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Dansk resumé (Abstract in Danish) 

Reformen af EU´s fælles fiskeripolitik og implementering af landingsforpligtelsen har, mere end 

nogensinde før, øget vigtigheden af at fiskeindustrien kan tilpasse selektiviteten af redskaberne for 

at opnå optimal afkast i fiskeriet. Dette skyldes skiftet til et forvaltningssystem der er fangstbaseret 

frem for landingsbaseret, og hvor uønsket fangst af regulerede arter skal landes og modregnes 

kvoten. Eftersom mængden af den uønskede fangst varierer afhængigt af det anvendte 

fiskeredskab, området, årstiden, fiskepraksis og kvotesammensætning, vil det desuden være 

vigtigt at kunne tilpasse selektiviteten på det enkelte fartøj. Til forskel fra i dag hvor antallet af 

tilladte redskaber er meget begrænset, kræver dette system derfor at der er et større antal 

specialiserede fiskeredskaber tilgængelige for de forskellige fiskerier. En så omfattende udvikling 

og afprøvning af selektive redskaber er svær at gennemføre under den traditionelle proces for 

redskabsudvikling under det nuværende fiskeriforvaltningssystem i EU. Dette studie undersøger 

derfor potentialet i en industristyret proces, der dels kan identificere fiskerier med problematiske 

fangstsammensætninger, og dels kan udvikle og afprøve redskabsløsninger som kan indgå i en 

værktøjskasse af mere specialiserede redskaber. En industristyret redskabsudvikling åbner 

mulighed for at køre flere parallelle forsøg samtidig med at der gennemføres en grundig 

kommerciel udvikling og afprøvning inden de omkostningstunge videnskabelige forsøg. Når flere 

redskaber udvikles og afprøves parallelt er det desuden hurtigere at udvælge de mest lovende. 

Studiet har belyst de mest afgørende trin i en industristyret redskabsudvikling såsom muligheden 

for at industrien selv indsamler selektionsdata samt hvilken type redskaber en sådan proces er i 

stand til at udvikle. 

Paper 1: Baseret på simulerede data undersøges det om industrien selv kan indsamle længdedata 

på fisk, i en sådan kvalitet, at de kan anvendes til at estimere det nye redskabs selektive 

egenskaber sammenlignet med et standard redskab. Industriens evne til at indsamle disse data er 

essentielle for at kunne foretage en hurtig udvælgelse af de mest lovende redskabsløsninger. 

Resultaterne viser at det kun kræver en relativt lille prøvestørrelse (500-1000 individer) at evaluere 
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et redskabs selektive egenskaber for den pågældende art. Det er således muligt for industrien at 

indsamle de nødvendige data uden at hovedaktiviteten ombord, det kommercielle fiskeri, påvirkes. 

Paper 2 præsenterer et studie hvor industrien udviklede en trawlpose til det demersale fiskeri efter 

torsk (Gadus morhua) i Østersøen. Under udviklingen af redskabet kunne industrien på én og 

samme gang modificere flere dele af redskabet i arbejdet på at opnå det ønskede resultat. 

Resultaterne viser at industrien var i stand til at udvikle et velfungerende redskab. Imidlertid blev 

der foretaget adskillige ændringer på redskabet uden hensyntagen til at nogle af ændringerne 

havde modsatrettet effekt. En løbende involvering af forskere i udviklingsprocessen er vigtig for at 

undgå at der laves unødvendige, eller, som i dette tilfælde, modsatrettede ændringer i redskabet. 

Paper 3 præsenterer et studie hvor hydrodynamikken i forskellige varianter af sorteringsriste med 

en lille tremmeafstand på 6 mm undersøges. Dette studie blev gennemført i en vindtunnel hvor 

vind blev brugt som en proxy for vand. Parametre som form og bredde af tremmerne, ristens vinkel 

og vindhastigheden blev testet for at identificere hvilke parametre der påvirker hydrodynamikken af 

risten. Resultaterne viste at porøsitet, vinkel og formen af ristens tremmer påvirkede dens 

hydrodynamiske egenskaber. Studiet viser desuden at riste, der designes eller monteres forkert, 

kan have ringe hydrodynamiske egenskaber og således forringe de selektive egenskaber under 

fiskeriet. 

Paper 4 præsenterer et videnskabeligt forsøgsfiskeri med en rist i fiskeriet efter hesterejer 

(Crangon crangon). Tremmeafstanden er 6 mm og designet er baseret på viden indhentet i en 

hydrodynamisk undersøgelse af en rist. Resultaterne fra forsøgsfiskeriet viste at risten var velegnet 

til at lukke små rejer ud af redskabet. Kombinationen af en rist med fangstpose lavet af 22 mm 

diamantmasker opnåede en estimeret L50 på 44,9 mm og en SR på 15,6 mm og det blev 

demonstreret at redskabet kan bruges som et potentielt alternativ til en 26 mm fangstpose. 
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Abstract  

With the reform of the European Union (EU) Common Fisheries Policy and the implementation of 

the Landing Obligation the ability of the fishing industry to adjust the selectivity of their gears is 

more than ever important in determining the revenue of fisheries. This is due to the change from 

landings- to catch-based fisheries management, where unwanted catches of regulated species 

now have to be landed and counted against the quota. Moreover, as the quantity and composition 

of unwanted catch varies with type of fishing gear used, fishing areas, season, fishing practice and 

quota availability, changes to the selectivity of the gears will be needed at the vessel level. This 

implies that a larger number of specialized selective gears need to be available to the different 

fisheries. Such an extensive development and testing of selective gears is difficult to achieve under 

the traditional process for gear development under the current EU fisheries management system. 

Therefore, this study investigates the potential of an industry-led process for identifying issues, and 

for development and testing of gear solutions as a way to provide the necessary tool-box of more 

specialized gears. Having industry lead the gear development process allows testing numerous 

fishing gears in parallel, as well as establishing a real commercial development and testing phase 

prior to expensive scientific trials. Moreover, this parallel development of different gear solutions 

allows for quickly filtering the most promising ones. Key steps of such an industry-led gear 

development process were investigated during this study, such as the possibility for industry to 

collect selectivity data on the gears tested, or what type of gears can this process produce. This 

PhD thesis consists of a synopsis and four papers. 

Paper 1 investigates, based on simulated data, if the industry can collect length measurement data 

with enough quality to correctly evaluate the relative selective performance of a new gear 

compared to a standard gear. The ability of the industry to collect data on the selective 

performance of a gear is essential to enable a fast identification of the most promising gear 

solutions, worth scientific investigation. The results show that with relatively small sample sizes 

(500 to 1000 individuals) it is possible to correctly evaluate the performance of a gear for a given 
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species. Thus, it is possible for the industry to collect the necessary length based data without 

affecting their main activity, commercial fishing. 

Paper 2 presents a case study where a codend, with several modifications, was developed by the 

industry for the Baltic Sea demersal trawl fishery targeting cod (Gadus morhua). During the 

development of a fishing gear, the industry can modify several aspects of the gear simultaneously 

to achieve their goal. The results show that the industry can successfully develop gears to meet 

their objectives. However, several modifications were made to the gear, without considering that 

some of those had opposing effects. Therefore, an early and continuous involvement of scientists 

in the process is crucial to ensure that unnecessary or adverse modifications are not made to the 

gear. 

Paper 3 investigates the hydrodynamics of different variations of a size-sorting grid with a small bar 

spacing of 6 mm proposed by the industry. This study was conducted in a wind tunnel facility 

where wind was used as a proxy for water flow. Parameters such bars shape, bars width, grid 

angle and wind velocity were tested, aiming at identifying which parameters affect the 

hydrodynamics of the grid. Porosity, angle and the shape of the bars of a grid were found to affect 

its hydrodynamic performance. The study shows that grids designed and mounted incorrectly can 

have poor hydrodynamic performances, thus potentially affecting their selective performance 

during the fishing process. 

Paper 4 presents the scientific testing at sea of a size-sorting grid for brown shrimp (Crangon 

crangon) with a small bar spacing of 6 mm, adjusted on the basis of the knowledge obtained from 

the previous study on the hydrodynamics of the grid. The results showed that the grid successfully 

allowed for the escape of small shrimp. Moreover, the combination of the grid and a 22 mm 

diamond mesh codend obtained an estimated L50 of 44.9 mm and a selection range of 15.6 mm, 

and it was showed that it can be a potential alternative to the 26 mm diamond mesh codend   
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1 Introduction 

1.1 Global shift from land-based to catch-based fisheries management  

1.1.1 Discards: definition, impacts and reasons to discard 

In commercial fisheries, discards are defined as the “portion of the total organic material of animal 

origin in the catch, which is thrown away, or dumped at sea for whatever reason. It does not 

include plant materials and post-harvest waste such as offal. The discards may be dead, or alive.” 

(Pérez Roda et al., 2019).  

Between 2010 and 2014, the average global annual discards were estimated to be 9.1 million 

tonnes, which represents 10.8% of the global fisheries average annual landings for the same 

period (Pérez Roda et al., 2019). These numbers are of concern considering that a large fraction of 

the discarded individuals, including commercially important species, does not survive (Yergey et 

al., 2012; Morfin et al., 2017; Mérillet et al., 2018; Runde and Buckel, 2018; Tsagarakis et al., 

2018). Discarding has several negative impacts on the ecosystem, with consequences on its 

biodiversity and functioning (Alverson et al., 1994; Votier et al., 2010; Suuronen et al., 2012; Lent 

and Squires, 2017; Gray and Kennelly, 2018). Moreover, discarding is a waste of natural resources 

and it can have economic repercussions for the fishing industry such as decreasing the productivity 

of fish stocks (Pascoe, 1997; EC, 2007; Diamond and Beukers-Stewart, 2011). Furthermore, 

discarding at sea adds uncertainty to stock assessments since this portion of the catch is usually 

poorly documented, thus making it more difficult to accurately estimate fishing mortality (Condie et 

al., 2014). While discarding can be viewed as a way for fishermen to adjust their landings to the 

legal and market constraints (Eliasen et al., 2013; Catchpole et al., 2014), the act of discarding and 

its associated ethical, ecological and economic issues need to be addressed (EC, 2007; Diamond 

and Beukers-Stewart, 2011; Rochet et al., 2014).  
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There are several identified factors that can determine the amount of discards (Rochet and 

Trenkel, 2005; Feekings et al., 2012; Catchpole et al., 2014; Eliasen et al., 2013; Damalas et al., 

2015; van Putten et al., 2019), including: 

 technical (e.g. selectivity of the fishing gear used, vessel characteristics, and the fishing 

process),  

 legal (e.g. quota limitations, minimum landing sizes (MLS) or Minimum Conservation 

Reference Size (MCRS), and mismatch between technical regulations and stock 

structures),  

 biological (e.g. species composition, and recruitment period),  

 environmental (e.g. weather conditions, spatial heterogeneity in depths and bottom types),  

 economic (e.g. market prices fluctuations, low market price, and high grading), and  

 social (e.g. fishing community, lack of agreement or understanding of the regulations, and 

fishermen’s perception of discards). 

This thesis focuses on the technical factors affecting both the unwanted (discards) and wanted 

portions of catches, and specifically improving the selectivity of the fishing gears used.  

1.1.2 Catch-based fisheries management and discard bans 

With the acknowledgement of discarding and its associated negativities, together with fisheries 

management moving towards more ecosystem-based approaches, there has been a global shift 

from landings-based to catch-based management (Karp et al., 2019). Under a catch-based 

fisheries management system there is a need for documenting the entire catch, including the 

unwanted portion, to be able to correctly estimate the mortality levels associated with fishing 

activities (Borges, 2018). One of the most common ways to address this need for documenting the 

entire catch is through the prohibition to discard unwanted catches (Condie et al., 2014; Karp et al., 

2019). Moreover, by making the unwanted catch count against the quota and therefore coupling 

the selectivity of a fishery with its economy, a catch-based system aims at creating strong 
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economic incentives for fishermen to avoid this unwanted catch and thus become more selective in 

their fishing practices (Condie et al., 2014; ICES, 2018; O’Neill et al., 2019; Reid et al., 2019). 

Thus, catch-based management can potentially create new and strong incentives for the industry 

to improve the overall selectivity of fisheries because it is now in fishermen’s interest to reduce 

unwanted catch in the first place (Karp et al., 2019). The use of more selective fishing gears is an 

obvious way to improve the selectivity of a fishery, although changing fishing tactics or introducing 

temporal and spatial closures can also reduce unwanted catches (Bellido et al., 2019; O’Neill et al., 

2019; Reid et al., 2019). Nevertheless, this incentive to improve the fishery can only be effective if 

there is a proper monitoring, control and enforcement of the fisheries (Bellido et al., 2011; Kindt-

Larsen et al., 2011; Karp et al., 2019, Kraak and Hart, 2019). 

Several countries have implemented discard bans in their fisheries, including United States of 

America (USA), Canada, Chile, Argentina, New Zealand, Iceland, Norway, Faroe Islands and India 

(Condie et al., 2014; Borges et al., 2016; Karp et al., 2019). The different discard bans have 

different levels of complexity and enforcement as well as different levels of success. For example, 

in the USA, since 1998, a discard ban for Pacific cod (Gadus macrocephalus) and walleye pollock 

(Gadus chalcogrammus) has been in place in the Alaska groundfish fishery, supported by a highly 

comprehensive observer program (Condie et al., 2014; Karp et al., 2019). This discard ban has 

been described as highly successful at reducing the discards levels of the targeted species 

(Condie et al., 2014; Karp et al., 2019). In Norway, a discard ban started in 1987 to protect cod and 

has since evolved to include 55 commercially important species (Gullestad et al., 2015; Borges et 

al., 2016; Karp et al., 2019). The Norwegian discard ban has been coupled with additional 

technical measures such as gear specifications to ensure a minimum selectivity, real-time 

closures, and monitoring and control measures to minimise unwanted catches (Gullestad et al., 

2015). The recovery of the cod and haddock (Melanogrammus aeglefinus) stocks has been 

associated to the overall combined effect of the different discard management measures. 

However, as to which measures had the strongest effects is difficult to quantify due to ineffective 
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monitoring and a lack of data (Condie et al., 2014; Borges et al., 2016). In the case of Chile, a 

discard ban was implemented in 2001 for all species (commercial and non-commercial) caught. In 

an attempt to ensure compliance, it was coupled with heavy sanctions for non-compliance, such as 

deductions of 30% of a fisherman’s Individual Transferable Quotas (ITQ; Borges et al., 2016; Karp 

et al., 2019). These heavy sanctions, together with an insufficient enforcement, led to an overall 

non-compliance from the fishermen and discarding continued as normal (Borges et al., 2016). In 

2012, the legislation was revised and stopped including all species in the discard ban and allowed 

for exemptions conditional on a minimum 2-year at-sea monitoring and research programme with 

observers on-board commercial vessels (Borges et al., 2016; Karp et al., 2019). On the other hand, 

this revision included provisions for compulsory electronic monitoring on-board fishing vessels; and 

stronger sanctions for discard offences. As it is still being implemented, it is currently not possible 

to assess the success of the Chilean discard ban (Karp et al., 2019). 

The different examples described above highlight key factors for an effective implementation of 

discard bans: to ensure compliance, high levels of monitoring and enforcement are required 

(Branch and Hilborn, 2008; Karp et al., 2019; Borges and Penas Lado, 2019); additional 

management measures, which can incentivise for more selective fishing can discourage discarding 

are needed (Hall and Mainprize, 2005; Stockhausen et al., 2012); measures that prevent unwanted 

catch should be prioritized (Condie et al., 2014; Salomon et al., 2014); and flexibility within gear-

based technical regulations is essential to decrease unwanted catches without making the fisheries 

economically unviable (Condie et al., 2014; Eliasen et al., 2019).  

1.2 Landing Obligation: the European Union’s discard ban 

In the European Union (EU), fisheries of all member states are managed through the Common 

Fisheries Policy (CFP; EU, 2013). This legislation was first established in 1983 and sets overall 

objectives for the EU fisheries while aiming at preserving economic, social and environmental 

principles in fisheries management (Salomon et al., 2014; Borges, 2018). Since it was established, 
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the CFP has been reviewed every ten years and has been subjected to three reforms (EC, 2009; 

Salomon et al., 2014; Borges, 2018).  

In 2013, the new reform of the EU CFP was finalized following the general concerns raised in the 

previous years, and its implementation phased in since the 1st of January 2015 (EU, 2013). In this 

reform, several measures were proposed to adapt European fisheries policies to a more 

ecosystem-based management, while keeping quotas as its central instrument for achieving stock 

conservation objectives (Borges, 2018). For example, the reform emphasised the importance of 

multiannual plans, including several stocks if exploited together, by declaring that they should have 

priority over the regular annual plans (Salomon et al., 2014). Regional groups were also proposed 

in the new reform as a way to facilitate the management of the marine waters shared by member 

states by increasing flexibility in decision making and incorporating all stakeholders in the process 

(Salomon et al., 2014; Eliasen et al., 2019). Another major change in the reformed CFP, and 

probably the one with the largest potential impact to the fishing industry, was the introduction of a 

discard ban, and subsequence change to a catch-based management, in the European fisheries, 

referred to as the Landing Obligation (LO).  

1.2.1 Implementation of the Landing Obligation 

The introduction of the LO has resulted in an increasing pressure on the fishing industry to 

eliminate or considerably decrease discards. This regulation aims to eliminate the discarding of all 

commercial species subject to TAC limits in EU marine waters, as well as species targeted by 

effort regulated fisheries in the Mediterranean for which a MLS has been defined (EU, 2013). For 

those species, Minimum Conservation Reference Sizes (MCRS) were established using the 

previous legal MLS as reference values, along with the prohibition to sell catches below the 

MCRSs for direct human consumption (EU, 2013). The LO was implemented progressively by 

species and fisheries, starting with pelagic fisheries and fisheries in the Baltic Sea in 2015, and 

from 1st January 2019, the LO was fully implemented in all European Union fisheries as planned in 

the reformed CFP (EU, 2013).  
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The LO, like the other discard bans, does not prohibit all discarding since it only applies to selected 

commercial species (Borges et al., 2016). Moreover, aiming at increasing the flexibility of the LO 

and thus hoping to facilitate its implementation, the new LO includes four types of exemptions (EU, 

2013; Catchpole et al., 2017): species for which fishing is prohibited (e.g. endangered and 

protected species), species that have scientifically demonstrated high survival rates after being 

discarded, catches damaged by predators, and catches which fall under the de minimis exemption. 

A fishery can obtain de minimis exemption, which permits discarding of a predefined portion of the 

total annual catch, under the premise that selectivity increases are difficult to achieve or that 

handling of unwanted catches creates disproportionate costs (Catchpole et al., 2017, Karp et al., 

2019). This exemption should be used as a “last resort” mechanism and not without first fully 

exploring other technical or tactical measures (Karp et al., 2019). 

1.2.2 Fisheries expected to be most affected by the Landing Obligation 

Depending on the complexity of a fishery’s catch composition (i.e. single-species or mixed-species 

fisheries) and/or discard ratios, fisheries within EU are challenged by the LO in different ways. The 

LO is not expected to be of great concern in fisheries such as pelagic fisheries where discard ratios 

are relatively low (de Vos et al., 2016), although discards in volume can be large for these fisheries 

(Pérez Roda et al., 2019). On the other hand, for more complex fisheries such as demersal mixed-

species trawl fisheries, it has already proven to be highly problematic (de Vos et al., 2016; 

Catchpole et al., 2017; Fitzpatrick et al., 2019). The two main issues with these fisheries are i) the 

filling of quotas with unwanted catch, e.g. catch below the MCRS, leading to considerable 

economic losses (Prellezo et al., 2017); and ii) choke species, i.e. species with the lowest quota in 

a mixed-fishery, which can lead to an early closure of the fishery while there is still unfished quota 

of other species (Schrope, 2010; Baudron and Fernandes, 2015). Additionally, handling time and 

storage space on-board have also become issues under the LO, particularly for small scale 

fisheries as a result of having to sort and store the catch that would have previously been 

discarded (Veiga et al., 2016; Fitzpatrick et al., 2019).  
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1.2.3 Increased difficulty for effective monitoring and control 

The LO is a comprehensive legislation for the EU fisheries which impacts a wide range of fisheries 

and stakeholders throughout Europe, hence stakeholder’s participation and acceptance are crucial 

for the success of the LO (Condie et al., 2014, Karp et al., 2019). However, the objectives and 

implementation process of the LO are poorly understood and its legitimacy questioned by the 

fishing industry, which created additional difficulties in the implementation process (de Vos et al., 

2016; Catchpole et al., 2017). Furthermore, the top-down nature of the CFP, through a micro-

management approach, leads to more complex management regulations at the single fisheries 

level, which goes against the overarching objectives of the 2013 CFP for a simpler, more flexible 

and regionalized management framework (Fitzpatrick et al., 2019). This increase in complexity in 

the legislation also creates difficulties for the implementation of the LO, since it increases the 

difficulty for effective monitoring and control. 

The quality of the monitoring and control of the fisheries is essential for effective fisheries 

management, especially under catch-based management systems such as the LO where 

unwanted catches are counted against the quotas (Suuronen and Sardá, 2007a; Condie et al., 

2014; Borges et al., 2016; Catchpole et al., 2017; Borges and Penas Lado, 2019). Not only does 

the credibility of the policy depend on effective enforcement, but also its expected positive effects 

will only take effect if adequate monitoring takes place (Borges and Penas Lado, 2019). Poor 

monitoring and control of a discard ban may lead to increased discards, particularly when coupled 

with management measures that strongly limit fishing activity and incentivize discarding by 

counting unwanted catches as part of the quotas (Borges et al., 2016). A potential negative 

consequence of the continuation to discard under the LO is the increased fishing mortality. This 

higher mortality associated with fisheries may occur as a result of the higher yearly quotas (quota 

top-ups), since quotas under the LO account for total catches (landings + unwanted catch; Borges, 

2018). In recognition of the need for better at sea monitoring, remote electronic monitoring (REM) 

system have gained attention in recent years as a way to achieve more comprehensive monitoring 
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of the fisheries (Kindt-Larsen et al., 2011; Stanley et al., 2011; van Helmond et al., 2014; Mangi et 

al., 2015; Needle et al., 2015). REM systems have the potential to ensure that catches of all 

regulated species can be fully monitored at sea and weights of such catches accurately recorded. 

Moreover, effective monitoring and control of the fisheries can be extremely difficult to achieve, 

particularly in the case of EU where there is a large diversity of fisheries, including mixed-species 

fisheries, and management measures (Suuronen and Sardá, 2007a; Veiga et al., 2016). For 

example, even though EU fisheries are regulated by the CFP, each Member State defines their 

own quota management system and can impose additional regulations for its waters and fisheries, 

adding complexity to the EU management system (Veiga et al., 2016). Nevertheless, effective 

monitoring and control of the LO should encourage fishermen to increase the selectivity of their 

fisheries and comply with the regulations (Condie et al., 2014; Borges and Penas Lado, 2019). 

1.3 ´One gear does not fit all´: Industry-led trials for higher flexibility  

1.3.1 The need for more fishing gear solutions for the industry 

The species and/or size composition of the unwanted catch varies between fishing areas and 

fishing gear used (Murawski, 1996; Feekings et al., 2012; Pennino et al., 2014). Hence, fishermen 

under the LO need to be able to adjust the selectivity of their gears to address the different issues 

arising under this new legislation if they want to maintain the economic sustainability of their 

fisheries (Condie et al., 2014; Eliasen et al., 2019; O’Neill et al., 2019). This means that a large 

number of more specific fishing gear solutions need to be available to the fishermen at the regional 

and fisheries level (Catchpole et al., 2017; O’Neill et al., 2019). Furthermore, the composition of 

unwanted catch can vary at the vessel and haul levels according to season and fishing ground 

(Feekings et al., 2012; O’Neill et al., 2019). Thus, fishermen will also need to be able to adapt 

relatively fast to different catch compositions, possibly without having to go to land (O’Neill et al., 

2019). This extra layer of flexibility can be achieved by developing simple and easily adjustable 

gear solutions that can be deployed at the haul level (e.g. Melli et al., 2018). 
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1.3.2 Higher flexibility in technical regulations  

Technical regulations are a set of legal rules that manage where, when and how fishermen can fish 

(EC, 2016). The objective of technical regulations is to regulate the total amount of biomass 

removed from commercial stocks and what fishing effort levels can be applied, while minimizing 

the impacts of fishing on the ecosystem. In the case of the EU, they are established for the majority 

of the fisheries, but the types of technical regulations differ considerably from fishery to fishery. 

According to the European Commission, technical measures can be grouped into five major 

categories (EC, 2016): i) measures that regulate the operation of the fishing gear; ii) measures that 

regulate the design characteristics of the fishing gears that are deployed; iii) minimum conservation 

reference sizes (MCRS); iv) measures that set spatial and temporal controls; and v) measures that 

mitigate the impacts of fishing gears on sensitive species. 

For some of the technical regulations, the overall aim is to obtain high and sustainable yields in the 

fisheries. For example, the definition of mesh sizes and MCRS to reduce the capture of juvenile 

fish, and in turn minimize the negative impacts of fisheries on stocks (Catchpole et al., 2014). 

However, these regulations can also cause an increase of discards in a fishery, especially in 

mixed-species fisheries (Catchpole et al., 2014). Other technical regulations focus more on 

reducing bycatch, discards and overall impacts on the ecosystem. Spatial and temporal closures, 

e.g. marine protected areas, real-time closures or seasonal closures, can be used to protect 

juveniles, important spawning and foraging areas, and migratory pathways (Little et al., 2015; 

Pérez Roda et al., 2019). These measures can reduce discards by simply avoiding the spatial and 

temporal overlap of fishing effort and unwanted catch. However, if the impacts of the 

implementation of such closures are not fully assessed, it may lead to an increase of discards and 

other unexpected effects due to the reallocation of fishing effort (Suuronen et al., 2010). 

Furthermore, technical regulations directly pertaining to the fishing gear used can be found in the 

majority of the categories mentioned above. Therefore, developing fishing gears that enable 
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fishermen to comply with the different regulations, while maintaining a profitable activity, is of the 

utmost importance. 

Under the current EU management system, the number of gear solutions needed to achieve the 

necessary flexibility is larger than the one currently available to fishermen, where only a couple of 

generic gears are legislated for each gear type and area (Eliasen et al., 2019). Indeed, the “one 

gear fits all” type of legislation is the opposite of what is needed under the LO (Condie et al., 2014; 

O’Neill et al., 2019). Under this type of technical legislation, only few generic gears are legally 

allowed at a regional or fishery level, thus fishermen have none to very few options for adjusting 

the selectivity of their fisheries when needed. Moreover, the current EU management system is 

often slow and inflexible, where few fishing gear solutions are tested and new gears take several 

years to be implemented in legislation (Eliasen et al., 2019). This rigidness of the system can be a 

serious barrier when trying to increase the number of gear solutions available for use. The 

European Commission has also highlighted this inflexibility of the system as a major shortcoming 

of the current regulation (EC, 2016). Furthermore, a stronger cooperation between fishing industry 

and scientists has been suggested as a way to facilitate the development of the needed number of 

gear solutions (Eliasen et al., 2019; O’Neill et al., 2019). Indeed, the fishing industry’s role in the 

development, testing and implementation of fishing gears has increased in the EU since the 2013 

CFP (ICES, 2018). This need for increased collaboration has also been mentioned in the proposal 

for a new technical measures regulation (EC, 2016). Moreover, to be able to successfully 

implement the LO, while minimizing the negative economic impacts of landing unwanted catch, a 

higher flexibility is needed in the technical regulations of fishing gears to facilitate the fishermen’s 

ability to improve the selectivity of their fisheries (EC, 2016; Eliasen et al., 2019; O’Neill et al., 

2019). Indeed, as the quantity of unwanted catch varies with the gear used, fishing areas, seasons, 

fishing practice and quota availability (Murawski, 1996; Feekings et al., 2012; Pennino et al., 2014), 

changes to the selectivity of the gears will need to be implemented at the vessel and haul levels 

(Melli et al., 2018; O’Neill et al., 2019).  
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Taking into account the 2013 CFP reform and recognising limitations of the present technical 

regulation, the European Commission (EC) proposed in 2016 a new framework for a new technical 

measures regulation to facilitate the introduction of new mechanisms to increase selectivity under 

the LO (EC, 2016; Borges and Penas Lado, 2019). In the proposal, the main issues with the 

current technical regulation are highlighted and three alternative options aiming at address these 

issues are proposed. The main objectives of the three options proposed are to introduce greater 

flexibility in the management framework through regional groups, e.g. The Baltic Sea Fisheries 

Forum (BALTFISH) and the North Sea Scheveningen Group; increase stakeholder involvement in 

the decision making process; and simplify the current rules (EC, 2016; Eliasen et al., 2019).  

The preferred option, known as the “Framework Approach” is considered the one that best meets 

the objectives set by the reformed CFP by linking the current technical regulation to the regional 

multi-annual management plans, designed by the regional groups (EC, 2016; Eliasen et al., 2019). 

This means that, despite all fisheries still being under the same CFP rules, regional groups would 

be able to implement specific technical measures (e.g. new fishing gears) to each of the regions. 

Therefore, the flexibility in the technical regulation needed to better adapt to the challenges 

associated with the LO would be increased by changing the current technical regulation with the 

proposed “Framework Approach”. Presently, the proposed new technical regulation is being 

discussed in the EU and, if implemented, it provides opportunities for a faster and more inclusive 

development and testing of fishing gears, and a faster political acceptance of new and/or modified 

gears (Eliasen et al., 2019). 

1.3.3 Industry-led gear development for testing numerous fishing gears 

A large diversity of specific fishing gears solutions have to be available to the fishermen, to ensure 

that they can adapt to the different issues arising under the LO (Catchpole et al., 2017; O’Neill et 

al., 2019). However, that is not possible under the current EU fisheries management system that 

uses a “one gear fits all” approach (Condie et al., 2014; O’Neill et al., 2019). Furthermore, in order 

for the industry to solve the issues at hand without losing substantial income, the specific issues 
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arising in the fisheries need to be quickly identified and gear solutions for those issues developed, 

tested and implemented in a relatively short period (Eliasen et al., 2019; Fitzpatrick et al., 2019).  

To achieve the required flexibility, a greater number of new gears or modifications to existing gears 

have to be adequately developed, tested, and their selective performance correctly documented for 

a possible implementation in the legislation (Eliasen et al., 2019). This is something difficult to 

achieve under the traditional process for gear development. Therefore, having the industry not only 

identifying the problems but developing and testing the gear solutions themselves can potentially 

facilitate this process, while reducing the economic and time outlay associated with the 

development of fishing gears. A greater involvement of the industry in the development of gear 

solutions is something that has also been proposed in the EC proposal for new technical measures 

regulation (EC, 2016). Moreover, the involvement of industry in gear selectivity projects has 

previously been shown to provide valuable experience-based knowledge and improve the uptake 

of the technical measures developed (McCay et al., 2006; Johnson and van Densen 2007; 

Armstrong et al., 2013). A way to maximize these advantages is to have the industry lead the gear 

development and testing process rather than just being involved in it (ICES, 2018). 

2 Aims of the thesis 

In this PhD thesis, the possibility for the industry to lead the process of developing and testing gear 

solutions is investigated as a potential way to help with the growing demand for a larger number of 

more specialized gears. Having industry-led gear development processes allows for the possibility 

of testing numerous fishing gears in parallel, as well as establishing a real commercial 

development and testing phase prior to expensive scientific trials. This parallel development of 

different gear solutions allows filtering the most promising ones before carrying out a rigorous 

scientific test. Furthermore, having the industry to collect data on the selective performance of the 

tested gear can be a cost-effective solution since it avoids the need for scientific staff on board 

during the development and testing periods (Roman et al., 2011; Uhlmann et al., 2011). As 
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collecting gear selectivity data is a labour intensive and time consuming task, the first step was to 

investigate if the industry could length measure a portion of the catch with enough quality to allow 

for a correct assessment of the gear selective performance (Paper 1). The next step was to 

scientifically test industry developed gears that went through the entire industry-led gear 

development process (Paper 2; Paper 4). As the scientist level of involvement during the gear 

development and testing phase differed between studies (Paper 2; Paper 3; Paper 4), the new 

role of scientists and industry in the process is discussed in this thesis. Finally, lessons learnt from 

these industry-led gear development processes are discussed.  

3 Fishing gear development 

Fishing gear development is defined in this study as the entire process from idea to the 

development and testing of a new of modified fishing gear. This process is sometimes followed by 

the direct use of the gear by the industry, or the implementation of the gear in the legislation, if the 

gear is shown to lead to an improvement and falls outside of what is described in the technical 

regulations.  

The increasing global attention on the ecosystem effects of fisheries led to a shift on the focus of 

gear development from maximising catch efficiency for the target species to reducing the negative 

impacts of fishing on the ecosystems (Cochrane and Garcia, 2009). Indeed, research on fishing 

gear development has been identified as having a key role in achieving environmentally 

responsible fisheries and therefore supporting fishery management goals (Jennings and Revill, 

2007). A good example of the importance of gear development to fisheries management is the fact 

that most technical regulations are measures to implement more selective gears or define gear 

characteristics to ensure a certain selectivity (Graham et al., 2007; Enever et al., 2009; Condie et 

al., 2014; Fitzpatrick et al., 2019; Reid et al., 2019). However, despite the extensive use of gear 

regulations, the desired effects of newly introduced gears do not always occur due to simple and, 

in many cases, legal modifications made to the new gears that reduce or negate their intended 
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selectivity (e.g. Krag et al., 2016). The perceived or actual reduction in wanted catches, resulting in 

short-term economic losses, is the main motivation for fishermen to negate the selectivity of a 

newly implemented gear (Suuronen and Sardà, 2007a; Suuronen et al., 2007; Krag et al., 2016). 

This negation of selectivity can occur when the technical solutions that are available for use within 

an entire fishery and management area are perceived by the industry as inadequate (Suuronen et 

al., 2007). Regardless of the issue at hand, when developing new fishing gears it is important to 

find the balance between solving the issue and maintaining the economic viability of the fishery 

(e.g. avoid or minimise loss of commercial catch). However, with the introduction of catch-based 

management systems, achieving the improvement of overall fisheries selectivity becomes more 

and more challenging due to the increased level of complexity in objectives (Fauconnet and 

Rochet, 2016).  

This is particularly the case for demersal trawl fisheries, where discard rates are still high (Cashion 

et al., 2018) and multiple negative impacts on the ecosystem are still present (Pilskaln et al., 1998; 

Kaiser et al., 2006; Tillin et al., 2006; Puig et al., 2012), despite this fisheries being the continuous 

focus of gear development. Moreover, demersal trawl fisheries are among the most important 

fisheries in European waters in terms of total landings, profit and number of vessels (STECF, 

2018). The dominance of demersal trawl fisheries in EU waters and their associated high discards 

rates is a major factor contributing to the high total discards in EU Atlantic fisheries (Kelleher, 2005; 

Pérez Roda et al., 2019). The North East Atlantic fisheries have the second highest fraction of 

global discards, accounting for 17% of the 9.1 million tonnes of global discards (Pérez Roda et al., 

2019). Therefore, most of the examples within this thesis pertain to the demersal trawl fisheries. 

Specifically, the following sub-section will described the selectivity of demersal trawls, and what 

can be done to modify the selectivity as part of the gear development process. 
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3.1 Modifying the selectivity of trawls 

The size selectivity in a trawl is a consequence of a size selection process that causes the size 

composition of the catch to differ from that of the population available to the gear during the fishing 

operation (Wileman et al., 1996). Thus, selectivity can be defined as the proportion of individuals 

encountering the gear which are retained in the catch (MacLennan, 1992). Furthermore, before 

describing gear modifications, an overview of how bottom trawls capture and select the catch is 

first needed. The capture process of bottom trawls is a complex sequential process with different 

levels and types of interactions between the individuals and the different components of the trawl 

(figure 1). For fish species, individuals first react to the trawl long before they see or come in 

contact with it. The sound and pressure variations produced by the vessel and the different 

components of the trawl are detected well before the fish can see the gear (Wardle, 1989; Winger 

et al., 2010). For example, Handegard and Tjøstheim (2005) described how gadoids begin to dive 

approximately 15 min before the vessel passes them. This behavioural response, as well as most 

responses to stimuli from the trawl, is most likely an anti-predator response (Fernö and Huse, 

2003). Once the fish can see the fishing gear, the main driver for escape behaviour becomes the 

visual stimuli, e.g. sand-clouds created by the contact of the bridles, doors, and sweeps of the trawl 

with the seabed (Wardle, 1989). The herding process, i.e. the process where the fish are herded 

towards the area to be swept by the trawl, starts when the trawl doors are within visual range of 

fish (Winger et al., 2010). During herding, round and flatfish show distinctly different behaviours 

(Ryer, 2008). As roundfish see the doors approaching, they will start swimming away from it while 

keeping enough proximity to maintain visual contact with the doors, known as the “fountain 

manoeuvre” (Wardle, 1993; Winger et al., 2010). On the other hand, flatfish swim in burst patterns, 

contrary to roundfish that have a more continuous swimming behaviour; therefore, flatfish respond 

to the trawl at shorter distances while staying close to the seabed and swimming for shorter 

periods of time (Ryer, 2008). Passing the trawl doors, the fish that are in the area between the 

doors will be guided towards the mouth of the trawl as they swim away from the forward parts of 
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the trawl, e.g. sweeps and bridles (Wardle, 1993, Winger et al., 2010). At the trawl mouth, fish will 

try to swim just in front of it or attempt to flee in different directions (e.g. upwards) and, as they get 

tired and do not manage to escape, they will enter the trawl (Winger et al., 2010). Inside a standard 

trawl, there is not enough stimuli to encourage fish to escape through the netting (Glass et al., 

1995); although, as the fish get tired and gradually move towards the aft end of the trawl (referred 

to as the codend), changes in behaviour might lead to an increased probability to contact the 

netting (Grimaldo et al., 2008; He et al., 2008). When in the codend, already exhausted fish will try 

to swim in front of the accumulated catch and attempt to escape through the meshes directly in 

front of the catch accumulation (Wileman et al., 1996; O’Neill et al., 2003). In a standard trawl, 

most of the size selection of the fish, i.e. trawl selectivity, occurs in the codend (Beverton, 1963; 

Wileman et al., 1996; O’Neill et al., 2003). Moreover, the ability of fish to escape is strongly related 

to their swimming capacity, manoeuvrability, and behavioural responses, which vary with species, 

length, age and physiological condition of the fish (Winger et al., 2010). Therefore, when modifying 

the selectivity of a trawl, all these factors need to be taken into account.  
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Figure 1. Different components and sections of a bottom trawl. Figure adapted from www.seafish.org. 

 

3.1.1 Anterior versus posterior gear modifications 

A trawl modification, depending on its position from the warps to the codend (figure 1), will affect 

the selection process differently. Because we can divide the fishing process in two main steps, in 

front of the trawl (herding) and inside the trawl, two categories for trawl modifications become 

evident: anterior and posterior gear modifications. Anterior modifications are modifications aimed at 

preventing individuals from entering the trawl. For example, these modifications can reduce the 

efficiency of the herding process, e.g. by altering bridles and sweeps of the trawl (He et al., 2014; 

Sistiaga et al., 2016); provide counter-herding stimuli to guide fish out of the area to be swept by 

the trawl, e.g. by adding ropes to the herding area (Ryer, 2008; Melli et al., 2018); and provide 

potential escape routes, e.g. by using topless trawls (trawls where the headline is cut back in 

http://www.seafish.org/
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relation to the footrope; He et al., 2007; Krag et al., 2015). Allowing individuals to escape before 

they enter the trawl is likely to increase their chances of survival, thus reducing the effects of 

fishing on the ecosystem (Breen, 2004).  

Posterior modifications are all modifications to the trawl components aimed at selecting out the 

unwanted individuals from the catch. These modifications, based on increasing the escape 

probability of fish that have already entered the netting part of the trawl, have been the main focus 

of gear development studies (Broadhurst, 2000; Glass, 2000; Suuronen and Sardá, 2007b). 

Different sections of the trawl have been modified over the years to reduce unwanted catches. For 

example, escape panels have been placed in the tapered section of the trawl belly (e.g. Briggs, 

2010; Santos et al., 2016), in the extension piece (e.g. Fraser and Angus, 2019), and in the codend 

(e.g. Herrmann et al., 2014). The most common escape panels are square-mesh panels since their 

structure ensures they remain open regardless of the longitudinal tension in the netting (Suuronen 

and Sardá, 2007b). Another common posterior modification are grids, which are usually placed in 

the extension piece or in the beginning of the codend where it is easier to restrict the grid size 

while ensuring that a high portion of the catch comes in contact with it (e.g. Grimaldo and Larsen, 

2005; He and Balzano, 2007; Larsen et al., 2018; Paper 4). Moreover, modifying the codend is 

probably the most common posterior modification used and it can be done by altering several of its 

parameters, such as: mesh size (e.g. Herrmann et al., 2009; Wienbeck et al., 2011; 2014; Paper 2) 

and shape (e.g. Campos et al., 2003; Herrmann et al., 2007), codend circumference (e.g. Reeves 

et al., 1992; Graham et al., 2009; Herrmann et al., 2015; Paper 2), and the thickness and material 

type of the netting (e.g. Ferro and O’Neill, 1994; Tokaç et al., 2004; Paper 2). Some examples of 

anterior and posterior modifications can be seen in figure 2; for further details on these and other 

modifications available, see Broadhurst (2000), Glass (2000), and Suuronen and Sardá (2007b). 
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Figure 2. Examples of anterior and posterior trawl modifications. Top and middle panels show examples of 
anterior modifications, respectively, FLEXSELECT and a topless trawl. Bottom panels show examples of 
posterior modifications: Swedish grid (bottom left) and square mesh codend (bottom right). 
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3.1.2 Mechanical versus behavioural based modifications 

The different modifications available for trawls use different mechanisms to achieve their 

objectives. The different mechanisms can be divided into two major categories: mechanical and 

behaviour-based mechanisms (Glass, 2000). Mechanical-based modifications use inter and intra 

species differences in size and morphological characteristics to separate or provide escape 

opportunities to individuals contacting the fishing gear, while behaviour-based mechanisms use 

differences in inter and intra species behavioural patterns to achieve the same goals (Glass, 2000; 

Winger et al., 2004). Due to their nature, the performance of behaviour-based modifications tends 

to be more variable on a haul-by-haul basis when compared to mechanical-based modifications, as 

individual behavioural responses can vary greatly depending on the species, length, and physical 

condition (e.g. Winger et al., 2010).  

Anterior modifications are typically based on behavioural and species-specific characteristics, while 

posterior modifications use a combination of both mechanisms. A good example of an anterior 

modification using differences in behavioural responses to facilitate the escapement of fish is 

topless trawls (Krag et al., 2015). In Krag et al. (2015), different results were obtained for different 

species in different sized topless trawls based on how the species reacted to the footrope, either 

by swimming upwards and over the trawl or simply going over the footrope. Another good example 

of a behaviour-based modification in the anterior part of a trawl is the lifting of the trawls footrope 

off the seabed using a number of connecting toggle chains (He, 2007) or simply lifting the fishing 

line of the ground gear (Krag et al., 2010). This modification allows for species that keep in 

proximity with the seafloor to pass under the net (McKiernan et al., 1998; He and Winger, 2010).  

Among the different posterior modifications available, there are several examples that are primarily 

behaviour-based, mechanical-based, or use a combination of both mechanisms. Separator trawls, 

trawls with a horizontal panel inserted inside the trawl after the footrope, and horizontally separated 

codends are good examples of behaviour-based modifications (e.g. Krag et al., 2009; Fryer et al., 

2017). Both use the same principle to separate the catch: differences in species’ vertical 
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distributions within the trawl, which are mainly associated with differences in behaviour, either in 

the front section of the trawl (separator trawl) or in the aft section of the trawl (divided codend). 

Grids and sieve panels, i.e. nets consisting of large mesh placed inside the trawl at an angle to 

separate the catch on a size basis, are good examples of mechanical-based modifications (e.g. 

Polet et al., 2004; Grimaldo et al., 2005; Larsen et al., 2018; Santos et al., 2018a; Paper 4) and are 

based on similar principles: the physical ability of the individuals to pass through the openings. 

Although mainly mechanical-based, the sorting performance of these modifications can vary from 

species to species due to differences in behaviour inside the trawl (reviewed in Broadhurst, 2000). 

The efficiency of escape panels, on the other hand, depends on both mechanical and behavioural 

mechanisms (Herrmann et al., 2014; Santos et al., 2016). Although the size of the fish that are able 

to pass through the panel depends on the size and opening angle of the meshes of the panel 

(mechanical), the placement of the panel inside the trawl and the construction of the panel section 

will also affect the contact probability (behavioural) (e.g. Hermann et al., 2014; Santos et al., 2016; 

Krag et al., 2016).  

3.1.3 Species versus size selectivity 

Regardless of where in the trawl the modifications are placed, or if they use mechanical or 

behavioural-based mechanisms, the aim of the modifications can be to reduce the catch of 

unwanted species (bycatch) and/or the catch of undersized individuals. When bycatch species are 

larger than the target species, e.g. bycatch of fish in crustacean fisheries, species selectivity can 

be achieved by mechanical means using grids such as the Turtle Excluder Device (TED; Jenkins, 

2012) and the Nordmøre grid (Broadhurst, 2000; Grimaldo, 2006; Valentinsson and Ulmestrand, 

2008). However, in cases where the unwanted species has a size and morphology similar to the 

target species (e.g. cod in demersal mixed-species fisheries in the North Sea), it is difficult to 

achieve species selectivity via mechanical mechanisms such as grids and codend configurations 

(Sistiaga et al., 2011; Krag et al., 2015). Nevertheless, if the behavioural patterns of the species 

during the fishing process are different enough, these species can be separated using behavioural 
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mechanisms (e.g. Hannah et al., 2005; Krag et al., 2015; Melli et al, 2018; Fraser and Angus, 

2019). 

Size selection is most commonly used to increase the probability of undersized individuals to 

escape. Since the codend is where most size selectivity occurs in a trawl (Beverton, 1963; 

Wileman et al., 1996; O’Neill et al., 2003), several studies have focused on understanding the 

selectivity in the codends (e.g. Reeves et al., 1992, Tokaç et al., 2004, Herrmann et al., 2009; 

Wienbeck et al., 2014). Grids and escape panels are also devices commonly used for size 

selectivity (e.g. Broadhurst, 2000; Paper 4). Moreover, as the complexity of the catch composition 

increases (e.g. mixed-species fisheries), the need to combine species and size-selective devices in 

a fishing gear increases (Suuronen and Sardá, 2007a). In recent years, research on the combined 

effect of species and size selective devices has increased (e.g. Eigaard and Holst, 2004; He and 

Balzano, 2012; 2013; Larsen et al., 2016; 2018). 

3.2 How to measure size selectivity 

A fishing gear’s selectivity can be quantified in absolute terms (e.g. Wileman et al., 1996) by 

collecting length-frequency data of the individuals that entered the trawl and that of what was 

retained, or in relative terms (e.g. Revill et al., 2006; Holst and Revill, 2009), by collecting length-

frequency data of the individuals retained in both gears (usually modified versus baseline). 

Estimating the absolute selectivity of a gear allows for the comparison of that gear with any other 

gear for which the absolute selectivity has been estimated. In contrast, the relative selectivity 

allows only for the comparison of the gears tested. Moreover, the absolute selectivity is usually 

described using two parameters: the length for which on average 50% of the individuals are 

retained in the gear (L50), and the selection range (SR) which is the difference in the length 

between the 25% and 75% retention probabilities (figure 3). 
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Figure 3. Example of a typical curve for absolute selectivity of a trawl gear. L50 and SR (L75-L25) are depicted.  

 

The absolute selectivity of a given codend or trawl gear design can be estimated based on different 

methods (Wileman et al., 1996). The covered codend method uses a cover with small mesh size 

attached around the codend. This cover retains the individuals that escaped through the codend. 

However, the cover should be designed and attached to the gear in such way that does not affect 

the ability of individuals to escape from the codend (Wileman et al., 1996; Madsen and Holst, 

2002). Moreover, the mesh size of the cover should be of a size that does not allow the 

escapement of any individuals that could escape from the codend (O'Neill and Kynoch, 1996). In 

cases where there can be two or more escaping opportunities for individuals that entered the trawl 

(e.g. grids or escape panels), more covers can be placed along the trawl to capture all escapees 

(e.g. Larsen et al., 2016; Santos et al., 2016; Stepputtis et al., 2016; Brčić et al., 2017a).  
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The remaining methods for estimation of absolute selectivity can be grouped in a category referred 

to as paired-gear methods (Wileman et al., 1996). These include methods using two trawls towed 

in parallel, either by the same vessel (twin trawl) or by two vessels each one towing one trawl 

(parallel haul); one trawl with a vertically divided codend (trouser trawl); or two trawls towed in 

alternated hauls (Wileman et al., 1996). For all methods, one of the codends tested has small 

meshes, similar to the cover in the covered codend method and referred to as “control”, to allow for 

the estimation of the population fished upon. Out of all the methods available for estimating 

absolute selectivity, the cover codend method is the preferred method, whenever possible. This 

method allows to directly quantifying the amount of fish that escape the trawl, while the other 

methods only provide estimates of the escapement from the trawl (Herrmann et al., 2007; Sistiaga 

et al., 2009). Moreover, the amount of data needed to provide the same level of uncertainty in the 

selectivity estimate is around 10 times higher for the paired-gear methods than for the covered 

codend method (Herrmann et al., 2016). Nevertheless, as stated by Wileman et al. (1996), gear 

selectivity trials should be conducted on-board commercial vessel whenever possible, thus the 

method used to estimate the test gear selectivity will depend on the conditions available. For 

example, a smaller vessel might not be able to tow or handle a large cover, thus, a paired-gear 

method needs to be used. 

The relative selectivity can be estimated by comparing the catch of two gears using a method 

referred to as catch comparison (Revill et al., 2006; Holst and Revill, 2009). This method can be 

interpreted as a variation of the paired-gear methods for absolute selectivity estimates, although 

here no control gear is used. Moreover, the amount of data required for a given uncertainty level 

associated to the relative selectivity estimates is similar to that found by Herrmann et al. (2016) for 

paired-gear methods for absolute selectivity (Paper 1). Comparing the catch length distributions of 

two gears allows understanding the effects of a gear modification on the selectivity of a standard 

gear (e.g. Sistiaga et al., 2015; Paper 2; Paper 4); for a direct comparison of the effects of one or 

more gear modifications (e.g. Krag et al., 2008, 2015; Paper 2); and to compared the overall 
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selectivity of two gears regardless of the modifications (e.g. Revill et al., 2006; Holst and Revill, 

2009). An advantage of the catch comparison method is that it allows for the testing of the gears to 

be conducted under full commercial conditions, including commercial towing time and catch sizes, 

which often is difficult in experiments using covered or control codends (Wileman et al., 1996). 

Moreover, it can be applied to several types of fishing gears, i.e., both passive (e.g. Brčić et al., 

2017b; Herrmann et al., 2017; Savina et al., 2017) and active (e.g. Krag et al., 2015; Sistiaga et al., 

2015; Paper 2; Paper 4). 

 

3.3 From traditional to industry-led fishing gear development 

3.3.1 The traditional process for gear development 

Traditionally, the process for the development of a fishing gear starts with the identification by 

managers or scientists of an issue with a given fishery, area, or species (Eliasen et al., 2019), e.g., 

the need to protect endangered marine turtles (Seidel and McVea, 1982; Crouse et al., 1987) or to 

ensure the recovering of a stock, e.g. North Atlantic cod (Gadus morhua) stocks (Cook et al., 1997; 

Myers et al., 1997). For example, following the identification of these two problems, a series of 

fishing gear modifications were developed and tested to alleviate the issues such as TEDs (e.g. 

Seidel and McVea, 1982; Robins-Troeger, 1994; Sala et al., 2011; Jenkins, 2012) and 

modifications aiming at reducing cod catches in mixed trawl fisheries (e.g. Madsen et al., 1999; 

Beutel et al., 2008; Krag et al., 2010; Fraser and Angus, 2019). In these tests, as in the majority of 

scientific tests of fishing gears, one single aspect of the gear was altered aiming at solving the 

identified issue, to be able to quantify the effect of the modification developed (Eliasen et al., 

2019). If funding allows, preliminary assessment of the modification can be performed in a flume 

tank (Winger et al., 2006; Madsen et al., 2010), allowing for additional adjustments to the design 

prior to scientific tests at sea. The scientific testing of the gear modification is usually performed on 

board chartered commercial vessels (e.g. Krag et al., 2016; Fraser and Angus, 2019, Paper 2; 

Paper 4) or research vessels (e.g. Melli et al., 2018, Santos et al., 2018b). The results of the tests 
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are then published in reports or in scientific literature. Overall, the entire process from idea and 

applying for funding, to developing and testing of the new or modified gear, is time consuming and 

economically costly (Eliasen et al., 2019). Even if the new or modified gear is deemed successful, 

several years can pass until the gear is implemented in the technical regulations (Eliasen et al., 

2019). Figure 4 depicts the traditional process from the development of a gear to the 

implementation process of such gear in the EU technical regulations. 

 

Figure 4. Flow diagram describing the main elements used for the evaluation and implementation of new fishing 

gears under the current technical regulation. Type of actor marked by colour. Figure from Eliasen et al. (2019). 
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3.3.2 Greater stakeholder involvement 

Greater stakeholder involvement has been continuously and increasingly mentioned as an 

important step to improve the effectiveness of fisheries management (e.g. Smith et al., 1999; 

Armstrong et al., 2008; Berghöfer et al., 2008; Mikalsen and Jentoft, 2008; Mackinson et al., 2011; 

Condie et al., 2014; Salomon et al., 2014; Karp et al., 2019). One way to increase stakeholder 

involvement in gear development is through collaborative initiatives between scientists and fishing 

industry (e.g. Kaplan and McCay, 2004; Armstrong et al., 2008). Collaborative research, defined as 

a scientific activity involving two or more partners with mutual gain (CRCMWG, 2015), has 

previously been used in fisheries management with different degrees of success (e.g. Armstrong et 

al., 2008; ICES, 2008; Catchpole and Gray, 2010; CRCMWG, 2015). These projects increase 

fishermen’s sense of ownership over their fisheries and the trust between the different 

stakeholders, while also taking advantage of fishermen’s experience-based knowledge (Kaplan 

and McCay, 2004; Feeney et al, 2010; Lordan et al., 2011; Armstrong et al., 2013; Kraan et al., 

2013). Other important advantages of collaborative initiatives between scientists and industry have 

been identified by several authors and listed by Pita et al. (2010). These advantages include: 

facilitating common understanding, resolving/avoiding conflicts, increasing stakeholders’ 

responsibility and accountability, enhancing the legitimacy and acceptance of management policies 

and decisions, and contributing to more effective enforcement of rules and regulations by 

increasing the likelihood of compliance (Pita et al., 2010). However, if the expectations for project 

outcomes are not fully aligned between the different participants, difficulties when considering mid 

and long-term initiatives might arise (Johnson and van Densen, 2007; Catchpole and Revill, 2008; 

Hoare et al., 2011; Lordan et al., 2011). Fishermen, for which short-term expectations are most 

common and important, might lose interest in the project, especially when the results do not align 

with those expectations or take too long to become available to them (Hoare et al., 2011; Kraan et 

al., 2013). This highlights the importance of good communication between fishermen and scientists 

(Lordan et al., 2011; Mangi et al., 2016). When fishermen understand and agree with the 
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importance of a project’s goals, they might continue the work even after the project has ended 

(Mangi et al., 2016).  

Collaborative research initiatives between the fishing industry and science have been developed to 

supplement many aspects of fisheries management, from the collection of data for stock 

assessment purposes (e.g. Kraan et al., 2013; Mangi et al., 2016), monitoring of unwanted catches 

and by catches (e.g. Pita et al., 2010; Mackinson et al., 2011), to the development of technical 

measures (e.g. Catchpole and Gray, 2010; Armstrong et al., 2013). Among those, gear selectivity 

initiatives, due to their nature, are where experience-based knowledge from the fishermen can be 

most useful and fully integrated throughout the entire process (McCay et al., 2006; Johnson & van 

Densen, 2007; Armstrong et al., 2013). These initiatives also provide fishermen with the possibility 

to define solutions for specific problems within specific fisheries that might not be apparent for 

scientists or managers. Furthermore, the involvement of industry in the gear development process 

allows them to better understand the scientific perspective of the process. This is something which 

can ultimately facilitate the acceptance of gears developed by scientists since fishermen may 

sometimes consider the work from scientists to be too theoretical and out of touch with the reality 

of commercial fisheries (Suuronen and Sardà, 2007a). Nonetheless, industry involvement in the 

gear development process does not ensure that the effects of modifications implemented in the 

legislation are not negated (e.g. Krag et al., 2016). A further step for these gear selectivity 

initiatives is, rather than just involving the industry, having them lead the gear development and 

testing processes (ICES, 2018). Industry-led fishing gear development initiatives are defined here 

as collaborative initiatives where the fishing industry has the leading role in identification of ideas, 

development and initial testing of a new fishing gear (figure 5).  
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Figure 5. Flow diagram describing the possible main elements in the process of identifying, developing, testing, 
documenting and evaluation of new selective gear leading to political implementation in multi-annual 
management plans under the proposed technical regulation. Type of actor marked by colour. Figure from 
Eliasen et al. (2019). 

4 Industry-led gear development 

As previously describe in section 1.2, the LO creates a need for more specific fishing gear 

solutions to be available to the industry. To be able to sufficiently address these issues within a 

relative short period, the current gear development process would require an increase in man 

hours and money since the number of solutions needing to be tested would be greater. Therefore, 
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having the industry identifying the specific issues they will have in their fisheries under the LO, and 

developing and testing gear solutions for those issues, seems to be an intuitive solution. Moreover, 

as suggested by O’Neill et al. (2019), the industry should be encouraged to participate in a 

meaningful way and in a regulatory environment that allows them to develop and use new gears. 

Therefore, the possibility of the industry taking on a greater role in gear development and testing 

was investigated during this work. This gear development process was divided into two main 

phases: i) industry-led gear development; ii) scientific trials. Figure 6 depicts the different 

processes within the industry-led gear development and scientific testing phases; these are 

described in detail in sections 4.1.1 and 4.1.2. Also described in the following section, although not 

investigated during this PhD thesis, is the implementation of the gears in management (section 

4.1.3). 
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Figure 6. Flowchart depicting the main steps in a single industry-led gear development process, from idea to 
scientific testing. 

 

4.1 The different stages of gear development 

4.1.1 Gear development stage 

The industry-led gear development process described here pertains to the first step in figure 5, and 

is shown in greater detail in figure 6. This process starts with industry identifying an issue within a 

fishery and a specific solution being proposed, either by the industry or in collaboration with 
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scientists. For example, proposing a new codend design because the selectivity of the current 

legislated gears is not suitable for the population size structure of the target species (Paper 2). 

Moreover, the proposed gears aim at addressing issues that the currently legislated gears within a 

fishery cannot solve. Therefore, these gears should be tested using a catch comparison approach 

since it allows for the direct comparison of the selective performance of the new gear in relation to 

the legislated gear. During this testing phase, fishermen decide when, where and how to fish 

during the trials, as well as if further adjustments to the gear are necessary. Scientists are involved 

throughout this entire process to provide the necessary support or advice (Paper 2; Paper 3; 

Paper 4). The combination of industry-led testing, adjusting and initial data collection and scientific 

analysis and feedback to the industry creates an important iterative gear development process 

(figure 6). 

For each iteration, the gear is evaluated by the industry in terms of its overall performance; this 

evaluation process can also be supported by scientists if data from such tests are provided (Paper 

1). These data are important for the industry-led gear development process, since they are used to 

evaluate the selectivity of the new gear and to decide if a gear goes through to scientific testing, if it 

needs further development, or if the development of this specific design should be discontinued. 

Therefore, the industry-collected data needs to allow for a correct assessment of the new gear’s 

selective performance. As the selective performance of most gear modifications is expected to 

have a size-dependent effect, length-based data should be provided by the industry. However, an 

understanding of what can be obtained in terms of industry-collected data is important for the 

success of this type of initiative. Paper 1 is a good example of a study where the minimum 

sampling effort required for a correct preliminary assessment of a gear’s selective performance 

using length dependent data was determined a priori. It was shown that relatively small sample 

sizes provide enough information to correctly assess the performance of the gears using the catch 

comparison approach (Paper 1). The relatively low sampling effort required indicates that industry 

can collect quality data on the selective performance of a new gear without affecting their main 
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activity (Paper 1). Moreover, scientists also need to provide the necessary support to the industry 

during the gear development and testing (Catchpole and Gray, 2010; Paper 2). As demonstrated 

in Paper 2, the involvement of scientists at the early stages of an industry-led gear development 

process is important to avoid underdeveloped or overcomplicated gears being tested in the 

scientific trials. Nonetheless, scientists involvement should not only be at the early stages but also 

continuously throughout the gear development process. Finally, having the industry lead the gear 

development stage allows for a large number of potential gear solutions to be tested in parallel on 

several different vessels operating in different areas. From those, the gears that are considered the 

most promising for a given fishery will go through to the next stage, the scientific testing (figure 6).  

4.1.2 Scientific trials 

The scientific testing stage, led by scientists, allows for the scientific documentation of the selective 

performance of new gears that have been developed and tested by the industry. This step is 

essential for the potential implementation of new gears in legislation, since it provides the 

necessary documentation required by managers and scientists (Eliasen et al., 2019). Trials led 

solely by the industry may not always be fully substantiated in a scientific context (Reid et al., 

2019), despite trial and data collection protocols being designed together with scientists. Indeed, 

the gear development is industry-led but the final documentation of the gears selective 

performance is science-led (Paper 2; Paper 4). Additionally, the scientific trials should be 

undertaken on board fishing vessels to facilitate their testing under conditions which are 

representative of commercial fishing. 

These scientific trials can be designed in many ways (as described in section 3.2). However, trial 

designs following the catch comparison method are preferred during this stage since they provide 

the selectivity of the new gear relative to the selectivity of a gear that is already implemented. Such 

trial designs should ensure that the scientific documentation is sufficient to facilitate their 

implementation in management (EC, 2016). However, this is only pertinent for those gears that fall 
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outside of the technical specifications of the legal gears, since gears with modifications that fall 

inside of what is described in the technical regulations can be directly adopted by the industry.  

4.1.3 Gear implementation process 

Following the scientific trial, and assuming that the objectives of the trial are achieved, the results 

are reported to the national fisheries managers to initiate the implementation process (figure 5). 

This stage was not investigated during this study, but it is essential for the entire gear development 

process, from idea to implementation. As stated in the proposed new technical regulations (see 

section 1.3.2), national managers can request for the European Commission to implement a new 

gear. This can be done through annual joint recommendations from regional groups or on an ad 

doc basis, if deemed necessary (Eliasen et al., 2019). Since the European Commission can now 

approve joint recommendations from the regional groups without consulting the European 

Parliament and Council, the time needed for the implementation of a new gear can be greatly 

reduced (Eliasen et al., 2019). Moreover, there seems to be no limit on the number of new gears 

that can be presented in annual joint recommendations (EC, 2016; Eliasen et al., 2019). Therefore, 

the number of new gears going through this framework can be far greater than the current one. 

Nevertheless, the European Commission can request scientific advice on the new gear to the 

Scientific, Technical and Economic Committee for Fisheries (STECF), which can request further 

documentation to the national managers and scientists. This process can have several iterations, 

thus, increasing the time needed for the implementation of a gear. If the STECF advice on the new 

gear is positive, the gear is implemented in the technical regulation for that region.  

4.2 Fishermen can successfully contribute to gear development…  

4.2.1 The industry can collect length based data 

The industry-led gear development phase presented here requires industry to collect data to 

correctly describe the selective performance of the new gears. Paper 1, as previously mentioned, 

demonstrated that it is theoretically possible for the industry to collect length-based data to 
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describe the performance of a new gear. Based on the results of Paper 1, fishermen were asked to 

length measure a part of the catch; approximately 40-50 individuals per species and gear from 

several hauls, but no less than 500 individuals in total per species. The data collect by the 

fishermen, 550 individuals collected over 7 hauls, were analysed using the catch comparison 

method. The same codends were tested during the scientific trial (Paper 2) where the entire catch 

was measured (5856 cod collected over 6 hauls). The estimated average catch comparison curves 

for both datasets were very similar, especially for the lengths where the data are strongest (figure 

7). This shows that it is possible for the industry to collected length-based data to indicate the 

selective performance of the new gear. Furthermore, this also validates the theoretical results 

obtained in Paper 1.  

Depending on the target species, it might not be possible for the industry to length-measure the 

catch on board. For example, shrimps can be harder and more time consuming to measure or may 

need specific tools to be properly measured (e.g. callipers). In those cases, samples can be 

collected by the industry and then processed on land by scientists (e.g. Paper 4). Moreover, as the 

objective of the preliminary data collected by the industry is to allow for a correct assessment of the 

modified gear, there might not be the need to take length measurements at this stage of the 

process. If the objective of the modification is to reduce bycatch, regardless of length, a gear that 

shows large differences in total catch weights of the different species when compared to the 

standard one should also be considered for scientific testing (Nilsson et al., 2018; ICES, 2018). 

The data collection protocol for each industry-led gear development initiative should be tailored not 

only to the data requirements, but also to the aims of the gear solutions and the conditions of each 

specific fishery and vessel. Such flexibility is important for the success of these initiatives, since it 

avoids excessive and unnecessary workloads for fishermen; something which could reduce the 

motivation from industry to participate in such initiatives. 
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Figure 7. Catch comparison curves (solid lines) and respective 95% confidence intervals (dashed lines) resulting 
from industry-collected (red lines) and scientist-collected data (black lines) on the selectivity of the same fishing 
gears. 

 

4.2.2 Gears developed by the industry have higher chance of uptake  

Not only having the industry identifying the specific issues in the fisheries and proposing solutions 

but also developing and testing the gears makes gear development much more relevant for 

management. The gears that go through this process are developed and tested not only to improve 

the selective performance but in other aspects such as handling of the gear during fishing process 

or when retrieving the catch (Paper 2; Paper 4). Even if a gear is proven to improve the selectivity 

of a fishery, a complex or difficult handling will lead to a lower uptake from the industry 

(Valdemarsen and Suuronen, 2003). Thus, gears developed by the industry have a higher chance 

of uptake by the fishermen, since such gears have been tested under true commercial conditions 

and their handling approved by the fishermen testing it.  

4.2.3 Parallel development and testing of different gear solutions 

One of the most important advantages of the industry-led gear development is the possibility for 

the multiple processes of development and testing of different gear solutions. This advantage is of 
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particular importance when considering that an effectively enforcement LO will greatly increase the 

demand for gear solutions available to the industry, something which the current gear development 

framework cannot supply in time. The simultaneous development and testing of several potential 

gear solutions greatly increases the capacity for a fisheries management system to find the most 

suitable gear solutions for a given issue with a fishery. This is particularly true when considering 

that the traditional gear development process for each country or area can only scientifically test a 

few gears every year, which may or may not have the expected results. By having several industry-

led gear development initiatives running in parallel the most promising gear solutions, after being 

properly developed and tested by the industry, can be scientifically tested with higher probability of 

success. This is due to the possibility of filtering the best ideas for gear solutions from a far greater 

number than it was possible before. Moreover, these new gears can be proposed to the European 

Commission, through the annual joint recommendations from regional groups, to be implemented 

in the fishery legislation when deemed necessary by national fishery managers. Thus, the industry-

led gear development phase described here not only increases the capacity for a country to 

produce a higher number of potential gear solutions but also uses the flexibility that is being added 

to the European fisheries management system to facilitate the time needed and the 

implementation process of these new gears. 

4.3 … but a continuous collaboration between scientists and industry is 

necessary 

Some potential issues with an industry-led gear development phase were also identified 

throughout this study. By having the industry lead the gear development process scientists have 

less control of the final gear, despite being involved in the entire process as support providers. The 

industry, e.g. fishermen, has the final say on what they are willing to test and what modifications 

should be done to the gear. This can be an advantage since it can avoid unpractical modifications 

made to the gear, but it can also reduce the selective potential of the developed gear.  
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4.3.1 The industry can produce over complicated gears 

As shown in Paper 2, the industry can produce gears with modifications that have antagonist 

effects or that are overly complicated. Gears that are too complex may be more difficult to 

implement in the legislation both at the national but also European level. An early and continuous 

collaboration between scientists and industry during the process of gear development can help 

solve this issue (Paper 2). If a gear is too complex, its technical description in the national 

legislation can be difficult to set, something which can delay the implementation of the gear in the 

legislation. Additionally, the information needed to fully describe the selective performance of a 

complex gear can be extensive. Therefore, during the gear’s implementation process in the 

European legislation, the European Commission, through STECF, may request further information 

which ultimately would delay the process. These delays, both at a national and European level, are 

something that can hinder the success of an industry-led gear development process. 

4.3.2 Potential need for further research  

In some cases, a greater understanding around the proposed modification may be needed that 

cannot be obtained solely from gear selectivity trials or that require skills or facilities that the 

industry might not have. This can be in the form of getting a better understanding around certain 

parameters potentially affected by the modification proposed such as structural issues in the gear 

or hydrodynamic issues. In these cases, the use of facilities such as flume tanks (e.g. Winger et 

al., 2006) or wind tunnels (e.g. Paper 3) may be necessary to further improve the proposed gear 

solution. For example, in Paper 3, a pre-development test was needed since it was observed that 

the grid suggested by the industry could have poor hydrodynamic properties. Due to the small size 

of the target species, brown shrimp (Crangon crangon), and the desire to reduce the capture of 

small individuals, the industry wanted to test a size sorting grid with a bar spacing of 6 mm. The 

idea was that such small bar spacing could entail hydrodynamic issues that may hamper the 

sorting capacities of the grid. Therefore, to optimise the hydrodynamic performance and possibly 

the selective performance of the grid, grid angle, porosity, and bar shape were tested in a wind 
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tunnel (Paper 3). This pre-development test made it possible to define the optimal grid angle (30°), 

porosity (over 60%) and bar shape (drop or rectangular shape) to maximize water flow. Those 

findings were used in the industry-led development and subsequent scientific-led phases (Paper 

4). 

 

Figure 8. The T90 codend proposed by the industry for the Baltic cod demersal trawl fishery. The codend has 92 
meshes in circumference (left panel), a mesh size of 115 mm (top right panel) and lastridge ropes (bottom right 
panel). 

 

4.3.3 Iterative process between industry and scientists 

An industry-led gear development phase also allows for a more extensive and thorough 

development and testing of potential gear solutions. This is done through an iterative process 

between industry (leading the process) and scientists (providing support). This iterative process 

can be more or less extensive depending on the gear proposed for development and testing. For 

example, the codend described and tested in Paper 2 (figure 8) was based on a codend tested by 

Swedish fishermen that had shown positive results (Sundelöf and Ovegård, 2018), thus the 
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iterative process was relatively short. On the other hand, the size sorting grid for brown shrimp 

developed during this study (Paper 4) was a good example of a longer iterative gear development 

process. During the development of the grid, several iterations were performed where adjustments 

of the grid were tested under commercial conditions (figure 9). For each one of the iterations, 

underwater videos were recorded, and catch samples collected to better understand how the grid 

was performing both during the fishing process and in terms of selectivity. Throughout the different 

iterations, both fishermen and scientists identified issues with the grid and suggested solutions to 

improve the grid’s selective performance (figure 9). Following the first test of the grid, the skipper 

showed a lack of confidence in the grid as a solution. With the continued development of the grid, 

the skipper’s confidence in the grid increased as the issues were resolved. Moreover, the final 

design of the grid was tested in a scientific trial and shown to achieve its objective of reducing the 

capture of small shrimps (Paper 4). This iterative process can potentially maximize the outputs of 

gear development initiatives since the gears have several cycles to improve both selective 

performance and handling during the fishing process. Thus, it minimizes the chances for good 

ideas that did not performed well in the first cycle of testing to be dropped. Moreover, this iterative 

process ensures that a new gear solution is mature before being scientifically tested and proposed 

to be implemented in legislation (Paper 2). 
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Figure 9. The four development stages of the sorting grid developed for the brown shrimp beam trawl fishery. 
From the original grid design proposed by the industry (A) to the final grid design (D) that was tested in a 
scientific trial. From stage A to B, the mesh size of the escape panel was increase and the thick horizontal bars 
added to support the grid’s bars. From stage B to C, the member of the grid frame was detached from the top 
panel of the extension piece to increase the area of the entry to the codend. From stage C to D, the horizontal 
support bars were reduce in size and thickness and the frame section of the grid’s opening for the codend cut 
out. 

 

  B 

C   
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5 Final remarks and future work  

The industry-led gear development process presented here was successfully developed and tested 

as a potential way to produce the necessary toolbox of gear solutions for the issues arising under 

the EU landing obligation (Paper 1; Paper 2; Paper 4). This process allows for numerous gear 

solutions to be developed and tested in parallel (e.g. Paper 2; Paper 4), which provides a greater 

number of solutions available to the industry in a shorter time span than what is possible with the 

traditional gear development process. Therefore, the industry-led gear development process takes 

full advantage of the flexibility in gear development to be added as part of the proposed new EU 

technical measures framework. Moreover, having the industry lead this process provides sufficient 

time to fully develop and commercially test the ideas before testing them in costly scientific trial, 

thus allowing for filtering the best ideas. It also allows for a faster identification of the different and 

most pertinent issues arising in the fisheries. However, an early and continuous involvement and 

support by scientists during industry-led gear development process was found to be crucial for 

reaching the full potential of this process (Paper 2; Paper 3).  

An important step in the process described here, is the ability for the industry to provide gear 

selectivity data with sufficient quality to allow for a correct preliminary assessment of the gear’s 

selective performance. This step was theoretically proven to be possible in Paper 1 and 

experimentally demonstrated during this thesis using the findings from Paper 2. The ability for the 

industry to collect even labour intensive data, individual length-based data, ensures that more 

complex gear designs that require length-based data to be properly evaluated can be tested by the 

industry. However, simpler designs with straightforward objectives (e.g. sorting grid to reduce the 

overall catch rate of bycatch species) might not need these more labour intensive data to be 

collected for a preliminary analysis. For those cases, it should be investigated what are the 

minimum data requirements (e.g. number of hauls) to allow for a correct preliminary assessment of 

a gear’s selective performance. Furthermore, the potential of using REM with Closed-Circuit 

Television (CCTV) should be investigated as a way to further facilitate the industry-led gear 
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development process. Previous studies have shown that this method allows for the detection of 

individual fishes on video (e.g. Stanley et al., 2011; van Helmond et al., 2014), although less 

accurately in the case of mixed bottom trawl fisheries (e.g. Kindt-Larsen et al., 2011; van Helmond 

et al., 2014). Therefore, REM could be potentially used as a way to sample the catches during 

industry-led gear development, thus reducing the time- and workload associated with industry self-

sampling. 

Understanding what factors affect the hydrodynamics of a grid and how they affect it (Paper 3) was 

important for the development of the size sorting grid described and tested in Paper 4. Therefore, 

further work should be conducted on investigating the hydrodynamics of the different components 

and possible modifications of fishing gears, particularly trawls, and the factors that affect their 

hydrodynamic performance. This knowledge could then be used to better adapt the hydrodynamic 

profile of a gear to meet different objectives. For example, separation of species and sizes based 

on swimming capacity or increasing the efficiency of different gear modifications by guiding the 

catch towards it using the water flow inside the gear. Moreover, changing the hydrodynamics of a 

codend has also been shown to improve the quality of the catch. The use of a sequential codend 

(Brinkhof et al., 2018), where a second codend with smaller meshes attached to the end of the first 

codend was used. Due to the reduced water flow inside the second codend, the overall quality of 

the catch was improved (Brinkhof et al., 2018), while no changes in the overall catch pattern of the 

gear was found (Brinkhof et al., 2019). 

During this study, the initial stages of the industry-led gear development process, from idea to 

implementation in the legislation, were investigated. Despite an industry-led gear development 

phase being able to produce a sufficient toolbox of more specific gear solutions, this positive effect 

can be greatly reduce if the management system is not able to incorporate them in the legislation 

quickly. Based on the proposed new technical regulations, there seems to be no limit on the 

number of new gears that can be proposed by the regional groups (EC, 2016; Eliasen et al., 2019) 

but whether those gear proposals can be processed in due time is not clear yet. Therefore, the 
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steps following scientific testing of a gear should be investigated, bottlenecks in the process 

identified and, if necessary, alternatives processes developed. This would ensure that the full 

potential of industry-led gear development could be achieved under the new EU Common 

Fisheries Policy, in particular, under the landing obligation.  

Although the industry-led gear development phase aimed at increasing the number of gear 

solutions available under the EU landing obligation, it has the potential to be applied in any country 

or management framework. In this study, the main incentive to improve the overall selectivity of the 

fisheries was the change from a landing- to a catch-based quota system, which is something that 

has been implemented in several other countries (Condie et al., 2014; Borges et al., 2016; Karp et 

al., 2019). Moreover, other strong incentives to improve the selectivity of a fishery, such as 

requirements set out as part of an eco-friendly certification process (Paper 3; Paper 4), could also 

benefit from an industry-led gear development phase. Overall, a system that provides an extensive 

and iterative development phase, that is cost efficient, provides a greater number of potential gear 

solutions, and that can quickly identify and address arising issues in the fisheries should be 

considered for any fishery management framework. 

 

6 References 

Alverson, D.L., Freeberg, M.H., Pope, J.G., and Murawski, S.A., 1994. A global assessment of 

fisheries bycatch and discards. FAO Fisheries Technical Paper No. 339. Rome, FAO. p. 233. 

Armstrong, M.J., Payne, A.I., and Cotter, A.J.R., 2008. Contributions of the fishing industry to 

research through partnerships. Oxford, UK: Blackwell Scientific Publications. pp.63-84. 

Armstrong, M.J., Payne, A.I.L., Deas, B., and Catchpole, T.L., 2013. Involving stakeholders in the 

commissioning and implementation of fishery science projects: experiences from the UK Fisheries 

Science Partnership. Journal of fish biology, 83(4), pp.974-996. 

Baudron, A.R., and Fernandes, P.G., 2015. Adverse consequences of stock recovery: European 

hake, a new “choke” species under a discard ban?. Fish and Fisheries, 16(4), pp.563-575. 



54 
 
 

Bellido, J.M., Santos, M.B., Pennino, M.G., Valeiras, X., and Pierce, G.J., 2011. Fishery discards 

and bycatch: solutions for an ecosystem approach to fisheries? Hydrobiologia, 670, pp.317-333. 

Bellido, J.M., Paradinas, I., Vilela, R., Bas, G., and Pennino, M.G., 2019. A marine spatial planning 

approach to minimize discards: Challenges and opportunities of the Landing Obligation in 

European waters. In The European Landing Obligation. Springer, Cham. pp.239-256. 

Berghöfer, A., Wittmer, H., and Rauschmayer, F., 2008. Stakeholder participation in ecosystem-

based approaches to fisheries management: A synthesis from European research projects. Marine 

Policy, 32(2), pp.243-253. 

Beutel, D., Skrobe, L., Castro, K., Ruhle Sr, P., Ruhle Jr, P., O’Grady, J., and Knight, J., 2008. 

Bycatch reduction in the Northeast USA directed haddock bottom trawl fishery. Fisheries 

Research, 94(2), pp.190-198. 

Beverton, R.J.H., 1963. Escape of fish through different parts of a codend. ICNAF Special 

Publication, 5, pp.9-11. 

Borges, L., 2018. Setting of total allowable catches in the 2013 EU common fisheries policy reform: 

possible impacts. Marine Policy, 91, pp.97-103. 

Borges, L., and Penas Lado, E., 2019. Discards in the common fisheries policy: The evolution of 

the policy. In The European Landing Obligation. Springer, Cham. pp.27-47. 

Borges, L., Cocas, L., and Nielsen, K.N., 2016. Discard ban and balanced harvest: a 

contradiction?. ICES Journal of Marine Science, 73(6), pp.1632-1639. 

Branch, T.A., and Hilborn, R., 2008. Matching catches to quotas in a multispecies trawl fishery: 

targeting and avoidance behavior under individual transferable quotas. Canadian Journal of 

Fisheries and Aquatic Sciences, 65(7), pp.1435-1446. 

Brčić, J., Herrmann, B., and Sala, A., 2017a. Can a square-mesh panel inserted in front of the cod 

end improve size and species selectivity in Mediterranean trawl fisheries?. Canadian Journal of 

Fisheries and Aquatic Sciences, 75(5), pp.704-713. 

Brčić, J., Herrmann, B., Mašanović, M., Šifner, S.K., and Škeljo, F., 2017b. Influence of soak time 

on catch performance of commercial creels targeting Norway lobster (Nephrops norvegicus) in the 

Mediterranean Sea. Aquatic Living Resources, 30, p.36. 

Breen, M., 2004. Investigating the Mortality of Fish Escaping from Towed Fishing Gears: A Critical 

Analysis (Doctoral dissertation, University of Aberdeen). 

Briggs, R.P., 2010. A novel escape panel for trawl nets used in the Irish Sea Nephrops fishery. 

Fisheries Research, 105(2), pp.118-124. 

Brinkhof, J., Olsen, S.H., Ingólfsson, Ó.A., Herrmann, B., and Larsen, R.B., 2018. Sequential 

codend improves quality of trawl-caught cod. PloS one, 13(10), p.e0204328. 



55 
 
 

Brinkhof, J., Herrmann, B., Larsen, R.B., and Veiga-Malta, T., 2019. Effect of a quality-improving 

codend on size selectivity and catch patterns of cod in bottom trawl fishery. Canadian Journal of 

Fisheries and Aquatic Sciences. doi.org/10.1139/cjfas-2018-0402 

Broadhurst, M.K., 2000. Modifications to reduce bycatch in prawn trawls: a review and framework 

for development. Reviews in Fish Biology and Fisheries, 10(1), pp.27-60. 

Campos, A., Fonseca, P., and Henriques, V., 2003. Size selectivity for four fish species of the deep 

groundfish assemblage off the Portuguese southwest coast: evidence of mesh size, mesh 

configuration and cod end catch effects. Fisheries research, 63(2), pp.213-233. 

Cashion, T., Al-Abdulrazzak, D., Belhabib, D., Derrick, B., Divovich, E., Moutopoulos, D.K., Noël, 

S.L., Palomares, M.L.D., Teh, L.C., Zeller, D., and Pauly, D., 2018. Reconstructing global marine 

fishing gear use: Catches and landed values by gear type and sector. Fisheries Research, 206, 

pp.57-64. 

Catchpole, T. L., and Gray, T. S., 2010. Reducing discards of fish at sea: a review of European 

pilot projects. Journal of Environmental Management, 91(3), pp.717-723. 

Catchpole, T.L., and Revill, A.S., 2008. Gear technology in Nephrops trawl fisheries. Reviews in 

Fish Biology and Fisheries, 18(1), pp.17-31. 

Catchpole, T.L., Feekings, J.P., Madsen, N., Palialexis, A., Vassilopoulou, V., Valeiras, J., Garcia, 

T., Nikolic, N., and Rochet, M.J., 2014. Using inferred drivers of discarding behaviour to evaluate 

discard mitigation measures. ICES Journal of Marine Science, 71(5), pp.1277-1285. 

Catchpole, T.L., Ribeiro-Santos, A., Mangi, S.C., Hedley, C., and Gray, T.S., 2017. The challenges 

of the landing obligation in EU fisheries. Marine Policy, 82, pp.76-86. 

Cochrane, K.L., and Garcia, S.M. eds., 2009. A fishery manager's guidebook. John Wiley & Sons, 

second edition, p.544. 

Condie, H.M., Grant, A., and Catchpole, T.L., 2014. Incentivising selective fishing under a policy to 

ban discards; lessons from European and global fisheries. Marine Policy, 45, pp.287-292. 

Cook, R.M., Sinclair, A., and Stefansson, G., 1997. Potential collapse of North Sea cod stocks. 

Nature, 385(6616), p.521. 

CRCMWG, 2015. Cooperative research and cooperative management: A review with 

recommendations. NOAA Technical Memorandum NMFS-F/SPO-156, p.78. 

Crouse, D.T., Crowder, L.B., and Caswell, H., 1987. A stage‐based population model for 

loggerhead sea turtles and implications for conservation. Ecology, 68(5), pp.1412-1423. 

Damalas, D., Maravelias, C.D., Osio, G.C., Maynou, F., Sbrana, M., Sartor, P., and Casey, J., 

2015. Historical discarding in Mediterranean fisheries: a fishers' perception. ICES Journal of 

Marine Science, 72(9), pp.2600-2608. 

De Vos, B.I., Döring, R., Aranda, M., Buisman, F.C., Frangoudes, K., Goti, L., Macher, C., 

Maravelias, C.D., Murillas-Maza, A., Van Der Valk, O., and Vasilakopoulos, P., 2016. New modes 



56 
 
 

of fisheries governance: Implementation of the landing obligation in four European countries. 

Marine Policy, 64, pp.1-8. 

Diamond, B., and Beukers-Stewart, B. D. 2011. Fisheries discards in the North Sea: Waste of 

resources or a necessary evil? Reviews in Fisheries Science, 19, pp.231-245. 

EC, 2007. A policy to reduce unwanted by-catches and eliminate discards in European fisheries. 

Communication from the Commission to the Council and the European Parliament. SEC (2007) 

380. Brussels, Belgium: Commission of the European Communities. 

EC, 2009. Green paper: reform of the Common Fisheries Policy. Commission of the European 

Communities, COM (2009)163 final. Brussels; p.27. 

EC, 2016. Proposal for a Regulation of the European Parliament and of the Council on the 

conservation of fishery resources and the protection of marine ecosystems through technical 

measures, amending Council Regulations (EC) No 1967/2006, (EC) No 1098/2007, (EC) No 

1224/2009 and Regulations (EU) No 1343/2011 and (EU) No 1380/2013 of the European 

Parliament and of the Council, and repealing Council Regulations (EC) No 894/97, (EC) No 

850/98, (EC) No 2549/2000, (EC) No 254/2002, (EC) No 812/2004 and (EC) No 2187/2005. COM 

(2016) 134 final, 11 March 2016. Brussels, p.124. 

Eigaard, O.R., and Holst, R., 2004. The effective selectivity of a composite gear for industrial 

fishing: a sorting grid in combination with a square mesh window. Fisheries research, 68(1-3), 

pp.99-112. 

Eliasen, S.Q., Papadopoulou, K.N., Vassilopoulou, V., and Catchpole, T.L., 2013. Socio-economic 

and institutional incentives influencing fishers' behaviour in relation to fishing practices and discard. 

ICES Journal of Marine Science, 71(5), pp.1298-1307. 

Eliasen, S.Q., Feekings, J., Krag, L., Veiga-Malta, T., Mortensen, L.O., and Ulrich, C., 2019. The 

landing obligation calls for a more flexible technical gear regulation in EU waters–Greater industry 

involvement could support development of gear modifications. Marine Policy, 99, pp.173-180. 

Enever, R., Revill, A.S., and Grant, A., 2009. Discarding in the North Sea and on the historical 

efficacy of gear-based technical measures in reducing discards. Fisheries Research, 95(1), 40-46. 

EU, 2013. Regulation (EU) No 1380/2013 of the European parliament and of the Council of 11 

December 2013 on the Common Fisheries Policy, amending Council Regulations (EC) No 

1954/2003 and (EC) No 1224/2009 and repealing Council Regulations (EC) No 2371/2002 and 

(EC) No 639/2004 and Council Decision 2004/585/EC. 

Fauconnet, L., and Rochet, M.J., 2016. Fishing selectivity as an instrument to reach management 

objectives in an ecosystem approach to fisheries. Marine Policy, 64, pp.46-54. 

Feekings, J., Bartolino, V., Madsen, N., and Catchpole, T., 2012. Fishery discards: factors affecting 

their variability within a demersal trawl fishery. PloS one, 7(4), p.e36409. 



57 
 
 

Feeney, R.G., La Valley, K.J., and Hall-Arber, M., 2010. Assessing stakeholder perspectives on 

the impacts of a decade of collaborative fisheries research in the Gulf of Maine and Georges Bank. 

Marine and Coastal Fisheries, 2(1), pp.205-216. 

Fernö, A., and Huse, I., 2003. Fish avoidance of survey vessels and gear: Can predictions based 

on the response of fish to predators explain the observed variations?'. In Presentation at the ICES 

Fish Behaviour in Exploited Ecosystems symposium. Bergen, pp.27-29. 

Ferro, R.S.T., and O'Neill, F.G., 1994. An overview of the characteristics of twines and netting that 

may change codend selectivity. ICES CM 1994/B:35. 

Fitzpatrick, M., Frangoudes, K., Fauconnet, L., and Quetglas, A., 2019. Fishing industry 

perspectives on the EU Landing Obligation. In The European Landing Obligation. Springer, Cham. 

pp.71-87. 

Fraser, S., and Angus, C.H., 2019. Trial of a new escape panel concept to reduce cod catches in a 

mixed demersal fishery. Fisheries Research, 213, pp.212-218. 

Fryer, R.J., Summerbell, K., and O’Neill, F.G., 2017. A meta-analysis of vertical stratification in 

demersal trawl gears. Canadian journal of fisheries and aquatic sciences, 74(8), pp.1243-1250. 

Glass, C.W., 2000. Conservation of fish stocks through bycatch reduction: a review. Northeastern 

Naturalist, 7(4), pp.395-411. 

Glass, C.W., Wardle, C.S., Gosden, S.J., and Racey, D.N., 1995. Studies on the use of visual 

stimuli to control fish escape from codends. I. Laboratory studies on the effect of a black tunnel on 

mesh penetration. Fisheries Research, 23(1-2), pp.157-164. 

Graham, N., Ferro, R.S., Karp, W.A., and MacMullen, P., 2007. Fishing practice, gear design, and 

the ecosystem approach—three case studies demonstrating the effect of management strategy on 

gear selectivity and discards. ICES Journal of Marine Science, 64(4), pp.744-750. 

Graham, K.J., Broadhurst, M.K., and Millar, R.B., 2009. Effects of codend circumference and twine 

diameter on selection in south-eastern Australian fish trawls. Fisheries Research, 95(2-3), pp.341-

349. 

Gray, C.A., and Kennelly, S.J., 2018. Bycatches of endangered, threatened and protected species 

in marine fisheries. Reviews in Fish Biology and Fisheries, 28(3), pp.521-541. 

Grimaldo, E., 2006. The effects of grid angle on a modified Nordmøre-grid in the Nordic Shrimp 

Fishery. Fisheries research, 77(1), pp.53-59. 

Grimaldo, E., and Larsen, R.B., 2005. The cosmos grid: A new design for reducing by-catch in the 

Nordic shrimp fishery. Fisheries research, 76(2), pp.187-197. 

Grimaldo, E., Sistiaga, M., and Larsen, R.B., 2008. Evaluation of codends with sorting grids, exit 

windows, and diamond meshes: Size selection and fish behaviour. Fisheries Research, 91(2-3), 

pp.271-280. 



58 
 
 

Gullestad, P., Blom, G., Bakke, G., and Bogstad, B., 2015. The “Discard Ban Package”: 

Experiences in efforts to improve the exploitation patterns in Norwegian fisheries. Marine Policy, 

54, pp.1-9. 

Hall, S.J., and Mainprize, B.M., 2005. Managing by‐catch and discards: how much progress are we 

making and how can we do better?. Fish and Fisheries, 6(2), pp.134-155. 

Handegard, N.O., and Tjøstheim, D., 2005. When fish meet a trawling vessel: examining the 

behaviour of gadoids using a free-floating buoy and acoustic split-beam tracking. Canadian Journal 

of Fisheries and Aquatic Sciences, 62(10), pp.2409-2422. 

Hannah, R.W., Parker, S.J., and Buell, T.V., 2005. Evaluation of a selective flatfish trawl and diel 

variation in rockfish catchability as bycatch reduction tools in the deepwater complex fishery off the 

US west coast. North American Journal of Fisheries Management, 25(2), pp.581-593. 

He, P., 2007. Technical measures to reduce seabed impact of mobile fishing gears. In By-catch 

Reduction in the World’s Fisheries. Springer, Dordrecht. pp.141-179. 

He, P. 2015. Systematic Research to Reduce Unintentional Fishing-Related Mortality: Example of 

the Gulf of Maine Northern Shrimp Trawl Fishery. In: G.H. Kruse, H.C. An, J. DiCosimo, C.A. 

Eischens, G.S. Gislason, D.N. McBride, C.S. Rose, and C.E. Siddon (eds.), Fisheries Bycatch: 

Global Issues and Creative Solutions. Alaska Sea Grant, University of Alaska Fairbanks, pp.113-

129. 

He, P., and Balzano, V., 2007. Reducing the catch of small shrimps in the Gulf of Maine pink 

shrimp fishery with a size-sorting grid device. ICES Journal of Marine Science, 64(8), pp.1551-

1557. 

He, P., and Balzano, V., 2012. Improving size selectivity of shrimp trawls in the Gulf of Maine with 

a modified dual‐grid size‐sorting system. North American journal of fisheries management, 32(6), 

pp.1113-1122. 

He, P., and Balzano, V., 2013. A new shrimp trawl combination grid system that reduces small 

shrimp and finfish bycatch. Fisheries research, 140, pp.20-27. 

He, P., and Winger, P.D., 2010. Effect of trawling on the seabed and mitigation measures to 

reduce impact. Behavior of marine fishes: Capture processes and conservation challenges, 

pp.295-314. 

He, P., Goethel, D., and Smith, T., 2007. Design and test of a topless shrimp trawl to reduce 

pelagic fish bycatch in the Gulf of Maine pink shrimp fishery. J. Northw. Atl. Fish. Sci, 38, pp.13-21. 

He, P., Smith, T., and Bouchard, C., 2008. Fish behaviour and species separation for the Gulf of 

Maine multispecies trawls. Journal of Ocean Technology, 3(2), pp.59-77. 

He, P., Rillahan, C., and Balzano, V., 2014. Reduced herding of flounders by floating bridles: 

application in Gulf of Maine Northern shrimp trawls to reduce bycatch. ICES Journal of Marine 

Science, 72(5), pp.1514-1524. 



59 
 
 

Herrmann, B., Frandsen, R.P., Holst, R., and O’Neill, F.G., 2007. Simulation-based investigation of 

the paired-gear method in cod-end selectivity studies. Fisheries research, 83(2-3), pp.175-184. 

Herrmann, B., Krag, L.A., Frandsen, R.P., Madsen, N., Lundgren, B., and Stæhr, K.J., 2009. 

Prediction of selectivity from morphological conditions: methodology and a case study on cod 

(Gadus morhua). Fisheries Research, 97(1-2), pp.59-71. 

Herrmann, B., Wienbeck, H., Karlsen, J.D., Stepputtis, D., Dahm, E., and Moderhak, W., 2014. 

Understanding the release efficiency of Atlantic cod (Gadus morhua) from trawls with a square 

mesh panel: effects of panel area, panel position, and stimulation of escape response. ICES 

Journal of Marine Science, 72(2), pp.686-696. 

Herrmann, B., Wienbeck, H., Stepputtis, D., Krag, L.A., Feekings, J., and Moderhak, W., 2015. 

Size selection in codends made of thin-twined Dyneema netting compared to standard codends: A 

case study with cod, plaice and flounder. Fisheries research, 167, pp.82-91. 

Herrmann, B., Sistiaga, M., Santos, J., and Sala, A., 2016. How many fish need to be measured to 

effectively evaluate trawl selectivity?. PLoS one, 11(8), p.e0161512. 

Herrmann, B., Sistiaga, M., Rindahl, L., and Tatone, I., 2017. Estimation of the effect of gear 

design changes on catch efficiency: methodology and a case study for a Spanish longline fishery 

targeting hake (Merluccius merluccius). Fisheries Research, 185, pp.153-160. 

Hoare, D., Graham, N., and Schön, P.J., 2011. The Irish Sea data-enhancement project: 

comparison of self-sampling and national data-collection programmes—results and experiences. 

ICES Journal of Marine Science, 68(8), pp.1778-1784. 

Holst, R., and Revill, A., 2009. A simple statistical method for catch comparison studies. Fisheries 

Research, 95(2-3), pp.254-259. 

ICES, 2008. Report of the Workshop on Fishers Sampling of Catches (WKSC), 10–13 June 2008, 

ICES, Copenhagen, Denmark. ICES CM 2008/ACOM:30. p.61. 

ICES, 2018. Report of the Workshop on Methods for Stakeholder Involvement in Gear 

Development (WKMSIGD), 22-24 May 2018, BSAC and ICES HQ, Copenhagen. ICES CM 

2018/EOSG:24. p.48. 

Jenkins, L.D., 2012. Reducing sea turtle bycatch in trawl nets: a history of NMFS turtle excluder 

device (TED) research. Marine Fisheries Review, 74(2), pp.26-44. 

Jennings, S., and Revill, A.S., 2007. The role of gear technologists in supporting an ecosystem 

approach to fisheries. ICES Journal of Marine Science, 64(8), pp.1525-1534. 

Johnson, T.R., and van Densen, W.L., 2007. Benefits and organization of cooperative research for 

fisheries management. ICES Journal of Marine Science, 64(4), pp.834-840. 

Kaiser, M.J., Clarke, K.R., Hinz, H., Austen, M.C.V., Somerfield, P.J., and Karakassis, I., 2006. 

Global analysis of response and recovery of benthic biota to fishing. Marine Ecology Progress 

Series, 311, pp.1-14. 



60 
 
 

Kaplan, I.M., and McCay, B.J., 2004. Cooperative research, co-management and the social 

dimension of fisheries science and management. Marine policy, 28(3), pp.257-258. 

Karp, W.A., Breen, M., Borges, L., Fitzpatrick, M., Kennelly, S.J., Kolding, J., Nielsen, K.N., 

Viðarsson, J.R., Cocas, L., and Leadbitter, D., 2019. Strategies used throughout the world to 

manage fisheries discards–Lessons for implementation of the EU Landing Obligation. In The 

European Landing Obligation. Springer, Cham. pp.3-26. 

Kelleher, K., 2005. Discards in the world’s marine fisheries An update. FAO Fisheries Technical 

Paper No. 470. Rome, FAO. p.131. 

Kindt-Larsen, L., Kirkegaard, E., and Dalskov, J., 2011. Fully documented fishery: a tool to support 

a catch quota management system. ICES Journal of Marine Science, 68(8), pp.1606-1610. 

Kraak, S.B.M., and Hart, P.J.B., 2019. Creating a breeding ground for compliance and honest 

reporting under the Landing Obligation: Insights from behavioural science. In S.S. Uhlmann, C. 

Ulrich, S.J. Kennelly (Eds.), The European Landing Obligation – Reducing discards in complex, 

multi-species and multi-jurisdictional fisheries. Cham: Springer. pp.219-236. 

Kraan, M., Uhlmann, S., Steenbergen, J., Van Helmond, A.T.M., and Van Hoof, L., 2013. The 

optimal process of self‐sampling in fisheries: lessons learned in the Netherlands. Journal of Fish 

Biology, 83(4), pp.963-973. 

Krag, L.A., Frandsen, R.P., and Madsen, N., 2008. Evaluation of a simple means to reduce discard 

in the Kattegat-Skagerrak Nephrops (Nephrops norvegicus) fishery: Commercial testing of different 

codends and square-mesh panels. Fisheries Research, 91(2-3), pp.175-186. 

Krag, L.A., Holst, R., and Madsen, N., 2009. The vertical separation of fish in the aft end of a 

demersal trawl. ICES Journal of Marine Science, 66(4), pp.772-777. 

Krag, L.A., Holst, R., Madsen, N., Hansen, K., and Frandsen, R.P., 2010. Selective haddock 

(Melanogrammus aeglefinus) trawling: Avoiding cod (Gadus morhua) bycatch. Fisheries Research, 

101(1-2), pp.20-26. 

Krag, L.A., Herrmann, B., Karlsen, J.D., and Mieske, B., 2015. Species selectivity in different sized 

topless trawl designs: Does size matter?. Fisheries research, 172, pp.243-249. 

Krag, L.A., Herrmann, B., Feekings, J., and Karlsen, J.D., 2016. Escape panels in trawls–a 

consistent management tool?. Aquatic Living Resources, 29(3):306, p.10. 

Larsen, R.B., Herrmann, B., Sistiaga, M., Grimaldo, E., Tatone, I., and Brinkhof, J., 2018. Size 

selection of cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) in the Northeast 

Atlantic bottom trawl fishery with a newly developed double steel grid system. Fisheries research, 

201, pp.120-130. 

Larsen, R.B., Herrmann, B., Sistiaga, M., Grimaldo, E., Tatone, I., and Onandia, I., 2016. Size 

selection of redfish (Sebastes spp.) in a double grid system: Estimating escapement through 

individual grids and comparison to former grid trials. Fisheries Research, 183, pp.385-395. 



61 
 
 

Lent, R., and Squires, D., 2017. Reducing marine mammal bycatch in global fisheries: An 

economics approach. Deep Sea Research Part II: Topical Studies in Oceanography, 140, pp.268-

277. 

Little, A.S., Needle, C.L., Hilborn, R., Holland, D.S., and Marshall, C.T., 2015. Real‐time spatial 

management approaches to reduce bycatch and discards: experiences from Europe and the 

United States. Fish and Fisheries, 16(4), pp.576-602. 

Lordan, C., Ó Cuaig, M., Graham, N., and Rihan, D., 2011. The ups and downs of working with 

industry to collect fishery-dependent data: the Irish experience. ICES Journal of Marine Science, 

68(8), pp.1670-1678. 

Mackinson, S., Wilson, D.C., Galiay, P., and Deas, B., 2011. Engaging stakeholders in fisheries 

and marine research. Marine Policy, 35(1), pp.18-24. 

MacLennan, D.N., 1992. Fishing gear selectivity: an overview. Fisheries research, 13(3), pp.201-

204. 

Madsen, N., and Holst, R., 2002. Assessment of the cover effect in trawl codend selectivity 

experiments. Fisheries Research, 56(3), pp.289-301. 

Madsen, N., Moth-Poulsen, T., Holst, R., and Wileman, D., 1999. Selectivity experiments with 

escape windows in the North Sea Nephrops (Nephrops norvegicus) trawl fishery. Fisheries 

Research, 42(1-2), pp.167-181. 

Madsen, N., Frandsen, R.P., Holst, R., and Krag, L.A., 2010. Development of new concepts for 

escape windows to minimise cod catches in Norway lobster fisheries. Fisheries Research, 103(1-

3), pp.25-29. 

Mangi, S.C., Dolder, P.J., Catchpole, T.L., Rodmell, D., and de Rozarieux, N., 2015. Approaches 

to fully documented fisheries: practical issues and stakeholder perceptions. Fish and fisheries, 

16(3), pp.426-452. 

Mangi, S.C., Smith, S., and Catchpole, T.L., 2016. Assessing the capability and willingness of 

skippers towards fishing industry-led data collection. Ocean & coastal management, 134, pp.11-19. 

McCay, B.J., Johnson, T.R., Martin, K.S., and Wilson, D.C., 2006. Gearing up for improved 

collaboration: The potentials and limits of cooperative research for incorporating fishermen's 

knowledge. In Partnerships for a Common Purpose: Cooperative Fisheries Research and 

Management. American Fisheries Society. pp.111-115. 

McKiernan, D., Johnston, R., Hoffman, B., Carr, H.A., Milliken, H., and McCarron, D., 1998. 

Southern Gulf of Maine raised footrope trawl 1997 experimental whiting fishery. Massachusetts 

Division of Marine Fisheries Technical Report TR-3. 87 p. 

Melli, V., Karlsen, J.D., Feekings, J.P., Herrmann, B., and Krag, L.A., 2018. FLEXSELECT: 

counter-herding device to reduce bycatch in crustacean trawl fisheries. Canadian Journal of 

Fisheries and Aquatic Sciences, 75(6), pp.850-860. 



62 
 
 

Mérillet, L., Méhault, S., Rimaud, T., Piton, C., Morandeau, F., Morfin, M., and Kopp, D., 2018. 

Survivability of discarded Norway lobster in the bottom trawl fishery of the Bay of Biscay. Fisheries 

Research, 198, pp.24-30. 

Mikalsen, K.H., and Jentoft, S., 2008. Participatory practices in fisheries across Europe: making 

stakeholders more responsible. Marine Policy, 32(2), pp.169-177. 

Morfin, M., Kopp, D., Benoît, H.P., Méhault, S., Randall, P., Foster, R., and Catchpole, T., 2017. 

Survival of European plaice discarded from coastal otter trawl fisheries in the English Channel. 

Journal of environmental management, 204, pp.404-412. 

Murawski, S.A., 1996. Factors influencing by-catch and discard rates: analyses from 

multispecies/multifishery sea sampling. Journal of Northwest Atlantic Fishery Science, 19, pp.31-

40. 

Myers, R.A., Hutchings, J.A., and Barrowman, N.J., 1997. Why do fish stocks collapse? The 

example of cod in Atlantic Canada. Ecological applications, 7(1), pp.91-106. 

Needle, C.L., Dinsdale, R., Buch, T.B., Catarino, R.M., Drewery, J., and Butler, N., 2015. Scottish 

science applications of remote electronic monitoring. ICES Journal of Marine Science, 72(4), 

pp.1214-1229. 

Nilsson, HC., Andersson, E., Hedgärde, M., Königson, S., Ljungberg, P., Lunneryd, S-G., Lövgren, 

J., Ovegård, M., Sundelöf, A., and Valentinsson, D., 2018. Projects accomplished by the Selective 

Fisheries Secretariat 2014-2017: a synthesis report, Aqua reports 2018:13, Swedish University of 

Agricultural Sciences, Department of Aquatic Resources, Lysekil, 26 s. 

O'Neill, F.G., and Kynoch, R.J., 1996. The effect of cover mesh size and cod-end catch size on 

cod-end selectivity. Fisheries Research, 28(3), pp.291-303. 

O’Neill, F.G., McKay, S.J., Ward, J.N., Strickland, A., Kynoch, R.J., and Zuur, A.F., 2003. An 

investigation of the relationship between sea state induced vessel motion and cod-end selection. 

Fisheries Research, 60(1), pp.107-130. 

O’Neill, F.G., Feekings, J., Fryer, R.J., Fauconnet, L., and Afonso, P., 2019. Discard avoidance by 

improving fishing gear selectivity: Helping the fishing industry help itself. In The European Landing 

Obligation. Springer, Cham. pp.279-296. 

Pascoe, S. 1997. Bycatch management and the economics of discarding. FAO Fisheries Technical 

Paper No. 370. Rome, FAO. p.137. 

Pennino, M.G., Muñoz, F., Conesa, D., López-Quílez, A., and Bellido, J.M., 2014. Bayesian spatio-

temporal discard model in a demersal trawl fishery. Journal of sea research, 90, pp.44-53. 

Pérez Roda, M.A. (ed.), Gilman, E., Huntington, T., Kennelly, S.J., Suuronen, P., Chaloupka, M., 

and Medley, P. 2019. A third assessment of global marine fisheries discards. FAO Fisheries and 

Aquaculture Technical Paper No. 633. Rome, FAO. p.78  



63 
 
 

Pilskaln, C.H., Churchill, J.H., and Mayer, L.M., 1998. Resuspension of sediment by bottom 

trawling in the Gulf of Maine and potential geochemical consequences. Conservation Biology, 

12(6), pp.1223-1229. 

Pita, C., Pierce, G.J., and Theodossiou, I., 2010. Stakeholders’ participation in the fisheries 

management decision-making process: Fishers’ perceptions of participation. Marine policy, 34(5), 

pp.1093-1102. 

Polet, H., Coenjaerts, J., and Verschoore, R., 2004. Evaluation of the sieve net as a selectivity-

improving device in the Belgian brown shrimp (Crangon crangon) fishery. Fisheries research, 

69(1), pp.35-48. 

Prellezo, R., Carmona, I., García, D., Arregi, L., Ruiz, J., and Onandia, I., 2017. Bioeconomic 

assessment of a change in fishing gear selectivity: the case of a single-species fleet affected by 

the landing obligation. Scientia Marina, 81(3), pp.371-380. 

Puig, P., Canals, M., Company, J.B., Martín, J., Amblas, D., Lastras, G., Palanques, A., and 

Calafat, A.M., 2012. Ploughing the deep sea floor. Nature, 489(7415), p.286. 

Reeves, S.A., Armstrong, D.W., Fryer, R.J., and Coull, K.A., 1992. The effects of mesh size, cod-

end extension length and cod-end diameter on the selectivity of Scottish trawls and seines. ICES 

Journal of Marine Science, 49(3), pp.279-288. 

Reid, D.G., Calderwood, J., Afonso, P., Bourdaud, P., Fauconnet, L., González-Irusta, J.M., 

Mortensen, L.O., Ordines, F., Lehuta, S., Pawlowski, L., and Plet-Hansen, K.S., 2019. The best 

way to reduce discards is by not catching them!. In The European Landing Obligation. Springer, 

Cham. pp.257-278. 

Revill, A., Dunlin, G., and Holst, R., 2006. Selective properties of the cutaway trawl and several 

other commercial trawls used in the Farne Deeps North Sea Nephrops fishery. Fisheries 

Research, 81(2-3), pp.268-275. 

Robins-Troeger, J.B., 1994. Evaluation of the Morrison soft turtle excluder device: prawn and 

bycatch variation in Moreton Bay, Queensland. Fisheries research, 19(3-4), pp.205-217. 

Rochet, M.J., and Trenkel, V.M., 2005. Factors for the variability of discards: assumptions and field 

evidence. Canadian Journal of Fisheries and Aquatic Sciences, 62(1), pp.224-235. 

Rochet, M.J., Catchpole, T., and Cadrin, S., 2014. Bycatch and discards: from improved 

knowledge to mitigation programmes. ICES Journal of Marine Science, 71(5), pp.1216-1218. 

Roman, S., Jacobson, N., and Cadrin, S.X., 2011. Assessing the reliability of fisher self‐sampling 

programs. North American Journal of Fisheries Management, 31(1), pp.165-175. 

Runde, B.J., and Buckel, J.A., 2018. Descender devices are promising tools for increasing survival 

in deepwater groupers. Marine and Coastal Fisheries, 10(2), pp.100-117. 

Ryer, C.H., 2008. A review of flatfish behavior relative to trawls. Fisheries Research, 90(1-3), 

pp.138-146. 



64 
 
 

Sala, A., Lucchetti, A., and Affronte, M., 2011. Effects of Turtle Excluder Devices on bycatch and 

discard reduction in the demersal fisheries of Mediterranean Sea. Aquatic Living Resources, 24(2), 

pp.183-192. 

Salomon, M., Markus, T., and Dross, M., 2014. Masterstroke or paper tiger–The reform of the EU׳ 

s Common Fisheries Policy. Marine Policy, 47, pp.76-84. 

Santos, J., Herrmann, B., Otero, P., Fernandez, J., and Pérez, N., 2016. Square mesh panels in 

demersal trawls: does lateral positioning enhance fish contact probability?. Aquatic Living 

Resources, 29(3):302, p.10. 

Santos, J., Herrmann, B., Mieske, B., Krag, L.A., Haase, S., and Stepputtis, D., 2018a. The 

efficiency of sieve‐panels for bycatch separation in Nephrops trawls. Fisheries Management and 

Ecology, 25(6), pp.464-473. 

Santos, J., Herrmann, B., Stepputtis, D., Günther, C., Limmer, B., Mieske, B., Schultz, S., 

Neudecker, T., Temming, A., Hufnagl, M., and Bethke, E., 2018b. Predictive framework for codend 

size selection of brown shrimp (Crangon crangon) in the North Sea beam-trawl fishery. PloS one, 

13(7), p.e0200464. 

Savina, E., Krag, L.A., Frandsen, R.P., and Madsen, N., 2017. Effect of fisher’s soak tactic on 

catch pattern in the Danish gillnet plaice fishery. Fisheries research, 196, pp.56-65. 

Schrope, M., 2010. Fisheries: What's the catch?. Nature News, 465(7298), pp.540-542. 

Seidel, W.R., and McVea Jr, C., 1982. Development of a sea turtle excluder shrimp trawl for the 

southeast US penaeid shrimp fishery. Biology and conservation of sea turtles. Smithsonian 

Institution Press, Washington, DC, USA, pp.497-502. 

Sistiaga, M., Herrmann, B., and Larsen, R.B., 2009. Investigation of the paired-gear method in 

selectivity studies. Fisheries Research, 97(3), pp.196-205. 

Sistiaga, M., Herrmann, B., Nielsen, K.N., and Larsen, R.B., 2011. Understanding limits to cod and 

haddock separation using size selectivity in a multispecies trawl fishery: an application of 

FISHSELECT. Canadian Journal of Fisheries and Aquatic Sciences, 68(5), pp.927-940. 

Sistiaga, M., Herrmann, B., Grimaldo, E., Larsen, R.B., and Tatone, I., 2015. Effect of lifting the 

sweeps on bottom trawling catch efficiency: A study based on the Northeast arctic cod (Gadus 

morhua) trawl fishery. Fisheries Research, 167, pp.164-173. 

Sistiaga, M., Herrmann, B., Grimaldo, E., Larsen, R.B., and Tatone, I., 2016. The effect of sweep 

bottom contact on the catch efficiency of haddock (Melanogrammus aeglefinus). Fisheries 

research, 179, pp.302-307. 

Smith, A.D.M., Sainsbury, K.J., and Stevens, R.A., 1999. Implementing effective fisheries-

management systems–management strategy evaluation and the Australian partnership approach. 

ICES Journal of Marine Science, 56(6), pp.967-979. 



65 
 
 

Stanley, R.D., McElderry, H., Mawani, T., and Koolman, J., 2011. The advantages of an audit over 

a census approach to the review of video imagery in fishery monitoring. ICES Journal of Marine 

Science, 68(8), pp.1621-1627. 

STECF, 2018. Scientific, Technical and Economic Committee for Fisheries (STECF) – The 2018 

Annual Economic Report on the EU Fishing Fleet (STECF-18-07). Publications Office of the 

European Union, Luxembourg, 2018, JRC112940, ISBN 978-92-79-79390-5, doi:10.2760/56158 

Stepputtis, D., Santos, J., Herrmann, B., and Mieske, B., 2016. Broadening the horizon of size 

selectivity in trawl gears. Fisheries Research, 184, pp.18-25. 

Stockhausen, B., Officer, R.A., and Scott, R., 2012. Discard mitigation–what we can learn from 

waste minimization practices in other natural resources?. Marine Policy, 36(1), pp.90-95. 

Sundelöf, A., and Ovegård, M., 2018. Sejrist: Vidareutveckling och utvärdering av rist för 

utsortering av gråsej i pelagisk trål. I Nilsson m fl 2018. Sekretariatet för selektivit fiske- 

rapportering av 2016 och 2017 års verksamhet. Aqua Reports 2018:4 

Suuronen, P., and Sarda, F., 2007a. The role of technical measures in European fisheries 

management and how to make them work better. ICES Journal of Marine Science, 64(4), pp.751-

756. 

Suuronen, P., and Sardá, F., 2007b. By-catch reduction techniques in European fisheries: 

traditional methods and potential innovations. In By-catch Reduction in the World’s Fisheries. 

Springer, Dordrecht. pp.37-74. 

Suuronen, P., Jounela, P., and Tschernij, V., 2010. Fishermen responses on marine protected 

areas in the Baltic cod fishery. Marine Policy, 34(2), pp.237-243. 

Suuronen, P., Tschernij, V., Jounela, P., Valentinsson, D., and Larsson, P. O., 2007. Factors 

affecting rule compliance with mesh size regulations in the Baltic cod trawl fishery. ICES Journal of 

Marine Science, 64(8), pp. 1603-1606. 

Suuronen, P., Chopin, F., Glass, C., Løkkeborg, S., Matsushita, Y., Queirolo, D., and Rihan, D., 

2012. Low impact and fuel efficient fishing—Looking beyond the horizon. Fisheries research, 119, 

pp.135-146. 

Tillin, H.M., Hiddink, J.G., Jennings, S., and Kaiser, M.J., 2006. Chronic bottom trawling alters the 

functional composition of benthic invertebrate communities on a sea-basin scale. Marine Ecology 

Progress Series, 318, pp.31-45. 

Tokaç, A., Özbilgin, H., and Tosunoğlu, Z., 2004. Effect of PA and PE material on codend 

selectivity in Turkish bottom trawl. Fisheries Research, 67(3), pp.317-327. 

Tsagarakis, K., Nikolioudakis, N., Papandroulakis, N., Vassilopoulou, V., and Machias, A., 2018. 

Preliminary assessment of discards survival in a multi‐species Mediterranean bottom trawl fishery. 

Journal of applied ichthyology, 34(4), pp.842-849. 



66 
 
 

Uhlmann, S.S., Bierman, S.M., and van Helmond, A.T., 2011. A method of detecting patterns in 

mean lengths of samples of discarded fish, applied to the self-sampling programme of the Dutch 

bottom-trawl fishery. ICES Journal of Marine Science, 68(8), pp.1712-1718. 

Valdemarsen, J.W., and Suuronen, P., 2003. Modifying fishing gear to achieve ecosystem 

objectives. In: Responsible Fisheries in the Marine Ecosystem (eds M. Sinclair and G. 

Valdimarsson). FAO, Rome, pp.321-341. 

Valentinsson, D., and Ulmestrand, M., 2008. Species-selective Nephrops trawling: Swedish grid 

experiments. Fisheries Research, 90(1-3), pp.109-117. 

van Helmond, A.T., Chen, C., and Poos, J.J., 2014. How effective is electronic monitoring in mixed 

bottom-trawl fisheries?. ICES Journal of Marine Science, 72(4), pp.1192-1200. 

van Putten, I., Koopman, M., Fleming, A., Hobday, A.J., Knuckey, I., and Zhou, S., 2019. Fresh 

eyes on an old issue: Demand-side barriers to a discard problem. Fisheries research, 209, pp.14-

23. 

Veiga, P., Pita, C., Rangel, M., Gonçalves, J.M., Campos, A., Fernandes, P.G., Sala, A., Virgili, M., 

Lucchetti, A., Brčić, J., and Villasante, S., 2016. The EU landing obligation and European small-

scale fisheries: What are the odds for success?. Marine Policy, 64, pp.64-71. 

Votier, S.C., Bearhop, S., Witt, M.J., Inger, R., Thompson, D., and Newton, J., 2010. Individual 

responses of seabirds to commercial fisheries revealed using GPS tracking, stable isotopes and 

vessel monitoring systems. Journal of Applied Ecology, 47(2), pp.487-497. 

Wardle, C.S., 1989. Understanding fish behaviour can lead to more selective fishing gears. In 

Proceedings of World Symposium on Fishing Gear and Fishing Vessel Design., 1989. Marine 

Institute, pp.12-18. 

Wardle, C.S., 1993. Fish behaviour and fishing gear. In: Pitcher, J.T. (Ed.), Behaviour of teleost 

fishes. 2nd ed. Chapman and Hall, London, pp. 609-643.  

Wienbeck, H., Herrmann, B., Moderhak, W., and Stepputtis, D., 2011. Effect of netting direction 

and number of meshes around on size selection in the codend for Baltic cod (Gadus morhua). 

Fisheries Research, 109(1), pp.80-88. 

Wienbeck, H., Herrmann, B., Feekings, J.P., Stepputtis, D., and Moderhak, W., 2014. A 

comparative analysis of legislated and modified Baltic Sea trawl codends for simultaneously 

improving the size selection of cod (Gadus morhua) and plaice (Pleuronectes platessa). Fisheries 

research, 150, pp.28-37. 

Wileman, D.A., Ferro, R.S.T., Fonteyne, R., Millar, R.B., 1996. Manual of methods of measuring 

the selectivity of towed fishing gears. ICES Cooperative Research Report, 215, p.125. 

Winger, P.D., Walsh, S.J., He, P., and Brown, J.A., 2004. Simulating trawl herding in flatfish: the 

role of fish length in behaviour and swimming characteristics. ICES Journal of Marine Science, 

61(7), pp.1179-1185. 



67 
 
 

Winger, P.D., DeLouche, H., and Legge, G., 2006. Designing and testing new fishing gears: the 

value of a flume tank. Marine Technology Society Journal, 40(3), pp.44-49. 

Winger, P.D., Eayrs, S., and Glass, C.W., 2010. Fish behavior near bottom trawls. Behavior of 

marine fishes: capture processes and conservation challenges, pp.65-103. 

Yergey, M.E., Grothues, T.M., Able, K.W., Crawford, C., and DeCristofer, K., 2012. Evaluating 

discard mortality of summer flounder (Paralichthys dentatus) in the commercial trawl fishery: 

developing acoustic telemetry techniques. Fisheries Research, 115, pp.72-81. 



 

 

Paper 1 

  



 



RESEARCH ARTICLE

When is enough, enough? Quantifying trade-

offs between information quality and

sampling effort for fishing gear selectivity data

Tiago Veiga-Malta1*, Jordan Feekings1, Bent Herrmann2,3, Ludvig Ahm Krag1

1 DTU Aqua, Technical University of Denmark, Hirtshals, Denmark, 2 SINTEF Fisheries and Aquaculture,

Hirtshals, Denmark, 3 University of Tromsø, Breivika, Tromsø, Norway

* timat@aqua.dtu.dk

Abstract

There is general pressure throughout the world’s fisheries for the industry to have greater

involvement not only in the development of fishing gears but also in the testing and docu-

mentation of their effect. In the European Union, the Common Fisheries Policy of 2013,

together with the proposed reform of the technical measures regulation, highlights the need

for greater flexibility in fisheries through increased stakeholder involvement. To achieve this

flexibility, there is a need for additional fishing gears available to the fishermen. A way to

facilitate this is to have the industry take part in the development and testing of fishing gears,

as well as collect data on their performance. However, to have a successful industry-col-

lected data programme, fishermen have to be able to collect data on the length of a portion

of the catch. In this study, we determine how many individuals need to be measured to cor-

rectly evaluate the relative selective performance of a new gear compared to a standard

gear. The evaluation was carried out by analysing catch ratio curves, their associated uncer-

tainties, and the trade-offs between uncertainties and sampling effort. Results show that

with relatively small sample sizes (500 to 1000 individuals) it is possible to correctly evaluate

the performance of a gear for a given species. By having the industry develop and test their

own gears, as well as being involved in the collection of data, the number of potential gear

solutions available to address the different issues emerging in the fisheries is increased.

Introduction

Throughout the world’s fisheries there is a general trend for the industry to have a greater

involvement, not only in the development of fishing gears, but also in the testing and docu-

mentation of their effect [1]. In the European Union, the Common Fisheries Policy (CFP) of

2013, where the catch of all listed species are required to be landed and counted against quota

[2], introduces additional pressure on the industry to eliminate or considerably reduce

unwanted catch [3]. This unwanted catch can either be species- or size-specific, and its compo-

sition can vary depending on the quotas available to each fishing vessel. Thus, the ability of

fishermen to adjust the selectivity of their gear to suit the quotas which are available to them
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will be an important factor in determining the revenue and profitability of their fishery. As the

combination of gear, fishing practice and quota shares will differ between fisheries and vessels,

changes to the selectivity of the gear will need to be applied quickly and at a vessel level. How-

ever, to achieve such flexibility a greater number of more specific gear solutions is needed.

Under current EU management, such flexibility is limited, where only a couple of generic

gears are legislated for each gear group and area. The current setting is often slow and inflexi-

ble, where few fishing gear solutions are tested and new gears take several years to be imple-

mented in legislation. Moreover, the “one gear fits all” type of legislation further reduces the

system’s flexibility and capacity to adjust to upcoming problems. This lack of flexibility in the

legislative framework has been highlighted in the proposed reform of the technical measures

regulation as one of the major shortcomings of the current regulation [4].

To achieve the necessary flexibility, there needs to be a framework where a greater number

of new gears or modifications to existing gear can be adequately developed, tested, and their

selectivity correctly documented. One way to facilitate this flexibility, and to reduce the eco-

nomic and time outlay associated with the development of fishing gears, is to have the industry

not only identify the problems but to develop and test the technical solutions themselves.

Increasing the involvement of stakeholders in developing specific conservation measures (e.g.

the development of gears) is also something which the proposed reform of the technical mea-

sures regulation aims to achieve [4]. The involvement of fishermen in gear selectivity projects,

where they are an integral part of the process, has previously been shown to provide valuable

experience-based knowledge [5–7]. Furthermore, having the industry identify the problems

and test potential solutions helps incorporate them into the process, while also shifting the bur-

den of proof onto the industry. Additionally, the involvement of fishermen in the development

of fishing gears allows for a period where promising solutions can be identified and tested in a

commercial setting before carrying out a rigorous scientific test. This also allows for the possi-

bility of testing numerous fishing gears in parallel, as well as establishing a real commercial

development and testing phase prior to expensive scientific trials. Furthermore, having the

industry assist with the collection of data is a cost-effective solution since it avoids the need for

scientific staff on board during development periods [8,9].

Despite there being several studies which have shown the validity of industry collected data

[8–12], some concerns remain about the possible bias of such data [11–15]. Potential bias can

occur if fishermen do not understand why the data are collected, sampling training is lacking

and/ or the workload associated with sampling is excessive [9,11,12,16]. While the first two

concerns can be addressed through good communication, the issue of excessive sampling

effort is not so straightforward. Thus, to have a successful industry-collected data programme,

those involved need to be burdened as little as possible. This is because they have another

objective, which is to carry out a viable fishery. Therefore, in terms of industry-collected data,

a relatively limited sample needs to be able to correctly quantify the performance of a new

gear.

In this study, we address the issue of excessive sampling effort and how to minimize this

burden by defining how many individuals need to be measured to correctly evaluate the selec-

tivity of a new fishing gear relative to an existing gear. Since the selectivity of a gear is typically

different for different sizes of a species, the relative selectivity between the two fishing gears

needs to explicitly account for fish size. The relative selectivity can be expressed using the

catch comparison method [17] that quantifies the length-dependent relative selectivity

between two fishing gears. This method is particularly suitable to industry-collected data as it

does not interfere with commercial fishing practices since the two gears are fished in parallel

in a twin-rig setting. Previous studies have looked into the issue of how many individuals need

to be measured to evaluate the selective performance of a new gear design for covered codend
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and paired-gear methods [18, 19]. However, such methods are not appropriate for industry-

collected data, since they can interfere with the fishing activities. Therefore, it is relevant to

address this issue using the catch comparison method. Furthermore, by understanding the

trade-offs between sampling effort and gain in information, one can define the number of

individuals needed to achieve a given accuracy, and thus avoid excessive data collection.

Material and methods

In the present study, we investigate how many fish need to be length measured to correctly

assess the catch performance of one gear in relation to another in a twin-trawl setting. A theo-

retical approach was chosen to investigate this topic, where catch comparison data were simu-

lated based on experimental data. To facilitate the description of the different steps used in this

simulation study a flowchart is presented in Fig 1. Since the study is solely based on simulated

data there were no ethical concerns and thus no permits were required.

Estimating catch comparison and catch ratio curves

To compare the performance of a new trawl to an existing one, the number of individuals of

each length class caught in each codend was used to evaluate the length-dependent relative

catching efficiency of both gears (step 4 in Fig 1). This was done by calculating the catch com-

parison rate, CCl, using the following equation:

CCl ¼
nt1l

nt1l þ nt2l
ð1Þ

where nt1l is the number of fish of length l of the given species collected in the codend of the

Fig 1. Flowchart depicting the main steps of the simulation procedure used in the present study.

https://doi.org/10.1371/journal.pone.0199655.g001
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test gear and nt2l is the number collected in codend of the standard (baseline) gear. CCl ranges

from 0.0 to 1.0, where a value of 0.5 implies that both gears have equal catch efficiency for a

specific length, on the condition that both gears are fishing equally. One drawback of the catch

comparison rate is that it is not possible to immediately infer the relative catch efficiency of the

new gear compared to the standard gear. Alternatively, catch ratio, CRl, provides such infor-

mation by comparing directly the catch efficiency at length for both gears [20]:

CRl ¼
nt1l

nt2l
ð2Þ

where a CRl value of 1 means the catch efficiency for both gears, at length l, are equal. Thus, a

CRl = 1.25 would mean that the test gear caught on average 25% more at length l than the stan-

dard gear. In contrast, a CRl = 0.75 would mean the test gear caught 25% less at length l than

the standard gear. CRl ranges from 0 and any positive value. Therefore, in this study, catch

ratio was chosen as the relative catch efficiency descriptor.

In catch comparison analyses, CCl is often modelled following the formula [21]:

CC l; vð Þ ¼
expðf ðl; v0; . . . ; vkÞÞ

1þ expðf ðl; v0; . . . ; vkÞÞ
ð3Þ

where f is a polynomial of order k with coefficients v0 to vk where v = (v0,. . .,vk). f was consid-

ered up to an order of 4 with parameters v0, v1, v2, v3 and v4. Leaving out one or more of the

parameters v1,. . .,v4 led to an additional 31 models considered as potential models for the

catch comparison function CC(l,v). The final model selection was determined through a multi-

model inference approach [22]. In this approach, rather than choosing the “best model” fit

based on the Akaike’s Information Criterion (AIC) value [23], the models are weighted by

their respective AIC values. Here, all models where the difference between the respective AIC

values and the lowest AIC value are no larger than 10, are used [24]. This method allows for an

overall best estimation of the parameters of the model and their associated uncertainties. To

estimate the catch ratio curves, Eq (1), Eq (2) and Eq (3) were combined in order to obtain the

catch ratio curves directly from the catch comparison curves [20]:

CR l; vð Þ ¼
CCðl; vÞ

1 � CCðl; vÞ
: ð4Þ

The Efron percentile 95% confidence intervals (CI) for the catch comparison and catch

ratio curves were estimated using the bootstrapping method described by Efron [25]. A total of

1000 single bootstrap iterations with replacement were performed on each sample for each

sampling effort level (described below) to estimate the 95% confidence intervals around the

respective catch comparison and catch ratio curves (step 5 in Fig 1). A significant difference

between the selective performance of the test and baseline gears occurs when either the upper

or the lower limit is under or above the values for equal performance of the gears. These values

are 0.5 and 1.0 for the CC and CR curves, respectively. The catch comparison and catch ratio

analyses described above were performed using the statistical analysis software SELNET [26].

Estimating uncertainties associated to each sampling effort level

In this study, relative uncertainties (henceforth, uncertainties) were used to directly compare

the uncertainty associated to the CR(l,v) obtained from the different sampling levels (step 6 in

Fig 1). These uncertainties were calculated for each length class by using the ratio between the

95% CI range and the catch ratio value obtained from the original data (described below). The

average uncertainty for each length class and sampling level was used to define the expected
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uncertainty for each length class and sampling level. Subsequently, the relationships between

the uncertainties within a specific length class and sampling effort were modelled using power

models, since this was the expected behaviour for this relationship [18], using the following

equation:

Û ¼ a� nb ð5Þ

where Û is the uncertainty for each length class, a and b the parameters for the respective

power models and n the sampling level. Since the objective of this study was to understand the

relationship between uncertainties and the total number of individuals sampled, and not the

relationship between uncertainties and the number of individuals sampled in a specific length

class, the total number of individuals per sample n was used. Regarding the fitting process of

the power models, the model error distribution (additive vs. multiplicative) determines which

model fitting method is more appropriate (linear regression on log-transformed data vs. non-

linear regression on raw data; [27]). Therefore, we evaluated the error distribution following

the approach suggested by Xiao et al. [27]. The analysis showed that the assumption of multi-

plicative log-normal error was better supported (results not shown), thus the power models

were estimated by fitting a linear regression to the log transformed values. The coefficient of

determination (R2) was used to evaluate the quality of the power model fits. This value was

directly obtained from the linear model function within the statistical package “stats” imple-

mented in the R software [28].

Determining the minimum sampling effort needed

Considering that the aim of this study is to propose a sampling effort which can facilitate the

involvement of the industry in the gear development and testing stages, a range of values is

defined. The range defined aims to ensure that the relative performance of the new gear would

be, in most cases, correctly evaluated while ensuring that excessive sampling is avoided. Firstly,

the lower bound of the sampling range was based on the cases where the small sample sizes

conform with the results observed in the full dataset, i.e. when a significant effect in the full

dataset was also observed in the smaller sample size. Secondly, the upper bound of the sam-

pling range was defined based on the trade-off between sampling effort and the decrease in

uncertainties around the catch comparison curves. For example, when an increase in sampling

effort (measuring 100 more individuals) does not lead to a considerable improvement (>5%)

in uncertainty.

Simulated data from sea trials

In order to achieve the objective of this study, and due to the large amount of data required, it

was necessary to simulate random samples of catch comparison data with different total num-

bers of sampled individuals (sampling effort levels). The original dataset was raised by a factor

of 50 (step 2a in Fig 1). This step allowed us to simulate the random subsamples without

replacement for the sampling levels larger than the original datasets, while maintaining the

original catch structure. A second set of catch comparison data was simulated assuming a uni-

form catch structure, where all considered length classes had a total of 10000 individuals (step

2 in Fig 1). By simulating a uniform catch structure, the effect of the catch structure can be

better understood. Furthermore, using the same catch structure for all considered species

removed its effect from the analysis, and thus allowed for other potential factors to be better

understood. Similar to the raising of the originals datasets, the number of individuals per

length class was chosen to allow the simulation of random samples without replacement for

the larger sampling levels. The split between individuals caught in the standard and test gears
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in the uniform catch structure datasets was calculated based on the CCl values per length class

in the original dataset and by applying Eq (1). The same sampling levels were chosen for both

simulated catch distributions, and ranged from a total of 100 to 10000 sampled individuals,

with increments of 100 individuals from 100 to 2500 individuals; increments of 250 from 2500

and 5000 individuals; and increments of 1000 from 5000 to 10000 individuals (step 3 in Fig 1).

For each sampling level and catch structure, 100 random samples were simulated with an

equal number of sampled individuals per gear [29], resulting in a total of 16000 simulated sam-

ples. Moreover, subsampling factors were obtained by calculating the ratio between total num-

ber of individuals of the subsample per gear and the total number of sampled individuals in

the simulated datasets. Each of the 100 random samples per sampling level and catch structure

represents the pooled data of a single catch comparison trial with a given total number of sam-

pled individuals. The data simulations described above were carried out using R [28].

Sea trial data

To ensure that the simulated samples were as realistic as possible, the random subsamples

were simulated based on actual catch comparison data (step 1 in Fig 1). The data used for this

study were initially reported by Krag et al. [17] and collected as part of a scientific gear selectiv-

ity trial in the North Sea. In this sea trial, the test gear had two common trawl modifications: a

topless trawl and a square mesh escape panel. A twin-rig trawl setup was used, where the modi-

fied gear was towed in parallel to the standard gear, and the total number of individuals caught

per length class was collected for both gears.

The present study included data for cod (Gadus morhua) and Norway lobster (Nephrops
norvegicus), since both are important commercial species and a change in the selective perfor-

mance of the new gear was expected for one species (cod) but not the other (Norway lobster)

[17]. Moreover, for an easier visualisation and interpretation of the results, 3 representative

length classes were chosen for both species: one where the number of individuals was abun-

dant, one where the number of individuals was few, and one with intermediate values (40, 65

and 90 cm for cod and 35, 45 and 65 mm carapace length for Norway lobster).

Results

The catch comparison and catch ratio analyses of the simulated data (16000 samples) took an

average of 12 central processing unit (CPU) hours per sample, adding up to approximately

192000 CPU hours. The average speed of the CPUs used for this analysis was around 2.0 GHz.

The catch comparison and catch ratio results from the original data for cod and Norway

lobster are shown in Fig 2. A significant length-dependent effect for both species was observed.

The test gear caught significantly less cod between 23 and 84 cm, since for those length classes

the catch comparison and catch ratio were significantly lower than 0.5 and 1.0, respectively

(Fig 2A and 2B). Furthermore, a significant increase was observed for cod equal to or smaller

than 15 cm. For Norway lobster, a significant increase was detected for individuals (< = 38

mm), while no significant effect was found for individuals larger than 38 cm (Fig 2C and 2D).

The catch ratio values for cod from the simulated data were significantly different from 1.0

for the length classes of 40 and 65 cm in the observed catch structure (Fig 3A and 3B). The sig-

nificant difference was observed even for the smallest sample size of only 100 individuals (Fig

3A and 3B). However, no significant effect was observed in the 90 cm length class, irrespective

of the number of individuals measured (Fig 3C). For the uniform catch structure, the three

chosen length classes for cod showed similar results. Furthermore, the CIs show a similar

behaviour across all length classes, where the total range became narrower at smaller sample

sizes than in the observed catch structure (Fig 3D, 3E and 3F).
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For Norway lobster, catch ratios were significantly different from 1.0 for the 35 and 65 mm

length classes (Fig 4A and 4C), while no significant difference was observed for the 45 mm

length class (Fig 4B). For the 35 mm length class, a significant difference was observed at

smaller sample sizes (a total sample size of ~350 individuals), while for the 65 mm length class

a significant difference was observed only for larger sample sizes (a total sample size of ~3250

individuals). The CIs observed for Norway lobster with a uniform catch structure showed a

similar behaviour to those observed for the original catch structure (Fig 4D, 4E and 4F). How-

ever, the total range became narrower at smaller sample sizes when compared to the CI ranges

of the observed catch structure. This is similar to what was observed for cod.

In Table 1, the different parameters and the coefficients of determination (R2) for the differ-

ent power models are shown. In general, the different fitted curves showed high R2 values,

ranging from 0.88 to 1, with the lowest values observed in the tail areas of the chosen length

classes for both species. This was more evident for the original catch structure. The curve

describing the uncertainty for 90 cm cod from the original catch structure showed a tendency

to predict with a systematic bias to higher values. However, this curve is also the curve with the

lowest R2, thus indicating that the coefficient of determination was able to sufficiently describe

Fig 2. Estimated catch comparison and catch ratio curves (solid black line) and 95% confidence intervals (broken black lines) for cod (A and B,

respectively), and for Norway lobster (C and D, respectively). Dotted grey lines represent when both gears are fishing equally efficient. Grey solid lines in A and

C represents the catch length structure for cod and Norway lobster, respectively.

https://doi.org/10.1371/journal.pone.0199655.g002
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the quality of the fits of the power model curves to the uncertainty data. Furthermore, there is

a clear harmonisation of the quality of the fits for both species in the case of the uniform struc-

ture. A similar tendency was also observed for both parameters of the power models (a and b).

For both species, the highest values (thus, higher uncertainties) were observed in the tail areas,

but when the uniform catch structure was applied this difference was substantially reduced.

The uncertainty curves (Fig 5A and 5B) for the three length classes for cod, and the effect

on uncertainty when adding an extra 100 individuals to a given sample size (Fig 5C and 5D)

Fig 3. Effect of sample size on catch ratio confidence intervals (grey band) per length class for cod (40, 65, 90 cm). The confidence intervals shown in fig A

to C are for the observed catch structure and from D to F are for the uniform catch structure scenario. The solid black line and the dotted grey line define for a

specific length class the original catch ratio and when both gears are fishing equally efficient (catch ratio equal to 1), respectively.

https://doi.org/10.1371/journal.pone.0199655.g003

Defining minimum sampling effort for fishing gear selectivity data

PLOS ONE | https://doi.org/10.1371/journal.pone.0199655 June 21, 2018 8 / 16

https://doi.org/10.1371/journal.pone.0199655.g003
https://doi.org/10.1371/journal.pone.0199655


show a clear relationship between the observed total sample sizes and the associated uncertain-

ties. Regardless of the length class or catch structure, the uncertainties decreased with an

increased sample size. Since the uncertainties follow a power-law, the slopes of the curves were

much steeper for small sample sizes than for larger samples sizes. Furthermore, a relationship

between the uncertainties and the strength of the data at a given length class was detected for

the observed catch structure (Fig 5A). This relationship was not evident for the uniform catch

structure (Fig 5B). The differences between the uncertainty curves were substantially reduced,

Fig 4. Effect of sample size on catch ratio confidence intervals (grey band) per length class for Norway lobster (35, 45, 65 mm). The confidence intervals

shown in fig A to C are for the observed catch structure and from D to F are for the uniform catch structure scenario. The solid black line and the dotted grey line

define for a specific length class the original catch ratio and when both gears are fishing equally efficient (catch ratio equal to 1), respectively.

https://doi.org/10.1371/journal.pone.0199655.g004
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showing a higher overlap of the observed uncertainties and their respective curves (Fig 5B).

Moreover, the curves illustrating the effect of adding an extra 100 individuals showed similar

patterns (Fig 5C and 5D). A large decrease in uncertainties was observed for sample sizes

smaller than 250 individuals, while at sample sizes greater than 1000, the decrease was limited.

As for the uncertainty curves, removing the effect of catch structure resulted in an overlap of

the 3 different curves (Fig 5D), highlighting furthermore the importance of data strength at a

given length class.

The uncertainty curves for the three length classes for Norway lobster, and the effect on

uncertainty when adding an extra 100 individuals to a given sample size are shown in Fig 6.

Here, despite the catch ratio values at the given length classes being different for cod, similar

results were observed. The uncertainties decreased with an increase in total sample size (Fig

6A and 6B); with the differences between the uncertainties curves being less pronounce for the

uniform catch structure. The curves illustrating the effect of adding an extra 100 individuals

showed very similar behaviour to those observed for cod (Fig 6C and 6D), where the overlap

of the curves for the uniform catch structure was also pronounced (Fig 6D).

Using the length classes shown in Table 1, the average number of individuals required to

obtain a given decrease in uncertainty by adding an additional 100 is shown in Table 2. A simi-

lar tendency for both species was observed; removing the effect of catch structure by using a

uniform distribution reduced the average sample sizes obtained for each level of decrease in

Table 1. Power model parameters (a and b from equation 6) for the relative uncertainties and goodness of fit per sampling level, length class, species, and catch

length structure. Coefficient of determination (R2) represents the quality of the fit and ranges from 0 to 1, where 1 is a perfect fit.

Original catch structure Uniform catch structure

Species Length class� a b R2 a b R2

cod 25 185.36 -0.76 0.90 18.09 -0.52 0.96

30 90.15 -0.73 0.88 14.92 -0.49 0.95

35 23.62 -0.58 0.97 13.93 -0.48 0.96

40 16.04 -0.54 0.97 12.44 -0.46 0.96

45 14.49 -0.53 0.96 10.84 -0.45 0.96

50 19.37 -0.57 0.96 9.75 -0.45 0.96

55 26.53 -0.60 0.95 9.61 -0.45 0.95

60 29.47 -0.60 0.94 10.18 -0.46 0.94

65 27.82 -0.59 0.93 11.02 -0.46 0.93

70 27.13 -0.58 0.92 11.61 -0.47 0.92

75 39.84 -0.63 0.93 11.67 -0.47 0.92

80 54.46 -0.66 0.92 11.20 -0.48 0.92

85 124.26 -0.74 0.92 10.58 -0.48 0.92

90 200.19 -0.78 0.88 10.70 -0.48 0.93

Norway lobster 30 1381.48 -0.82 0.94 34.72 -0.58 0.94

35 39.19 -0.59 0.97 22.71 -0.53 0.95

40 11.37 -0.49 1.00 14.05 -0.49 0.96

45 9.83 -0.49 1.00 12.79 -0.49 0.96

50 10.72 -0.47 1.00 14.38 -0.50 0.96

55 14.95 -0.50 0.99 13.92 -0.50 0.96

60 25.72 -0.54 0.98 14.84 -0.51 0.96

65 38.69 -0.55 0.98 19.07 -0.52 0.96

70 12627.31 -1.13 0.89 34.63 -0.59 0.89

�Please note that length classes for cod are in cm (total length) and for Norway lobster in mm (carapace length)

https://doi.org/10.1371/journal.pone.0199655.t001
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uncertainty, and the variability between length classes. Moreover, the values obtained from the

original and uniform catch structures for both species are relatively similar, although Norway

lobster showed a higher variability than cod. Based on the results and the methodology used to

define the lower and upper bounds, a sampling effort of 500 to 1000 individuals is proposed

for both species and catch structures.

Discussion

To achieve the objectives of the EU landing obligation, and those specified in the proposal for

a new technical measures regulation (inter alia, flexibility and stakeholder involvement),

greater flexibility in the number of gears able to be used in the fisheries is needed [2, 4]. A pos-

sible cost effective way to achieve these objectives is to have the industry involved in the devel-

opment and testing of new gears, as well as the collection of data describing the selectivity of

the new gears in relation to one which is legislated. However, to have a successful industry-

Fig 5. Cod uncertainty curves for the observed catch structure (A) and uniform catch structure (B); and decrease in relative uncertainty when

sampling 100 more individuals for the observed catch structure (C) and uniform catch structure (D). Points in fig A and B represent the observed relative

uncertainties.

https://doi.org/10.1371/journal.pone.0199655.g005
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collected data programme, those involved need to be burdened as little as possible as they have

another objective, which is to carry out an economically viable fishery. Our results demon-

strate that it is possible for fishermen to collect catch comparison data with a level of accuracy

which makes it possible to correctly evaluate the performance of a new gear. With a relatively

small sample size (500 to 1000 individuals per species) it is possible to assess the performance

of a new fishing gear with an acceptable degree of uncertainty. These values are in the same

range as those found by Herrmann et al. [18] for the estimation of selectivity curves using the

paired-gear method; a method which is comparable to the catch comparison method. Consid-

ering that the total sample size per species is obtained throughout the testing phase, which

usually has a duration of a couple of weeks, fishermen would need to sample relatively few

individuals, per species, gear and haul, to obtain an acceptable degree of uncertainty. Further-

more, as the objective of a fishing gear selectivity trial is to address a specific issue in a fishery,

the total number of sampled species is typically low, 2–3 species, including target and

Fig 6. Norway lobster uncertainty curves for the observed catch structure (A) and uniform catch structure (B); and decrease in relative uncertainty when

sampling 100 more individuals for the observed catch structure (C) and uniform catch structure (D). Points in fig A and B represent the observed relative

uncertainties.

https://doi.org/10.1371/journal.pone.0199655.g006
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unwanted species. Therefore, on a haul level, the burden of collecting the required data should

be minimal for the fishermen.

As a consequence of the low number of individuals required to be measured, the uncertain-

ties around the average catch comparison curves are relatively large. The proposed number of

individuals to measure is based on the analysis of the uncertainties associated with the different

sampling efforts. As the results show, the uncertainties associated with the sampling effort fol-

low a power law, whereby the differences between the overall uncertainties will be far greater

for smaller sample sizes than for larger sample sizes. This behaviour of the uncertainties in

relation to sample size was expected and confirmed by the overall quality of the power model

fits (lowest R2 was 0.88) and was also described in Herrmann et al. [18]. Despite the proposed

sampling range (500 to 1000 individuals) leading to potential large uncertainties, we consider

it acceptable to use these for a preliminary assessment of the performance of a gear. However,

more fish would need to be measured to reduce these uncertainties where the data are used for

management purposes.

An additional aspect which needs to be considered is whether or not these results are appli-

cable to other species and gear designs. Here we chose two species which are very different

morphologically, and had very different observed population structures. The same trends in

uncertainties were observed, e.g. large increases in uncertainties for the length classes with less

data (tail area of the curves for the catch structures) for both species. To disclose the cause of

this, uniform catch structures were simulated, which showed that the increase in uncertainties

around the tails of the curves was caused by the low number of individuals measured at those

length classes. Despite these differences, the uncertainty curves for both the observed and sim-

ulated catch structures were very similar to one another. Therefore, the results are applicable

to different catch structures, and hence, species.

Despite the method being relevant to all species and areas, the difference in selectivity

between the standard and test gears will define the magnitude of the effect and how early on in

the sampling process an effect becomes evident. For example, in this study we looked at two

different species, a target species (Norway lobster) where we did not expect to see an effect and

a bycatch species (cod) where an effect was expected. For a species where no effect is expected,

it should not matter if the entire catch is measured, as no effect should be present. However,

for a species where a large effect is expected, one would anticipate the effect to be detectable

early on in the sampling. This was the case observed in our study, where an effect for cod was

detected after sampling only 100 individuals, while no effect was observed for Norway lobster

Table 2. The number of individuals sampled and the associated decrease in uncertainty when measuring 100 more individuals. Mean values for all length classes con-

sidered and their respective standard deviations (in parenthesis) are presented.

cod Norway lobster

Decrease in uncertainty Original catch structure (n) Uniform catch structure (n) Original catch structure (n) Uniform catch structure (n)

50% 51 (±11) 30 (±2) 49 (±29) 36 (±5)

40% 81 (±16) 51 (±3) 79 (±41) 60 (±7)

30% 133 (±23) 89 (±5) 129 (±60) 102 (±10)

25% 175 (±29) 119 (±6) 170 (±76) 137 (±13)

20% 238 (±37) 165 (±8) 231 (±98) 188 (±17)

15% 343 (±52) 243 (±11) 334 (±135) 274 (±23)

10% 555 (±80) 399 (±16) 540 (±209) 448 (±36)

5% 1190 (±164) 870 (±33) 1159 (±429) 971 (±73)

2% 3096 (±416) 2283 (±85) 3018 (±1090) 2539 (±186)

1% 6274 (±837) 4640 (±172) 6117 (±2191) 5154 (±374)

https://doi.org/10.1371/journal.pone.0199655.t002
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at all sampling levels. This means that the magnitude of the effect is considerably more impor-

tant than the species’ catch structure.

The importance of the magnitude means that if there is only a small effect of the new gear it

might be difficult to detect a significant effect with so few individuals. However, when the objec-

tive is to define which gears should be taken to a full scientific trial, one would only want to choose

those gears where a substantial effect can be obtained. Hence, this is not considered to be a major

shortcoming of the method presented herein. Furthermore, a strength of this approach is that it is

iterative, meaning that it is possible for the fishermen to collect additional data which can be ana-

lysed along the way. An additional strength of this approach is that if the modification which has

been developed and tested does not achieve the desired outcome, additional modifications to the

gear can be made without the need of an extensive gear selectivity trial.

The analysis presented herein is based solely on catch comparison data from a trawl fishery.

Despite this, the methodology and findings may be applicable to different types of fisheries.

The analysis presented here is based on length-dependent catch comparison data, where the

performance of one gear is compared to a baseline. Therefore, the same approach should be

applicable in different types of fisheries, for example, longline fisheries comparing different

hook types or sizes, or creel fisheries with different mesh size. Hence, the findings of this paper

should also be relevant to other types of fisheries.

In the present study, we do not consider between-haul variation, as an assumption of such vari-

ation may not be representative for other catch comparison experiments. Therefore, the range pro-

posed here can be considered the absolute minimum number of individuals to measure, since one

would expect the uncertainties to be larger when accounting for between-haul variation. However,

since this is a first attempt at quantifying the minimum sampling efforts required to correctly doc-

ument a gear’s relative selectivity, the values presented herein are still applicable as guidelines.

To be able to fully evaluate the results presented herein they should be benchmarked against

those obtained from scientific trials. For example, are the trends observed in the industry-col-

lected data the same as those observed in the scientific trial? This will help disclose whether or

not these data can be used for a preliminary evaluation of a gears relative selectivity, and to

what extent they can be used.

Conclusion

This study shows that it is possible for fishermen to collect quality data on the performance of

a new gear without affecting their main activity. This can help facilitate the needed flexibility

in gear development which is currently lacking under the existing EU management system. By

having the industry develop and test their own gears, as well as being involved in the collection

of data, one increases the amount of potential solutions available to address the different issues

emerging in the fisheries. From a list of potential solutions, the most promising and/or relevant

ones can then be selected for a thorough scientific test in order to introduce the new gears into

legislation. Here we have shown that it should be possible for the industry to collect relevant

data to describe the relative selectivity of a new gear, where the guidelines presented herein can

potentially be used in any fishery and for any gear. This new framework proposed here defines

a new way of securing a fast and iterative development of thoroughly tested and well-docu-

mented fishing gears with minimal time and economic outlay.
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Abstract 14 

In the reformed technical measures regulation, the European Union proposed a greater 15 

involvement of the fishing industry in the different managerial aspects of fisheries. However, having 16 

the industry as a main actor in gear development presents a new suite of challenges. The industry, 17 

while addressing an issue in the fishery, can modify several aspects of a fishing gear 18 

simultaneously, without considering that some of those changes might have opposing effects. Here 19 

we present a case study where a codend, with several modifications, was developed by the 20 

industry for the Baltic cod trawl demersal fishery. Our results, based on cumulative catch 21 

distribution, catch comparison, and usability indicators, showed that the industry can successfully 22 

develop gears with more suitable catch profiles than the one currently used. However, one 23 

modification to the codend, the increased circumference, had the opposite effect than expected by 24 

the industry. Having the industry as the main driver in the development of new fishing gears can 25 

facilitate the development of a larger number and more specialized technical solutions. However, 26 

an early and continuous involvement of scientists in the process is crucial, as it ensures that 27 

unnecessary and adverse modifications are not made to the gear. 28 

 29 

Keywords 30 

Industry-led; fishing gear development; Baltic Sea; gear selectivity; fisheries management  31 



Introduction 32 

In fisheries management, one of the most widely used technical measures to achieve different 33 

managerial objectives is the implementation of more selective fishing gears (Graham et al., 2007; 34 

Enever et al., 2009; Condie et al., 2014). Despite their extensive use, there are examples where 35 

the implementation of new or modified fishing gears did not have the desired effect (e.g. Krag et 36 

al., 2016). The main motivation for the industry to negate the selectivity of a newly legislated gear 37 

stems primarily from the reduction or perceived reduction in target catch, resulting in short-term 38 

economic losses (Suuronen and Sardà, 2007; Suuronen et al., 2007; Krag et al., 2016). This 39 

negation of selectivity can occur when the technical solutions that are available for use within an 40 

entire fishery and management area are perceived by the industry as inadequate, e.g. the size 41 

selectivity of the gear does not match the minimum conservation reference size (MCRS) of the 42 

target species (Suuronen et al., 2007). Under the European Union (EU) Common Fisheries Policy 43 

(CFP) of 2013, the management setting has changed to one where technical solutions can play a 44 

much larger role in achieving sustainability objectives.  45 

Under the 2013 CFP, all catches of quota regulated listed species are to be counted against the 46 

quota, formally known as the landing obligation (LO), and once a species quota is fished that 47 

species has the possibility to choke the fisheries (European Union, 2013). Therefore, unwanted 48 

catches now have a direct monetary cost to the industry, directly linking selectivity to economy in 49 

the fisheries. The risk of a species choking a fishery can occur at different times throughout the 50 

year. Consequently, technical measures need to be developed to resolve these issues as they 51 

arise, where the measures will be dependent on the species which is/are choking the fishery. The 52 

need for a larger number of more specific technical solutions is something which is suggested in 53 

the proposed technical measures framework (Eliasen et al., 2019). Furthermore, effective solutions 54 

will need to be implemented relatively quickly. This is something which has been acknowledged in 55 

the 2013 CFP with the introduction of regional groups, with them being given the mandate to 56 

implement delegate acts (Eliasen et al., 2019). 57 



One way to potentially increase the number and acceptance of new technical measures, 58 

particularly new fishing gears, is to not only have the industry involved in the development and 59 

testing of those fishing gears (e.g. Suuronen and Sardà, 2007) but rather lead the entire process 60 

(ICES, 2018a). The increased involvement of industry in the identification, development and testing 61 

of new gears, as well as in the documentation of their selective performance is something which 62 

numerous European institutes (Denmark, Sweden, Scotland, The Netherlands, Belgium and 63 

England) are working on (ICES, 2018a) and has theoretically been demonstrated to be possible 64 

(Veiga-Malta et al., 2018). Veiga-Malta et al. (2018) demonstrated that it is possible for the fishing 65 

industry to collect preliminary selectivity data on the performance of a new gear design. The 66 

industry could therefore be able to lead the entire development process, from identifying the 67 

problems, developing and testing multiple solutions in parallel, to collecting the data necessary for 68 

a preliminary documentation of the gear’s performance. Such a system changes the way gears are 69 

developed, giving the industry a much larger and more proactive role in the process. However, this 70 

can result in a new suite of challenges for managers and scientists.  71 

In this study, we evaluate the effect on size selectivity and catch pattern of an industry-developed 72 

gear modification and investigate if it met the industry’s objective. We used a case study from the 73 

Baltic Sea cod (Gadus morhua Linnaeus, 1758) demersal trawl fishery, the most important 74 

demersal fishery in the Baltic Sea (ICES, 2018b). The industry developed a codend following the 75 

development process outlined above and described in Veiga-Malta et al. (2018). The main 76 

selectivity process in a standard demersal trawl without any by-catch reduction device occurs in 77 

the codend (Wileman et al., 1996). Thus, to adjust the trawl selectivity, several parameters of the 78 

codend can be modified, such as, mesh shape (e.g. Campos et al., 2003; Herrmann et al., 2007), 79 

mesh size (e.g. Herrmann et al., 2009; Wienbeck et al., 2011; Wienbeck et al., 2014), codend 80 

circumference (e.g. Reeves et al., 1992; Graham et al., 2009; Herrmann et al., 2015), twine 81 

material and thickness (e.g. Ferro and O’Neill, 1994; Tokaç et al., 2004), and through the use of 82 

lastridge ropes (e.g. Hickey et al., 1993; Lök et al., 1997). The industry developed a codend with 83 



several of these parameters modified. Their aim was to adjust the selectivity of the gear to better 84 

match the MCRS of 35 cm for Baltic cod. Furthermore, according to the industry, the two gears 85 

currently legislated, T90 120 mm and BACOMA 120 mm (EU Regulation no. 686/2010), are too 86 

selective (e.g. a large loss of individuals above the MCRS) due to changes in the cod population 87 

structure in recent years, something which has occurred due to the increased fishing pressure on 88 

larger cod (Svedäng and Hornborg, 2014; Svedäng and Hornborg, 2017). Finally, based on this 89 

case study, we identify and discuss the potential advantages and challenges of industry-led fishing 90 

gear development.  91 

 92 

Material and Methods 93 

The codend developed by the industry had four modifications compared to the one currently used 94 

by the fleet, a T90 120 mm codend with 50 meshes in the circumference; a larger circumference, 95 

smaller mesh size, shortened lastridge ropes, and twine made of polyethylene (PE) instead of 96 

polyester (PES). A T90 codend is a diamond mesh codend where the meshes are turned 90 97 

degrees, with the intention of keeping the meshes open during the fishing process (Herrmann et 98 

al., 2007). Lastridge ropes are ropes that are attached to the selvedges of the codend, that when 99 

shortened ensure the meshes remain open during the fishing process (Hickey et al., 1993). Since 100 

the codend proposed by the industry had several modifications, we disentangle the effects of the 101 

different modifications. Describing and understanding the effects of the individual modifications 102 

makes it possible to optimise the performance of the new fishing gear and facilitate its 103 

implementation in legislation (Eliasen et al., 2019). Therefore, three consecutive gear selectivity 104 

trials were conducted.  105 

The relative size selectivity and catch patterns of the codends tested were compared in each of the 106 

three trials. In the first trial, the industry-developed codend, hereby referred to as IND, was 107 

compared to the standard T90 codend made from polyester (PES), hereby referred to as PES. In 108 



the second trial, IND was compared to the standard T90 codend constructed from polyethylene 109 

(PE), hereby referred to as PE. In the third trial, a codend similar to PE but with a larger 110 

circumference of 92 meshes around, hereby referred to as LC codend, was compared to PE. For 111 

further details on the four codends tested see Table 1.  112 

Table 1. Description of the technical specifications of the four codends tested in the sea trials.  113 

Characteristic (IND) (PES) (PE) LC 

Mesh orientation T90 T90 T90 T90 

Nominal mesh size (mm) 110 120 120 120 

Measured mesh size (mm) 109.1 121.4 123.1 122.8 

Standard deviation 2.4 1.9 2.2 2.2 

Codend circumference (no. open 
meshes) 

92 50 50 92 

Twine thickness 4 mm double 4 mm double 4 mm double 4 mm double 

Shortened lastridge ropes Yes No No No 

Net material 
Polyethylene 

(PE) 
Polyester 

(PES) 
Polyethylene 

(PE) 
Polyethylene 

(PE) 

Codend length (m) 10.5 8 8 8 

No. of selvedges 2 2 2 2 

Number of mesh in each selvedge 4 4 4 4 

 114 

The sea trials were conducted in the Baltic Sea off the coast of Bornholm on board of the 115 

commercial vessel R 218 Judith Bechmann (a twin-rig trawler with 25.9 m length and 485 Kw), 116 

during 17th to 27th of June 2017. The fishing grounds were chosen by the skipper based on his 117 

experience, so that the size structure of the cod population available to the gears was 118 

representative of commercial trips. The vessel was equipped with two identical trawls where the 119 

only difference was the codends used. The sea trials were conducted as catch comparison trials 120 

(Krag et al., 2014) where two trawls were towed in a twin-rig setting, with the position of the tested 121 

codends being swapped every 3-5 hauls, to account for systematic trawl side effects. Towing both 122 

trawls in parallel ensures that on a haul-by haul basis both codends tested are subjected to the 123 



same varying fishing conditions, population structures and sizes. Additionally, not using covers 124 

around the codend ensured that the fishing conditions were kept as similar as possible to 125 

commercial fishing conditions. By using this method we are not able to measure the absolute 126 

selective of the two gears but only the size selective performance of one gear with respect to the 127 

other, also known as relative size selectivity and/or catch ratio (e.g. Sistiaga et al. 2015, Santos et 128 

al., 2016). However, the focus of the study was to assess the selective performance of the 129 

industry-developed codend compared to the legislated codend most commonly used in the Baltic 130 

cod fishery. Therefore, the catch comparison method was preferred because it allows to operate 131 

the vessel under true commercial conditions while providing a direct comparison of the codends 132 

tested. Furthermore, the order in which the codends were retrieved was also taken into account by 133 

alternating every second haul which codend was retrieved first, the starboard or port side, 134 

respectively. The second codend was hanging loosely beside the vessel for approximately 5 to 10 135 

min. All cod caught were length measured and rounded down to the nearest centimetre.  136 

Statistical analyses 137 

The number of individuals per length class caught in the different codends in each of the trials was 138 

used to evaluate the length dependent relative catch efficiency for cod in the test gears in relation 139 

to the baseline gears. Moreover, the number of individuals per length class provides an estimate of 140 

the relative size selectivity between the two codends, thus comparing the length-dependent 141 

catching efficiency of both gears. The portion of the total catch caught by the test gear was 142 

obtained through the use of the catch comparison equation (CC; Krag et al., 2014): 143 

CC𝑖𝑙 =  
∑ 𝑛t𝑙𝑖

ℎ
𝑖=1

∑ 𝑛t𝑙𝑖
ℎ
𝑖=1 +∑ 𝑛b𝑙𝑗

ℎ
𝑖=1

           (1) 144 

where 𝑛t𝑖𝑙 is the number of individuals caught per length class 𝑙 and haul 𝑖 in the test codend, and 145 

𝑛b𝑖𝑙 is the equivalent for the codends used as the baseline in the different trials. The total number 146 

of hauls in the trial is represented by ℎ. From the catch comparison values obtained 147 



experimentally, the length-dependent relative catch efficiency was modelled through the use of the 148 

catch comparison function CC(𝑙, 𝒒), (Krag et al., 2014): 149 

𝐶𝐶(𝑙, 𝒒) =  
exp(𝑓 (𝑙,𝑞0,...,𝑞𝑘))

1 + exp(𝑓 (𝑙,𝑞0,..,.𝑞𝑘))
           (2) 150 

where 𝑓 is a polynomial of order 𝑘 with coefficients 𝑞0 to 𝑞𝑘 so 𝒒 = (𝑞0,…, 𝑞𝑘). 𝑓 was considered up 151 

to an order of 4 with parameters 𝑞0, 𝑞1, 𝑞2, 𝑞3 and 𝑞4. Leaving out one or more of the parameters 152 

𝑞1, …, 𝑞4 led to 31 additional models that were also considered potential models for the catch 153 

comparison function 𝐶𝐶(𝑙, 𝒒). The selection of the final models was based on multimodel inference 154 

(Burnham and Anderson, 2002). In this approach, an average of the best models, weighted by their 155 

respective Akaike's Information Criterion (AIC) values (Akaike, 1974), is chosen rather than 156 

selecting the model with the lowest AIC value. This method allows for an overall better fit of the 157 

estimated curves of the model and their associated uncertainties. Here, all models were used 158 

where the difference between their respective AIC values and the lowest AIC value was 10 or 159 

lower (Katsanevakis, 2006). How well the combined model results fitted the experimental data was 160 

evaluated through the p-value, residuals deviance and how it relates to the degrees of freedom, 161 

and the visual inspection of the residuals distribution (Wileman et al., 1996). The p-value 162 

expresses the likelihood for obtaining by coincidence a discrepancy equal to or larger than the 163 

observed discrepancy between the fitted model and the experimental data, thus the p-value should 164 

not be <0.05 (Wileman et al., 1996). Moreover, residual deviances and the degrees of freedom 165 

should show values within the same order of magnitude (Wileman et al., 1996).  166 

The 𝐶𝐶(𝑙, 𝒒) descriptor does not provides a direct estimate for the relative catch efficiency for both 167 

gears, therefore catch ratio was used since it provides such direct comparison and can be easily 168 

derived from 𝐶𝐶(𝑙, 𝒒). This direct comparison provides an easier interpretation of results for 169 

fisheries managers and fishermen (Veiga-Malta et al., 2018).  170 

CR(𝑙, 𝒒) =  
CC(𝑙,𝒒)

1−CC(𝑙,𝒒)
                     (3). 171 



where 𝐶𝑅 can have values equal to or higher than 0. A 𝐶𝑅 value of 1 means the catch efficiency for 172 

both gears at length l is equal, while a 𝐶𝑅 equal to 0.5 and 1.5 means that the test gear is catching 173 

50% less or more, respectively, at length l for a given species. The CI for the average 𝐶𝐶(𝑙, 𝒒) and 174 

CR(𝑙, 𝒒) were estimated using a double bootstrap approach. By using this approach, both within 175 

and between haul variations were taken into account. A total of 1000 bootstrap iterations were 176 

performed to estimate the Efron percentile 95% confidence limits (Efron, 1982) for all relevant 177 

length classes.  178 

 179 

Because the gear which was used as a baseline in trials 1 and 2 remained the same, it was 180 

possible to indirectly assess the effect the net material had on the catch efficiency of cod. This was 181 

performed by calculating the ratio between the catch ratio curves obtained from the first and 182 

second trials using the following equation: 183 

𝐶𝑅(𝑙, 𝒒)𝑃𝐸𝑆
𝑃𝐸⁄ =  

CR(𝑙,𝒒)𝑡𝑟𝑖𝑎𝑙1

CR(𝑙,𝒒)𝑡𝑟𝑖𝑎𝑙2
           (4) 184 

where in both catch ratio analyses the numerator was the test gear. This simple mathematical 185 

manipulation makes it possible to infer the relative size selectivity of the codend made of PES in 186 

relation to the codend made of PE. 187 

The 95% confidence intervals (CI) for 𝐶𝑅(𝑙, 𝒒)𝑃𝐸𝑆
𝑃𝐸⁄  were obtained based on the two bootstrap 188 

populations of results (1000 bootstrap repetitions in each) from each CR model estimated for the 189 

first and second trials. Since both bootstrap populations were obtained independently and the 190 

sampling to obtain those populations of results was performed randomly and independently, a new 191 

population of results with 1000 bootstrap iterations was created for 𝐶𝑅(𝑙, 𝒒)𝑃𝐸𝑆
𝑃𝐸⁄  following 192 

(Herrmann et al., 2018): 193 

𝐶𝑅(𝑙, 𝒒)𝑃𝐸𝑆
𝑃𝐸𝑖⁄ =  

CR(𝑙,𝑞)𝑡𝑟𝑖𝑎𝑙1𝑖

CR(𝑙,𝑞)𝑡𝑟𝑖𝑎𝑙2𝑖
 𝑖 ∈  [1 ⋯  1000]        (5) 194 



where i represents the bootstrap repetition index. Based on this new population the Efron 95% CI 195 

for the 𝐶𝑅(𝑙, 𝒒)𝑃𝐸𝑆
𝑃𝐸⁄  were obtained. 196 

Catch comparison and catch ratio analyses, by being population independent, are good tools for 197 

generalizing the results obtained from comparing the size selectivity of two gears in a given fishery 198 

to other fisheries. However, if the aim is to better understand the impacts of that difference in 199 

selectivity to the stock where the new gear was tested or catch length pattern obtained by the 200 

fishermen, cumulative distribution analysis of the catch weight gives a better understanding and 201 

quantification of such impacts. Therefore, cumulative distribution analyses of the catch weight were 202 

performed for the catches of each codend used in the three sea trials and the difference between 203 

both cumulative distributions within each trial was calculated, henceforth referred to as delta. 204 

Cumulative distribution analysis provides the proportion of the total catch up to a given length for 205 

the tested gear when fished in that stock population, thus being highly relevant for management 206 

purposes. Moreover, the cumulative catch weight distribution analysis is non-parametric and thus 207 

independent of any modelling assumptions and is described in this study by: 208 

𝐶𝐷_𝑐𝑎𝑡𝑐ℎ(𝐿) =
∑ {∑ [𝑛𝑖𝑙×(𝑎×𝑙𝑏𝑙≤𝐿

𝑙=0 )]}𝑖

∑ {∑ 𝑛𝑖𝑙𝑙 }𝑖
                  (6) 209 

where the sum of 𝑖 is for hauls and 𝑙 is for length classes, while a and b are the coefficients from 210 

the length-weight equation for Baltic cod. The delta allows quantifying the length dependent 211 

difference between the catch weight distributions of the both codends tested in each sea trial, and 212 

can be described by: 213 

𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 = 𝐶𝐷_𝑐𝑎𝑡𝑐ℎ(𝐿)𝑡 −  𝐶𝐷_𝑐𝑎𝑡𝑐ℎ(𝐿)𝑏                 (7) 214 

where the indices t and b represent, respectively, the test and baseline codends in each of the 215 

three trials. The Efron percentile 95% confidence limits were estimated using a double bootstrap 216 

approach. Since, for all three trials both tested codends were fished in parallel and therefore 217 

subjected to the same fishing conditions and cod populations, the bootstrapping procedures for 218 



each cumulative catch weight distribution curves were performed in the same loop. This approach 219 

allows accounting for differences that might have come from variability within the trials. 220 

The evaluation of the different codend’s overall performance can also be complemented and 221 

summarized using usability indicators. The indicators were adapted from Wienbeck et al. (2014) 222 

and Santos et al. (2016) so that they could be used for catch comparison data instead of cover 223 

codend data. Moreover, the indicators were modified to provide the values in weight and not 224 

numbers caught to be even more relevant for managers and fishermen. These indicators depend 225 

directly on the size structure of the fished population, in contrast to the catch comparison and catch 226 

ratio that provide population independent information. Thus, the results are specific to the three 227 

trials in this study. However, since the trials were undertaken under commercial conditions and 228 

targeting common fishing grounds, the results contain information regarding the usability of the 229 

codends in the fishery. Three different codend usability indicators were used: 230 

𝑤𝑃− =  
∑ {∑ 𝑛t𝑖𝑙𝑙<𝑀𝐶𝑅𝑆 ×(𝑎×𝑙𝑏)}𝑖

∑ {∑ 𝑛b𝑖𝑙𝑙<𝑀𝐶𝑅𝑆 ×(𝑎×𝑙𝑏)}𝑖
          (8) 231 

𝑤𝑃+ =
∑ {∑ 𝑛t𝑖𝑙𝑙≥𝑀𝐶𝑅𝑆 ×(𝑎×𝑙𝑏)}𝑖

∑ {∑ 𝑛b𝑖𝑙×(𝑎×𝑙𝑏)𝑙≥𝑀𝐶𝑅𝑆 }𝑖
          (9) 232 

𝑑𝑤𝑅𝑎𝑡𝑖𝑜 = 100 ×
∑ {∑ 𝑛𝑖𝑙×(𝑎×𝑙𝑏)𝑙<𝑀𝐶𝑅𝑆 }𝑖

∑ {∑ 𝑛𝑖𝑙𝑙 ×(𝑎×𝑙𝑏)}𝑖
                  (10) 233 

where the sum of 𝑖 is for hauls and 𝑙 is for length classes and a and b are the coefficients from the 234 

length-weight equation for Baltic cod obtained from Danish bottom trawl surveys in the first and 235 

fourth quarters of the years 2015 to 2017 in the ICES areas 24 and 25 of the Baltic Sea. 𝑤𝑃− and 236 

𝑤𝑃+ compare the catches weights under and over the MCRS between the test and the baseline 237 

codends for each trial. Values of 100 indicate that the test gear catches equally as much as the 238 

baseline gear. Therefore, 𝑤𝑃− should be as low as possible while 𝑤𝑃+ should be as high as 239 

possible, meaning that no losses (𝑤𝑃+ ≈ 1) or even an increase in the catch above the MCRS 240 

(𝑤𝑃+ > 1) occurred for the test codend in relation to the baseline codend. 𝑑𝑤𝑅𝑎𝑡𝑖𝑜 is the ratio 241 



between discards and total catch in weight, thus it should be as low as possible, with 0 being the 242 

optimal situation where no discards occur.  243 

The CI for the average 𝑛𝑃−, 𝑛𝑃+ and 𝑑𝑤𝑅𝑎𝑡𝑖𝑜 were estimated using a double bootstrap approach. 244 

By using this approach, both within and between haul variations were taken into account. A total of 245 

1000 bootstrap iterations were performed to estimate the Efron percentile 95% confidence limits 246 

(Efron, 1982) for all relevant length classes.  247 

 248 

Results 249 

A total of 26 out of 27 hauls were considered valid, with 6 being from the first trial, 10 from the 250 

second, and 10 from the third (Table 2). The invalid haul was due to excessive mud in the codend 251 

of the test gear. Furthermore, fishing operations were kept as similar as possible to commercial 252 

fishing activities, with haul duration, towing speed and fishing depth ranging from 100 to 465 min, 253 

3.1 to 3.4 knots, and 40 to 73 m, respectively. Total catches of cod per haul ranged from 243 to 254 

1763 kg during the three sea trials and all cod caught was length measured. Further details 255 

regarding the sea trials are shown in Table 2.  256 

Table 2. Summary of the hauls used for the catch comparison analysis of cod. Values within parenthesis are the 257 
calculated standard deviations. 258 

 Trial 1 Trial 2 Trial 3 

No. of hauls 6 10 10 

No. cod caught 5 856 9 770 14 254 

Average cod catch size (kg) 1130 (±368) 782 (±344) 691 (±159) 

Average haul duration (min) 317 (±83) 258 (±66) 304 (±76) 

Average towing speed (knots) 3.2 (±0.08) 3.2 (±0.04) 3.2 (±0.04) 

Average fishing depth (m) 54 (±10) 62 (±11) 66 (±3) 

 259 



Catch comparison analyses were performed on the datasets from each of the three trials. The 260 

analysis of model fits did not reveal any issues. The p-values and the ratio between residual 261 

deviance and degrees of freedom did not indicate any fitting problems for any of the three models 262 

(Table 3). Furthermore, plotting the residuals against the length did not show any structure in the 263 

residuals from any of the three catch comparison models (plots not shown).  264 

Table 3. Fit statistics for the modelled catch comparison rates. 265 

Trial p-value Residual 
Deviance 

DOF 

1 0.80 37.66 46 

2 0.12 62.12 50 

3 0.11 65.74 53 

 266 

The results obtained from the first trial are shown in Figure 1. The catch ratio, 𝐶𝑅(𝑙, 𝒒), curve 267 

obtained showed that the IND codend caught significantly, although just slightly, more cod between 268 

45 and 48 cm than PES, while no significant difference was found for the remaining length classes. 269 

The largest significant difference occurred for the length of 47 cm, where IND caught at least 1.02 270 

times (estimated to be on average 1.20 times) more cod than PES. The cumulative catch weight 271 

distribution curves obtained from both codends showed similar catch patterns. However, the 272 

𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 shows that the cumulative catch profiles of IND and PES are significantly different for the 273 

lengths between 35 and 40 cm. 𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 shows that the cumulative catch, in weight, for the 274 

lengths 35 to 40 cm is lower for IND, with the largest absolute difference occurring at 39 cm, -5.6% 275 

(CI from -12.1 to -0.8). This significant difference comes from the cumulative effect of IND catching 276 

less cod up to the length of 39 cm, as seen in the 𝐶𝑅(𝑙, 𝒒), despite not been significant in the 277 

𝐶𝑅(𝑙, 𝒒). The usability indicators for cod for the first trial show that IND, when tested against PES, 278 

currently being used in the fishery, reduced the catch of cod under the MCRS by 27% (wP-) while 279 

increasing the catch of cod above the MCRS (wP+) by 7%. Moreover, IND showed a lower discard 280 

ratio (𝑑𝑤𝑅𝑎𝑡𝑖𝑜) than PES, 3.7% (CI from 2.2 to 4.8) and 5.2% (CI from 3.5 to 7.6), respectively. 281 



Despite on average indicating an overall positive performance of IND, wP- and wP+ were not 282 

significant since in both cases the CIs included the value of 1.  283 

 284 

 285 

Figure 1 Results from trial 1. Top-left panel shows the population caught in numbers by IND (black line) and PES (grey 286 
line). Top-right panel shows the cumulative catch weight distributions for IND (black thin line) and PES (grey thin line) 287 
and respective delta (black thick line). The usability indicators are also shown in the top-right panel. Estimated average 288 
catch comparison and catch ratio curves are shown in the bottom-left and bottom-right panels, respectively. Dotted grey 289 
horizontal lines represent when both gears are fishing equally efficient. The 95% confidence intervals estimated for all 290 
curves in all panels are shown in the respective broken lines. The vertical dotted line shows the minimum conservation 291 
reference size of 35 cm for Baltic cod. 292 

 293 



In the second trial, where PES was changed to PE, the IND codend caught significantly more cod 294 

at the length classes between 26 and 47 cm, while no significant difference was found for the other 295 

length classes (Figure 2). At the MCRS, IND caught at least 2 times more cod (on average 4 times 296 

more) than PE. Moreover, the cumulative catch distributions curves obtained for IND and PE also 297 

show two distinct catch profiles. The 𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 shows that IND caught, in weight, significantly more 298 

cod than PE for the lengths between 34 and 53 cm, with the largest delta occurring at 44 cm with a 299 

total difference of 17.8% (CI from 10.35 to 25.10). Although 𝐶𝑅(𝑙, 𝒒) showed that IND has relatively 300 

higher catch rates of smaller cod, this increase in catch rates starts to impact the cumulative catch 301 

profile only at the length of 34 cm. Furthermore, the usability indicators also showed a significantly 302 

higher retention of cod under the MCRS, 413%, and a significant increase of cod above the MCRS, 303 

although of a lower magnitude, 45%. Although the relative increase in undersized cod being 304 

around 9 times higher than the increase of oversized cod, the absolute increase in catch between 305 

both codends for both undersized and oversized cod showed opposite results as shown by the 306 

𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 and the absolute catches. Regarding the discard ratio of cod in weight, IND showed 307 

values approximately 3.5 times higher than PE, 3.8% (CI from 1.4 to 6.6) and 1.1% (CI from 0.6 to 308 

1.5], respectively, although still being a relatively low discard ratio (𝑑𝑤𝑅𝑎𝑡𝑖𝑜). 309 



 310 

Figure 2 Results from trial 2. Top-left panel shows the population caught in numbers by IND (black line) and PE (grey 311 
line). Top-right panel shows the cumulative catch weight distributions for IND (black thin line) and PE (grey thin line) and 312 
respective delta (black thick line). The usability indicators are also shown in the top-right panel. Estimated average catch 313 
comparison and catch ratio curves are shown in the bottom-left and bottom-right panels, respectively. Dotted grey 314 
horizontal lines represent when both gears are fishing equally efficient. The 95% confidence intervals estimated for all 315 
curves in all panels are shown in the respective broken lines. The vertical dotted line shows the minimum conservation 316 
reference size of 35 cm for Baltic cod. 317 

 318 

The effect of increasing the circumference was tested in the third trial and the results shown in 319 

Figure 3. The LC codend caught significantly more cod below 45 cm when compared to the PE 320 

codend, while catching significantly less cod between 47 and 60 cm. No significant difference was 321 

found for other lengths. The increase in circumference from 50 to 92 open meshes led to a 322 

minimum increase of 40% (on average 74%) of the catch of cod at the MCRS. The 𝐷𝑒𝑙𝑡𝑎_𝐶𝐷 323 



obtained from the cumulative catch curves for both codends showed a significant difference in the 324 

cumulative catch profile for lengths between 30 and 47 cm. Moreover, the largest delta value 325 

occurs at 42 cm with a total difference of 8.2% (CI from4.2 to 12.3). This significant difference 326 

between the cumulative catch profiles of both codends, LC and PE, comes from the large increase 327 

of catches of undersized cod, affecting the catch profile up to 47 cm. The increase in codend 328 

circumference resulted in an increase of 2.2 times of undersized cod and no change in the catches 329 

of oversized cod (respectively, wP- and wP+ in Figure 3). Moreover, the LC showed a discard ratio 330 

of 3.4% (CI from 2.3 to 4.6) while PE showed a discard ratio of 1.6% (CI from 1.1 to 2.1). 331 

 332 

 333 



 334 

Figure 3 Results from trial 3. Top-left panel shows the population caught in numbers by LC (black line) and PE (grey 335 
line). Top-right panel shows the cumulative catch weight distributions for LC (black thin line) and PE (grey thin line) and 336 
respective delta (black thick line). The usability indicators are also shown in the top-right panel. Estimated average catch 337 
comparison and catch ratio curves are shown in the bottom-left and bottom-right panels, respectively. Dotted grey 338 
horizontal lines represent when both gears are fishing equally efficient. The 95% confidence intervals estimated for all 339 
curves in all panels are shown in the respective broken lines. The vertical dotted line shows the minimum conservation 340 
reference size of 35 cm for Baltic cod. 341 

 342 

Changing the net material from polyethylene (PE) to polyester (PES) significantly increased the 343 

catch of cod between 26 and 43 cm, inclusive, while showing no significant differences for the 344 

other length classes (Figure 4). At the MCRS, the PES codend caught at least 2.2 times (on 345 

average 5 times) more cod than the PE. 346 



 347 

Figure 4 Estimated catch ratio curve (solid black line) and 95% confidence intervals (broken black lines) for cod obtained 348 
when changing the material of the codend from polyethylene to polyester in a T90 120 mm standard codend. Dotted grey 349 
horizontal line represents when both codends have equal catch efficiency. 350 

 351 

Discussion 352 

The results from the first and second trials showed that the industry were able to develop a 353 

codend, IND, with a size selectivity better suited to the current cod population structure in the Baltic 354 

Sea. Moreover, the industry-developed codend showed a better relative size selectivity when 355 

compared to the codends presently being used by the Baltic cod trawl fleet. The industry being 356 

able to successfully develop gears with more suitable catch profiles than those currently used has 357 

been described in previous studies (Catchpole and Gray, 2010). However, the objectives of the 358 

fishing industry and scientists are not completely aligned.  359 

While both industry and scientists have the objectives of optimising catch values and reducing 360 

discards to increase profit, scientists also need to understand the effect of the single design 361 

parameters of a fishing gear. Thus, industry can change several design parameters of a gear to 362 

achieve their objectives, as shown in this case study. To understand the individual effects of the 363 

different parameters changed in the fishing gear proposed by the industry, three consecutive sea 364 

trials were performed in the Baltic Sea. However, due to the complexity of the gear proposed by 365 

the industry, it was not possible to experimentally test all four modifications proposed. Therefore, 366 



we tested two of these modifications experimentally, material type and codend circumference, and 367 

discuss the effect of the two other modifications, mesh size and lastridge ropes, for which effects 368 

are better understood. 369 

The results describing the effect of twine material on cod selectivity showed that PES significantly 370 

reduced the selectivity for cod when compared to PE. Previous studies reported that for diamond 371 

meshes (T0°) twine materials softer than PE, such as PES, increase the codend selectivity (Ferro 372 

and O’Neill, 1994; Tokaç et al., 2004). Softer materials allow for an easier escape of individuals 373 

when the codend has already some catch build-up. These findings contradict the results obtained 374 

in this study, although here diamond meshes turned 90° degrees were used instead of T0°. The 375 

objective of turning diamond shaped meshes 90° degrees is to allow the meshes to retain their 376 

shape and remain open during the fishing process (Herrmann et al., 2007). A stiffer twine material 377 

in a T90° netting will further enhance its effects, as it will help retain the mesh opening angle of the 378 

meshes (Herrmann et al., 2009). Opening angles determines how open a mesh is, for example in 379 

diamond meshes it can vary throughout the fishing process while for square meshes the angle is 380 

stable at 90°. On the other hand, a softer twine material can considerably hamper the effect of 381 

T90° netting by reducing the opening angle of the meshes. As our results show, the twine material 382 

stiffness in a T0° codend appears to have the opposite effect in a T90°.  383 

The results obtained describing the effect of codend circumference on the relative size selectivity 384 

of cod showed that increasing the circumference of the codend from 50 to 92 open meshes 385 

significantly increased the proportion of small cod captured. Previous studies presented similar 386 

results for cod in the Baltic Sea (Wienbeck et al., 2011; Herrmann et al., 2015), North Sea (Reeves 387 

et al., 1992) and based on simulations (Herrmann et al., 2007). The optimal opening angle of the 388 

meshes in codends with smaller circumferences is typically reached earlier in the fishing process, 389 

and thus facilitating the escapement of smaller cod (Herrmann et al., 2007).  390 



The effects of reducing mesh size and adding lastridge ropes were not tested in this study. The 391 

effect of reducing mesh size on cod selectivity is well known and documented, where a reduction in 392 

mesh size reduces selectivity (e.g. Herrmann et al., 2009; Wienbeck et al., 2011; Wienbeck et al., 393 

2014). While being less well documented, the objective of lastridge ropes is to maintain a high 394 

opening angle of the meshes in the codend throughout the fishing process, therefore increasing 395 

selectivity (Hickey et al., 1993; Lök et al., 1997).  396 

This case study shows that the industry can, in the terms of overall size selectivity, develop a gear 397 

to suit their needs and those of management. This approach also provides them with a more active 398 

role in the process, where they are able to develop and test multiple solutions in parallel which are 399 

tailored to their specific fisheries. Moreover, the experimental design applied in this study, where 400 

the new gear was tested directly against a baseline using the catch comparison method, is 401 

particularly well-suited for industry-led gear development trials as it does not interfere with the 402 

commercial fishing operation. Furthermore, developing gears in such a manner introduces a proper 403 

iterative development and testing phase under commercial fishing conditions, something which 404 

has, in general, been lacking in traditional gear development initiatives. Undertaking the 405 

development and testing in such a manner can potentially lead to a faster implementation and 406 

uptake of gears in the fisheries. However, the speed in the process of introducing new fishing 407 

gears can be reduced by the industry putting forward overly complicated gears requiring a complex 408 

and costly documentation process.  409 

As seen in this case study, the industry put forward a gear design where multiple design 410 

parameters were modified. A total of four modifications were made, where one was found to have 411 

opposite effects to what the industry had anticipated (codend circumference) and another 412 

perceived not to influence the selectivity (material type). The effects of these parameters would not 413 

have been disclosed if the selectivity of the industry-developed gear had only been compared to 414 

the baseline. Not dissociating the effects of the different modifications can potentially result in 415 

unfavourable modifications being introduced into legislation. For this reason, after the trial the 416 



results were discussed with the fishermen involved and the chairman of the local fishermen’s 417 

organization. Here it was agreed that similar results could most likely have been obtained through 418 

a simple reduction in mesh size. This conclusion supports the industry’s claim that the currently 419 

legislated gears are too selective with respect to the size structure of the Baltic cod population. As 420 

a result of this process, the simple reduction of mesh size was presented to fisheries managers 421 

and taken forward to evaluation by STECF. Moreover, the scientific testing and documenting of 422 

such overly complicated gear designs becomes more expensive and time consuming, more difficult 423 

to understand, as well as resulting in an over complication of the gear specifications in legislation 424 

and difficulties in enforcement. This can potentially reduce the benefits of industry-led gear 425 

development. 426 

Having the industry as the main driver in the development of new fishing gears can facilitate the 427 

development of a larger number and more specialized technical solutions. Moreover, it can reduce 428 

the time outlay associated with gear development, and increase the acceptance of the new gear by 429 

the industry. However, there needs to be an early and continuous involvement from scientists in 430 

the development process to advise on expected effects of modifying different design parameters. 431 

This early involvement ensures that unnecessary and adverse modifications are not made to the 432 

gear, thus facilitating the scientific testing and documentation process for possible implementation 433 

in legislation. Furthermore, by understanding the effect of each modification, the response time to 434 

new issues in a fishery can be greatly reduced by knowing exactly which gear modifications should 435 

be further improved or removed. 436 
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Abstract 12 

A size-sorting grid with a small bar spacing of 6 mm was proposed to be used in a brown shrimp 13 

(Crangon crangon) beam trawl fishery. Considering the bar spacing, concerns regarding the 14 

hydrodynamics of such grid were raised. Here we experimentally investigated in a wind tunnel the 15 

hydrodynamics of four grids with different bar shapes and aimed to identify which parameters 16 

affect the hydrodynamics. By observing the similarity criteria according to Reynolds it is ensured 17 

that the measurement results are applicable to the grid in water. The four grids were tested at 18 

different angles and wind velocities. Porosity and the inclination of the grid were found to be the 19 

main parameters affecting the flow in front and behind the grid. The shape of the bars was also 20 

found to affect the flow, although to a lesser extent than porosity and angle. This shows that if grids 21 

are designed and mounted incorrectly their hydrodynamics performance may be reduced, thus 22 

potentially affecting the selectivity performance of the grid. 23 

 24 

Keywords 25 
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Introduction 27 

In crustacean trawl fisheries, grids are one of the most common and successful selective devices 28 

used globally to reduce unwanted catch (Eayrs 2007; Catchpole and Revill 2008; Lövgren et al. 29 

2016). Traditionally, grids consist of a physical barrier of vertical or horizontal bars, with a given bar 30 

shape and spacing used to direct individuals that did not pass through the bars to be released or to 31 

an alternative codend (e.g. Isaksen et al. 1992; Eayrs 2007). The use of grids has typically been to 32 

reduce the capture of two types of unwanted catch. First, they can be used as a by-catch reduction 33 

device, where the bar spacing will be set to physically allow individuals within the size range of the 34 

target species to pass through the grid and enter the codend, while larger non-target species, 35 

unable of passing through the grid, escape through an opening (Grimaldo and Larsen 2005; 36 

Kvalsvik et al. 2006; Eayrs 2007). Secondly, grids can be used as size sorting devices, where the 37 

smallest individuals of the target species are able to escape before they reach the codend 38 

(Kvalsvik et al. 2002; Larsen et al. 2016; 2018). Usually, this size sorting requires the use of a 39 

smaller space between the grid's bars, particularly if the target species is small, e.g. shrimps. 40 

The brown shrimp (Crangon crangon Linnaeus, 1758) beam trawl fishery is an important fishery in 41 

the North Sea with an international fleet of approximately 550 beam-trawl vessels, mainly from the 42 

Netherlands, Germany and Denmark. In the recent years, it generated total annual landings of 43 

around 30 000 tonnes (ICES 2016). The fishery is certified by the Marine Stewardship Council 44 

(MSC), and as part of the MSC requirements to maintain the certification, the fishery has to 45 

increase the minimum mesh size (diamond mesh) from 22 mm in 2016 to 26 mm in 2020 (MSC 46 

2017). Concerned that the increase in mesh size would result in a substantial loss of marketable 47 

size brown shrimp, the Danish fishermen proposed the introduction of a size sorting grid with a bar 48 

spacing of 6 mm as a possible alternative to the 26 mm diamond mesh codend.  49 

 50 



The use of a grid with a bar spacing of 6 mm raised the question of how such grid affect the water 51 

flow since water flow issues have previously been reported for other grids with larger bar spacings, 52 

e.g. 19 mm (Grimaldo and Larsen 2005; Grimaldo 2006). The sorting effectiveness of fishing grids 53 

has been hypothesised to be highly influenced by the flow of water passing through and the flow 54 

that is deflected by the grid (Riedel and DeAlteris 1995). If the area coefficient, i.e. the ratio 55 

between solid and total area, of the grid face is too low, the decrease in water flow in front of the 56 

grid can be substantial (Grimaldo and Larsen 2005; Grimaldo 2006), therefore affecting negatively 57 

the sorting capacity of the grid (Grimaldo et al. 2015; Sistiaga et al. 2016). In the case of brown 58 

shrimp, a species with relatively little swimming capacity (Arnott et al. 1998), the water flow that 59 

goes through the grid and that is deflected by it is of even greater importance (Valdemarsen 1989). 60 

A too high water flow through the grid may result in a loss of commercial sized individuals due to 61 

them being pushed through the bars, while if the velocity is too low, a relatively large portion of 62 

catch may not contact the grid, thus decreasing the effectiveness of the grid (He and Balzano 63 

2012). Therefore, understanding the parameters that affect the hydrodynamics of a grid, and in 64 

particular the flow through it, is highly relevant when designing a sorting grid, especially in 65 

crustacean fisheries like the brown shrimp fishery where the proposed bar spacing is very small. 66 

In addition to the bar spacing and area coefficient, other factors are known to influence the grid 67 

hydrodynamics. The inclination angle of the grid in relation to the towing direction has been shown 68 

to affect the water flow through the grid (Riedel and DeAlteris 1995; Maurstad 1997), although 69 

showing contradictory results. Riedel and DeAlteris (1995) suggest that at lower angles less flow is 70 

lost when passing through the grid bars, while Maurstad (1997) suggest the opposite. The shape of 71 

the bars is also known to influence the hydrodynamics of a grid, although it has been suggested 72 

that the influence of this factor is of less importance than the previous factors (Riedel and DeAlteris 73 

1995; Grimaldo 2006). Despite the hydrodynamics of grids being identified as an important aspect 74 

for their success in fisheries (e.g. Kvalsvik et al. 2002; Grimaldo and Larsen 2005; Kvalsvik et al. 75 

2006; He and Balzano 2012; Larsen et al. 2016; Larsen et al. 2018), only one study, Riedel and 76 



DeAlteris (1995), has tried to identify and quantify in a systematic way what parameters affect the 77 

hydrodynamics of grids. In Riedel and DeAlteris (1995), a species selective grid with a bar spacing 78 

of 19 mm was tested, a bar spacing 3 times larger than the size selective grid proposed for the 79 

brown shrimp fishery (6 mm). Thus, there is the need to better understand the hydrodynamics 80 

around size selective grids that typically have smaller bar spacing.  81 

Several grids have been developed and tested by both industry and scientists, however, 82 

measurements of the hydrodynamics in the system are often lacking. Therefore, this approach 83 

could be characterized as a trial and error approach (Graham 2010). This type of approach can be 84 

quite costly, both in terms of time and money. Hence, the aim of this study was to understand the 85 

effect of different parameters on the hydrodynamics of grids through the use of a systematic 86 

experimental design in a wind tunnel. The parameters tested were grid porosity, angle, shape of 87 

grid’s bars, and approaching flow velocity. Wind tunnels have been previously used to successfully 88 

describe the hydrodynamics of other towed fishing gears (Reite and Sørensen 2006; Paschen et 89 

al. 2008; Mellibovsky et al. 2015; 2018). 90 

 91 

Material and Methods 92 

Four grids with different bar cross section were tested. The overall dimensions of the grids, the 93 

cross section shapes and the averaged grid bar dimensions are depicted in Fig. 1. Throughout this 94 

study, the different grids tested are referred to based on the cross sectional shape of their bars. 95 

The grid with a cylindrical cross section is referred to as “Cylindrical”, the two grids with drop 96 

shaped bars are referred to as “Drop 4” and “Drop 8”, and the grid with rectangular bars with 97 

rounded corners is referred to as “Rectangular”. The drop shaped geometries consist of a circular 98 

front part with a fin of triangular shape attached. The grid bars have been manufactured from 99 

glass-fibre reinforced plastic. 100 

The porosity 𝛽 of the grids, the ratio of the open area to the total area, is calculated according to  101 



(1)  𝛽 =
𝑏𝑠

𝑤 + 𝑏𝑠
 

where 𝑤 denotes the width of the bar and 𝑏𝑠 the bar spacing. With a bar spacing of 6 mm the 102 

porosities are: Cylindrical 0.43, Drop 8 0.43, Drop 4 0.60 and rectangular 0.61.  103 

 104 

Figure 1. Technical sketch of grid and grid bar dimensions (in millimetres). 105 

The experimental investigations have been carried out in the large subsonic wind tunnel belonging 106 

to the chair of ocean engineering, University of Rostock. It is a return-circuit wind tunnel (Göttingen 107 

type) with an open test section of 2.8 m length. The side length of the square nozzle outlet is 1.4 108 

m. The wind velocity is determined by a differential static pressure measurement at the inlet and 109 

outlet of the nozzle. The pressure is measured with a differential pressure transducer (Baratron 110 

220DD from MKS Instruments, Inc.) with a measurement range of 20 Torr, i.e. 2,666 Pa. To 111 

determine the air density, the ambient barometric pressure (transducer model 3.1157.10.161 from 112 

Adolf Thies GmbH & Co. KG), the temperature and humidity (model 6605 probe and transducer 113 

unit model 6651 from testo AG) are measured. With the measurement technique used, the wind 114 

velocity can be determined with a relative uncertainty of 2 %. 115 

By choosing proper conditions in the wind tunnel the flow patterns and loads on the grids are 116 

comparable to conditions in water. These conditions are achieved if geometric, kinematic and 117 

dynamic similarities are met. Geometric similarity exists when the wind tunnel model and full-scale 118 



objects are similar in shape. Since the grids were tested in full-scale, geometric similarity was 119 

achieved. Kinematic similarity means that for time dependent motions the ratios of corresponding 120 

time intervals are constant, i.e., the streamlines are similar. There is kinematic similarity if the flow 121 

velocities are comparable, taking into account the fluid properties. Dynamic similarity exists when 122 

the ratios of forces acting on the model and the grid are the same. For the grids, assuming a 123 

steady flow, the ratio of the convective inertia forces and the viscous forces are constitutive for the 124 

flow patterns. Thus, dynamic similarity is achieved by keeping the ratio of the convective inertia 125 

forces to the viscous forces - which is expressed by the Reynolds number - constant: 126 

(2)  𝑅𝑒 =
𝑢∙𝐿

𝜈
= 𝑐𝑜𝑛𝑠𝑡. ⇒  𝑅𝑒𝑚𝑜𝑑𝑒𝑙 = 𝑅𝑒𝑓𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒  

where 𝐿 is a characteristic length (here: width of the gird bar), 𝑢 a characteristic velocity and 𝜈 the 127 

kinematic viscosity of the fluid. For the wind tunnel velocity, or approach velocity, 𝑢0 it follows: 128 

(3) 𝑢0 = 𝑢𝑤𝑎𝑡𝑒𝑟 ∙
𝜈𝑎𝑖𝑟

𝜈𝑤𝑎𝑡𝑒𝑟
  

In the brown shrimp beam trawl fishery, trawls are typically towed at between 3 to 3.5 kn. To allow 129 

for variation in the towing velocity, 2, 3 and 4 kn velocities were investigated. With 𝜈𝑎𝑖𝑟 = 14.6 ∙130 

10−6 m2/s and 𝜈𝑤𝑎𝑡𝑒𝑟 = 1.36 ∙ 10−6 m2/s the approach velocities in the wind tunnel are calculated 131 

as approximately 11.5, 17.3 and 23.1 m/s. Further reading concerning similarity criteria may be 132 

found in Fridman (1986) or Ward and Ferro (1993). 133 

Measurement technique used, experimental set up 134 

The grids were attached to a steal construction that allowed the grid to be rotated 360° via a 135 

turntable. Fig. 2 provides a general overview of the setup in the wind tunnel. In Fig. 3, the defined 136 

coordinate systems are depicted. The 𝑥-axis of the global right-handed coordinate system aligns 137 

with the direction of the undisturbed flow in the wind tunnel. The 𝑧-axis points to the bottom of the 138 

test section. The 𝑦-axis points towards the reader. The 𝑥- and 𝑧-axes lie in the symmetry plane of 139 

the grid. For measurements in front of the grid, the origins of the coordinate systems lie in the 140 



plane spanned by the leading edges of the grid bars, while for measurements behind the grid, the 141 

origins lie in the plane spanned by the trailing edge of the grid bars. The local grid fixed coordinate 142 

system has an axis normal 𝑛 to the grid plane, a tangential axis 𝑡 along the grid bar and a 143 

tangential axis aligned with the 𝑦-axis but of opposite direction. The grids inclination angle is the 144 

angle between the direction of the undisturbed flow and the grid surface plane, denoted by 𝛼 in 145 

Fig. 3. Grid angles of 90°, 60°, 45° and 30° were investigated. 146 

 147 

Figure 2. Schematic view of the grid in the test section (left panel). Test arrangement in the wind tunnel’s test section 148 
(right panel). 149 

To measure the static pressure in front of and behind the grid, the static pressure ports of two 150 

Prandtl tubes, which were aligned to the flow, were used. In Fig. 3, the measurement positions are 151 

indicated by black crosses. The closest measurement point to the front of the grid was 110 mm, 152 

and 85 mm to the back of the grid. A total of 48 pressure measurements were taken for every 153 

angle of attack and every investigated speed. 24 measurements with a 𝑦-position in line with a grid 154 

bar and 24 at 𝑦-position between the grid bars.  155 



For measuring static pressures below 100 Pa, a MKS Baratron 120AD pressure transducer (100 156 

Pa measurement range, accuracy +-0.12% of reading) from MKS instruments Inc. was used. 157 

Pressures exceeding 100 Pa were measured with a MKS Baratron 220DD pressure transducer (10 158 

kPa measurement range, accuracy +-0.15% of reading). 159 

 160 

Figure 3. Side-view of the grid in the 𝒙-𝒛-symmetry plane and the coordinate systems chosen. The black crosses 161 
indicate the positions of the static pressure measurements.    162 

Velocity measurements were conducted with a constant-temperature-anemometer (CTA) system 163 

of the type Multichannel CTA 54N81 from Dantec Dynamics AS (www.dantecdynamics.com). Two 164 

dual sensor-hot-wire probes, type 55P63 and 55P64, were used to record the velocity in front of 165 

and behind the grid. The velocity data were temperature corrected using the temperature probe 166 

90P10.  167 

The dual-sensor probes were oriented to obtain velocity information in the 𝑥- and 𝑧-direction. Flow 168 

components in the 𝑦-direction will bias the reading, therefore measurement positions were chosen 169 

in or close to the grids 𝑥- 𝑧-symmetry plane and not at locations where the proximity of the grid 170 



affected the 𝑦-direction of the flow. From the velocity readings, the flow magnitude was calculated 171 

according to: 172 

(4) |𝑢| = √𝑢𝑥
2 + 𝑢𝑦

2 + 𝑢𝑧
2  

with 𝑢𝑦 being expected to be zero due to how the grid is positioned in relation to the direction of the 173 

approaching velocity. In Fig. 6, the measurement positions are indicated by the starting point of the 174 

vectors showing the flow direction. The normal distance between measurement positions and the 175 

front of the grid was at the closest point 18 mm. Due to a failure of the front probe, the 176 

measurement program had to be adjusted by using the back probe as front probe as well. As a 177 

result, the normal distance closest to the grid was 35 mm for the investigations of Drop 8 and 178 

Cylindrical. Furthermore, only the measurement points with a coordinate 𝑡 ≥ 0 could be measured. 179 

The horizontal distance between the back of the grid and the closest measurement point was 85 180 

mm. A total of 82 CTA measurements were recorded for the Drop 4 and Rectangular grids, and 57 181 

for the Drop 8 and Cylindrical grids in each 𝑥-𝑧-measurement plane for four different grid inclination 182 

angles and the approaching velocities of 11.5, 17.3 and 23.1 m/s. 183 

Flow through grids 184 

A grid affects the flow in a same manner as described by Laws and Livesey (1978) for gauze 185 

screens or by Blendermann (1987) for nettings and cables. It is a resistance 𝑅 to the flow, which 186 

may be expressed by 187 

(5) 𝑅 = ∆𝑝 ∙ 𝐴𝑔𝑟𝑖𝑑  

 where ∆𝑝 is the pressure loss of the flow across the grid and 𝐴𝑔𝑟𝑖𝑑 denotes the grids frontal area. 188 

When the grid is inclined to the flow, the flow is deflected to the normal plane of the grid.  189 

Assuming a steady inviscid and irrotational flow, and a normally oriented grid, the Rankine-Froude 190 

model (or actuator disc model, e.g. chapter 5 in Gasch and Twele (2011)) and the Bernoulli 191 



equation may be adapted to allow for a general understanding of the flow properties in front of and 192 

behind the grid. 193 

Following the flow along a streamline to the grid, the relation between pressure and velocity in front 194 

of the grid can be expressed by the Bernoulli equation (neglecting the gravity term because the 195 

height level is equal), 196 

(6) 
𝜌

2
∙ 𝑢0

2 + 𝑝0 =
𝜌

2
∙ 𝑢1

2 + 𝑝1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  

where the index 0 indicates the streamline position far in front of the grid, index 1 indicates the 197 

position in close proximity to the grid, and 𝜌 indicates the density of the fluid.  198 

In the case of a stagnation point on a grid bar, the velocity 𝑢1 is zero and it follows that 199 

(7) 

𝜌

2
∙ 𝑢0

2 + 𝑝0 = 𝑝1, 

𝑝1−𝑝0
𝜌

2
∙𝑢0

2 = 1.  

The static pressure coefficient is defined as 200 

(8) 𝑐𝑝 =
𝑝𝑥−𝑝0

𝜌

2
∙𝑢0

2   

where 𝑝𝑥 denotes the static pressure at location 𝑥. Thus, a 𝑐𝑝 = 1 implies that the flow in front of 201 

the grid came to rest. A 𝑐𝑝 value between 0 and 1 indicates a decreased flow velocity in 202 

comparison to the reference. In the experiments, the wind tunnel velocity 𝑢0 and the ambient static 203 

pressure 𝑝0 at the nozzle outlet were used as references.  204 

Following the approach of the Rankine-Froude model, the grid is assumed to be of infinitesimally 205 

small depth and the grid is represented only by a pressure loss. Thus, the flow is uniform and one-206 

dimensional behind the grid, and the Bernoulli equation for a streamline starting right behind the 207 

grid to a distance downstream may be written as 208 



(9) 𝑝2 +
𝜌

2
∙ 𝑢2

2 = 𝑝0 +
𝜌

2
∙ 𝑢3

2  

 where the index 2 indicates the streamline position right behind the grid and index 3 indicates the 209 

position further downstream where the ambient pressure 𝑝0 is existent again. Since the grid is 210 

assumed to be of infinitesimally small depth, the position right in front of and just behind the grid 211 

are in one location. Further, mass conservation demands 𝑢1 = 𝑢2 and by subtracting Eq. 9 from 212 

Eq. 6 it follows  213 

(10) (𝑝1 − 𝑝2) = ∆𝑝 =
𝜌

2
∙ (𝑢0

2 − 𝑢3
2)  

Since the grid is a resistance to the flow, the pressure loss ∆𝑝 across the grid is larger than zero 214 

and hence the velocity behind the grid is smaller than the approaching flow 𝑢𝑜. The velocity at the 215 

grid is deduced by equating Eq. 5, with the expression for the resistance 𝑅 being derived by the 216 

balance of axial momentum far up- and downstream of the grid 217 

(11) 𝑅 = 𝜌 ∙ 𝑢2 ∙ 𝐴𝑔𝑟𝑖𝑑 ∙ (𝑢0 − 𝑢3). 

Thus, the velocity is given by 218 

(12) 𝑢1 = 𝑢2 =
1

2
∙ (𝑢0 + 𝑢3).  

Since the flow velocity 𝑢3 further downstream of the grid is smaller than the approach velocity 𝑢0, 219 

the velocity at the location of the grid will also be smaller. Inserting Eq. 12 in Eq. 6 and Eq. 9 and 220 

solving for the pressure 𝑝1 and 𝑝2, the flow properties in front of and behind the grid are described.  221 

(13) 

𝑝1 = 𝑝0 +
𝜌

2
∙ (𝑢0

2 − 𝑢1
2) 

𝑝2 = 𝑝0 −
𝜌

4
∙ (𝑢0

2 + 𝑢0 ∙ 𝑢3 − 𝑢3
2)  

Based on the above presented theory, it is expected that the flow approaching the grid is 222 

decelerated and the static pressure is increased above the ambient pressure level. Across the grid, 223 

a pressure drop occurs, and the pressure right behind the grid is below the ambient pressure 𝑝0 at 224 

a velocity smaller than the approach velocity. With increasing distance to the grid, the static 225 



pressure recovers to the level of the ambient again, resulting in a further velocity decrease. Since 226 

the static pressure behind the grid is below the ambient, the pressure loss coefficient 𝑐𝑝 will be 227 

negative and will approach zero at a distance downstream.  228 

The Rankine-Froude model is suitable to give a general understanding of the flow patterns and, as 229 

can be seen above, the pressure loss across the grid is a major property affecting the flow. 230 

However, the pressure loss is substitutional for the acting resistance components. To understand 231 

the effect of different grid bar geometries, the assumption of an inviscid flow is not valid and a 232 

closer look on the resistance components is necessary. For the flow through and around the grid, 233 

two components are of major importance. First, the resistance due to surface friction and second, 234 

the form resistance which is occurring when the flow around the grid’s components does not follow 235 

the components contour. The flow separates from the surface and forms a wake region where 236 

eddies are generated which drain energy and reducing the pressure at the downstream side. 237 

Integrating the pressure distribution over the surface yields to the form resistance. Thus, under the 238 

same flow conditions, a larger wake region implies a larger form resistance.  239 

The flow through a grid is governed by its porosity (see Eq. 1). From the mass flow conservation, it 240 

follows 241 

(14) 𝑢𝑛 𝑔𝑟𝑖𝑑 =
𝑢1𝑛

𝛽
=

𝑢2𝑛

𝛽
  

where 𝑢𝑛 𝑔𝑟𝑖𝑑 denotes the average normal velocity in between the grid’s bars. The components of 242 

the flow approaching and leaving the grid normally are denoted by 𝑢1𝑛 and 𝑢2𝑛, respectively. Since 243 

the form resistance as well as the frictional resistance are dependent on the flow velocity, it is 244 

expected that grids with low porosities have a higher resistance as the velocity in between the 245 

grid’s bars is higher.  246 

To be able to link the grid’s hydrodynamics and its potential sorting capability, the tangential and 247 

normal flow components were calculated from the CTA datasets. The flow that passes normally 248 



through the grid is denoted by 𝑢𝑛 and is the flow which transports undersized catch through the 249 

grid. The upwards flow along the grid surface, the tangential flow, is denoted by 𝑢𝑡 and is the flow 250 

which transports catch along the grid. Only the measurement points closest to the grid surface 251 

have been evaluated. To allow for comparison of the datasets, the tangential and normal flow 252 

components have been normalized to the decomposed approaching flow 𝑢0 (Fig. 3). Thus 253 

(15) 

𝑢𝑁 =
𝑢𝑛

𝑢𝑛0
=

𝑢𝑛

𝑢0 ∙ sin 𝛼
 

𝑢𝑇 =
𝑢𝑡

𝑢𝑡0
=

𝑢𝑡

𝑢0∙cos 𝛼
  

where 𝑢𝑁 and 𝑢𝑇 denote the relative velocities. 254 

 255 

Results 256 

A total of 2304 static pressure measurement points were obtained considering the different 257 

combinations of bar shape, grid angle and approaching velocity, while a total of 3336 velocity 258 

measurements from the CTA system were obtained. The reading of the wind tunnel velocity for the 259 

CTA measurement behind the Drop 8 grid, at an approaching flow of 3 knots equivalent and 60° 260 

angle of attack was considered invalid after analysing the data and was therefore removed from 261 

the analysis. 262 

The two static pressure datasets, one in line with the central bar of the grid and the other in line 263 

with the adjacent space between the bars, were obtained for all different combinations of grid 264 

angles, bar shapes and approaching velocities. The static pressure coefficient (Eq. 8) is used to 265 

present the pressure data and is plotted in Fig. 4 and 5 in relation to 𝑥, the distance in front of and 266 

behind the grid. In Fig. 4 A and B, given here as an example of the complete dataset, the results 267 

for all four bar shapes at an angle of 60° are shown. Inspecting the run of the curves it becomes 268 

apparent that the general characteristic is congruent with the expectation from the Rankine-Froude 269 

model presented above. In front of the grid, the static pressure increases, across the grid a 270 



pressure drop occurs, and behind the grid the static pressure recovers to the ambient level. On 271 

closer examination of Fig. 4, it can be noted that the overall pattern and quantity of the static 272 

pressure coefficient is almost independent of the approach velocity. A slight effect of the approach 273 

velocity can be seen for the static pressure values only behind the Drop 8 grid (Fig. 4A), where 274 

higher approach velocities showed slightly lower pressure values. This slight effect of the approach 275 

velocity was also present for the Drop 8 grid at an angle of 90° (see figures in supplementary 276 

material), whereas for the same grid no effect was observed for the 30° and 45° angles (see 277 

figures in supplementary material). For the other three bar shapes, regardless of the grid angle, no 278 

effect of the approaching flow velocity was observed (see figures in supplementary material). 279 

Furthermore, no difference between the measurement points taken in line with the bar or between 280 

bars was observed for any bar shapes, angles and approaching velocities, as seen in Fig. 4, where 281 

the solid and dashed lines overlap. It is expected that local flow interferences due to the grid are 282 

subsided at the distance of the measurement position closest to the grid.  283 

Due to these negligible differences between approach velocities, in the range of the investigated 284 

velocities, and relative position of the measurements, all subsequent results shown in this study 285 

will consider only the results for the approaching velocities equivalent to the towing speed of 3 286 

knots (wind velocity of 17.3 m/s) and measured aligned with the central bar of each grid. The entire 287 

static pressure measurements are given in the supplementary material (Fig. S1, S2 and S3). 288 



 289 

Figure 4. Static pressure coefficient 𝒄𝒑 at different distances in front (x<0) and behind (x>0) the grid surface (x=0, 290 
marked by the vertical dotted line). Grid angle 60°. 291 

In Fig. 5, a comparison of the static pressure measurements of the grids inclined at the different 292 

angles is presented. Overall, it can be noted that the static pressure coefficient data are grouped 293 

pairwise dependent on the porosity. It can be noted that the increase of the static pressure 294 

coefficient 𝑐𝑝 in front of the grid is larger for the Drop 8 and Cylindrical grids than for the grids with 295 

higher porosity, at all investigated grid angles. Furthermore, the values for 𝑐𝑝 behind the grid are 296 

lower for the grids with lower porosity, which implies that the pressure loss across the grids, and 297 

hence the resistance of the grids with lower porosity, is larger than for the grids with the higher 298 

porosity. Inspecting the run of the curves of the Drop 8 and Cylindrical grids, it becomes apparent 299 

that there is no distinctive difference between them. Contrary, a difference of the grids with similar 300 

high porosity, Drop 4 and Rectangular, is visible. The grid with the rectangular shaped bars 301 

induces the least increase of 𝑐𝑝 in front of the grid, whereas behind the grid the run of the 𝑐𝑝-curve 302 

is nearly congruent/very similar to the run of the curve of the Drop 4 grid.  303 

An effect of the top and bottom members of the grid frame was observed for the two lower grid 304 

angles, 30° and 45° (Fig. 5A and B). Since the flow has to pass around the frame it is locally 305 

accelerated, which results in a decrease of the static pressure, indicated by a dent in the run of the 306 



𝑐𝑝-curve. At lower angles, the distance between frame bars and the location of measurement is 307 

reduced and hence the effect is more distinct at lower angles. In addition, this effect is more 308 

pronounced in front of the grids with higher porosity since the flow in front of these grids is not as 309 

decelerated, resulting in higher velocities.  310 

 311 

 312 

Figure 5. Static pressure coefficient at different distances in front (x<0) and behind (x>0) the grid surface (x=0, marked 313 
by the vertical dotted line) for the approaching velocity of ≈17.3 m

.
s

-1
 and aligned with the central bar of the grid for the 314 

four grid angles.  315 

Fig. 6 gives an overall view of the flow field measured by the CTA probes in front of and behind the 316 

Drop 4 grid at an angle of 60° and with an approaching velocity equivalent to 3 kn. The overall flow 317 



pattern is similar for all grids, velocities and grid angles to the one presented. An exception is the 318 

grid angle of 90°, were no deflection occurs.  319 

The magnitude of the velocity is scaled by the approaching flow velocity 𝑢0 and is illustrated in Fig. 320 

6 by a colour contour plot. The flow direction is indicated by vectors starting at the measurement 321 

position. As expected from theory, the flow velocity in front of the grid is decreased and continues 322 

to decrease with increasing distance behind the grid. In front of the grid, there is a notable 323 

difference in the flow velocity along the grid bars. In close proximity to the lower frame member the 324 

velocity is increased, whereas near the upper frame member the velocity is decreased. It is 325 

believed that the flow through the grid is decreased in the upper region because the flow field is 326 

affected by the flow stagnation in front of the upper bar of the grid frame. For the velocity increase 327 

in the lower part, it is supposed that the flow separates at the edge of the lower bar of the grid 328 

frame and the emerging wake region constricts the flow, which results, according to the law of 329 

mass flow balance, in an increase of the flow velocity. 330 

By inspecting the flow vectors in Fig. 6, it can be noted that the flow is slightly deflected upwards in 331 

front of the grid. At the measurement points closest to the back of the grid the deflection is reduced 332 

in comparison to the front. The strongest change in flow direction was measured at the position 333 

farthest downstream (distance grid measurement point 735 mm). However, the results of a 334 

numerical flow simulation (not published yet) show that this strong change in direction is attributed 335 

to the wake of the bars from the grid frame.  336 

 337 

 338 



 339 

Figure 6. Grid Drop 4 at 60°, 𝒖𝟎 ≈17.3 m/s (equivalent to ~3 kn). 2D vector and velocity contour plot. Vectors point in the 340 
direction of the flow, colour contours represent the magnitude of velocity scaled by the approaching flow velocity 𝒖𝟎. 341 

 342 

As visible in Fig. 7, the flow velocity along the front of the grid (𝑢𝑡), is less affected by the grids 343 

inclination. Furthermore, the magnitude of the flow component is in the order of the tangential flow 344 

component of the approaching flow (𝑢𝑡0 = 𝑢0 ∙ cos 𝛼), i.e. around 1. Thus, the flow along the grid, 345 

which transports the catch, may be estimated by 346 

(16) 𝑢𝑡 = 𝑢0 ∙ cos 𝛼.  

Moreover, all grids showed a decrease in the tangential component just behind them in relation to 347 

the tangential component just in front of the grid, although the Drop 4 grid showed a lower 348 

reduction than all other grids. The Drop 4 grid showed an average decrease of 3.4% (±1.6%, 349 

standard deviation), while the Rectangular grid showed an average decrease of 6.3% (±3.2%), 350 

Drop 8 5.5% (±1.4%), and Cylindrical 7.8% (±1.7%).  351 

 352 



Inspecting the plots of the normal component of the velocity (Fig. 7) it can be noted that it is of the 353 

same magnitude in front of and behind the grids. This was expected due to the conservation of the 354 

mass flow through the grid. The grids with lower porosity (Cylindrical and Drop 8) showed a 355 

reduction in the velocity’s normal component in relation to the normal component of the approach 356 

velocity of around 30%. A lower relative reduction of around 10% was observed for the grids with 357 

higher porosity (Rectangular and Drop 4). Thus, the normal component can be approximated by 358 

(17) 

(18) 

𝑢𝑛 = 0.7 ∙ 𝑢0 ∙ sin 𝛼 for grids with a porosity of 0.4 and 

𝑢𝑛 = 0.9 ∙ 𝑢0 ∙ sin 𝛼 for grids with a porosity of 0.6. 

 The normal component of the flow, which passes through the grid and should transport the 359 

undersized catch, is slightly higher at lower angles. At lower angles, the intersection of a plane 360 

which is spanned by the 𝑦-axis and the flow direction at the grid results in a more elongated grid 361 

bar shape that the flow has to follow. Thus, the form resistance decreases with decreasing grid 362 

angle and, therefore, allowing for a higher flow velocity at lower angles. 363 

 364 



 365 

Figure 7. Tangential (𝒖𝑻) and normal (𝒖𝑵) velocity components at different positions along the grid. Position along the 366 
grid 𝒕 = 𝟎 is the centre of the grid. 367 

  368 



Discussion 369 

The results presented here show that grid porosity is an important factor to consider when 370 

designing or selecting a sorting grid for a given fishery. At low porosity values, the water is simply 371 

rejected by the grid, thus greatly reducing the water flow through the grid. Evaluating the limiting 372 

values of the grids porosity, 0 and 1, how the porosity affects the flow becomes comprehensible. A 373 

porosity of zero represents a solid plane, whereas a porosity of 1 implies that no grid is present. 374 

The improved hydrodynamic performance of grids with higher porosity has also been described by 375 

Riedel and DeAlteris (1995) and Grimado (2006). 376 

The shape of the bars in a grid was found to affect the hydrodynamics of the grid, although to a 377 

lesser extent than grid porosity. The overall similarity in the results obtained between the Drop 8 378 

and Cylindrical bars showed that the drop shape was not designed properly. Indeed, bluff bodies 379 

with a high width-to-length ratio entail a high form resistance since the flow will separate from the 380 

body surface forming a wake region. Contrary, streamlined bodies with a low width-to-length ratio 381 

have a low form resistance since the flow follows the body surface. The design of the drop shape 382 

bars has a too high width-to-length ratio to have a positive effect on the resistance. It is presumed 383 

that the flow separation took place at a similar location as on the cylindrical grid bar, resulting in a 384 

similar resistance. Furthermore, the separation of flow was promoted by a small edge at the 385 

transition of the cylindrical part to the triangle part of the drop shaped grid bar. Therefore, the fin 386 

had no effect. It is recommended that care should be taken during the production of the grid bars to 387 

achieve a smooth surface and smooth transitions between geometries. A somewhat unexpected 388 

result was that the grid with the rectangular shaped grid bars performed best. However, this result 389 

could be explained by the porosity been highest for this grid, the width-to-length ratio 3.3 times 390 

lower than for the Drop 4 grid and, due to the rounded corners, the wake region potentially been 391 

smallest. 392 



The angle of the grids in relation to the direction showed to be a less important factor concerning 393 

the hydrodynamics of the grids than their porosity. However, it is an important variable which 394 

needs to be carefully adjusted to achieve the sorting characteristics aimed for. The static pressure 395 

measurements show, at lower grid angles, a lower increase of static pressure in front of the grid, 396 

which correlates to a higher flow in front of the grid. However, since the investigated grids had a 397 

fixed height, the area that faced the flow decreased with decreasing inclination, thus resulting in a 398 

smaller overall resistance to the flow. Therefore, it is supposed that the lower static pressure in 399 

front of the grids is not attributed to the changed surface contour the flow has to follow, but to the 400 

smaller overall area that faces the flow at lower grid angles. However, further investigations have 401 

to be carried out to provide clarification. 402 

The variation of the approach velocity showed to have nearly no effect on the hydrodynamic 403 

performance within the investigated range. The range of investigated velocities was based on the 404 

towing speeds commonly observed in commercial crustacean demersal trawl fisheries. Riedel and 405 

DeAlteris (1995) also observed this negligible effect of the flow velocity on the grid’s 406 

hydrodynamics, even though lower velocities (between 1 to 2 knots) were tested in that study.  407 

In this study, we investigated solely the hydrodynamics of the grid. However, the sorting 408 

performance of a grid will also depend on, among other factors, the biology of the target species, 409 

e.g. physical and behavioural characteristics, as well as the flow conditions in front of a grid when 410 

mounted in a trawl. In the case of shrimp sorting grids, the flow through it is highly relevant since 411 

shrimps have been described as having a passive behaviour inside the trawl, and being 412 

transported mostly by the water flow, especially small shrimp (Polet 2002; He and Balzano 2012). 413 

This is especially the case for brown shrimps, as fatigue sets in after around 15 tail-flips 414 

(Hagerman and Szaniawska 1986), where for each tail flip, swimming speeds (0.4 to 1.1 m.s-1), 415 

and distances covered per tail flip (20 to 80 mm) are limited (Arnott et al. 1998). Thus, it is likely 416 

that brown shrimp have little to no swimming capacity when reaching the aft end of the trawl. 417 

Therefore, a flow too strong through a grid, coupled with too little flow being deflected along the 418 



grid’s surface, can potentially lead to loss of commercial sized catch. Individuals of lengths close to 419 

the upper limit of the sorting range may be squeezed through the bars due to the strong flow. If a 420 

good balance between flows through and along the grid exists, these individuals will be dragged 421 

along the grid surface towards the opening of the grid. Furthermore, a strong flow through the grid 422 

might also cause clogging issues due to part of the catch becoming stuck to the grid bars without 423 

being able to move. On the other hand, if the flow along the grid is too high, the sorting capacity of 424 

the grid will be affected, since small shrimps would simply follow the flow towards the opening of 425 

the grid without contacting it. The results presented here, allow for the calculation of the flow 426 

velocities in front of the grid dependent on an approaching flow velocity and the grids inclinations 427 

(Eq. 16, 17 and 18). However, further research is needed to obtain information about the 428 

interaction of shrimp, flow velocities and sorting grid designs to be able to find the optimal balance 429 

between the flow through and along grids.  430 

In our experimental setting, the flow through the system was homogenous and was only affected 431 

by the grid. In contrast, when mounted inside a trawl, the water flow velocity approaching the grid 432 

will not be the same as the one entering the trawl or the towing velocity. This can especially be the 433 

case for fisheries where sieve nets are used. Sieve nets are nets with large mesh placed inside the 434 

trawl to guide large by-catch species and debris towards an outlet in the trawl. These by-catch 435 

reduction devices will reduce the flow that continues towards the end of the trawl since it directs 436 

part of the flow to the outlet and out of the trawl (Polet et al. 2004) although, due to its large 437 

meshes, the water flow deflected should be minimal. Another modification usually associated to 438 

grids is a guiding or lifting panel; this panel usually consists of small mesh netting used to guide the 439 

catch towards the grid to maximize the contact probability between the catch and grid. It has 440 

previously been shown that the water flow is greatly reduced due to this small mesh netting 441 

(Gjøsund et al. 2013).  442 

A further issue affecting the flow field in front of the grid is the netting surrounding the grid. 443 

Contrary to the experimental setting, the netting will prevent a free flow around the sorting grid and 444 



hence, affecting the flow in front of and behind the grid. It is not known to what extent the 445 

surrounding netting, sieve net and guiding panel alter the flow field in front of the net. However, 446 

knowledge of the flow field in front of the net is a prerequisite to be able to adjust the sorting gird to 447 

work effectively.  448 

A general recommendation for which one of the investigated grids should perform better in a 449 

fishing scenario cannot, due to complexity of factors affecting hydrodynamics inside a trawl, be 450 

provided yet. However, our results show that, in general, low porosity grids should be avoided, 451 

since the flow through and in front will decrease and thus reduce the sorting capabilities and 452 

increase the probability of becoming clogged. Furthermore, the performance of proceeding 453 

selective devices will be affected due to these low flow issues, as reported for dual grid systems 454 

(He and Balzano 2012; Larsen et al. 2018). If the investigated grids are assessed solely according 455 

to this hydrodynamic point of view, the Rectangular grid performs best. However, even though the 456 

Drop 4 grid has slightly worse hydrodynamics than the Rectangular grid, it may still have a better 457 

selective performance since the maximum length of constricted space between the drop shaped 458 

bars is less than for the rectangular bars. This means that the likelihood for the catch to get stuck 459 

between the bars might be less for the drop shape, thus decreasing the probability of clogging 460 

issues. In addition, when the rectangular shaped grid bars are not aligned with the flow, side forces 461 

will be induced and the advanced performance the grid showed may vanish. Moreover, the drop 462 

shape when compared to cylindrical bars adds structural strength due to its elongated shape, this 463 

being particularly important when considering thinner bar diameters. Another point to consider is, 464 

when considering the width and shape of the bars tested, the thicker bars together with the shape 465 

of the leading edge may help to orientate and then guide the shrimp through the grid, whereas a 466 

thinner bars result in more grid bars per total grid width and thus adds more points of contact for a 467 

shrimp to be held onto the front face of the grid. Even though it is important to understand specific 468 

characteristics of a grid such as hydrodynamic performance, when designing and mounting a grid 469 

in a trawl it is important to consider all perspectives. Nevertheless, this study allowed shedding 470 



light in different aspects of a grids hydrodynamics such as the importance of porosity, angle and 471 

shape of cross section of a grid. It also allowed the authors to provide a “rule of thumb” for the 472 

expect flow velocity of the normal and tangential components of the flow in the area close to the 473 

front side of the grid surface. 474 

Future work 475 

In future work, the interaction between shrimps and grids should be analyzed. When and how do 476 

shrimps become stuck? Which bar shapes guide the shrimp best? Which minimum flow velocity 477 

along the grid is required so that shrimps of a given size are transported along (dependent on the 478 

grid angle)? These questions have to be answered to find an optimal balance between the flow 479 

through and along the grid and hence the optimal inclination of the grid.  480 

In addition, it should be considered how the surrounding netting, sieve nets and guiding panels 481 

interact with the grid. For the purpose of the development of complete sorting grid sections and 482 

predictive numerical flow simulation, which may provide answers relating to the interaction of grid 483 

and surrounding net etc., it is necessary to establish loading functions describing the hydrodynamic 484 

characteristic of the grids. Furthermore, testing of the results obtained here in a fishing scenario is 485 

also important to better relate the hydrodynamics of grids to its selective performance. 486 
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Figure S1. Static pressure coefficient at different distances in front (x<0) and behind (x>0) the grid surface (x=0, marked 586 
by the vertical dotted line) for the approaching velocity of ≈11.5 m
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Figure S2. Static pressure coefficient at different distances in front (x<0) and behind (x>0) the grid surface (x=0, marked 590 
by the vertical dotted line) for the approaching velocity of ≈17.3 m
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Figure S3. Static pressure coefficient at different distances in front (x<0) and behind (x>0) the grid surface (x=0, marked 594 
by the vertical dotted line) for the approaching velocity of ≈23.1 m
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Abstract 8 

The North Sea brown shrimp (Crangon Crangon Linnaeus, 1758) fishery is a Marine Stewardship 9 

Council certified fishery. To maintain the certification, the fishery has to increase the minimum 10 

diamond mesh size of the codend used from 22 mm to 26 mm. As this increase in mesh size could 11 

result in a substantial loss of marketable size brown shrimp, a combination of a size sorting grid 12 

with a bar spacing of 6 mm and a 22 mm codend was proposed as a possible alternative to the 26 13 

mm codend. The objective of the proposed gear was to release undersized shrimp before they 14 

reach the codend, while potentially limiting the loss of marketable size shrimp. Therefore, the aim 15 

of this study was to investigate the size selective performance for brown shrimp of this potential 16 

new gear. The results showed that the grid successfully allowed for the escape of shrimp under the 17 

commercial size of 50 mm. Moreover, the combination of the grid and a 22 mm diamond mesh 18 

codend, with an estimated L50 of 44.9 mm and a selection range of 15.6 mm, showed that it can 19 

be a potential alternative to the 26 mm diamond mesh codend. 20 

 21 
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Introduction 23 

The brown shrimp (Crangon crangon Linnaeus, 1758) beam trawl fishery is one of the largest and 24 

most important fisheries in the North Sea, consisting of approximately 550 beam trawlers with 25 

annual catches between 30000 to 35000 tonnes (ICES, 2016; Stäbler et al., 2016; Tulp et al., 26 

2016). Since the mid-1980s, The Netherlands, Germany, and Denmark have been responsible for 27 

the majority of the annual landings, accounting for approximately 90% (ICES, 2016).  28 

Fisheries targeting brown shrimp are largely unregulated in terms of landings and effort, with no 29 

Total Allowable Catch (TAC), fishing-effort restrictions or minimum landing size set for this species 30 

(Steenbergen et al., 2015; Tulp et al., 2016; Addison et al., 2017). However, under the European 31 

Union (EU) Regulation No 850/98 it is mandatory to use sieve nets to reduce bycatch and codends 32 

with a minimum diamond mesh size of 16 mm (Revill and Holst, 2004a; Addison et al., 2017), 33 

although most vessels currently use 22 mm mesh size as part of the Marine Stewardship Council 34 

(MSC) brown shrimp management plan (Addison et al., 2017). Additional management measures 35 

can be applied at the national level, such as limiting the number of licences given, defining closed 36 

areas to the fishery and restricting the number of fishing days (Addison et al., 2017; Steenbergen 37 

et al., 2017). Moreover, even though there is no minimum landing size for brown shrimp, 38 

individuals smaller than 50 mm are usually discarded since they have no market value (Revill and 39 

Holst, 2004a; Addison et al., 2017). 40 

In 2016, the Dutch, German, and Danish producer organizations initiated a MSC certification 41 

process for a sustainable and well-managed fishery; by December 2017 the three brown shrimp 42 

fisheries received the MSC certification until December 2022 (Addison et al., 2017). Since there 43 

are no EU stock management regulations for the brown shrimp, the producer organizations set a 44 

self-regulating plan including harvest control rules to meet the “sustainable fishing” principle of 45 

MSC (Steenbergen et al., 2017). These harvest control rules specify the number of hours each 46 

vessel can fish on a weekly basis and are determined on the catch rates of brown shrimp in the 47 



previous month. When catch rates fall below certain thresholds the fishing effort is reduced 48 

accordingly (Addison et al., 2017; Steenbergen et al., 2017). Also, the codend mesh size currently 49 

used in the fishery was found to be too non-selective by the MSC (Addison et al., 2017). Indeed, 50 

the L50, length with 50% retention probability, for a mesh size with 22 mm is approximately 40 mm 51 

(Polet, 2000; Santos et al., 2018) thus, with the currently used mesh size a substantial fraction of 52 

the catch is below the commercial size of 50 mm and is subsequently discarded. 53 

A recent study has shown that a codend with a 26 mm diamond mesh size has a L50 of 46.4 cm 54 

(Santos et al., 2018); thus showing great potential to reduce the catches of non-marketable sized 55 

brown shrimp. Based on those results, to maintain the MSC certification, it was included in the 56 

management plan that the fishery increases the minimum codend mesh size used from 22 mm to 57 

26 mm by 2020 (Addison et al., 2017). This increase in codend mesh size is to be introduced 58 

progressively, with an intermediate increase in mesh size from 22 to 24 mm before the final 26 mm 59 

(Addison et al., 2017). However, Santos et al. (2018) also showed that increasing the mesh size to 60 

26 mm will result in the loss of brown shrimp above the marketable size. Therefore, concerned with 61 

this loss of marketable size brown shrimp, the Danish fishermen proposed to use a size sorting 62 

grid with a bar spacing of 6 mm in conjunction with a codend of 22 mm diamond mesh as a 63 

potential alternative to the 26 mm diamond mesh codend. The objective of the grid is to release 64 

undersized shrimp before they reach the codend, while potentially limiting the loss of marketable 65 

size shrimp. Grids are commonly used in shrimp fisheries as bycatch reduction devices 66 

(Broadhurst, 2000; Polet, 2002; Graham, 2003; Fonseca et al., 2005). More recently, grids have 67 

also been successfully tested for size sorting of the target species in a northern prawn (Pandalus 68 

borealis Krøyer, 1838) fishery (He and Balzano, 2012; 2013). Therefore, the aim of this study was 69 

to investigate the size selective performance for brown shrimp when using a grid with 6 mm bar 70 

spacing and a 22 mm diamond mesh codend. In particular, three research questions were 71 

addressed: i) How is the selective performance of the test gear compared to the 22 mm mesh size 72 



codend currently in use?; ii) How is the selective performance of the test gear compared to the 26 73 

mm mesh size codend?; and iii) What is the test gear’s overall size selectivity for brown shrimp? 74 

Material and Methods 75 

Grid description  76 

 77 

Figure 1. Size sorting grid for brown shrimp (left panel) with 6 mm bar spacing, mounted in an extension piece 78 
(right panel) in front of the codend. Notice the entry to the codend in the top and the guiding panel in the bottom 79 
(black net).  80 

The size sorting grid consisted of a hardened plastic frame made from nylon (PA6) and was 50 cm 81 

wide and 73 cm long (figures 1 and 2). The grid’s bars were 3.9 mm thick and 63 cm long, and 82 

constructed out of glass-fibre reinforced plastic. The spacing between the bars was 6 mm (see 83 

figure 2 for more detailed information). The grid was mounted in an extension piece made from 22 84 

mm diamond-mesh netting at an angle of 50°. A guiding panel, made with 20 mm diamond-mesh 85 

netting, was placed in front of the grid to guide the catch towards the lower part of the grid to 86 



increase the contact rate of the catch with the grid surface. Individuals small enough to pass 87 

through the grid are selected out of the gear, while larger individuals are led into the codend 88 

through the passage above the grid. This passage is 15 open meshes high and 54 open mesh 89 

wide on the top (figure 1). To ensure the extension piece retained its shape during fishing while not 90 

interfering with the release of the escapees, a 200 mm diamond mesh section was placed behind 91 

the grid in the bottom panel of the extension piece. 92 

 93 

Figure 2. Description of the 6 mm size-sorting grid with drop shaped bars that were used during this study. 94 

Sea trials description  95 

Three consecutive sea trials were conducted off the coast of southwest Denmark in the North Sea, 96 

on board the commercial vessel E 426 “Rune Egholm”, a twin beam trawler with 18 m LOA and 97 

125 kW main engine power, from 21st of January to the 25th of January, 2019. The vessel was 98 

equipped with two identical 10 m wide beam trawls, 15 m long and with a vertical opening of 0.6 m. 99 

In both trawls, a mandatory sieve net of 70 mm mesh size was mounted (see e.g. Revill and Holst, 100 



2004b). In all three trials, the combination of the 6 mm size sorting grid with a standard 22 mm 101 

diamond mesh codend (22.1±0.5 mm), hereafter referred to as SG6M22, was used as the test 102 

gear. In the first and second trials, SG6M22 was tested, respectively, against a 22 mm (22.4±0.5 103 

mm) and 26 mm (26.1±0.5 mm) diamond mesh codend, hereafter referred to as M22 and M26, 104 

respectively. Both trials were conducted as catch comparison trials (e.g. Krag et al., 2014) where 105 

the two beam trawls were towed in parallel to compare the catch efficiency of both gears. In the 106 

third trial, SG6M22 was tested against an 11 mm diamond mesh codend, hereafter referred to as 107 

M11. In this trial, M11 was used as the control to estimate the absolute selectivity of SG6M22 108 

using the paired-gear method described in Wileman et al., 1996. It was not possible to accurately 109 

measure the mesh sizes of M11, since the meshes size range was within the lower limit of 110 

measurable sizes by the Omega gauge (10 mm ± 1 mm precision). Nevertheless, M11 was 111 

assumed to be non-selective for all relevant sizes of brown shrimp as described in Santos et al. 112 

(2018), thus, its catches being representative of the population available for SG6M22.  113 

For every haul, approximately 4 kg random samples were taken from the unsorted catch of each 114 

gear and frozen for subsequent length measurement on land. These samples were then unfrozen 115 

in the laboratory, all brown shrimp sorted and weighed, and from the total sample a random sub-116 

sample of around 1000 individuals was weighed and length measured. Total length measurements 117 

were obtained by digital image analysis by use of ridge detection in ImageJ, as described in 118 

Santos et al. (2018). The total lengths obtained were rounded down to the nearest millimetre for 119 

the subsequent statistical analyses.  120 

Statistical analyses  121 

Using the numbers and sizes of shrimp length measured per codend and haul we determined, for 122 

trial 1 and 2 separately, whether there was a significant difference in the catch efficiency averaged 123 

over hauls between the baseline gear and test gear.  124 



The number of shrimp per length class caught in the different codends in trial 1 and 2 were used to 125 

evaluate the relative size catch efficiency for brown shrimp of the test gear in relation to the 126 

baseline gears. To assess the relative length-dependent catch efficiency between the test and 127 

baseline gears, we used the method described in Herrmann et al. (2017) and compared the catch 128 

data for the two types of gears fished simultaneously. This method models the length-dependent 129 

catch comparison rate (CCl) summed over hauls. 130 

CC𝑖𝑙 = 
∑ {

𝑛t𝑙𝑖
𝑞t𝑖

}𝑚
𝑖=1

∑ {
𝑛t𝑙𝑖
𝑞t𝑖

+
𝑛b𝑙𝑖
𝑞b𝑖

}𝑚
𝑖=1

            (1) 131 

where nTli and nBli represent the number of shrimp of each length class l length measured in the i-132 

th haul for the test and baseline gear respectively. qTi and qBi are the corresponding sampling 133 

factors for test and control gear respectively quantifying the fraction of the total catch in the i-th 134 

haul being length measured. m represents the total number of hauls. The functional form for the 135 

catch comparison rate CC(l, v) (the experimental being expressed by equation 1), was obtained 136 

using maximum likelihood estimation (MLE) by minimizing the following expression: 137 

−∑ {∑ {
𝑛𝑡𝑙𝑖

𝑞𝑡𝑖
× 𝑙𝑛(𝐶𝐶(𝑙, 𝒗)) +

𝑛𝑏𝑙𝑖

𝑞𝑏𝑖
× 𝑙𝑛(1.0 − 𝐶𝐶(𝑙, 𝒗))}𝑚

𝑖=1 }𝑙       (2) 138 

where v represents the parameters describing the catch comparison curve defined by CC(l, v). The 139 

outer summation in the equation is the summation over the length classes l. When the catch 140 

efficiency of the test gear and baseline gear is similar, the expected value for the summed catch 141 

comparison rate would be 0.5. The experimental CCl was modelled by the function CC(l, v), on the 142 

following form: 143 

𝐶𝐶(𝑙, 𝒗) =
𝑒𝑥𝑝(𝑓(𝑙,𝑣0,…,𝑣𝑘))

1+𝑒𝑥𝑝(𝑓(𝑙,𝑣0,…,𝑣𝑘))
          (3) 144 

where f is a polynomial of order k with coefficients v0 to vk. The values of the parameters v 145 

describing CC(l, v) are estimated by minimizing equation (2), which are equivalent to maximizing 146 



the likelihood of the observed catch data. We considered f of up to an order of 4 with parameters 147 

v0, v1, v2, v3 and v4. Leaving out one or more of the parameters v0… v4 led to 31 additional models 148 

that were also considered as potential models for the catch comparison CC(l,v). Among these 149 

models, estimations of the catch comparison rate were made using multi-model inference to obtain 150 

a combined model (Burnham and Anderson, 2004; Herrmann et al., 2017). The ability of the 151 

combined model to describe the experimental data was evaluated based on the p-value. This p-152 

value, which was calculated based on the model deviance and the degrees of freedom, should not 153 

be <0.05 for the combined model to describe the experimental data sufficiently well, except from 154 

cases where the data were subjected to over-dispersion (Wileman et al., 1996).  155 

Based on the estimated catch comparison function CC(l, v) we obtained the catch ratio, CR(l, v), 156 

between the two gears by the following relationship: 157 

𝐶𝑅(𝑙, 𝒗) =
𝐶𝐶(𝑙,𝒗)

(1−𝐶𝐶(𝑙,𝒗))
           (4) 158 

The catch ratio is a value that represents the relative catch efficiency of the test gear when 159 

compared to that of the baseline gear. Thus, if the catch efficiency of both gears is equal, CR(l,v) 160 

should always be 1.0. Moreover, CR(l,v) = 1.5 would mean that the test gear is catching 50% more 161 

shrimp with length l than the baseline gear, while CR(l,v) = 0.7 would mean that the test gear is 162 

only catching 70% of the shrimp with length l compared to the baseline gear. The confidence limits 163 

for the catch comparison curve and catch ratio curve were estimated using a double bootstrapping 164 

method (Herrmann et al., 2017). This bootstrapping method accounted for between-haul variation 165 

by selecting m hauls with replacement from the pool of hauls during each bootstrap repetition. 166 

Within-haul uncertainty in the size structure of the catch data was accounted for by randomly 167 

selecting shrimp with replacement from each of the codends (test and baseline) separately. The 168 

number of shrimp selected from each codend was the same as the number of shrimps length 169 

measured from the codend. To correctly account for the increased uncertainty due to subsampling, 170 

the data were raised by sampling factors after the inner resampling. However, contrary to the 171 



double bootstrapping method describe in Herrmann et al. (2017) the outer bootstrapping loop in 172 

the current study accounting for the between haul-variation was performed paired for the test and 173 

baseline gears. Thus, taking full advantage of the experimental design in which both types of gear 174 

were deployed simultaneously. Moreover, by using the multi-model inference in each bootstrap 175 

iteration, the method also accounted for the uncertainty in model selection. We performed 1000 176 

bootstrap repetitions and calculated the Efron 95% (Efron, 1982) confidence limits (CIs). To identify 177 

sizes of shrimp with significant differences in catch efficiency, we checked for length classes in 178 

which the 95% confidence limits for the catch ratio curve did not contain the value 1.0. Moreover, 179 

size-integrated average values for the catch ratio (𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒) were estimated directly from the 180 

experimental catch data as indicators for the relative selective performance of the gears test using 181 

the following equations: 182 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− = 100 ×
∑ ∑ {

𝑛𝑡𝑙𝑖
𝑞𝑡𝑖

}𝑚
𝑖=1𝑙<𝑀𝐿

∑ ∑ {
𝑛𝑏𝑙𝑖
𝑞𝑏𝑖

}𝑚
𝑖=1𝑙<𝑀𝐿

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ = 100 ×
∑ ∑ {

𝑛𝑡𝑙𝑖
𝑞𝑡𝑖

}𝑚
𝑖=1𝑙≥𝑀𝐿

∑ ∑ {
𝑛𝑏𝑙𝑖
𝑞𝑏𝑖

}𝑚
𝑖=1𝑙≥𝑀𝐿

          (5) 183 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− and 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ compare the number of shrimp caught under and over the minimum 184 

commercial size (ML= 50 mm) between the test and the baseline gear for each trial. Values of 100 185 

indicate that the test gear catches the same number of shrimp than the baseline gear. Therefore, 186 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− should be as low as possible while 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ should be as high as possible. Estimates 187 

of 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− and 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ are only considered statistically significant if the estimated 95% CI for 188 

each indicator does not include the value of 100. 189 

Finally, to investigate how well the size selectivity of the test and baseline gears matched the size 190 

structure of shrimp in the area fished, a fishing sustainability indicator (DnRatio) was estimated 191 

directly from the experimental catch data for each gear tested by: 192 



𝐷𝑛𝑅𝑎𝑡𝑖𝑜𝑡𝑒𝑠𝑡 = 100 ×
∑ ∑ {

𝑛𝑡𝑙𝑖
𝑞𝑡𝑖

}𝑚
𝑖=1𝑙<𝑀𝐿

∑ ∑ {
𝑛𝑡𝑙𝑖
𝑞𝑡𝑖

}𝑚
𝑖=1𝑙

𝐷𝑛𝑅𝑎𝑡𝑖𝑜𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = 100 ×
∑ ∑ {

𝑛𝑏𝑙𝑖
𝑞𝑏𝑖

}𝑚
𝑖=1𝑙<𝑀𝐿

∑ ∑ {
𝑛𝑏𝑙𝑖
𝑞𝑏𝑖

}𝑚
𝑖=1𝑙

         (6) 193 

where the outer summation in the nominator includes the size classes in the catch that were under 194 

the marketable size of brown shrimp, while in the denominator the outer summation is for all size 195 

classes in the catch. DnRatio is therefore the ratio between discards and total catch in weight, thus 196 

it should be as low as possible, with 0 being the best possible situation where no discards occur. 197 

The value of DnRatio is affected by both the size selectivity of the gear and the size structure of the 198 

shrimps in the fishing grounds. Therefore, it provides an estimate that is specific for the population 199 

fished and it cannot be extrapolated to other areas and seasons. The CIs for the average 200 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒−, 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ and 𝐷𝑛𝑅𝑎𝑡𝑖𝑜𝑠 were estimated using the same double bootstrap routine 201 

used to estimate the CIs of the 𝐶𝐶(𝑙, 𝒗) and CR(𝑙, 𝒗) curves.  202 

Owing to the experimental design, the catch data from the test and control gears was collected 203 

simultaneously in the same hauls, thus they can be regarded as paired. The catch data from 204 

individual hauls was used to estimate the average size selectivity for the test gear by pooling data 205 

over hauls and applying the paired gear estimation method (Wileman et al., 1996). The average 206 

size selectivity in the test gear was therefore estimated based on the catch data summed over 207 

hauls by minimizing the following equation: 208 

−∑ ∑ {𝑛𝑇𝑙𝑖 × 𝑙𝑛 (
𝑆𝑃×𝑟(𝑙,𝒗)

𝑆𝑃×𝑟(𝑙,𝒗)+1−𝑆𝑃
) + 𝑛𝐵𝑙𝑖 × 𝑙𝑛 (1.0 −

𝑆𝑃×𝑟(𝑙,𝒗)

𝑆𝑃×𝑟(𝑙,𝒗)+1−𝑆𝑃
)}𝑚

𝑖=1𝑙               (7) 209 

where nTli and nBli represent the number of shrimp of each length class l length measured in the i-210 

th haul for the test and control gear respectively. qTi and qBi are the corresponding sampling 211 

factors for test and control gear respectively quantifying the fraction of the total catch in the i-th 212 

haul being length measured. m represents the total number of hauls. SP is the split factor 213 

quantifying the sharing of the total catch between the test and the control gear (Wileman et al., 214 



1996). Minimizing equation (7) is equivalent to maximizing the likelihood for the observed 215 

experimental data. v is a vector of parameters describing the size selection model r(l,v). Since the 216 

test gear were constructed with two selection devices placed sequentially after each other, where 217 

shrimp first would have the chance of getting size selected by the grid process (rgrid(l)) and shrimp 218 

that was not selected out in the grid process would be size selected subsequently by the codend 219 

meshes ((rcodend(l))) (figure 1). To be able to account for this dual and sequential nature of the size 220 

selection in the test gear we modelled the size selection in the test gear by: 221 

𝑟(𝑙, 𝒗) = 𝑟𝑔𝑟𝑖𝑑(𝑙, 𝒗𝑔𝑟𝑖𝑑) × 𝑟𝑐𝑜𝑑𝑒𝑛𝑑(𝑙, 𝒗𝑐𝑜𝑑𝑒𝑛𝑑)        (8) 222 

where 𝒗 = (𝒗𝑔𝑟𝑖𝑑 , 𝒗𝑐𝑜𝑑𝑒𝑛𝑑  ). The rationale behind (8) is that a shrimp will only be retained in the test 223 

gear if it is retained in both the grid size selection process and in the codend size selection 224 

process. Since the codend consisted of a single mesh type and size we assumed that the size 225 

selection for the codend process could be described by a traditional s-shaped size selection model 226 

with increasing retention probability for shrimps of increasing size. Therefore, for the codend size 227 

selection process we considered four different models (Wileman et al., 1996): 228 

𝑟𝑐𝑜𝑑𝑒𝑛𝑑(𝑙, 𝒗𝑐𝑜𝑑𝑒𝑛𝑑) =

{
 

 
𝑙𝑜𝑔𝑖𝑡(𝑙, 𝐿50𝑐𝑜𝑑𝑒𝑛𝑑, 𝑆𝑅𝑐𝑜𝑑𝑒𝑛𝑑)

𝑝𝑟𝑜𝑏𝑖𝑡(𝑙, 𝐿50𝑐𝑜𝑑𝑒𝑛𝑑 , 𝑆𝑅𝑐𝑜𝑑𝑒𝑛𝑑)

𝑔𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙, 𝐿50𝑐𝑜𝑑𝑒𝑛𝑑 , 𝑆𝑅𝑐𝑜𝑑𝑒𝑛𝑑)

𝑟𝑖𝑐ℎ𝑎𝑟𝑑(𝑙, 𝐿50𝑐𝑜𝑑𝑒𝑛𝑑 , 𝑆𝑅𝑐𝑜𝑑𝑒𝑛𝑑 , 1/𝛿𝑐𝑜𝑑𝑒𝑛𝑑)

      (9) 229 

The first three models in (9) have two parameters L50codend (length of shrimp with 50% retention 230 

probability conditioned it entered the codend) and SRcodend (=L75codend – L25codend) whereas the last 231 

model have one additional parameter 1/𝛿𝑐𝑜𝑑𝑒𝑛𝑑 that enable a s-shaped curve with asymmetry 232 

(Wileman et al., 1996). For more details on the different models please see appendix. 233 

For the grid process in (8), besides considering the same s-shaped models as for the codend 234 

equation (9), we also considered the potential situation that only a fraction C of the shrimp will 235 

make contact with the grid to be size selected by it. Further, we considered the situation that none 236 



of the shrimp did contact the grid. Based on these considerations, we ended considering a total of 237 

nine different models for the grid process: 238 

𝑟𝑔𝑟𝑖𝑑(𝑙, 𝒗𝑔𝑟𝑖𝑑) =239 

{
 
 
 
 
 

 
 
 
 
 

𝑙𝑜𝑔𝑖𝑡(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑝𝑟𝑜𝑏𝑖𝑡(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑔𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑟𝑖𝑐ℎ𝑎𝑟𝑑(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑, 1/𝛿𝑔𝑟𝑖𝑑)

𝑐𝑙𝑜𝑔𝑖𝑡(𝑙, 𝐶𝑔𝑟𝑖𝑑 , 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑) = 1.0 − 𝐶𝑔𝑟𝑖𝑑 + 𝐶𝑔𝑟𝑖𝑑 × 𝑙𝑜𝑔𝑖𝑡(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑐𝑝𝑟𝑜𝑏𝑖𝑡(𝑙, 𝐶𝑔𝑟𝑖𝑑 , 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑) = 1.0 − 𝐶𝑔𝑟𝑖𝑑 + 𝐶𝑔𝑟𝑖𝑑 × 𝑝𝑟𝑜𝑏𝑖𝑡(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑐𝑔𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙, 𝐶𝑔𝑟𝑖𝑑 , 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑) = 1.0 − 𝐶𝑔𝑟𝑖𝑑 + 𝐶𝑔𝑟𝑖𝑑 × 𝑔𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑)

𝑐𝑟𝑖𝑐ℎ𝑎𝑟𝑑(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑 , 1/𝛿𝑔𝑟𝑖𝑑) = 1.0 − 𝐶𝑔𝑟𝑖𝑑 + 𝐶𝑔𝑟𝑖𝑑 × 𝑟𝑖𝑐ℎ𝑎𝑟𝑑(𝑙, 𝐿50𝑔𝑟𝑖𝑑 , 𝑆𝑅𝑔𝑟𝑖𝑑 , 1/𝛿𝑔𝑟𝑖𝑑)

1.0

 240 

     (10) 241 

The last option in equation (10) accounts for the option to consider that the grid might not 242 

contribute at all to the size selection process in the test gear. Further, it enables modelling the 243 

combined selection process according to (8) by a simple s-shaped selection curve. In total, based 244 

on the combinations of equations (9) and (10) in equation (8), 36 models were considered to 245 

describe the combined size selectivity for grid + codend in the test gear. The 36 models were 246 

tested against each other and the one with the lowest AIC value (Akaike’s Information Criterion; 247 

Akaike, 1974) was selected. MLE using equations (7) with (8) to (10) requires pooling experimental 248 

data over hauls. This results in stronger data for average size-selectivity estimation at the expense 249 

of not considering explicit variation in selectivity between hauls (Fryer, 1991). To account correctly 250 

for the effect of between-haul variation when estimating uncertainty in size selection, the same 251 

double bootstrap method described above was used. Specifically, the confidence limits for the size 252 

selection curve and the associated selection parameters were estimated using a double 253 

bootstrapping method for paired-gear data. We performed 1000 bootstrap repetitions and 254 

calculated the Efron 95% (Efron, 1982) CIs for the size selection curve and the associated 255 

parameters. The ability of this size selection model to describe the experimental data was 256 



evaluated based on the p-value, which quantifies the probability of obtaining by coincidence at 257 

least as big a discrepancy between the experimental data and the model as observed, assuming 258 

that the model is correct. Therefore, the p-value calculated based on the model deviance and the 259 

degrees of freedom should not be <0.05 for the selection model to describe the experimental data 260 

sufficiently well unless the data has over-dispersion (Wileman et al. 1996). All analyses described 261 

here were done using the statistical analysis software SELNET (Herrmann et al., 2012). 262 

 263 

Results 264 

A total of 36 valid hauls were conducted during the three sea trials, with a total of 12 hauls for each 265 

(Table 1). Fishing operations were kept as similar as possible to normal commercial fishing 266 

activities during the first two trials, with a mean towing time of 2 hours per haul and a mean towing 267 

speed of 3.3 kn. For the third trial, due to fact that a non-selective codend (M11) was used, the 268 

duration of the hauls was reduced to approximately one hour instead of the normal two hours due 269 

to the potential large catches in the M11 codend. Moreover, a total of 76046 shrimps were length 270 

measured for this study, with sub-sampling factors being on average 2.4%, but ranging from 0.5 to 271 

7.4%. 272 

Table 1. Summary of the valid hauls for the three sea trials. Values within parenthesis are the range of the data. 273 

 Trial 1 Trial 2 Trial 3 

Gear 
6 mm Grid 

+ 22 mm 

codend 

22 mm 

codend 

6 mm Grid 

+ 22 mm 

codend 

26 mm 

codend 

6 mm Grid 

+ 22 mm 

codend 

11 mm 

codend 

No. of hauls 12 12 12 
Mean haul duration (min) 120 (115-130) 120 (120-120) 63 (40-100) 
Mean towing speed (kn) 3.3 (3.0-3.5) 3.3 (2.8-3-4) 3.3 (3.1-3.5) 
Mean fishing depth (m) 5.8 (3.0-8.0) 6.8 (5.0-9.0) 7.6 (6.0-10.0) 

Mean shrimp catch size (kg) 
93.8 

(16.8-264.7) 
105.4 

(22.2-257.1) 
74.7 

(27.8-127.4) 
75.2 

(32.4-138.7) 
33.3 

(12.9-65.2) 
51.0 

(20.5-87.3) 
Number measured (no.) 12464 12741 12654 12504 12739 12944 
Mean sub-sample factor (%) 2.6 (0.5-6.6) 2.1 (0.5-5.4) 1.8 (0.9-5.0) 1.8 (0.8-4.6) 3.5 (1.3-7.4) 2.2 (1.1-6.7) 

 274 

Datasets from trials 1 and 2 were analysed and catch comparison models fitted to assess the 275 

relative selective performance of the SG6M22 in relation to M22 (figure 3) and M26 (figure 4), 276 



respectively. For both models, p-values lower than 0.05 (p-values ≤ 0.005 for both models) were 277 

found. Therefore, residuals of the models were plotted against length (not shown) and how the 278 

models describe the experimental data visually checked (figures 3 and 4) to assess the quality of 279 

the fit. No patterns were found in the residuals and the models were found to describe well the 280 

trends in the data; which indicates that the poor fit statistics obtained are due to over-dispersion in 281 

the data. The over-dispersion in the data is likely to be due to the low sub-sampling factors (Fryer, 282 

1991). Moreover, the different indicators for brown shrimp were obtained for the trials 1 and 2 283 

(Table 2). 284 

 285 

Figure 3. Estimated average catch comparison with experimental data points (left panel) and catch ratio (right 286 
panel) curves (solid black line) and 95% confidence intervals (broken black lines) for brown shrimp obtained 287 
when comparing the size sorting grid with 6 mm bar spacing and codend with a 22 mm mesh size (SG6M22; 288 
test) to a codend with a 22 mm mesh size (M22; baseline). Dotted grey horizontal lines represent when both 289 
gears are fishing equally efficient. Grey lines represent the catch length structure of brown shrimp for SG6M22 290 
(solid grey line) and M22 (broken grey line). The red vertical represents the minimum commercial size for brown 291 
shrimp (50 mm). 292 

The catch comparison and catch ratio curves obtained from trial 1 when comparing SG6M22 and 293 

M22 are shown in figure 3. The SG6M22 caught significantly less brown shrimp for lengths 294 

between 34 and 52 mm than M22. According to the catch ratio curve, the largest reduction in the 295 

catch of brown shrimp occurred for the length of 40 mm; at this length SG6M22 caught at least 296 

~26% less brown shrimp and on average ~42% less. At the minimum commercial market size of 297 

50 mm, SG6M22 caught at least ~10% less and on average ~18% less. Moreover, the estimated 298 

curves also show a significant decrease in the catch of lengths between 69 and 73 mm for the 299 



SG6M22; for the length of 72 mm this gear caught at least ~8% less (on average ~30% reduction). 300 

No significant differences were found for the remaining lengths classes. Furthermore, the 301 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− estimated for the first trial show that SG6M22 significantly reduced the catch of brown 302 

shrimp smaller than 50 mm by 33.3% (95% CI from 47.2 to 22.2%; table 2). Although no significant 303 

difference was found for the catch of shrimp with length above 50 mm, the results indicate that 304 

SG6M22 caught on average 8% less marketable shrimp (𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ for trial 1 in table 2).  305 

 306 

Figure 4. Estimated average catch comparison with experimental data points (left panel) and catch ratio (right 307 
panel) curves (solid black line) and 95% confidence intervals (broken black lines) for brown shrimp obtained 308 
when comparing the size sorting grid with 6 mm bar spacing and codend with a 22 mm mesh size (SG6M22; 309 
test) to a codend with a 26 mm mesh size (M26; baseline). Dotted grey horizontal lines represent when both 310 
gears are fishing equally efficient. Grey lines represent the catch length structure of brown shrimp for SG6M22 311 
(solid grey line) and M26 (broken grey line). The red vertical represents the minimum commercial size for brown 312 
shrimp (50 mm). 313 

In the second trial, SG6M22 was compared to the M26, and the obtained catch comparison and 314 

catch ratio curves are shown in figure 4. For two length classes, 57 and 58 mm, a slightly 315 

significant difference was found, with SG6M22 catching more shrimp for these length classes than 316 

M26. Nevertheless, for the lengths between 46 and 62 mm, where the bulk of the catch is, there 317 

seems to be a non-significant indication that SG6M22 catches more brown shrimp. No significant 318 

differences were found for all the other lengths between the catch size structures from SG6M22 319 

and M26. Furthermore, the indicators for the second trial show no significant difference between 320 

SG6M22 and M26 (table 2). Nevertheless, there is the indication that SG6M22 caught on average 321 

4% less undersize and 5% more marketable brown shrimp than M26. 322 



Table 2. Estimated values for the different indicators for brown shrimp. Values within parenthesis are the Efron 323 
95% confidence intervals. 𝑪𝑹𝒂𝒗𝒆𝒓𝒂𝒈𝒆− and 𝑪𝑹𝒂𝒗𝒆𝒓𝒂𝒈𝒆+ are the size-integrated average values for the catch ratio of 324 
all length classes, respectively, under and above the minimum marketable size of brown shrimp (50 mm). 325 
DnRatio represents the discard ratio in numbers. 326 

 Trial 1 Trial 2 

Gear 
6 mm Grid +  

22 mm codend 
22 mm codend 

6 mm Grid +  

22 mm codend 
22 mm codend 

n <50 mm 

(in thousands) 
244.8  

(139.8-362.2) 
367.3  

(233.9-508.0) 
282.8  

(215.4-344.7) 
293.9  

(221.4-366.1) 

n >=50 mm 

(in thousands) 
695.7  

(404.7-1033.7) 
755.7  

(459.5-1072.5) 
539.2  

(430.1-652.2) 
512.6  

(399.1-642.3) 

DnRatio (%) 26.0 (23.5-28.5) 32.7 (30.5-35.8) 34.4 (30.8-38.1) 36.4 (32.3-40.9) 

𝑪𝑹𝒂𝒗𝒆𝒓𝒂𝒈𝒆− (%) 66.7 (52.8-77.8) 96.2 (80.6-117.0) 

𝑪𝑹𝒂𝒗𝒆𝒓𝒂𝒈𝒆+ (%) 92.1 (81.1-102.0) 105.2 (96.6-114.2) 

 327 

The catch sharing curve obtained from comparing the selective performance of SG6M22 to that of 328 

a non-selective codend, M11, in the third trial allowed estimating the overall absolute selectivity of 329 

the gear SG6M22 (figure 5). As for the catch comparison models, the fit statistics from the catch 330 

sharing model indicated issues with the model fit. The analysis of the model residual and visual 331 

analysis of the model fit suggested that the poor fit statistics obtained were again due to over-332 

dispersion in the data. The best model, with the lowest AIC, describing the overall absolute 333 

selectivity of SG6M22 was a combination of Richards model for the first process (grid) and 334 

Gompertz model for the second process (codend). A 𝐿50 of 44.9 mm (95% CI from 42.4 to 49.6 335 

mm), a 𝑆𝑅 of 15.6 mm (95% CI from 13.3 to 23.6 mm) was estimated for the absolute selectivity of 336 

SG6M22. A split of 0.51 (95% CI from 0.46 to 0.60) was estimated from the catch sharing model. 337 

The estimated 𝐿50 of SG6M22 is below the 50 mm minimum commercial size for brown shrimp, 338 

while the retention probability for this length was estimated to be 73% (95% CI from 53 to 83%). 339 



 340 

Figure 5. Estimated catch sharing rate with experimental data points (left panel) and absolute size selectivity 341 
(right panel) curves (solid black lines) and 95% confidence intervals (broken black lines) obtained for brown 342 
shrimp when comparing the size sorting grid with 6 mm bar spacing and codend with a 22 mm mesh size 343 
(SG6M22) with a non-selective codend with a 11 mm mesh size (M11). Dotted grey horizontal lines represent 344 
when both gears are fishing equally efficient. Grey lines in left panel represent the catch length structure of 345 
brown shrimp for SG6M22 (solid grey line) and M26 (broken grey line). Grey line in the right panel represents the 346 
relative length structure of the population encountered by the trawl. The red vertical represents the minimum 347 
commercial size for brown shrimp (50 mm). 348 

 349 

Discussion 350 

Since the trials were performed on-board a commercial vessel, under commercial conditions and 351 

on common fishing grounds, the results obtained in this study are applicable to the fishing industry 352 

and provide useful information for managers. The potential usefulness of a sorting grid to reduce 353 

the catch of small brown shrimp was demonstrated in this study. Here, the combination of a sorting 354 

grid with a bar spacing of 6 mm and a diamond mesh codend with a mesh size of 22 mm 355 

(SG6M22) was shown to reduce the catch of small brown shrimp when compared to the currently 356 

legislated codend with a mesh size of 22 mm diamond mesh (M22). As the sorting grid was the 357 

sole difference between both fishing gears, the difference in the catch structures from both gears 358 

can only come from the effect of the grid. Thus, the sorting grid allowed for the escape of small 359 

shrimp before they reached the codend. This reduction of undersized shrimp was expected, since 360 

the sieves used on-board the commercial vessels to sort out small shrimp and fish as discards also 361 

have an average bar spacing of 6 mm (Aviat et al., 2011). Moreover, sorting grids used as a way to 362 



reduce the catch of smaller shrimp have also been successfully tested in a northern prawn fishery 363 

in Gulf of Maine (He and Balzano, 2007; 2012).  364 

When considering the selective performance of SG6M22 compared to the codend required to 365 

maintain the MSC certification, 26 mm diamond mesh codend (M26), the results show the gear are 366 

equivalent in terms of retention of shrimp below the marketable size. This means that SG6M22 367 

could be an alternative for the fishermen to meet the MSC requirements. However, the uptake by 368 

the fishermen of this more complex gear design would only be justified if it prevented the loss of 369 

marketable size catch. On this the results of this study were not conclusive, but there was a strong 370 

indication that SG6M22 catches slightly more marketable size brown shrimp than the M26. Indeed, 371 

a significant increase in catch rate was found for few lengths above the marketable size of 50 mm 372 

and the indicators obtained also seem to support this indication of increased catch of marketable 373 

size shrimp, although not significantly. This indication could derive from the fact that a portion of 374 

the catch will not enter in contact with the surface of the grid, as shown from previous studies (e.g. 375 

Stepputtis et al., 2016). A portion of the catch will therefore only be subjected to the size selection 376 

of the M22 codend which has a lower L50 and SR than the M26 (Santos et al., 2018). In contrast, a 377 

fraction of marketable size shrimp in the portion of the catch that contact the grid is selected out. 378 

This loss of shrimp above marketable size is evident when considering the results of the third trial, 379 

where the overall selectivity of SG6M22 was estimated. The estimated absolute selectivity of 380 

SG6M22 showed that full retention is achieved at the length of 55 mm, while that is achieved 381 

earlier (approx. 51.5 mm) for a 22 mm diamond mesh codend (Santos et al., 2018). However, the 382 

results of the absolute selectivity trial partly contrast with the results obtained in the first trial, when 383 

SG6M22 was compared to M22. Here, a significant loss of larger shrimp (69 to 73 mm) was 384 

estimated by the model. We believe that this result is most likely an artefact due to the large sub-385 

sampling, which greatly increases the uncertainty around the length classes less represented in 386 

the catch.  387 



The size sorting grid presented in this study was designed to maximize the flow through the grid by 388 

reducing the width of the bars, thus increasing its porosity, and by using drop shaped bars. Veiga-389 

Malta et al. (Under submission (Paper 3 in this thesis)) showed that, for the same bar spacing of 6 390 

mm, porosity is indeed an important factor to reduce the resistance of the grid to the flow of water. 391 

This raises the question of how should grids be specified in the legislation? In the case of grids for 392 

reduction of by-catch, setting maximum bar spacing for a grid should be enough (e.g. Council 393 

Regulation (EC) No 27/2005) as fishermen will not reduce the bar spacing since they risk losing a 394 

portion of the target species. For example, in Polet (2002), issues with water flow and clogging in 395 

grids have been associated with a reduction in the catch of target species. On the other hand, 396 

when the objective is to avoid the capture of undersize individuals, setting only a minimum bar 397 

spacing could lead to highly ineffective size sorting grids to be legally used in a fishery. For 398 

example, increasing the bar thickness from 4mm to 8mm has been shown to reduce the water flow 399 

in front of a grid by approximately 30 % (Veiga-Malta et al., Under submission (Paper 3 in this 400 

thesis)). This reduction in water flow, could lead to a reduction in the selective performance of the 401 

grid. 402 

In conclusion, we found that the combination of a size sorting grid with a bar spacing of 6 mm and 403 

a codend constructed from 22 mm diamond mesh is a viable alternative to the 26 mm diamond 404 

mesh codend which is to be introduced into the fishery as part of the MSC plan for brown shrimp. 405 

Despite the higher complexity of the gear design tested in this study, no issues with the gear arose 406 

during the fishing process, such as clogging issues or twisting of the gear. Furthermore, the 407 

fishermen were satisfied with the handling of the gear both during fishing, retrieval processes and 408 

on board the vessel. To maximize the potential of the gear selective performance, thus potential 409 

uptake by the fishermen, further investigation should be performed to minimize the loss of 410 

marketable size shrimp while maximizing escape of small shrimp. Estimating the catch’s contact 411 

rate with the grid would allow guiding the direction for future research. For example, further 412 

reduction in bar spacing if further improvement in contact rate is difficult, or a combination of 413 



increasing contact rate with the grid and decreasing codend mesh size could be tested in future 414 

experiments.  415 

 416 
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Appendix 490 

Size selection models 491 

The basic size selection models used in the present study are presented below (Wileman et 492 

al.,1996). 493 

The Logistic (Logit) size selection curve is the cumulative distribution function of a logistic random 494 

variable: 495 

𝐿𝑜𝑔𝑖𝑡(𝑙) =  
exp (𝑎 + 𝑏𝑙)

1 + exp (𝑎 + 𝑏𝑙)
 

Where a and b are the parameters of the model. 𝐿𝑜𝑔𝑖𝑡(𝑙) quantifies the length-dependent retention 496 

probability with l being the length of the fish or shrimp. The above equation can be rewritten in 497 

terms of the parameters L50 and SR, where: 498 

𝐿50 =  − 𝑎 𝑏⁄   ,    SR =  
2× ln(3)

𝑏
=  
ln (9)

𝑏
 

Leading to: 499 

𝐿𝑜𝑔𝑖𝑡(𝑙, 𝐿50, 𝑆𝑅) =

(

 
 

𝑒𝑥𝑝 (
ln (9)
𝑆𝑅 × (𝑙 − 𝐿50))

1 + 𝑒𝑥𝑝 (
ln (9)
𝑆𝑅 × (𝑙 − 𝐿50))

)

 
 

 

The Probit size selection curve (Normal probability ogive) is the cumulative distribution of a normal 500 

random variable, 501 

𝑃𝑟𝑜𝑏𝑖𝑡(𝑙) = 𝛷(𝑎 + 𝑏𝑙) 

Where Φ is the cumulative distribution function of a standard normal random variable, and a and b 502 

are the parameters of the model. The Probit can be rewritten in terms of parameters L50 and SR, 503 

where: 504 



𝐿50 =  − 𝑎 𝑏⁄   ,    SR =  
2 × 𝑃𝑟𝑜𝑏𝑖𝑡(0.75 − 0.25)

𝑏
≈  
1.349

𝑏
 

Leading to: 505 

𝑃𝑟𝑜𝑏𝑖𝑡(𝑙, 𝐿50, 𝑆𝑅) ≈

(

 
 

𝑒𝑥𝑝(
1.349
𝑆𝑅

(𝑙 − 𝐿50))

1 + 𝑒𝑥𝑝 (
1.349
𝑆𝑅

(𝑙 − 𝐿50))
)

 
 

 

 506 

The Gompertz size selection curve is expressed by the following equation: 507 

𝐺𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙) = exp (− exp(−(𝑎 + 𝑏𝑙))) 

It can be rewritten in terms of the parameters L50 and SR, where: 508 

𝐿50 =  
− ln(− 𝑙𝑛(0.5)) − 𝑎

𝑏
 ≈
0.3665 − 𝑎

𝑏
  ,    SR =  

ln (
ln (0.25)
ln (0.75)

)

𝑏
≈
1.573

𝑏
 

Leading to: 509 

𝐺𝑜𝑚𝑝𝑒𝑟𝑡𝑧(𝑙, 𝐿50, 𝑆𝑅)  ≈  exp( − exp( −(0.3665 + 
1.573

𝑆𝑅
(𝑙 − 𝐿50)))) 

The last of the four basic size selection curves considered here is the Richard curve, which has an 510 

extra parameter, named 1/δ. This parameter controls the degree of asymmetry of the curve. When 511 

δ = 1 the curve is identical to the Logit curve. The equation for a Richard size selection curve is the 512 

following: 513 

𝑅𝑖𝑐ℎ𝑎𝑟𝑑(𝑙) =  (
exp (𝑎 + 𝑏𝑙)

1 + exp (𝑎 + 𝑏𝑙)
)
1 𝛿⁄

 

Rewritten in terms of the parameters L50 and SR with: 514 



𝐿50 =  
𝐿𝑜𝑔𝑖𝑡(0.5𝛿) − 𝑎

𝑏
 

  SR =  
𝐿𝑜𝑔𝑖𝑡(0.75𝛿) −  𝐿𝑜𝑔𝑖𝑡(0.25𝛿)

𝑏
 

Leading to: 515 

𝑅𝑖𝑐ℎ𝑎𝑟𝑑(𝑙, 𝐿50, 𝑆𝑅, 𝛿) =  

(

 
 
𝑒𝑥𝑝 (𝐿𝑜𝑔𝑖𝑡(0.5𝛿) + (

𝐿𝑜𝑔𝑖𝑡(0.75𝛿) −  𝐿𝑜𝑔𝑖𝑡(0.25𝛿)
𝑆𝑅 ) (𝑙 −  𝐿50)

1 + 𝑒𝑥𝑝 (𝐿𝑜𝑔𝑖𝑡(0.5𝛿) + (
𝐿𝑜𝑔𝑖𝑡(0.75𝛿) −  𝐿𝑜𝑔𝑖𝑡(0.25𝛿)

𝑆𝑅
) (𝑙 −  𝐿50)

)

 
 

 

 516 
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