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EXECUTIVE SUMMARY 

Duun, M.R. (2006). A review of experimental methods for determining catchability for trawl 
surveys. 

New Zealand Fisheries Assessment Report 2006/51.31 p. 

This report reviews the scientific literature describing factors affecting trawl catchability, and the 
experimental methods available for detennining catchability for trawl surveys. 

The tenn catchability has had slightly different interpretations in different areas of the fisheries 
literature. In this report it is defined as the product of vulnerability, vertical availability, and areal 
availability, where vulnerability is the proportion of the fish in the path of the trawl that are captured, 
vertical availability is the proportion of fish in the water column that are in the trawl path, and areal 
availability is the proportion of the population being surveyed that is in the survey area. 

Factors affecting catchability are described under three headings, fish species, environmental 
conditions, and fishing gear. 

Four experimental methods to estimate catchability are described. The first is gear comparisons, where 
fish density from a survey trawl is compared with an equivalent estimate from visual or acoustic 
transects, where the latter are believed to be completely efficient. The second is depletion experiments, 
where the cumulative catch and decline in catch rates during repeated trawling on a small and enclosed 
population is used to estimate the initial biomass. The third is tagging experiments, where the fate of 
individual fish is detennined by fitting them with acoustic transponding tags and releasing them into 
the trawl path. The fourth is experiments focusing on the three components of the trawl catching 
process, vertical herding, horizontal herding, and escapement. The estimates of catchability are then 
obtained by combining these components in a mathematical model of the catching process. The study 
of selectivity is included under this heading. Examples, advantages, and problems of each method are 
discussed. A brief review of equipment available for making underwater observations is also provided. 
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1. INTRODUCTION 

Trawl surveys provide key information for the assessments of the biomass and population structure of 
many marine fish species. Time series of trawl surveys are typically used to describe relative changes 
in biomass, but with knowledge of trawl catchability, they may also be used to estimate absolute 
biomass (Somerton et al. 1999). 

The term catchability has had slightly different interpretations in different areas of the fisheries 
literature. Francis et al. (2003) defined catchability as the constant of proportionality between the 
biomass estimate and the true biomass, and it may be thought of as the product of vulnerability, 
vertical availability and areal availability. Vulnerability is the proportion of the fish in the volume 
swept by the trawl that is caught, where the swept volume is the volume between the sides (wing tips), 
the top (headline) and bottom (footrope) of the trawl net. Vertical availability is the proportion of the 
fish in the survey area that could be directly encountered by the trawl gear (i.e., between the headline 
and footrope). Areal availability is the proportion of the population being surveyed that is in the 
survey area. A simple assumption for trawl catchability is that it is equal to one. However, if fish are 
distributed above the headrope, buried in the substrate, swim out of the path of the trawl, escape 
through the net, or are outside the survey area, then catchability is less than one. If the fish are 
attracted to or herded by the trawl, for example by the doors and bridles, and do not escape, then 
catchability is greater than one. 

Francis et al. (2003) defined the width of the trawl as the distance between the wingtips, but the 
herding effects of the trawl doors, sweeps, and bridles mean the effective fishing width can be greater 
than this. For a species which has a strong herding response, the effective fishing width may be closer 
to the distance between the trawl doors. When estimating catchability, the degree of horizontal 
herding, and thus the effective fishing width, therefore need to be estimated. In this report, the 
experimental methods used to do this have been included in the section on vulnerability. 

In demersal trawling, the distinction between vertical availability and vulnerability is not clear for fish 
which are close to the seabed. The number of fish escaping under the footrope can be estimated by 
catching them in auxillary nets fitted under the belly of the trawl, but it will not be known which of 
these were in the path of the net and then dived under the footrope to escape (i.e., should be estimated 
as part of vulnerability), and which were below the footrope throughout (i.e., should be estimated as 
part of vertical availability). In this report, the experimental methods for measuring fish escaping 
beneath the footrope of demersal trawls have been included in the section on vulnerability. The 
measurement of fish which remained buried in the substrate throughout the passage of the trawl is 
strictly part of vertical availability (Francis et al. 2003), but is included here in the vulnerability 
section because it requires similar experimental approaches. 

Trawls nets are size-selective, because as a fish gets bigger it becomes less likely to be able to fit 
through the meshes and escape. Other aspects of fish behaviour and trawl design have different effects 
depending on fish size, with the net result that catchability varies with fish size. An established 
approach in stock assessment models is to estimate a single constant catchability coefficient as a scalar 
between catch per unit effort and biomass, and encompass this size specific effect using a selectivity 
ogive (Bull et al. 2005). In this sense, the catchability coefficient can be thought of as an "average" 
catchability. The selectivity then describes the proportion of the fish in the population at that size (or 
age) which is vulnerable to capture, and is often modelled using an asymptotic curve, such as a logistic 
ogive, where the proportion vulnerable increases with increasing fish size up to a size above which all 
are vulnerable (i.e., where the proportion vulnerable equals one). Selectivity with this meaning has 
been called "population selectivity" by Millar & Fryer (1999). If larger fish are able to avoid capture, 
for example by swimming faster than the trawl or by occurring in areas outside of the survey (or 
fishery) area, then the selectivity may instead be dome shaped (Francis 2006). Where small fish are 
available in relatively shallow water but not deeper water, then this can be modelled by using a scalar 
related to depth to shift the selectivity curve as fishing depth changes (McKenzie 2006). In both these 
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examples of stock assessment modelling, the population selectivity ogive may be encompassing what 
is actually an areal effect. 

The meaning of catchability and selectivity in experimental studies of trawl efficiency, or in 
attempting to derive absolute biomass estimates from trawl surveys, is a little different. In these cases, 
the term selectivity usually refers specifically to the size-dependent component of vulnerability; it is 
the proportion of the . fish of a given size which contact the net and are retained, and will have a 
maximum value of one. This has been called "contact selectivity" by Millar & Fryer (1999). Other 
aspects of vulnerability, which may cause the overall vulnerability to have a value less than one, are 
estimated elsewhere. Although contact selectivity is just one component of vulnerability, which is just 
one component of catchability, it is by far the best studied single area. This is probably because in 
most fisheries, regulations are in force to control mesh sizes in order to try to ensure the escapement of 
the immature (and smaller) fish of the target species. The European Union, for example, has chosen to 
focus a great deal of fisheries conservation effort on mesh size restrictions, and other so called 
technical measures. Because this report focuses on the experimental methods of estimating 
catchability of trawl surveys, selectivity has been treated as "contact selectivity" rather than 
"population selectivity", and is therefore dealt with as a sub-section of vulnerability. Hereafter the 
term "selectivity" will therefore refer to "contact selectivity". 

It is important to note that when a "catchability coefficient" is reported in the scientific literature, its 
meaning may vary. It can, for example, mean as little as catch in the trawl as a proportion of the total 
catch in the trawl net plus in auxillary nets under the groundrope (Walsh 1992). As a result, caution 
must be used when scanning the literature for estimates of a "catchability coefficient". 

This report does not specifically consider the catchability assumptions used in stock assessment 
models (Francis et al. 2001). In these, it is usually assumed that biomass is linearly related to catch per 
unit of effort, although this is not always the case (Harley et al. 2001), and several New Zealand stock 
assessments have estimated an exponent on the catchability coefficient which is not equal to one, such 
that there is a non-linear relationship between catch per unit effort and biomass (Sullivan et al. 2005). 
Some assessments, for example for hoki and orange roughy, also use informed priors on catchability 
coefficients (Sullivan et al. 2005). When natural mortality varies with age in stock assessment models, 
it may be confounded with estimates of selectivity, or catchability at age (Thompson 1994). 

The question of whether fish escaping trawl nets survive is also not covered in this report. Recent 
research has suggested that fish may learn how to escape through net meshes, such that the second 
time a fish encounters a net its chances of escaping are higher (Ozbilgin & Glass 2004). Other studies 
have shown that fish may suffer stress or damage during and after escaping through trawl net meshes, 
and may subsequently die (Wassenberg & Hill 1993, Suuronen et al. 1996,2005), or be more prone to 
predation (Ryer 2004). 

This report does not include a detailed description of trawl construction or design, and some 
knowledge of this is assumed. A good general introduction is that by Galbraith et al. (2004). 

The results in this report are in two main sections, factors effecting catchability, and experimental 
methods for estimating catchability, with selectivity included as a sub-section of the latter. Analysis 
methods are included with the appropriate experimental studies. The report fulfils Specific Objective 1 
of Ministry of Fisheries project SAM2004/03: To review experimental methods for determining the 
catchability and selectivity of trawl surveys. 

2. METHODS 

There is a very large body of scientific literature describing the catchability of fish in commercial 
fisheries and trawl surveys, including special editions of journals dedicated to the subject, for example 
Fisheries Research volume 13 no. 3, and the ICES Marine Science Symposia volumes 196 and 221. 
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Because of the volume of literature, this review is not exhaustive for all subjects, but instead focuses 
on a few selected examples. 

3. RESULTS 

Most published research on the determination of selectivity and catchability has come from the 
northern hemisphere. 

In New Zealand, Hurst (1988) reviewed the literature describing catchability for bottom trawl surveys, 
and recommended that trawl surveys should be standardised as much as possible, and experimental 
measurement of horizontal herding, vertical herding, and fish behaviour at the net should be 
conducted. Whilst attempts have been made to standardise trawl surveys, I could find no evidence of 
any experimental studies of catchability for trawls being conducted in New Zealand. 

Francis et al. (2001, 2003) examined catchability assumptions used in stock assessments, and trends in 
biomass indices from New Zealand trawl surveys. If selectivity is constant, then trends in the swept
area biomass indices derived from trawl surveys will be due to either changes in population biomass, 
or changes in catchability. Francis et al. (2001,2003) demonstrated that changes in some trawl survey 
indices were likely to be caused by changes in catchability. Similar concerns have been reported 
elsewhere (Goda et al. 1999). Beentjes et al. (2004) considered survey designs that would minimise 
the effects of changes in catchability for the trawl survey on the east coast of the South Island. They 
identified a range of environmental predictors which appeared to be influencing catchability, such as 
moon luminance, depth, sun altitude, and sea surface temperature, although no cause and effect 
between these predictors and the biomass indices could be made. 

Five published manuscripts were found describing experimental studies of selectivity in New Zealand, 
the most recent of which was by Massey (1988). Massey described the previous four experiments, but 
does not consider any of them to be reliable, a view which seems reasonable given the methods used 
in the earlier studies. He also makes a reference to "preliminary" work on barracouta mesh selectivity 
by the Ministry of Fisheries, but this work does not seem to have been subsequently published. 

3.1 Factors influencing catchability 

One way to begin to understand the factors that may influence catchability is to consider the way in 
which fish behaviour, the environment, and the direct impacts of the trawl interact with each other 
(Stoner 2004). 

Generally, fish will move away when subjected to a direct stimulus (e.g., being physically prodded), 
and many will move away from an indirect stimulus such as a sight or sound (e.g., away from an 
approaching object). This sensitivity will vary with species, for example a species which buries itself 
in the substrate will often not move until directly stimulated, whereas some shoaling and pelagic 
species are very sensitive to indirect stimuli. The sensitivity will also vary with fish behavioural status, 
for example many fish appear to be particularly sensitive, or insensitive, whilst spawning. Sensitivity 
may also vary with environmental conditions as, for example, many species are less capable of fast or 
prolonged swimming when at low temperatures, or are less capable of detecting visual stimuli at night. 

A trawl produces a wide variety of direct and indirect stimuli. It starts with the vessel itself, then with 
the warps between the vessel and the trawl doors, then the trawl doors, then the wire sweeps and 
bridles (and the sediment clouds they may produce), and then the net, including the obvious floats on 
the headline and bobbins on the ground rope. There is also the presence of other fish, typically of a 
variety of species, with a variety of behavioural responses, and a potential variety of environmental 
conditions. 
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Table 1 outlines factors that have been identified as affecting catchability. It must be remembered that 
many of these will interact. As an example, for the trawl sweeps to effectively herd the fish, the fish 
must first be of a species and behavioural status to react to this stimulus, then be able to swim faster 
than the approaching sweeps, otherwise the fish will be overtaken by the sweeps and not herded into 
the trawl path. The sweeps produce a greater stimulus when on soft and fine sediments, as the 
sediment cloud they generate will be bigger, and in brighter conditions the sediment cloud will be 
more visible. In addition, big fish can generally swim faster than small fish, and fish of the same size 
may often be capable of swimming faster in warmer water. Consequently, a potential situation is that a 
large fish in warmer water in bright light on soft sediment may be most readily herded. The 
complexity of the true situation, with the natural variability in conditions, means that the variability in 
trawl catchability is typically high. 

In order to attempt to reduce variability in catchability, experimental studies typically try to 
standardise the potential variables as far as possible. This means using standardised equipment in a 
consistent way. Most experiments also record as many of the environmental variables as possible, and 
as much as possible about the fish that they observe (or catch), and many then attempt to remove the 
effects of environmental variations in the subsequent analyses. Table 1 can be thought of as a check
list of potential variables which may need to be standardised or their variance minimised during 
experimental studies, or which may need to be recorded and then considered in subsequent analyses. 

Table 1: Factors which have been found to affect fish catch ability in trawling operations. They are split 
under three headings, essentially covering the "what", "where and when", and "how" of the fishing 
operation: Fish species, Environmental conditions, and Fishing gear. The factors are in no particular 
order, as no ranking of their effects is available. The examples given are illustrative rather than 
comprehensive, although an attempt has been made to focus on more recent literature. Under Fish 
Species, some literature examples are only of the factor, not the effect of the factor on catch ability. 

Factor 
Species 
morphology 

Territorial 
behaviour 

Reproductive 
behaviour 

Schooling 
behaviour 

Fish density 

Spatial 
distribution 
Habitat 
selection 

Effect 
The fish design, meaning girth, shape, presence of spines etc. 
These have been directly related to both the probability and 
method of capture in meshes. 
Intra-specific aggression may limit density. This may be most 
important for static gear (e.g., traps), but could potentially 
have an effect in some trawl fisheries, e.g., for species which 
create and defend spawning nests. 
One sex (often males) may be more active during spawning, 
increasing their availability for capture. Catches on spawning 
grounds have often been found to be dominated by a single 
sex. 
Individual fish often behave differently from schooling fish . 
Trawl efficiency has been found to increase with increasing 
fish density (i.e. , lone fish were better at escaping). 
When fish density is high, fish may be more often in schools 
(see Schooling Behaviour), and have a wider areal or vertical 
distribution. Also, larger catches may have an effect on 
selectivity. Fish density (including schooling behaviour) may 
have a strong effect on catchability, which will violate the 
assumption often used in stock assessments that the 
relationship between catch rate and biomass is linear. 
The spatial distribution and migrations of fish may have large 
effects on areal availability. 
Habitat selection is a finer scale consideration than spatial 
distribution. Fish may prefer small areas within the survey 
area, such that local fish density does not decline with 
popUlation abundance, or fish may move between demersal 
and midwater habitats at different times of day. 
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Fish species 
Examples 
Reis & Pawson (1999) 

Gunn & Glass (2004) 
Ziegler et al. (2004) 

Gunn & Glass (2004) 
Solmundsson et al. (2003) 

God0 et al. (1999) 
Gunn & Glass (2004) 

Hjellvik et al. (2003) 
God0 et al. (1999) 
Gunn & Glass (2004) 

Dunn & Pawson (2002) 
Gunn & Glass (2004) 
Aglen et al. (1999) 
Somerton et al. (1999) 
Gunn & Glass (2004) 



Table 1 (cont). 
Factor 
Size and age 

Feeding state 

Stress levels 

Fish learning 

Swimming 
performance 

Presence of 
other species 
(by-catch) 

Temperature 

Turbidity 

O2 levels 

Light levels 

Time of day 

Sea-state 

Currents 

Habitat 
structure 

Effect 
The age and size of fish are correlated. Fish size may affect a 
number of behavioural and physiological factors, such as the 
ability to escape through meshes, swimming performance, 
spatial distribution, habitat selection, etc. 
Fish distribution may be related to prey (and predator) areal 
and vertical distribution. 
High stress levels may cause behavioural impairment, and 
may increase catchability. 
Laboratory experiments have shown fish may be able to 
penetrate trawl meshes faster with experience. Naive fish may 
also learn from experienced fish. This could potentially 
reduce catchability of a fish stock following exploitation. 
This specifically means maximum swimming speed, 
manoeuvrability, and swimming endurance. Laboratory 
experiments on swimming endurance have shown this to be 
species, fish size, and temperature dependent. Larger 
individuals tend to have greater endurance, and higher water 
temperature may also increase endurance. Herding efficiency 
may therefore be species, fish size, towing speed, and 
temperature dependent. 
The density and behaviour of one species could have a 
potential effect on catchability of other species. There is also 
anecdotal evidence that large predatory species feed on 
smaller species which are being herded by the trawl. 

Temperature may affect swimming performance, with lower 
swimming endurance at lower temperatures. 
Turbidity may be natural (e.g., suspended sediments or caused 
by primary productivity), or may include the sediment clouds 
temporarily produced by trawl doors, sweeps and bridles. 
High turbidity may reduce the visibility of trawl components, 
and may therefore reduce escapement, or conversely reduce 
herding. 
Dissolved oxygen levels can affect fish physiology, 
specifically swimming performance, or may affect fish 
distribution or habitat selection. 
Ambient light is reported as having a strong effect on 
catchability, presumably by changing the visibility of the 
trawl gear. Artificial light sources required for underwater 
observations can attract or repel fish species, although the 
magnitude of the effect is unclear. Ambient light levels will 
vary with many factors, primarily depth and time of day, but 
also latitude, time of year (season), and weather conditions. 
This is where time of day has an influence outside of light 
level. May be related to other behaviour, e.g. , reproductive 
behaviour. 
Sea-state may affect vessel motion, which may affect trawl 
contact with the seabed. 
Strength of currents may affect swimming performance, or 
may be related to tides, and affect fish behaviour. Strong 
currents may also affect trawl performance (e.g., bottom 
contact, towing speed). 
The structure of the seabed (e.g., flat or rocky) may affect the 
bottom contact by the trawl. Towing a trawl over rough 
ground may cause the net to have poor bottom contact, and 
increase the chance of fish escapement under the footrope. 
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Examples 
Aglen et a1. (1999) 
Lauth et a1. (2004a,b) 
Walsh et a1. (2004) 

Stoner (2004) 

Ryer (2004) 
Walsh et a1. (2004) 
Ozbilgin & Glass (2004) 

Breen et a1. (2004) 
Brodziak & Hendickson 
(1999) 
God0 et a1. (1999) 
Winger et a1. (1999) 

No specific studies found 

Environmental conditions 
Brodziak & Hendickson 
(1999) 
Somerton (2004) 
Walsh et a1. (2004) 

Bailey et a1. (1985) 
Walsh et al. (2004) 

Clarke et al. (1986) 
Glass & Wardle (1989) 
Lawson & Rose (1999) 
Parish (1999) 
Weinberg & Munro (1999) 
Hazin et al. (2005) 

Solmundsson et al. (2003) 

Piasente et aI. (2004) 
Szalay (2004) 
Trenkel et aI. (2004a, 
2004b) 

No specific studies found 



Table 1 (cont). 

Factor 
Towing speed 

Catch rate 
Catch volume 

Ground gear 

Mesh size and 
shape 
Mesh colour 
Mesh shrinkage 
Ground gear 
Trawl doors 

Sweeps and 
bridles 

Net spread 

Headline height 

Bottom contact 

Cod end size and 
length 
Codend 
attachments 

Vessel effect 

Tow length 

Effect 
If the net moves too slow fish may evade the trawl, too fast 
and the sweeps may over-run the fish before herding can 
occur, although speed is not thought to affect selectivity. 
Catch rate is related to fish density (see above) 
A larger weight of catch increases codend drag, which can 
close up the meshes in front of the codend. 

The length, height, and design of the bobbins will determine 
the ease with which fish may escape under the footrope. 
The size of the meshes will determine the size offish which 
can escape through them. Includes twine characteristics. 
Affects the amount of contrast generated 
Mesh may shrink with net use. 
Fish may react earlier to heavier ground gear 
The doors themselves, or the mud clouds that they produce, 
may herd some species. 
The sweeps, bridles, or the mud clouds that they produce, 
may herd some species. For some species, catch rates may 
increase with increasing sweep length. In low light the 
herding effect may be reduced. Also affected by the angle of 
attack. 
For a given trawl configuration, net spread will increase with 
depth. Increased net spread will increase herding and catch 
rates, but may ultimately overspread the gear resulting in 
lower headline height, and/or reduced bottom contact, and 
thus changing reducing catching efficiency. 
Effective fishing height may vary depending on species 
behaviour. For example, cod concentrate on the bottom when 
young, and in midwater when older, so age structure of 
population affects catchability. Vertical distribution may also 
vary with fish density, and fish may make vertical migrations. 
Increasing net spread can reduce headline height, and reduce 
catching efficiency for some semi-pelagic species. 
The ground gear may not be on the seabed all of the time. An 
increase in groundrope distance above the seabed of only 
~5 cm (caused by an increase in net spread) has been 
correlated with decreasing catch rates for several species, 
most significantly for benthic species. 
Thought to be a major factor determining selectivity, although 
no experimental studies were found. 
Additions to the codend, such as strengthening bags, or extra 
panels of netting (often used on the underside of the codend 
for protection) have been found to affect selectivity, 
presumably by masking the codend meshes. 
Some species offish may move away from the fishing vessel. 
This may be largely due to vessel noise. There is no clear 
evidence of fish deliberately avoiding fishing vessels because 
of detecting echosounder pulses. A "skipper effect" has also 
been identified for some trawl surveys, due to different people 
recording tow information in a different way, for example the 
point at which a trawl starts and stops fishing. 
Tow duration affects catch rates of some species. Presumably 
related to the swimming endurance of different species. 
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Fishing gear 
Examples 

Dahm et al. (2002) 
Piasente et al. (2004) 

Gunn & Glass (2004) 
Erickson et al. (1996) 
O'Neill & Kynoch (1996) 
O'Neill et al. (2005) 
God0 et al. (1999) 
Walsh (1992) 
see Section 3.6.4.1 

Wardle (1986) 
Madsen & Holst (2002) 
Main & Sangster (1983) 
Somerton (2004) 
Harden-Jones et al. (1977) 
Engas & God0 (1989a) 
Glass & Wardle (1989) 
Somerton (2004) 
Walsh & Hickey (1993) 

Szalay & Somerton (2005) 

God0 & Wespestad (1993) 
Hjellvik et al. (2002) 
Szalay & Somerton (2005) 

Szalay (2004) 
Szalay & Somerton (2005) 

Wileman et al. (1996) 

Kynoch et al. (2004) 
Ozbilgin & Tosunoglu 
(2003) 

Kriger & Sigler (1996) 
Popper et al. (2004) 
Szalay (2004) 

Alderstein & Ehrich (2002) 
Dahm et al. (2002) 
God0 et al. (1990) 



Table 1 (cont). 
Factor 
Haul order 

Effect 
In twin-rigs experiments, order of hauling the codends may 
affect selectivity, as the net hauled second will spend more 
time in the water, and there may be loss of fish at the water 
surface due to wave action. 

3.2 Experimental methods for estimating catchability 

Examples 
Wileman et al. (1996) 
Madsen & Holst (2002) 

There are four distinct methods for determining trawl catchability (Somerton et al. 1999). 

1. Gear comparison, where the catch rates of the survey trawl are compared with another method 
believed to be completely efficient, e.g., visual transects. 

2. Depletion experiments, where the cumulative catch and decline in catch rates during repeated 
trawling on a small and enclosed population can be used to estimate the initial biomass. 

3. Tagging experiments, where the fate of individual fish is determined by fitting them with 
acoustic transponding tags and releasing them into the trawl path. 

4. Experiments focusing on the three components of the trawl catching process, vertical herding, 
horizontal herding, and escapement. The estimates of catchability are then obtained by 
combining these components in a mathematical model of the catching process. The study of 
selectivity is included under this heading. 

All four approaches are described here, although the fourth approach, which is the most versatile, has 
been the focus of most of the experimental work. 

3.3 Gear comparisons 

Typically, the catch from the survey trawl is converted into catch per swept area, e.g., number or 
biomass of fish per square kilometre, and this is compared with an equivalent estimate from visual 
transects using a Remotely Operated Vehicle (ROV) or minisub, or from acoustics. Although gear 
comparisons have been used to estimate the catchability of trawls, strictly speaking it is the relative 
"contact" catchability which is estimated. It is only a relative estimate because it is unlikely that the 
visual or acoustic methods really provide a true estimate of biomass. It is "contact" catchability 
because it is a measure of trawl efficiency which is calculated, not necessarily catchability. The trawl 
"contact" catchability is simply the trawl density estimate divided by the visual or acoustic density 
estimate. Areal availability, and vertical availability outside of the sampling distribution of the visual 
or acoustic transects, are usually not considered in the estimated catchability coefficients. 

Bergstedt & Anderson (1990) used an underwater video camera sled, and a line transect sampling 
technique, to estimate the density of a known population of bricks lying on the bottom of a lake. They 
concluded that a sled-mounted video camera and line transect sampling can provide an unbiased 
estimate oftarget density as long as the following assumptions are met. 
1. Targets in the centre of the transect line have a 100% probability of being detected. 
2. Targets were detected in their initial location. 
3. Target distances from the line were measured accurately (although a categorical measure of 

distance may be used). 
These assumptions are common to all visual transects. In the current application, it means fish should 
be easily detected, easily identified from other species, and not easily disturbed. This means buried, 
semi-pelagic, shoaling, or active and wary species are very unlikely to be effectively measured by this 
technique. 

Beukers-Stewart et al. (2001) used divers to conduct visual surveys of scallops, and compared the 
results with estimates of efficiency (catchability) from scallop dredges. Diver surveys for scallops are 
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thought to be very effective, and close to 100% efficient for scallops, although for practical reasons 
they are restricted to shallow water. Relatively immobile species such as scallops are ideal for this 
form of experiment. 

The development and evaluation of an experimental procedure using a camera sled was described by 
Lauth et al. (2004a, 2004b). The sled was about 3 m wide and 1.5 m high, fitted with a CCD Hi-8 
camcorder and two 150 W halogen lights, and towed at about 1 m S-I. The assumptions of the line
transect method (above) mean that the camera inclination and height above the seabed need to be 
fixed. However, height above the seabed varied depending on how far the sled runners sank into the 
sediment. Because height above the seabed was not measured, a sensitivity analysis was done 
assuming the runners sank into the sediment by different amounts. Trials indicated that the target 
species were easily seen, and rarely moved from their initial position (Lauth et al. 2004a). Fish size 
was measured by calibrating the field of view, and using commercial image processing and 
measurement software (an alternative would be to use fixed lasers). Target species density was 
estimated using a line transect method, which is more efficient and less biased than strip transects 
(Buckland 2004). Line transects require the distance of the target from the centre (line) to be 
measured. In these experiments the distance was categorical, with the fish head allocated to one of a 
number of known "tracks", which were spaced evenly out from the centre line. It is critical for line 
transect analyses is that the target can be determined in its original position. The use of continuous 
observation (video cameras) in this experiment, rather than still cameras, has the advantage that it 
allows the reaction of the fish to be examined, and informed decisions about this possible bias to be 
made. Video also allows an object to be viewed from multiple angles, useful if the fish is hidden 
behind a rock. The density estimate was then calculated using the program Distance v.3.5 (Buckland et 
al. 2001). Lauth et al. (2004b) found that sled density estimates for the target species were 3-5 times 
higher than swept area estimates from the survey trawl, and also had a lower coefficient of variation, 
and observed a greater density of large fish. Whilst the target species was easily seen, there were 
actually two similar species which could not be discerned. As in this application, a camera sled is best 
suited to smooth seabeds, and a species which sit passively on the seafloor. For species which are 
demersal rather than benthic, an ROV or manned submersible is more suitable. 

Adams et al. (1995) compared abundance estimates from an ROV with those from a survey trawl. The 
ROV was fitted with a video camera and lights. Because the lights created a sharp viewing boundary, 
the authors used a strip transect rather than line transect method to calculate a density estimate 
(although this does not mean a line transect could not have been used). The differences in abundance 
estimates were compared using t-tests of unpaired log-transformed means, and the ROV estimated 
significantly higher abundances at two of the three study sites, and for most but not all species, with a 
generally lower coefficient of variation of the biomass estimate. From an analysis of the fish behaviour 
records, the authors concluded that one species had a strong attraction towards the ROV. They finally 
concluded that neither trawl nor ROV -based methods gave good abundance estimates for all species. 

Krieger & Sigler (1996) compared density estimated from a survey trawl with that from a visual 
survey using a manned submersible, where the on-board observer counted fish and recorded their 
behaviour. The lit field of view was estimated by the observer, and a detection probability estimated 
by the observer. The latter was estimated by the observer using sea stars, as these were obvious and 
didn't move over the duration of the experiment, as the ratio of the observed and expected density of 
targets. This varied from one near the submersible, to zero at some distance from the submersible. The 
observed density of fish at different distances from the submersible was then divided by the detection 
probability. A bootstrap re-sampling method was used to determine if the density estimates from the 
two methods were statistically different. The experiment found similar density estimates from both 
methods, and therefore concluded catchability of the trawl was close to one. 

Trenkel et al. (2004b) compared trawl and visual ROV surveys for deepsea species. The ROV was 
fitted with 2700 W lights, and travelled at about 0.25 m S-1 and 0.8 m above the seabed, with a 
calibrated transect width 1.5 m ahead of the ROV. The required keeping the ROV height above the 
seabed and inclination constant. To measure fish size, four parallel lasers were mounted on the camera 
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housing, although this method worked well only for species swimming slowly perpendicular to the 
beams. The experiments encountered problems with species identification and the low densities of 
target species. Trawl catchability was estimated as the density from the trawl divided by the density 
from the ROV surveys, and was found to vary with distance from the seabed, fish length, and spatial 
distribution (aggregation), but not with fish reaction behaviour. The way different species reacted to 
the ROV did not seem to be strongly correlated with trawl availability. Trenkel et al. (2004a) 
suggested differences in behaviour may have created various biases in density estimates for different 
species, for example, faster swimming or species that swim well above the seabed might by missed 
during a visual survey conducted from an ROV. Evidence for a potential avoidance reaction at 
distances outside the visual range of an ROV (e.g. over 10 m) was also given by Patel et al. (2004). 

The other survey method that has been compared with trawl surveys is acoustic surveys. Acoustic 
surveys can provide an alternative and potentially more comprehensive density estimate with which 
trawl estimates can be compared, and thus trawl catchability estimated. Although there is the potential 
to estimate a trawl catchability using acoustics, this has rarely been done. This is probably because 
there are concerns that the acoustic method is not a completely efficient method for estimating fish 
density of many species. 

There are two main areas of concern. The first is the dead-zone, which is the area of the water column 
that cannot be clearly seen because it is confounded with echoes from the seabed (Ona & Mitson 
1996). Lawson & Rose (1999) found that acoustic estimates of cod density varied by an order of 
magnitude between day and night, with submersible surveys indicating this was because cod were 
closer to the bottom and on rocky rather than open sandy substrates at night, where they were hidden 
in the acoustic dead-zone. Hjellvik et al. (2003) found variability in biomass estimates from acoustic 
surveys caused by different vertical migrations by different species, and size classes of the same 
species. The second is species identification, as the acoustic backscatter needs to be apportioned using 
knowledge of the relative abundance and size distribution of the species which are contributing to the 
backscatter. This requires trawling for species composition, and the catchability problems associated 
with trawling may therefore introduce a bias into the acoustic estimate. 

One of the few examples of acoustics being used to estimate catchability for another gear was reported 
by Mackinson et al. (2005), who compared biomass estimates from daytime acoustic surveys with 
nightime surveys using a sandee1 dredge, and estimated the catchability of the dredge as the estimated 
trawl density divided by the estimated acoustic density. Although a catchability coefficient was 
estimated, the method assumed that the sandeels were fully available to the acoustic gear, which had 
no support in this study, as there was no knowledge of the proportion of sandee1s that remained buried 
during the day. 

Problems with the acoustic dead-zone can be reduced by moving the transducer closer to the target. It 
is likely that the avoidance reactions some fish show when approached by a vessel are associated with 
the vessel itself, as most fish are unable to hear at the frequencies used by echo sounders (Popper et al. 
2004). Patel et al. (2004) reported that herring, a pelagic shoaling species, had an avoidance distance 
for a research ship of about 150 m, whereas an autonomous underwater vehicle (AUV) fitted with an 
echosounder had an avoidance distance that was much smaller, about 5-14 m. Drastik & Kubecka 
(2005) found relatively little avoidance of a survey boat in shallow waters, ranging from no reaction to 
a reaction distance of up to 15 m, and that the avoidance behaviour varied with fish size (smaller fish 
had a greater reaction distance). 

Whilst the avoidance distance of some species may be small (under 10 m), and allow acoustic 
transponders to be placed closer to the target, there is evidence that some other species can be very 
sensitive. Koslow et al. (1995) found orange roughy would begin an avoidance reaction to a lowered 
camera system (no lights were activated) at a distance of about 130 m, and showed an avoidance 
reaction to a free-falling small iron bar when it was about 60 m above the orange roughy shoal. A 
species reacting in this way might not be considered an ideal candidate for either visual or acoustic 
surveys. 

12 



3.4 Depletion experiments 

The depletion experiments use a decline in catch rates associated with a known total catch to estimate 
the initial population biomass. The catch from a known fishing effort is then compared with the initial 
biomass to estimate the catchability of that effort. This is essentially the same procedure that is used in 
many stock assessments, and the literature contains numerous examples of "stock assessments" using 
similar statistical methods as used here (the Delury or Leslie methods). The applications differ in that 
the catchability experiments use data from intense and controlled fishing over a relatively small area, 
thereby minimising potential biases, whereas the stock assessments typically use catch and effort data 
from commercial fisheries or trawl surveys taking place over a wide and heterogenous area (e.g. Collie 
& Sissenwine 1983; Dunn 2006). 

The key assumption of depletion experiments to estimate catchability is that the population does not 
change during the experiment. This means that during the experiment the population is not affected by 
natural mortality, recruitment, growth, variations in catchability, and migrations. Of these, short-term 
changes in catchability and migrations are most likely to cause problems. The assumptions can be hard 
to satisfY in large areas, or in the open ocean, and better applied to species occurring in restricted areas 
(e.g., estuaries), or to species which are relatively sessile (e.g., shellfish). I was unable to find any 
publications describing depletion experiments applied to marine fish species to estimate catchability, 
probably because the assumptions of this method are considered very unlikely to be satisfied. 

Joll & Penn (1990) trawled an entire area of about 0.5 km2 three times, and recorded the catch rates of 
scallops and prawns. Because the three snapshots were equivalent, this allowed catch per unit effort 
for to be regressed against cumulative catch, and the initial biomass to be estimated. The estimated 
efficiency (catchability) of the trawl was estimated from the slope of the regression, and was about 
60% for both prawns and scallops. Although data were collected, catchability at size was not 
considered in this experiment, nor was the variation between transects within each snapshot examined. 

Lasta & Iribarne (1997) completed a similar experiment for scallops using an otter trawl, and used 
similar analysis techniques, but also a bootstrap method to estimate the median and confidence 
intervals for the initial population size and catchability. Catchability was estimated to be about 30%. 

3.5 Tagging experiments 

Tagging experiments are a potentially direct method for measuring fish catchability. Fish fitted with 
acoustic transponding tags are "attacked" with a trawl, and catchability estimated simply as the 
proportion of the tagged fish that were caught. The method requires that the fish can be captured, kept, 
and then tagged and released, and after this that they will behave in the same way as wild fish in their 
response to the trawl. 

Harden-Jones et al. (1977) attached acoustic transponding tags to flatfish, and monitored their 
behaviour in response to trawl gear using sector-scanning sonar fitted to one vessel, whilst a second 
vessel approached the fish towing an otter trawl. The fish were kept for 6 weeks in tanks before being 
fitted with the acoustic transponding tag and released. The experiments showed no response to the ship 
travelling overhead, that the otter boards had a greater herding effect than the bridles, and that the 
efficiency of the trawl was 44% when the fish started between the trawl doors, 22% between the doors 
and the wing ends, and 61 % when directly in the path of the net. 

Several studies have used data storage tags to describe details of fish distribution, and then inferred the 
effect these could have on catchability (e.g., Bertignac et al. 1999, Solmundsson et al. 2003). Such 
studies are included in Section 3.6, as they contribute to the understanding of factors determining 
catchability, rather than providing direct catchability estimates. 

13 



3.6 Modelling the trawl catching process 

This section examines methods for estimating the individual components of catchability, which are 
areal availability, vertical availability, and vulnerability (including horizontal herding, escapement, 
and selectivity), and modelling approaches used to combine these experiments to provide estimates of 
catchability . 

3.6.1 Areal availability 

Areal availability is not considered in experiments to estimate catchability. This is because most 
experiments concern trawl efficiency, or what might be called "contact" catchability. Nevertheless, 
where an absolute biomass estimate is derived from a trawl survey, it is usually assumed that the 
survey covers the entire distribution, and in this case areal availability is equal to one and is not of 
concern. This section has been included because this is not always true. 

I could find no published experiments designed to specifically provide estimates of the areal 
availability component of catchability. 

The simplest method to estimate areal availability would be to extend the spatial coverage of the trawl 
survey. As survey coverage might be restricted by time or cost, this could be as a single experiment, or 
preferably conducted on an intermittent basis. 

An alternative source of information on areal availability could come from fitting fish with data 
storage tags, where data from these tags can be used to reconstruct fish movements. Conventional tags 
provide information about where a fish was released, and where it was recaptured, but no information 
about the fish distribution in the period in between, or if the fish was or is outside of the potential 
recapture area. If data storage tags are used, then the fish distribution whilst at liberty, potentially 
including areas outside of the recapture area, might be inferred (Bolle et al. 2005). 

3.6.3 Vertical availability 

Vertical availability is the proportion of the fish in the survey area that could be directly encountered 
by the trawl gear. For demersal trawls this is defined as fish below the headline. Vertical herding 
increases the effective fishing height of the trawl, and occurs when fish dive from midwater, above the 
headrope, and into the path of the trawl. This may occur in response to either the sound of the vessel or 
action of the trawl warps between the vessel and the trawl doors. To be useful, the experiment must be 
able to either estimate the proportion of the fish in the water column that occurs below the headrope at 
the moment that the trawl passes, or estimate the average distance above the bottom from which a fish 
will dive into the trawl path. 

Aglen (1996) compared the correlation between simultaneous swept area trawl biomass estimates and 
acoustic estimates of biomass at different heights above the bottom. The trawl swept area density 
estimates were calculated using an estimated effective path width (Dickson 1993a). The acoustic 
estimates included a correction for the acoustic dead-zone, where density in this zone was assumed to 
be the same as in the l.5 m interval immediately above it. The acoustic backscatter was apportioned 
using the species and size composition from the trawl catches. In doing this, it must be assumed that 
the size distribution of the pelagically distributed fish is the same as that caught in the trawl. The best 
correlation between the trawl estimated density and acoustic estimated density was at heights (above 
the seabed) of 30- 100 m for the large gadoid species. This was well above the headline height of the 
trawl (4 m). This suggests that these fish dive into the path of the trawl following the passage of the 
vessel. 
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Aglen et al. (1999) described experiments similar in design to those of Aglen (1996), but with 
additional sampling using a midwater trawl. The midwater trawl was used to apportion the pelagic 
backscatter, and the demersal trawl the demersal backscatter, and then correlations between vertically 
stratified acoustic density and demersal trawl swept area densities were estimated. The density 
estimates from the acoustic method were very variable, and this was caused by different vertical 
migrations of different size classes of different species. In contrast to Aglen (1996), they found no 
clear evidence of vertical herding by the trawl, although there was a weak correlation indicating large 
fish were herded down into the trawl path from a height of about 30 m. Aglen et al. (1999) suggest sed 
that the degree of vertical herding could be affected by the age structure of the population. 

Hjellvik et al. (2003) suspected from stock assessment model results that there was a density 
dependent effect on vertical distribution, specifically that there may be more fish present in the water 
column at higher fish densities. They compared acoustic and trawl density estimates using a method 
similar to Aglen's (1996), and found the correlation between the two increased up to a height of about 
50 m above the seabed, and there was still some correlation up to 150 m off the seabed. They also tried 
modelling catchability using a logistic curve, assuming a catchability of one close to the seabed, 
decreasing with increasing height above the seabed, in order to estimate effective fishing height. 
However, the model could not be successfully fitted to the observations. One problem identified was 
that in about two-thirds of the tows the density from the trawl was more than the density from the 
acoustics for the entire water column, presumably because there was an increase in fish density in the 
acoustic dead-zone that was not accounted for (Ona & Mitson 1996). It was also possible that the path 
of the trawl might not have followed the path of the vessel, and therefore the two estimates were not 
comparable; this might affect the amount of vertical herding into the trawl path from the vessel and 
warps. 

The results of studies companng depth-stratified acoustic density estimates with trawl density 
estimates have therefore not been conclusive. This method is reliant on good acoustic biomass 
estimates. The most obvious limitation of the acoustic method is that it cannot sample fish in the 
acoustic dead-zone. Therefore, where the seabed is sloping or complex and the acoustic dead-zone is 
consequently large, or where the target species has low target strength and is a mixed species 
assemblage, or where the target species is most abundant close to the bottom and is in the acoustic 
dead-zone, then this method is not accurate. 

An alternative method using acoustics is to monitor the changes in vertical distribution directly. God0 
& Totland (1996) used side-scan sonar mounted on a small vessel to watch changes in the vertical 
distribution of fish as a ship towing a trawl passed by, and Handegard et al. (2005) extended this by 
using a buoy-mounted split-beam echo sounder, and analysis software, to track individual fish. These 
studies showed a significant movement of fish towards the seabed as the vessel, and especially the 
trawl warps, approached the fish. 

Michalsen et al. (1999) used an acoustic transducer, fixed to look upwards from the headline of the 
trawl net, to measure the vertical density of fish that were not herded into the trawl path. This was only 
a pilot experiment, and showed that some fish rose up in the water column to avoid the net, rather than 
being herded down into the trawl path. 

Some aspects of vertical availability can be inferred from tagging experiments. Solmundsson et al. 
(2003) tagged flatfish with data storage tags, and recorded the proportion of time that the fish were 
actively swimming off the seabed (in midwater). Male fish were found to spend more time swimming 
in midwater than females, and this was proposed as an explanation for the male-dominated trawl 
catches, assuming that a greater proportion of time in midwater would increase their availability to 
trawls. If the fish were above the headrope, then this would be considered vertical availability, but if 
below the headrope then it would be considered an aspect of vulnerability. 
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3.6.4 Vulnerability 

Vulnerability describes the proportion of the fish in the volume swept by the trawl that is caught, and 
can be thought of as having two components, fish which are in the trawl path but then evade the net, 
and fish which enter the trawl net and escape through the meshes. As explained in the introduction, 
this section includes the measurement of effective fishing width (horizontal herding), and also the 
measurement of fish escaping under the footrope, buried in the substrate, and escaping over the 
headline. Escapement through the net, or selectivity, is then treated as a separate sub-section. 

3.6.4.1 Horizontal herding 

Horizontal herding increases the effective width of the trawl, and occurs when fish avoid the trawl 
doors, sweeps, and bridles and the mud clouds that these cause, and swim into the path of the trawl 
net. To be useful, the experiment must be able to either estimate the proportion of the fish in the water 
column that occur between the trawl doors and the trawl wings that are herded into the trawl path, or 
estimate the horizontal distance a fish will swim into the trawl path. 

Ramm & Xaio (1995) studied the effect of varying door spread by varying sweep length. The trawl 
was fished with either 30 m bridles and no sweeps, 30 m bridles and 30 m sweeps, or 30 m bridles and 
90 m sweeps. Fifty-four tows were made on parallel lanes (1800 m apart), over a period of several 
days. They then presented a model for estimating effective trawl width, and examined catch rate using 
a stepwise linear regression. Trawl width had a significant effect on catch rates of 14 of 36 groundfish 
species, indicating herding was taking place for these species. Somerton & Munro (2001) and 
Somerton (2004) also described experiments to examine the herding response by changing the length 
of the bridles. The trawl was fished with three bridle lengths, and catch per unit of swept area was 
calculated and regressed against bridle length. There was no indication of bridle length affecting catch 
rates of the cod and pollock in these experiments, and it was concluded these species did not display a 
strong consistent herding response (Somerton 2004). All seven benthic flatfish species examined 
showed a highly significant increase in catch rate with increasing bridle length, indicating that these 
species were herded (Somerton & Munro 2001). 

Engas & Gode (1989a) fished a trawl with different sweep lengths (40, 80, or 120 m). To maintain 
trawl geometry, they compensated for the effects of short sweeps by adding heavy chains in part of the 
lower sweep. Over 100 tows were completed on parallel tow lines, and the ratios between the catches 
using different sweep lengths calculated. They concluded that larger fish had a higher tendency to be 
herded than small fish. A wider spread between the trawl doors implies a wider swept area, but slower 
swimming individuals, such as smaller fish, may not be able to keep ahead of the sweeps and fall back 
over the wires, thus avoiding capture (Szalay & Somerton 2005). 

3.6.4.2 Escapement 

This section describes experimental methods for estimating the proportion of fish escaping under the 
footrope, buried in the substrate, and escaping over the headline. Escapement through the net, or 
selectivity, is then treated as a sub-section. 

The proportion of fish which avoid the trawl net by swimming or diving under the footrope has been 
estimated by fitting additional nets underneath the belly of the trawl to catch these escapees. Engas & 
Gode (1989b) fitted three small mesh (40 mm) nets under the main net. The headline of these nets was 
attached to the fishing line of the trawl, and the nets were fitted with relatively small (20 cm) rollers 
attached by chains to the ground gear of the trawl. The three nets were necessary to get a continuous 
coverage of the area of the trawl in contact with the seabed (the bosom section, and half of each wing). 
Twelve comparative tows were made with this gear, and the fraction of the total catch (main trawl plus 
the additional nets) caught by the trawl net was calculated for different fish length classes. They found 
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a greater proportion of small cod and haddock escaped under the fishing line (and was caught in the 
additional nets), and that a greater proportion of cod than haddock escaped under the fishing line. 
Walsh (1992) used a similar experimental design, with three additional nets beneath the fishing line. 
These had a 32 mm mesh and 20 cm roller groundgear with no spacing between the discs. Walsh 
(1992) checked that the height of the fishing line above the bottom was not affected by the attachment 
of the additional nets. The results indicated that escapement under the fishing line was dependent on 
species and fish length, and in some cases was considerable (over 50% of the total catch was taken in 
the additional nets). 

The additional bags fitted below the fishing line of the trawl will not catch fish which remain buried in 
the substrate throughout the passage of the trawl. Rogers & Lockwood (1989) compared the catch 
rates of flatfish from beam trawls with two different types of tickler chain. Tickler chains dig into the 
substrate in front of the trawl, and are intended to scare buried fish out so they start swimming in front 
of the trawl, after which they are more readily available for capture. In this experiment, two different 
weights of tickler chain were used, one on each of two small beam trawls fished side-by-side from a 
single vessel. The catch rates of the flatfish target species from the beam trawl fitted with the heavier 
chains were greater by a factor of almost two, or five, depending on species. This experiment 
suggested that a large proportion of the target species which remained buried in the substrate when the 
lighter tickler chains were used. Fitting tickler chains, or additional tickler chains, is a method to 
measure the proportion of fish which remain buried in the substrate compared with the normal trawl 
operation. However, whilst tickler chains are routinely used on beam trawls, they are not on otter 
trawls, simply because beam trawls are designed to target benthic species, whereas otter trawls are not. 
To reduce this potential bias in trawl surveys, the gear most appropriate to the target species should be 
used. 

Michalsen et al. (1999) published the only experiment I could find focusing on the measurement of 
escapement over the trawl headline, and used an upward looking acoustic transducer mounted on the 
trawl headline. This was only a pilot experiment however, and I found no subsequent published 
reports developing this technique. The experiment indicated that some fish rose up in the water 
column to avoid the net, rather than being herded down into the trawl path. An alternative method is to 
take a more general approach to measuring fish behaviour. 

A more general approach to estimate escapement is to study the behavioural response of fish 
immediately in front of the approaching trawl net using underwater cameras, positioned on the wing
ends or headline of the trawl. Experimental methods for doing this have been reviewed by Urquhart & 
Stewart (1993) and Graham et al. (2004). For example, God0 et al. (1999) used video footage to 
classify the escape responses of benthic species (e.g., flatfish). They were found to show one of three 
behaviours in front of the groundgear: either they burst upwards and flipped into the net, or they rose 
off the bottom and allowed the ground gear to pass under them, or they stayed on the bottom and 
either swam between the bobbins or simply allowed the ground gear to pass over them. They found 
that escapement was reduced with increasing fish density, from about 10% (1 in 10 fish entered the 
net), to nearly 100%. 

Piasente et al. (2004) used a low light monochrome camera and lighting system attached to the 
headline of a trawl to classify deepwater fish behaviour. Some species, such as rattails, were found to 
be passive both in front of and when entering the net. Others, for example gemfish, became active 
once they entered the body of the trawl. Most individuals of benthic species were observed to escape 
under the groundrope, and some species escaped capture by swimming ahead of the trawl. Piasente et 
al. (2004) did not study the effect of the lights on fish behaviour, but noted that some fish swam in the 
region immediately aft of the camera, and presumably in the aft wake of the camera body. The effect 
of artificial light on fish behaviour was investigated by Weinberg & Munro (1999), who estimated the 
escapement rate under the footrope using auxilIary nets (as already described), either with or without 
lights being used. They found the lights had no significant effect on escapement under the footrope for 
five of the six species considered. 
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3.6.4.3 Selectivity 

There is a great deal of literature concerning the escapement of fish through trawl nets ("contact" 
selectivity), usually focusing on codend selectivity, and the way in which this is affected by net 
design, environmental conditions, fish species and behaviour, and the experimental method. The 
available methods when using trawl nets to study selectivity were described in detail by Wileman et al. 
(1996), and this remains a standard reference manual for such selectivity studies. 

Wileman et al. (1996) provides an introduction to selectivity experiments, a guide to the statistical and 
practical design of experiments, and the design, construction, and use of gear. The methods included 
are covered codends (using hoops), trouser trawls, alternate hauls, parallel hauls, and twin trawls. A 
guide is given to conducting the experiments, data recording and measurement procedures, and a 
comprehensive description of the statistical modelling of results is provided. The report also contains a 
glossary of terms, example forms for data recording, and fully worked examples of analyses. Because 
this work is so comprehensive, it seems sensible to refer the reader directly to it, rather than repeat 
details here. This report will therefore focus on summarising the approaches (Table 2), and 
highlighting more recent information on these experimental techniques, as well as describing 
alternative approaches to estimating selectivity not described by Wileman et al. (1996). 

Of the available experimental methods, the covered cod end method is the most flexible (Wileman et 
al. 1996), and is the most commonly used method for estimating the codend selectivity of towed 
fishing gears (e.g. Massey 1988, Campos et al. 2002, Madsen et al. 2001, Madsen & Holst 2002). 
Selectivity is estimated directly, because the fish escaping are retained in a small-mesh cover fitted 
around the codend. The cover must be held away from the trawl codend to minimise the effects it may 
have on selectivity. This is usually done using hoops, and the construction of a hooped codend cover is 
described in detail in Wileman et al. (1996). An alternative method, which is easier to shoot and haul, 
has recently been described which uses kites instead of hoops (Madsen et al. 2001). 

The problem with the covered codend method is that the cover itself may affect the escape process and 
hence bias results, by either masking codend meshes, changing water flow around the codend, or by 
having a visual effect which deters or stimulates the escape response of fish. Masking of codend 
meshes is not suspected to create a bias in selectivity experiment when the cover is held away from the 
codend (Madsen & Holst 2002). If the cover does come into contact with the codend, then it will be 
expected to reduce escapement, and also the mean length of escapement (Ozbilgin & Tosunoglu 
2003). The cover effect on water flow around the codend is, however, suspected to have a small effect 
on selectivity, and also reduce catch rates (Madsen & Holst 2002). This may be because the smaller 
meshes of the cover reduce water flow, allowing fish with greater swimming endurance (i.e., larger 
fish) to swim out of the net (Mous et al. 2002). The cover mesh size must be small enough that its own 
selectivity curve does not overlap with the study codend (Mituhasi et al. 2000), although relatively 
small changes to the mesh size used for the cover are not believed to have an effect on the estimated 
selection parameters (O'Neill & Kynoch 1996). Mesh size should be measured carefully, at sea and in 
wet condition, using a recognised measurement tool such as the new OMEGA mesh size gauge 
(http://www.dvz.be/omega/). 

The recent increase in the use of twin trawls in some fisheries has increased the use of this 
experimental method. Rather than use different mesh size codends, an alternative is to fit one or both 
codends with covers. With one codend fitted with a codend cover and one without, the cover effect 
can be estimated, and with both codends fitted with covers twice as much data can be collected per 
tow (Madsen & Holst 2002, Madsen et al. 2002). 

An alternative method to experimentally modifying trawls is to estimate the size frequency 
distribution of the population independently from the trawl catch. This can be done using visual 
surveys conducted from an ROV (Lauth et al. 2004a, 2004b) or, where possible, using divers 
(Beukers-Stewart et al. 2001). Lauth et al. (2004a) estimated the size distribution of fish encountered 
by an ROV by calibrating the visual plane seen from the camera, and then using image processing 
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software to measure objects in this plane (an alternative method would be to use laser reference 
points). Their method required that the fish were sitting still on the visual plane (i.e., on the seafloor), 
although the program could account for different fish orientations. The survey was used to describe the 
size distribution of the population, and this was compared with the size distribution from trawling to 
estimate trawl selectivity. 

Selectivity parameters usually reported are the mean selection length Lso, which is the length of fish 
which has a 50% probability of being retained or escaping after entering the codend, and the selection 
range, SR, the difference in length between the fish that has a 25% probability and 75% probability of 
retention. A further parameter often used is the selection factor, which is the Lso divided by the codend 
mesh size. 

Standard statistical methods for estimating these parameters from, for example, a logistic curve fitted 
to the proportion retained at length, can be used with covered codends (e.g., logit or probit analysis, 
Wileman et al. (1996)). The data used should be the raw data, rather than data raised to the total catch 
(Millar 1994). It is also best to sample the same number of fish, or the sample proportion of fish, from 
the codend and the cover (Millar 1994). 

Standard statistical methods cannot be used for data from trawls with two codends, e.g., trouser or 
twin trawls, or alternate haul surveys, as the assumption that equal numbers of fish of each size enter 
each codend is not satisfied. The standard analysis method for these applications, where modelling of 
the relative fishing power of the two gears is required, is known as SELECT (Share Each LEngth's 
Catch Total; Millar (1992), Millar & Walsh (1992), with SAS code given by Millar (1993)). SELECT, 
and the statistical methods for analysing covered codend experiments, are implemented in the ConStat 
CC 2000 software package (http://www.constat.dkl). with the related package EC Model providing 
tools for detailed analyses of selectivity experiments (Millar & Fryer 1999). 

Several studies have found that parametric selectivity curves do not fit the observed selectivity data, 
where the selectivity is more complex or does not vary smoothly with fish length (e.g., Millar 1993, 
Munro & Somerton 2001, Lauth et al 2004b). In these situations, a non-parametric model such as that 
described by Lauth et al (2004b) can be used. 

Table 2: Experimental methods used for estimating the selectivity of trawl nets. 
Method Summary Benefits Problems 
Covered The codend whose Each haul produces a Cover may affect 
codend selectivity is to be measured selection curve, the escapement. Hauling 

Alternate 
hauls 

is covered with a second estimate of the fish procedures need to be 
codend of smaller mesh, and population entering modified. There may be a 
this cover retains the fish the codend is limit to the size of codend 
escaping from the first accurate, the same which can be fitted with a 
codend. The cover is held method can be used cover (using hoops). Not 
away from the first codend on a wide variety of suitable for gears where the 
by using hoops or kites. codends. codend cover will come into 

contact with the seabed. 
Hauls are made alternately 
with the test codend, and the 
same gear with a small 
mesh codend. The catch 
from the small mesh cod end 
is assumed to represent the 
population. 

Relatively simple, 
requiring only a small 
mesh codend. 
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It is essential that the pairs 
of hauls should be identical 
in all respects except codend 
mesh size. Requires a 
relatively large number of 
hauls. The two tows may 
not encounter the same 
population of fish. 

Examples 
Massey 
(1988) 
Wileman et 
aI. (1996) 
Madsen et 
al. (2001) 

Wileman et 
al. (I 996) 



Table 2 (cont.). 
Method Summary Benefits Problems Examples 
Parallel This involves two fishing Quicker to collect Having two vessels may Wileman et 
hauls vessels on the same grounds data than alternate double the cost of the al. (1996) 

at the same time. The only hauls. experiment. The two nets 
difference between their may not encounter the same 
gears is the codend mesh population of fish. 
selectivity (or other trawl 
modification whose effect is 
to be measured). The catch 
from the small mesh codend 
is assumed to represent the 
population. 

Twin One trawler tows two nets Towing over the Need a vessel capable of Wileman et 
trawl side-by-side, with one net same ground at the operating the trawl. Twin- al. (1996) 

fitted with the test codend, same time. Easy to rig trawls have a different 
and one with a small mesh use in fisheries where design in front of the net, 
codend. The catch from the twin-rigging is and herding effects may be 
small mesh codend is commonly used. Free different from single trawls. 
assumed to represent the from any bias caused May be a between-side 
population. by codend covers. effect on selectivity. 

Twin As for twin trawl, but with Collects twice as As for twin trawl, and Madsen et 
trawl two test codends each fitted much data. covered codend. al. (2002) 
with with codend covers. 
covered 
codends 
Trouser A standard trawl is divided The trawl can be The separator panel in the Wileman et 
trawl down the middle and has handled in a similar trouser trawl may affect fish al. (1996) 

two codends. One codend method to standard behaviour. 
has the test mesh, and the trawls, and no special 
other small mesh. The catch rigging is needed. 
from the small mesh codend There is no cover 
is assumed to represent the effect. 
population. 

Visual The size distribution of the The visual survey Divers restricted to shallow Beukers-
surveys population is assessed may give a better water. Submersibles may Stewart et 

independently from trawling estimate of size disturb fish. Visual al. (2001) 
using visual observations, distribution in the identification of species Lauth et al. 
for example from an ROV population than may be difficult. The visual (2004a, 
or using divers. available from and trawl transects can't be 2004b) 

trawling. done in the same area at the 
same time. May be 
expensive, especially if fish 
are encountered in low 
densities. 

3.6.5 Modelling catchability 

Catchability can be estimated as the product of vulnerability, vertical availability, and areal 
availability, where vulnerability is the proportion of the fish in the volume swept by the trawl that it 
caught, vertical availability is the proportion of the fish in the survey area that could be directly 
encountered by the trawl gear, and areal availability is the proportion of the population being surveyed 
that is in the survey area. 

More detailed models of catchability allow a better understanding of the process, and also the 
sensitivity of catchability estimates to individual components (parameters). Dickson (1993a) 
developed a simple theoretical model of the herding and capture of fish by an otter trawl. The model 
incorporated fish size, and allowed for horizontal and vertical herding effects of the vessel, trawl 
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doors, sweeps and bridles, and then the catching efficiency of the trawl net. The efficiency of the trawl 
net included estimates of the escapees under the fishing line, up and over the headline, and through the 
meshes. The model did not consider environmental effects (e.g., temperature, light levels) nor density 
dependent behavioural effects. Dickson (1993b) applied this model to cod and haddock, under a range 
of different trawl configurations (e.g., long and short sweeps), to make estimates of absolute trawl 
efficiency by fish length group. The model was sensitive to the otter board effect (distinguished from 
the effect of the sweeps and bridles), and there was no experimental information specifically about this 
(I also found no specific studies when completing this review), but the most critical aspect was 
knowledge of the net efficiency (selectivity), as this had more effect on catches than herding. The 
model did not include areal availability, but was otherwise a method of estimating "contact" 
catchability. 

Dickson (1993a) used a simple (logistic) model of selectivity, although more complex models of this 
process could be incorporated which provide better descriptions and have more intuitive parameters 
(Bethke 2004, Tschemij et al. 2004). Hermann (2005a, 2005b) described an individual-based 
theoretical model of codend selection, and Hermann & O'Neill (2005) use this model to investigate 
the mechanisms behind high between-haul variation in estimated selectivity parameters. The model 
considered the number and type of fish, their swimming endurance, escape attempts, and net geometry 
and the way in which this changes as aggregate catch increases. The model indicated that changes in 
the target and bycatch species population size, or in their length frequencies, increased variability in 
Lso estimates, but did not change the mean. The SR was found to decrease as fish became less 
homogenously distributed (i.e., they entered the net in clumps). The model was able to replicate the 
variability in Lso and SR estimates from experimental results, showing that between-tow variability in 
the fish population density, the population structure, and the spatial distribution of target and bycatch 
species, can introduce the high variability observed in the field estimates of selectivity parameters 
(Millar et al. 2004), although they will not bias the mean. 

Recent research has attempted to describe net efficiency by using more complex models which aim to 
describe fish behaviour. Kim & Wardle (2005) described a simulation model with inputs that are 
indices of stimuli, such as the visual and sound effects of the fishing gear, water flow, proximity of 
other fish, etc., and generate a response movement for individual fish based upon these stimuli and the 
movement capabilities of the fish (including ability to penetrate net meshes and escape). Such a model 
has clear practical applications, but needs further collection and collation of accurate data. It could 
also be developed further to account for different behaviour and catchability with different light levels, 
towing duration, bridle lengths, etc. 

3.7 Summary and conclusions 

The methods available to estimate catchability can be split into two general categories, those which 
compare trawl catches with independent estimates of population density and structure, and those 
which aim to understand and model the trawl catching process (Table 3). 

In all experiments, the experimental design and analysis should attempt to minimise or remove the 
effects of variables known to affect catchability, for example, factors such as time of day, area fished, 
time of year fished, gear design etc (Section 3.1). The condition of the fish, for example, whether they 
are spawning or feeding, and environmental conditions which may affect fish behaviour, for example, 
oxygen levels and turbidity, are often not recorded or reported, but may be significant. Spatial, 
temporal, and practical variations in many of these factors mean that separate sets of experiments are 
probably required for each trawl survey and trawl design separately. 

The choice of experimental method is likely to be dictated largely by practical considerations. It 
should be remembered, however, that no method is likely to sample the true population density nor 
structure, and therefore to provide totally unbiased estimates of catch ability. Nevertheless, some 
methods will perform better for some species and situations than others, and the choice of 
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experimental method should consider likely accuracy of catchability estimates for the target species 
using each method as well as the practicalities (Table 3, Section 3.8). 

3.8 Equipment for underwater observations 

The marine environment is very hostile to equipment. The purchase or hire of equipment, or its 
development and manufacture, may influence the type of experiments that are possible. Graham et al. 
(2004) reviewed recent technological advances for the study of fish behaviour in front of trawls, 
including the types of optical still and video cameras, stereo camera systems, artificial light and laser 
technology, echo sounders or sonars, and video and acoustics processing methods. A brief review is 
also presented here (Table 4). 

The main limiting factor with all optical systems is the environment they are required to work in, in 
particular low light conditions (minimal or no ambient light). Continuous light sources may influence 
fish behaviour, and whilst still flash cameras may reduce this possible bias they give an incomplete 
picture. Infra-red lights have been used, but have limited range in seawater (e.g. OlIa et al. 2000). 
Trawling also generates suspended sediment, further restricting visibility. One problem with all visual 
systems is the identification of different species with similar morphology (Lauth et al. 20041, 2004b). 

Acoustic methods avoid low light limitations, but species identification is difficult and resolution is 
reduced, making monitoring of individual behaviour difficult. The echo sounder will not be able to 
detect all of the true biomass when fish are in the acoustic dead-zone (Ona & Mitson 1996). This 
could be seen as a positive characteristic for stock assessment because absolute acoustic estimates of 
biomass will be conservative (Shotton & Bazigos 1984), but it might introduce a bias as well as a 
source of imprecision (Lawson & Rose 1999), and so is less useful for estimating true biomass and 
catchability. Acoustic methods are also affected by echo sounder calibration (e.g., Foote et al. 1987), 
bottom slope and topography, equipment sensitivity, fish orientation, vessel and surface noise and 
target strength (Lawson & Rose (1999), and references therein), although in theory all these factors 
should be incorporated into the scaling of acoustic backscatter to abundance. 

Laser line scan systems are still in the developmental stage. The lower backscatter produced by a laser 
in the water compared to conventional illumination methods increases the image contrast and 
potentially increases the viewing range. The laser is scanned over the area to produce a sequence of 
images, and then frames are combined to give a complete image using available software packages. 
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Table 3: Summary of the experimental methods available to estimate catchability. 
Method Summary Benefits 
Trawl Fish density and size structure is An alternative to trawl based 
compared with compared between trawl catches studies. May be very efficient for 
visual transect and visual surveys performed in some species. Provides a direct 

Trawl 
compared with 
acoustic 
transect 

Depletion 
experiments 

Tagging 
experiments 

Modelling 
catchability 

the same area at the same time. estimate of catchability. Relatively 
May use divers, cameras mounted simple, and relatively free from 
on sleds or other underwater bias. When behavioural aspects are 
vehicles, or manned submersibles. recorded (requires video cameras) 

Fish density is compared between 
trawl catches and acoustic 
biomass estimates from surveys 
performed in the same area at the 
same time. Trawl catches usually 
used to partition the acoustic 
backscatter between species. 

Initial biomass and catchability 
for a known effort are estimated 
by intense fishing using the study 
trawl over a small and defined 
area. 
Fish are fitted with acoustic 
transponding tags, and these are 
used to monitor their behaviour 
whilst attempting to catch them 
with the study trawl. 
The components of areal 
availability, vertical availability, 
and vulnerability are estimated 
from separate experiments, and 
then combined to estimate 
catchability. 

also provides estimates of fish 
behaviour and potential biases. No 
escapement once within viewing 
range. 
Not limited by light levels or 
turbidity, and so have a greater 
operational range than cameras, 
and also a wider field of view. 

A simple method. Provides a direct 
estimate of catchability. 

Gives a direct estimate of 
catchability. 

Allows flexibility, and provides 
and a potentially detailed 
understanding of the catching 
process in the trawl. 

Drawbacks 
Surveys using divers will be restricted to shallow 
water. Sampling platform (e.g., lighting systems) may 
disturb fish. Targets must be visible, visual 
identification of species may be difficult, and surveys 
may therefore be restricted by limited visibility. Two 
transects can't be done on the same area at the same 
time. May be expensive, especially if fish in low 
densities. Note that swept areas for the visual and trawl 
transects should be carefully calculated before making 
the necessary density comparisons. 

The main problems are detectability of fish in the 
acoustic dead-zone close to the seabed, and species 
identification. Species identification usually requires 
catching a representative sample using a trawl. This is 
difficult if, for example, the herded and non-herded 
components need to be measured, or if the fish have a 
broad vertical distribution. It is usually assumed that all 
fish are horizontal when converting backscatter to 
biomass, but if fish are diving to avoid the vessel then 
this is not true. 
It is necessary to assume a population which is closed 
for the duration of the experiment, which may be very 
difficult to satisfy for marine finfish species. Has only 
been applied to relatively sedentary species, such as 
shellfish. 
Must be able to tag the fish with suitable tags, and 
assumes the tags have no adverse effects on fish 
behaviour. This method is potentially expensive as it 
may require two vessels, and it is relatively slow to 
collect data. 
Requires a range of experiments covering areal 
availability, horizontal herding, vertical herding, 
escapement in front of the net, and selectivity, each 
using different techniques. Therefore it may be 
expensive and slow to complete all the estimating of all 
the components required to calculate catchability. 

Best suited species 
Benthic species which 
remain visible, or 
demersal species with low 
mobility, which are not 
easily disturbed by divers 
or submersibles, and 
where the target species is 
easily identified and 
counted. 

Demersal species 
occurring above the dead 
zone, or pelagic species, 
with limited bycatch 
species or in mono
specific shoals, and 
having high acoustic 
target strength. 

Best for shellfish. Could 
potentially be used for 
fish populations in a 
confined area (e.g., an 
estuary). 
Best for larger finfish that 
easily survive capture, 
tagging, and release. 

Can be used for all 
species caught in trawl 
nets. 





Table 4: A brief summary of the main types of equipment used, or of potential use, to observe and record 
experimental studies of trawl catch ability. The main reference used to derive this table was Graham et aI. 
(2004). 

Type 
Silicone-diode 
intensified target 
(SIT) 

Intensified SIT 
(ISIT) 
Solid-state CCD 
(charged-coupled 
devices) 

Stereo camera 
systems 

Video analysis 

Type 
Laser Line Scan 
System (LLSS) 

Echosounders 

Benefits 
Peak sensitivity in blue-green 
range. In shallow «100 m) 
water can be used without 
artificial light. 
Give the best low light 
sensitivity 
Robust, small size, lower cost, 
no bum-out problems in bright 
lights. New cameras may be as 
good as SIT cameras. 
Allows the three dimensional 
tracking of fish. Can use low 
light cameras, and can allow fish 
size measurements to be made. 

Uses video rather than still 
cameras. Research has primarily 
concerned with image analysis 
and object tracking software. 

Benefits 
Used along with a light sensitive 
camera. A collimated beam of 
narrow wavelength light (blue
green) is used to illuminate from 
the headline to the seafloor in a 
"swath". Increased range 
compared to optical systems, and 
high resolution image quality. 

Do not require artificial light 
systems, less affected by 
sediment clouds. May be 
moored, or fitted to vessels, 
towed bodies, the trawl net, or 
autonomous underwater vehicles 
(AUVs), and pointed in any 
direction (although most often 
vertically orientated). Towed 
body systems get the 
echo sounder closer to subject, 
giving more precise 
observations. It is possible to 
build 3-D images. Can use a 
higher frequency (1-1. 8 MHz) 
where fish are clearly 
recognizable and some species 
can be identified by shape and 
movement, but with reduced 
range (up to ~30 m). 
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Problems 
Usually requires 
additional light source. 

Large and expensive 

Most sensitive in the 
infra-red range, which is 
the first to be absorbed 
underwater. 
Not yet applied to fish 
behaviour in relation to 
catchability, previous use 
has been to track fish or 
in aquaculture. 
Limited by image quality, 
and the moving viewpoint 
causes problems. Most 
analyses to date have 
been qualitative. 

Problems 
Still in the developmental 
stage. Fish may react to 
try and avoid obj ects 
(other fish, suspended 
material) illuminated by 
the laser. Not yet applied 
in situ. Could damage the 
eyes oflight-sensitive 
species. Previous use 
largely in habitat 
mappmg. 

Generally requires trawl 
samples to get allocation 
of backscatter by species. 
Most suitable for pelagic 
fish because of the dead
zone problem. Even close 
up, fish are distinguished 
only as targets of a certain 
intensity, so identification 
difficult. Cable to surface 
may influence behaviour 

Optical cameras 
Example of use 
Piasente et a1. (2004) 

Herring et a1. (2000) 

Lauth et a1. (2004a, 
2004b) 

Hughes & Kelly (1996) 
Koslow et a1. (1995) 
Petrell et a1. (1997) 
Sheih & Petrell (1998) 

O'Neill et a1. (2003) 

Laser systems 
Example of use 
Carey et a1. (2003) 
Tetlow et a1. (2005) 

Acoustics 
Doolittle & Patterson 
(2003) 
Engas & Ona (1990) 
Fernandes et a1. (2000) 
Graham et a1. (2004) 
Handegard et a1. (2005) 
Jones et a1. (2001) 
Michalsen et a1. (1999) 
O'Driscoll et a1. (2002) 
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