þ" axis, therefore, it is a model in which the network does not leave the "ýþ" plane in which it was created. 

Flexion of a small netting panel 

In this case, the net is rigidly hold at the top, allowing only the free translation of 
the nodes in the direction of the "x" axis. As can be seen in Figure 3.2, no external 
forces are applied to the net, however, the action of gravity, acting normal to the 
plane that contains the net, causes the panel flexion due to its own weight. This 
allows the study to be replicated easily, in a simple test where a netting panel 
parallel to the surface of the floor and fixed at one end, is let it flex due to its 
weight.  
The twines used to manufacture the nets have an axial stiffness that is 
considerably higher than the bending or torsion stiffness, so this type of stress will 
have a much greater effect over the net than a force acting in the plane "ýþ". 
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Figure 3 

On the left, the setup of the models: 2D panel plane deformation (1), flexion (2) 
and rotation (3) and trawl codend stretching (4) with the representation of the 
forces and constrains over the netting. On the right, the equilibrium position of 
the panel after the simulation, represented with the axis of the beam nodes. 

DEMaT´22

153



Torsion of a small netting panel 

In this last configuration of a simple panel, the restrictions are identical to those 
indicated for the plane deformation. It can be considered the most complex model 
of those mentioned so far, that is because as can be seen in Figure 3.3, in addition 
to the net own weight, a couple of forces that generate its torsion show up. As 
mentioned for bending, the introduction of normal loads with respect to "ýþ" plane has important repercussions on the deformation of the netting panel, 
therefore, the magnitude of the forces compared with the expansion case, will be 
considerably lower, at less one order of magnitude inferior. 

Stretching of a trawling net codend 

Once we have the simple panel analyzed, we proceed to study what happens in a 
trawl codend. Two models were made, the first one, indicated on the right of 
Figure 3.4 is a scale model, three times smaller than a real fishing codend showed 
in Figure 5, which allows to do an analysis the netting behavior employing a 
smaller number of elements and hence, less degrees of freedom. The panel is made 
up of 20 meshes around the perimeter of the cylinder (whose diameter is also three 
times smaller than the real one) by 8 meshes in a vertical direction. 
The background work required to obtain a cylindrical mesh is much more 
complex than for simple panels. Despite this, the stages indicated for them are 
repeated here until a completely discretized net is obtained. 

 
Figure 4 

Mapping of a panel contained in the "ýþ" plane to a cylindrical NURB surface. 
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Afterward, a bilinear interpolation of the netting panel is performed in such a way 
that (ý, þ) = ÿ(ÿ, �) where (ý, þ) describe the coordinates of the vertices of the 
quadrilateral with the smallest area that contains the panel in the physical 
coordinate system, while (ÿ, �) define logical and unitary coordinate system, 
which contain the panel after the transformation. Then, depending on the 
coordinates (ÿ, �) of each node, we obtain its position associated with the surface 
described by a NURB in coordinates (ý, þ, ÿ) as can be seen in Figure 4, as well 
as its orientation in space, given by the tangent and normal vectors to the surface 
at that point. As a result, the cylindrical panel of Figure 3.4 is obtained. 
Constraints are introduced at both top and bottom nodes. All of them must remain 
on their respective circles described by the cylindrical netting panel on the "ýÿ" 
planes. In this way, the nodes have entire freedom of rotation and translation on 
the perimeter of the circumference, and they only differ in that the bottom nodes 
are allowed to move simultaneously along the "þ" axis, while the upper ones 
cannot. Rendering to the loads experimented by the network, we have its own 
weight, plus a set of forces acting on each bottom nodes in the negative direction 
of the "þ" axis. 

Solver 

Both static and dynamic simulations were carried out, where the first ones, due to 
the large displacements experimented by the net, must be analyzed as a non-linear 
problem. Regarding to the second ones, a cut-off criterion was defined to limit the 
number of iterations to be carried out, this consists of pre-established a maximum 
admissible acceleration, below which, the average acceleration of the model 
nodes must be found to consider the system converged. 
Several time-steppers for dynamic simulation were tested: Euler Implicit 
Linearized, Hilber Hughes Taylor (HHT) and a dynamic relaxation scheeme. 
Dynamic relaxation forces dynamic systems to converge to a static equilibrium 
by adding fictitious damping. In this study, it is proposed to use a method that 
uses continuous kinetic damping (CKDR) [2], in the implemented method this is 
done by setting the position, velocity and acceleration of each node to zero after 
completing a time step. 
The convergence rate of the CKDR method increases as the steps and natural 
frequency of the system increase [1]. During each time step, the frequency is 
recalculated, and based on it, the next step to be taken is determined. It must be 
considered that the natural frequency of the models can change very quickly 
during the simulation, which causes a sudden variation in the step size, and this 
can lead to a failure of the solver used. To avoid this, it is necessary to maintain 
the steps fluctuations inside some boundaries previously defined by increase and 
decrease factors. 
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Results and discussion 

This section begins by clarifying that most part of the studies are focused on the 
use of the time stepper with dynamic relaxation implemented in this current work, 
because, comparing its efficiency with respect to the other integrators, its 
convergence ratio is remarkably higher. Where, by speed of convergence we 
understand the capacity of the models to reach a final equilibrium position. 
Therefore, it remains to be analyzed what happens when we must choose between 
different beams formulations, type of study and the configuration of the model 
itself, as well as the loads applied to it. 
Talking about the first model, which consist in a small netting panel subjected to 
stretching, as we do not have lateral forces or deformations, no appreciable 
differences are denoted in terms of the facility of convergence. Hence, the 
dynamic relaxation converges in three steps, regardless of the beam formulation 
used, while the nonlinear static simulations do it in only two.  
Similar results can be obtained with the configuration of the panel subjected to 
bending, where only the effect of gravity is considered, with the unique difference 
that during the dynamic relaxation of Euler beams, a greater difficulty is observed 
to reach the final equilibrium position, requiring more numbers of steps, two 
orders of magnitude higher, than other beam formulations  
However, as we introduce new types of loads to the study, the netting panel could 
reach more complex equilibrium positions, such as the case of torsion or increased 
bending due to the action of external forces. That causes a considerable variation 
of the convergence ability depending on the model under study and their 
simulation parameters.  

 
Figure 5 

Simulation of a trawling net codend, fixed on the upper knots with a force applied 
on the bottom knots in -þ direction. On the left, the initial position, and on the 
right, the final equilibrium position.  
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Until here, the statics simulations seem to be much more efficient than dynamics, 
and they manage to converge in just two iterations regardless of the type of beam 
used.  
Yet, in simulations where there is a greater number of meshes, which increases 
the number of elements and degrees of freedom, it is impossible for static studies 
to come up with a solution to the problem. A clear example of that, is what 
happens when we try to simulate the codend of a traw, either the escalated (Figure 
3.4) or the real size one (Figure 5).  
On the other hand, regardless of the type of study, the formulation with Euler 
beams does not achieve good results, requiring a large number of steps, of the 
order of 1e5 to reach the convergence in the scale model. While, in contrast, a 
dynamic simulation using IGA beams demonstrates a fast and efficient 
progression towards the final equilibrium position. The resolution of the full-scale 
trawl codend model is a clear example of what can be achieved with this 
combination (Figure 5). However, in this case the number of intervening variables 
is much higher than in the scale model, which is proportional to the increase in 
the number of steps and processing time required. Therefore, there is still room 
for optimization, adjusting the integrator parameters more efficiently for each 
case. 
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Abstract 

The efficient development of bycatch reduction devices, such as sorting grids in 

trawls, and flow field manipulators to facilitate the escape of non-target species 

from the trawl, as well as measures to optimise trawl drag, require the analysis 

of the interaction between net/trawl structure and flow field. Netting simulation 

tools generally use a Morison approach to assess the hydrodynamic forces. This 

approach is based on the hypothesis that the flow field is undisturbed. However, 

this hypothesis fails in particular when parts of the netting or trawl are in the 

wake of other components. To overcome this drawback, the objective of the on-

going research project <SimuNet= is to create a link between structural mechani-
cal simulation of net structures and viscous computational fluid dynamics (CFD) 

simulations in order to achieve a more realistic fluid-structure interaction. 

Therefore, the structural dynamics solver FEMNET is coupled to the open 

source toolbox OpenFOAM. The current status of the coupling scheme and first 

results of a two panel test case will be discussed here. 

Keywords  

FEMNET, OpenFOAM, numerical modelling, FSI, fluid-structure interaction, 

partitioned approach 

Introduction 

The increase in fuel prices as well as the need to employ bycatch reduction de-

vices (BRD) poses new challenges on the development of fishing gear. The 

shape of a flexible netting structure develops according to the fluid field and the 

fluid field changes according to the shape of the netting structure. Not taking the 

interaction into account may lead to erroneous assumption of the gear perfor-

mance. E. g. wrong or not optimal orientation of BRDs like sorting grids result 

at worst in a malfunction. Larsen et al. [7] reported from clogging issues of sort-

ing grids for haddock. Veiga-Malta et al. [25] investigated the optimal angle of 

brown shrimp sorting grids to keep the sorting capabilities on a high level. Simi-
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lar, flow field manipulators made from netting to facilitate the escape of non-

target species [2, 27] by creating wake regions have to be carefully designed to 

take the expected shape. Also, measures to optimize trawl drag can only be pre-

cisely judged when the interaction between netting and flow is taken into ac-

count. Thus, there is a need for superior simulation tools for netting structures 

which are capable of calculating the shape of the netting as well as the flow field 

around the netting structure. 

 

Tools to predict the shape of flexible structures are available [18, 26, 8, 12]. 

However, simulation tools capable of taking the alteration of the fluid field into 

account are rare. Work from Kristiansen and Faltinsen [5] implemented a wake 

field approach from Løland [9]. Mjåtveit et al. [11] applied Code_Aster cable 

elements to represent aquaculture cages in conjunction with a screen force mod-

el to represent the fluid loads. The wake field is described by an empirical ap-

proach based on preceding RANS simulations. 

The coupling of viscous flow solver with structural solver to answer questions in 

the marine food production is subject to recent research. 

Chen and Christensen [3] coupled OpenFOAM with a lumped-mass-model 

solver to investigate net panels and aquaculture cages. To resolve the netting ge-

ometry a local refinement algorithm is applied. Cheng et al. [4] successfully 

coupled Code_Aster and OpenFOAM. The netting material is represented by an 

additional source term in the momentum equations. Besides the example of a 

simple net panel, aquaculture cages under various conditions are investigated. 

REEF3D (Martin et al. [10]) is a simulation framework intended to predict 

wave-structure interactions, sediment transport as well as coastal hydrodynam-

ics. It was extended by a screen force model to simulate net panels and aquacul-

ture cages. The viscous fluid flow is calculated in a discretized fluid domain, 

whereas the netting is represented by Lagrangian markers to take into account 

the scale difference of the fluid domain discretization and geometry representa-

tion.  

Bi et al. [1] as well as Tang et al. [24] coupled ANSYS Fluent to structural solv-

ers to investigate aquaculture cages. Nsangue et al. [13] also investigated a high-

ly simplified bottom trawl model in this way. 

A major drawback of all introduced tools is that besides REEF3D, the tools or 

additions to the solvers mentioned are not open-source and therefore not acces-

sible to the research community. Furthermore, the applications are focused on 

aquaculture cages, which are comparatively simple structures (i.e. one mesh 

size, cubic or cylindrical main shape). To model a sophisticated trawl poses a 

huge challenge in the set-up, as can be seen in [13]  
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Therefore, the objective is to develop an open source simulation tool which is 

based on a structural solver written for the simulation of trawls and a viscous 

flow solver to take the wake field into account. 

Coupling Scheme 

The major part of the components used for trawls and aquaculture cages are 

flexible and show large deformation when exposed to a fluid flow. Vice versa 

the change in geometry alters the fluid field, which requires - as mentioned 

above 3 a coupled fluid-structure-interaction approach. Here, a partitioned ap-

proach is followed, where the deformation of the net structure and the corre-

sponding flow field are solved separately.  

The simulation tool chosen to model the net structure is FEMNET, which was 

written by D. Priour [18, 19, 20, 21]. FEMNET is based on a finite element 

method capable to describe flexible line and netting structures including trawls 

with their rigging up to the fishing vessel. It takes into account twines elasticity, 

twine flexion, hydrodynamic loads, mesh opening stiffness, fish catch pressure, 

buoyancy and weight. The netting is represented by triangular elements. Cables, 

warps and bridles are represented by line elements. Static equilibrium as well as 

dynamic calculations can be done. The source code is available on 

https://gitlab.ifremer.fr/dp00644/femnet. 

 

For the fluid flow field simulation the OpenFOAM environment [14, 15, 16] 

was chosen. It is an environment for the solution of continuum mechanics prob-

lems and includes numerous solvers. A focus lies on the simulation of fluid 

flows and all major methods to simulate these are implemented (potential flow, 

direct numerical simulation 3 DNS, large eddy simulation 3 LES, Reynold-

averaged- Navier-Stokes 3 RANS). A fluid flow simulation includes six basic 

steps. Creation of a digital model of the object to be investigated, creation of an 

enclosing fluid domain, discretization of the fluid domain into a numerical grid, 

boundary condition set up, solving and post-processing of the results. For the 

discretization of the fluid domain the meshing tool SnappyHexMesh (SHM) is 

used, which is associated to OpenFOAM. 

In Figure 1 the general directory structure is given. It consists of a FEMNET and 

OpenFOAM case working directory. The <OFcase= directory contains a typical 
OpenFOAM case set up whereas the <hexa= directory contains the FEMNET re-
lated data. 
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Figure 1 

General directory structure. 

 

The FEMNET software was extended to output all files necessary to start the 

OpenFOAM simulation and writes into the appropriate <OFcase= subdirectories 
(as required these are blockMeshDict, snappyHexMeshDict, topoSetDict, cre-

ateBaffleDict, fvOption). The netting geometry is passed over as <.stl= file. 
To feed the fluid data back it was decided to realize two options. First, the ve-

locity information is passed back and FEMNET uses an updated velocity field to 

calculate the loads on the netting according to Landweber [6] and Richtmeyer 

[22]. Second, the pressure across the netting is passed back and this information 

is used to calculate the hydrodynamic loads by a screen force model. The pres-

sure loss option is not yet functional. 

To have a joint FEMNET-OpenFOAM post-processing option the FEMNET 

output was extended to write <.vtk= files readable by the open source data analy-

sis and visualization software ParaView [17]. 

In Figure 2 the flow chart of the coupling is given. A simulation run starts with 

the read in of the convergence criteria and an initial shape prediction of the net 

structure. At this point, a variation of the flow field is not taken into account; the 

hydrodynamic loads are calculated according to [6, 22]. The initial net geometry 

and the parameters describing the enclosing fluid volume are passed over to the 

OpenFOAM directory and are discretized according to the dictionary files creat-

ed by FEMNET for OpenFOAM. Furthermore, the boundary conditions and the 

parameter for the porous medium, which represents the netting, are set. Two op-

tions are available to create the porous medium. Either as a number of cells 

grouped together (volume) or as a so called porous baffle (surface). The hydro-

dynamic properties of the netting are described by linear and quadratic loss coef-

ficients [2]. These may be a function of the solidity, angle of attack, fluid veloci-
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ty and type of netting and a functional description has to be established. The so-

lidity of the netting is a result of the shape calculation whereas the angle of at-

tack and the fluid velocity are given in the iterations of the fluid field simulation. 

 

 

Figure 2 

Flow chart of the program steps. 

 

However, the porous medium approach is not yet fully functional. From FEM-

NET the solidity of the netting is given for every triangular element representing 

the netting surface. This information is not yet used since the standard porous 

models in OpenFOAM do not support variable solidities. At this point, only an 

averaged solidity is passed over.  

With these preparations done, the solving process is started. The discretization 

of the netting in FEMNET and OpenFOAM differ. Thus, it requires to map the 

resulting velocity field (or pressure field) to the netting discretization used in 

FEMNET. A new shape with the updated velocity (or pressure) field is calculat-

ed. It has to be noted here that the algorithms of FEMNET to find a static equi-

librium of the net structure are used. Thus the application is limited to quasi-

static problems.  
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Finally, the convergence criteria are checked to verify whether a state of equilib-

rium has been reached. If so, the run finishes, if not the latest net geometry cal-

culated is used for a further fluid field simulation. 

 

Test case 

A two panels test case was created to evaluate the functionality of the coupled 

software parts. In Figure 3 the set up is given. Two net panels with a half mesh 

size of 50 mm a hanging ratio of 0.6 and a twine diameter of 5.7 mm are sus-

pended with a distance of 2000 mm to each other. Sinker lines with a diameter 

of 16 mm, a length of 1980 mm and a density of 4800 kg/m³ are attached to the 

bottom. To calculate the porous loss coefficients the formula from Løland is 

used [9]. 

 

 

Figure 3  

Test case set up made of two panels, one in front of the other. 

Given in Figure 4 is the evolution of the net panels shape. The flow direction is 

aligned with the x-axis. Depicted in grey are the panels deformed by their 

weight and weight of the sinker lines. In green the shape is given for a flow ve-

locity of 0.514 m/s. The loads are calculated according to [6, 22], the flow is not 

disturbed by the panels. Both shapes are the same. The first flow field simula-

tion (Figure 5) taken into account results in the shape depicted in purple. Clearly 

visible is the interaction between the panels and the different deformation. A 

further iteration (blue) shows minor changes in this case. 
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Figure 4 

Evolution of the net panels shape. The flow direction is aligned with the x-axis. 

Grey: no flow. Green: initial shape prediction, both panels are of the same 

shape. Purple: 1st iteration with flow field data taken into account. Blue: 2nd iter-

ation.  

 

 

Figure 5 

Flow field simulation of the initial shape prediction. The velocity contour is de-

picted in the centre plane.  
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Conclusion 

A first test case was presented to provide a functional proof of the coupling of 

the structural dynamics solver FEMNET to the computational fluid dynamics 

simulation options of OpenFOAM. The coupling scheme is explained in general. 

As mentioned above, the porous model does not yet take into account local 

changes in solidity. Thus, in the ongoing research project the focus is on the fur-

ther development of the porous model. Flume tank experiments are also planned 

to record datasets for validation purposes. 

In future work, mesh deformation and overset mesh algorithms have to be ex-

plored to reduce processing time in the discretization phase.  
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