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Abstract

Purse seining is an efficient fishing method that is used to catch most of the world’s pelagic
fish species. In some of these fisheries slipping is used to adjust catch size, increase catch
value or to release illegal species and sizes. Slipping involves the release of fish from the net
before they are brought on board. Little information is available on the frequency of slipping,
but anecdotal information indicates that slipping is a common practice in some fisheries,
including the Norwegian mackerel (Scomber scombrus) and herring (Clupea harengus)
fisheries in some areas and seasons. Previous studies have shown that the mortality of
mackerel and sardines slipped from the net may be high, especially if the density before
slipping is high and the fish are held for a long time in the net. Paper II studied the mortality
of herring crowded and released from a purse seine. The results showed a density-dependent
mortality and a considerably higher tolerance to crowding compared to mackerel. Even so, a
mortality rate above 50% was registered at high crowding densities, suggesting that herring

slipped in a late phase of hauling may suffer unacceptably high mortality.

Identification of the main causes of slipping mortality is necessary for the adoption of
appropriate mitigation measures and regulations. Physiological sampling of crowded herring
in paper II showed that some fish display a maladaptive physiological stress response,
including disturbances in their osmoregulatory balance, and energy exhaustion. A common
assumption is that mortality occurs due to impairment of the skin barrier, leading to
osmoregulatory deficiencies and substantial leakage of body fluids. Paper III showed that a
loss of more than 25% of the scales can cause significant mortality in herring. Large
quantities of scales can be observed in the water during the late phases of purse seining when
the fish are crowded in the net, but to exactly what extent herring lose scales is not known.

There is some evidence for scale loss not being a single cause of mortality, but the mortality is
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rather a result of the synergistic effects of several stressors (scale loss, hypoxia, exhaustion

and stress).

Slipping of dead or dying fish is illegal in Norway. The upcoming landing obligation in EU
will have the same approach where fish can be released if high survival is ensured. Crowding
experiments indicate that slipping in an early stage and in a careful manner can ensure high
survival. There are currently no available estimates of fish densities inside the net during
purse seining or any practical methods for monitoring the catches or the net during
commercial fishing, which makes the regulation of slipping difficult. Paper IV described a
method for monitoring purse seine net volume and estimating catch densities. The results
indicated that even in large catches, lethally high densities of mackerel and herring are
unlikely to occur up to the point when 80% of the net has been hauled. The results further
showed that catch densities between purse seine sets vary significantly due to differences in
net volumes and catch sizes. Regulations on how late in a haul slipping can be permitted will
have to take such variations into account in addition to any differences in mortality rates
caused by different environmental, fishing and biological conditions. In order to ensure that
purse seines can continue to provide high-quality catches efficiently even with a
precautionary limit to slipping, slipping regulations will have to be combined with
technological solutions for improved identification of catch size, species and quality before
the net is set or in an early stage of purse seining. In addition slipping techniques and gear

modifications that raise survival rates will need to be developed and tested for survival.

Slipping mortality is a source of unaccounted mortality and contributes to biased stock
assessment. The Northeast Atlantic mackerel stock is an example of how a high level of
unaccounted mortality and a lack of fishery-independent indicators of stock biomass have
resulted in unreliable estimates that were eventually rejected in 2013. In this fishery slipping

is one source of mortality among many, but it is important to mitigate all the sources. In
6



paper I, a tag recapture data-set collected by the Institute of Marine Research was used to
estimate mackerel stock size. The results indicate a stock size that has been as much as 2 to
2.3 times as large as the official estimate. The estimates involve some uncertainty that needs
to be taken into account, especially related to variable tagging mortality and detector
efficiency, but could potentially improve the current assessment if the data were included in

the ICES stock assessment on a regular basis.
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Introduction

The vessel, a combined pelagic trawler and purse seiner, is heading out to the Norwegian
Sea. Good herring catches have been reported and other vessels are already at the fishing
grounds. Sonars scan the waters for herring schools. Once a school has been detected, the
skipper inspects it by circling around it. This is a critical stage. In addition to determining
swimming speed and direction of the school and planning how to set the net, the skipper must
know the size of the school. The school should be large enough to avoid additional sets, but
not too large and exceed the quota or the load capacity of the vessel. At times it can be very
difficult to estimate school size due to the distribution or behaviour of the school. If the
skipper decides to target the school, he shoots the net and within a few minutes the school is
surrounded by the curtain of net. At this stage the fish may still manage to escape by diving
under the net or the vessel where the net is still open. The net must be closed rapidly by
hauling the purse line that runs along its bottom edge. Once the net has been pursed, hauling
can begin and the sonar transducer that was retracted into the hull during pursing to avoid
damage is lowered again. The skipper can then inspect what he has inside the net and see
whether he actually managed to trap the whole school. But this is difficult due to air bubbles
caused by propellers and thrusters, which disturb sound transmission. It may not be possible
to get any idea of the catch until the fish are crowded by the vessel side and visible on the
surface. At this stage the skipper may realise that there are too many fish in the net or that
they are of low value due to their small size or poor quality. He may then decide to release, or
slip, the whole catch or parts of it. If the skipper is satisfied, the catch is pumped onboard,
stored in the refrigerated seawater tanks and the vessel steams back to port to deliver its

catch.



Purse seine fisheries

The above describes an ordinary fishing trip for a Norwegian purse seiner and outlines some
of the challenges that may be faced and choices that need to be made during a purse seine set.
In Norway, a fleet of around 400 purse seiners (ranging from small coastal to large ocean-
going vessels) catches about 90% of the country’s mackerel (Scomber scombrus), herring
(Clupea harengus) and capelin (Mallotus villosus) quotas. In 2012 the catches of these species
were 180, 610 and 360 thousand tonnes (kt) respectively (data from the Norwegian
Directorate of Fisheries). Purse seining is also an important global fishing method, and
schooling species (e.g. sardines, herrings, anchovies, mackerels and tunas) are caught all over
the world with fleets ranging from small artisanal to large modern purse seiners (Ben-Yami,
1994). Purse seining accounts for about 30% of the world’s total catches (Watson et al.,
20006), it is the most efficient method for catching aggregated pelagic species (von Brandt,
1984; Ben-Yami, 1994), and is one of the most energy-efficient fishing methods (Suuronen et

al.,2012) (see Box 1).
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Box 1. Purse seining

The purse seine gear is a wall of netting with floats mounted on the headrope to keep the net at the
surface, and with lead weights and purse rings on its lower edge. Net design varies according to vessel
type and size, the behaviour of target species and the type of fishing grounds (Fridman, 1986). Below is
an example of a Norwegian mackerel and herring purse seine.

Headline with fln:rat5>| Strengthened part

Shoulder %¢ ﬁ o

™ Leadline with sinkers

Purse line

Bridle with purse rings
720m

The fishing process consists of three main phases: shooting, pursing and hauling. First, the wall of
netting is shot in a circle around a school of fish. Second, the bottom of the net is closed by hauling the
purse line. Third, the net is hauled onboard and stacked in the aft of the vessel ready for a new set.
During hauling the catch is gradually accumulated in the strengthened part of the net (the bunt) and
eventually taken on board either using a brail or a pumping system. To be able to capture the often fast
swimming pelagic schools the net needs to be set in the right position according to the fish position, and
swimming direction and speed (Misund, 1992). Fish schools are located by acoustic underwater devices,
visual detection of the school or dolphins or birds following the school. Alternatively fish aggregating
devices or light is used to attract and concentrate the targeted fish.

Image from Hosseini et al., 2011
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Slipping in purse seine fisheries

In purse seine fisheries, unwanted catches are sometimes deliberately released or ‘slipped’
from the net while still in the water (Lockwood et al., 1983; Kelleher, 2005). Slipping is
usually carried out in a late phase of hauling when the fish are densely crowded by the vessel
side by either letting down the gavel (horizontal end of the net) thereby making an opening in
the net, or lowering the floatline (Lockwood et al., 1983). The most common reasons for
slipping are excessively large catches that either exceed the quota or the load capacity of the
vessel, low-value catches or illegal species or sizes. The Food and Agriculture Organization
of the United Nations (FAO) includes slipping in the definition of discarding, i.e. the portion
of the catch, which is thrown away or dumped at sea (Kelleher, 2005). Discarding is currently
one of the main issues in fisheries management, and it has been estimated that 6.8 million t of
fish, about 8% of world catches, are discarded (Alverson and Hughes, 1996; Hall and
Mainprize, 2005; Kelleher, 2005). Fish mortality caused by discarding is generally regarded
as a waste of resources, it may contribute to changes in ecosystem structure and functioning
and if the mortality is not included in the total fishing mortality estimates in the stock
assessment models, the result may be biased stock biomass estimates and quota
recommendations that are not in accordance with the actual stock biomass (Alverson and
Hughes 1996; Kelleher, 2005; Crowder and Murawski, 2011). Here, discarding and slipping
are treated as two separate actions in order to distinguish between the different methods used

to release the fish.

Slipping was first registered in the mackerel fisheries off the coast of Britain (Lockwood et
al., 1983) and has since been reported in sardine fisheries in Southern Australia (Mitchell et
al., 2002) and off Portugal (Stratoudakis and Margalo, 2002) and in Norwegian mackerel and

herring fisheries (Anon, 2002; Huse and Vold, 2010). A few attempts have been made to
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estimate slipping quantities by placing observers on board purse seiners (Anon, 1999; Anon,
2002; Stratoudakis and Margalo, 2002; Borges et al. 2008). Estimating the amount of slipping
that takes place in a fishery, however, is challenging (Stratoudakis and Margalo, 2002; Borges et
al. 2008). Slipping is sporadic with large seasonal and regional variations, making the
extrapolation of observed cases of slipping to whole fisheries difficult. The whole slipping
process further takes place under water and it is difficult to visually estimate what quantities
of fish are actually released. Finally, having observers on board the vessels may influence
crew behaviour and slipping may be avoided when observers are on board. Anecdotal
information based on registrations of dead fish on the seabed in areas where purse seiners
have been fishing (although can also be result of net bursts) and reports of slipping in the
fishing fields by onboard observers, scientists and fishermen suggest that slipping is widely

used in some fisheries and in certain periods.

In the Norwegian mackerel and herring fisheries, catches are mainly delivered for human
consumption and often to a highly quality-conscious market in which prices are strongly
influenced by fish size and quality. Each vessel has its own quota and the focus is on
maximizing the value of the catches. This is a powerful incentive to release low-value catches
in favour of more valuable catches at times (Anon, 2002; Gezelius, 2006; Huse and Vold,
2010). Slipping has also frequently been reported from areas where the targeted fish form
large dense schools, especially in the winter fisheries for Norwegian spring spawning herring.
Controlling catch size can then be very difficult and skippers can end up with far more fish in
the net than planned and unless excess catch can be pumped over to a nearby vessel they have
no other choice than to release parts of the catch. Net bursts are also common when catches
are very large, and this has been shown to result in high mortality (Misund and Beltestad,

1995).
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In addition to quantifying the amount of fish slipped it is important to estimate the proportion
of slipped fish that die. These two figures combined determine the magnitude of the problem.
If most of the slipped fish survive it may not be too much of a problem, even if large
quantities are released. Compared to many other fishing methods, purse seining can be
regarded as a relatively gentle way of capturing fish. The fish are able to swim freely inside
the net until a late phase of hauling. Slipping is also a gentler way of releasing fish than
discarding, where fish are brought on deck and often handled before being released. This
suggests that survival rates following slipping from purse seines may be higher than
discarding in other fisheries. However, there are large differences in how well different
species tolerate capture and release, and the small pelagic species that are targeted by purse
seines are generally sensitive to interactions with fishing gears, with the result of high
mortality (Chopin and Arimoto 1995; Suuronen et al., 1996a; Broadhurst et al., 2006).
Previous studies have shown that especially mackerel (Lockwood ef al., 1983; Huse and
Vold, 2010), but also sardines (Mitchell et al., 2002; Margalo et al., 2010) may experience
high mortality following crowding and slipping in purse seines, particularly if they are held

for a long time in the net and crowded to high densities before slipped.

Quantification of discard and slipping mortality is not straight forward. Fish may die as a
direct effect of stress and injuries experienced during capture and release, or indirectly due to
disease and predation (Chopin and Arimoto, 1995). Mortality can thus occur within hours, or
up to several weeks after release (Lockwood et al., 1983; Davis, 2002), making direct
quantification of mortality rates under commercial fishing situations difficult. How well fish
tolerate the capture and release is also influenced by environmental, fishing and biological
conditions resulting in that mortality rates can vary under different conditions (Suuronen et
al., 1996b; Davis, 2002; Suuronen, 2005; Broadhurst et al., 2006). Fish mortality after being
released from fishing gears has commonly been studied in laboratory or field experiments, by
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either exposing them to real or simulated fishing conditions or by exposing them to one or
several capture and release stressors (e.g. net abrasion, crowding, handling, hypoxia, or air
exposure), and then monitored for some days or up to several weeks (Suuronen et al., 1996a;
Broadhurst et al., 2006). For some species and in some fisheries, indicators of discard
mortality have been developed, these involve a measure of physiological or behavioural
responses (see Box 2) (Davis, 2005), reflex impairment (Davis, 2007, Humborstad et al.,
2009), physical condition (Davis and Ottmar, 2006; Benoit et al., 2010) or capture stressor
intensity (Davis, 2002; Benoit et al., 2013) that can be related to mortality. Such indicators
allow mortality rates to be predicted immediately before or after release under commercial
fishing situations and in a range of different fishing conditions (Benoit et al., 2013).
Understanding and identifying the main capture and release stressors that cause the mortality,
how these vary under different conditions and how the fish respond to these stressors
behaviourally and physiologically is important. By understanding the underlying mechanisms
of mortality it will be possible to estimate mortality rates more accurately, identify indicators

of mortality and appropriate mitigation measures and regulations can be applied.

Discard rates have been reduced in many fisheries through the introduction of more selective
fishing gears, discards regulations and improved enforcement of regulatory measures
(Kelleher, 2005; FAO, 2011). Growing public awareness and demand for sustainable and
environmentally friendly fish stock harvesting have also been important in placing more
pressure on reducing discards in fisheries (Bellido et al., 2011). Gear modifications that
improve selectivity (Isaksen et al., 1992; Suuronen and Sarda, 2007) and monitoring
instruments that provide detailed information on the composition and size of the catch
(Misund, 1997; Graham et al., 2004) have been important in reducing discarding in many
trawl fisheries. In purse seine fisheries, such technological developments have so far been

very few. Once a purse seiner has selected its target, the catch process itself is unselective,
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using few or no devices for size or species selection. One of the few exceptions is the “medina
panel” and the “back-down” manoeuvre, which have greatly reduced the mortality of dolphins
in tuna fisheries (Barham et al., 1977). In Norway, sorting grids were considered for size
selection in the mackerel purse seine fisheries, but the mortality rate of mackerel escaping
through the grid was too high to recommend their use in these fisheries (Misund and
Beltestad, 2000). There is now a sharper focus on slipping mortality in European purse seine
fisheries for small pelagic species (Margalo et al., 2006; Huse and Vold, 2010) and slipping
regulations are being implemented. In Norway discards of fish, including slipping dead or
dying fish, is prohibited, while the EU is in the process of introducing a landing obligation
that provides an exemption if high survival of the discarded or slipped fish can be
demonstrated (STECF, 2013). There is a growing need for improved catch-monitoring
systems, for improved selectivity of purse seines and gear designs that allow for gentle
releases of fish from the net. A great deal of effort is currently being put into the development
of sonar technology that can provide more accurate information about schools (Gerlotto et al.,
1999; Ona and Andersen, 2008). Physical sampling techniques at an early stage of hauling
and purse seine net designs that facilitate quick and gentle release of unwanted catches
without harming the fish are also under development (unpublished data, IMR). In tuna
fisheries, fishing methods and gear modifications including the use of sorting grids that will
reduce the number of unwanted species and sizes in the catches are also being developed

(Gilman, 2011).
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Box 2. The physiological stress response in fish

Fish possess a suite of adaptive behavioural and physiological strategies that have evolved to cope with
challenges and stressors; the stress response (Pottinger, 2007).

Chemical Stressor Primary

e.g. hypoxia \ Responses
Physical stressor mmm—ml) ) Secondary
e.g. scale loss and Responses
skin injuries

Perceived stressor Tertiary

e.g. vessel noise, Responses

perception of the net

Image modified from Barton, 2002

Primary responses
When the central nervous system recognizes a real or a perceived threat catecholamine and
corticosteroid hormones are rapidly released into the blood circulation (Barton, 2002).

Secondary responses

The primary responses stimulate secondary changes at blood and tissue level. Oxygen uptake and
transport are increased (Wendelaar Bonga, 1997). Energy sources are mobilized and glucose is released
into blood. Energy is reallocated away from growth and reproduction and toward activities that require
energy to restore homeostasis, such as respiration, locomotion, hydromineral regulation and tissue repair
(Wendelaar Bonga, 1997; Mommsen et al., 1999). Cortisol also suppresses the stress-induced
inflammatory / immune reaction that might otherwise lead to tissue damage (Mommsen ef al., 1999).

Tertiary responses

The secondary responses allow the fish to cope with stressors and help them to maintain or re-establish
homeostasis, but some of them have negative side effects. The increased permeability of the gills cause
a hydromineral imbalance as water and salt diffusion across the gills increase and additional energy is
needed to cope with this osmotic imbalance. The suppressed immune defense, stimulated by cortisol,
reduces the fish’s resistance against infections and parasites. Further the reallocation of energy may, in
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Northeast Atlantic mackerel and herring: distribution, fisheries and
stock status

The Northeast Atlantic (NEA) mackerel stock is large and widely distributed, and it migrates
over long distances between spawning, feeding and overwintering grounds (Figure 1a) (ICES,
2013a). The stock comprises three spawning components. The southern component spawns in
Spanish and Portuguese waters from February to May, the western component spawns in the
waters west of Ireland and the UK between March and July and the North Sea component
centrally in the North Sea and Skagerrak between May and July (Iversen, 2002; ICES,
2013b). After spawning in late spring and summer, the adults from the southern and western
components migrate to the Norwegian Sea for feeding, where they also mix with the North
Sea component (Uriarte and Lucio, 2001). By the end of the summer the mackerel move
further north and northwest to deeper waters for overwintering before they once again migrate

to their respective spawning grounds in December — March (Reid, 2001).

The stock supports large and valuable fisheries in many European countries. Landings have
ranged between 300 and 1 000 kt since 1969 (ICES, 2013a). The main fisheries include the
EU trawl fleet, which targets mackerel west of the British Isles on their migration to the
spawning grounds in December to February (35%), Russian freezer trawlers and, in recent
years also Icelandic and Faroese trawlers targeting mackerel in the summer feeding grounds
(38%), as well as the Norwegian purse seine fleet, which targets mackerel off the Norwegian
coast and off the British Isles in August to November (20%). Mackerel are also fished

throughout the year in Spanish and Portuguese waters.

Widely distributed and migrating stocks that are shared by many nations, such as the NEA
mackerel, are difficult to assess and manage. The fish move between the fishing zones of

several countries and the proportion of the stock present in each zone at any time varies with
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the season and year. Reliable information on stock abundance and distribution patterns is
essential for an international agreement on quota allocations between the fishing nations.
Currently, both the abundance and distribution patterns of the NEA mackerel stock are
uncertain. There is no international agreement on total allowable catches (TAC) and the
quotas set by the different countries have consistently exceeded the TAC advice given by
ICES (ICES, 2013a). The reason for the uncertainty of the stock size is the combined effect of
unreliable catch data and a lack of fishery-independent estimates of abundance. As a result, in
2013 the quantitative assessment of the stock was rejected (ICES, 2013a) and this, together
with a high fishing pressure, has placed the stock in a vulnerable position. There is thus an
urgent need to improve the assessment model, develop a reliable age-structured fisheries-
independent index of stock biomass and to reduce the unaccounted mortality sources that have
produced the unreliable catch data. The sources of unaccounted mortality are believed to be
unreported and illegal landings, discard and slipping mortality, escapee mortality (mortality of
fish that escape the fishing gear) and a higher natural mortality rate than assumed in the

assessment model (ICES, 2013b).

The Atlantic herring is another highly abundant pelagic species in the Northeast Atlantic that
supports large purse seine and trawl fisheries. The herring population in the Northeast
Atlantic is made up of several distinct stocks, the largest of which is the Norwegian Spring
Spawning (NSS) herring (Holst et al., 2004; ICES, 2013a). The NSS herring also migrates
long distances between its spawning, feeding and overwintering grounds (Figure 1b) (ICES,
2013b). The stock spawns on the Norwegian coast between February and March. After
spawning, the adult stock moves to the feeding grounds in the Norwegian Sea where it
remains until late summer and partly mix with the NEA mackerel stock. It then moves to the
currently oceanic overwintering grounds north of Vesterdlen, where the herring form large

dense schools (ICES, 2013b). The fisheries generally follow the migration of the stock; large

19



fisheries target herring on their spawning migration along the Norwegian coast at the
beginning of the year, while Russian and Icelandic trawlers then catch herring in the summer
feeding areas in the Norwegian Sea and the fisheries finally move to the overwintering
grounds off the Norwegian coast. The stock is shared between Norway (60%), Iceland (15%),
Russia (13%), the EU (6%) and Faroe Islands (6%), and landings have fluctuated between

100 and 1.7 million t since late 1980s (ICES, 2013b).

The NSS stock has been declining since 2009. It is now at a level of 5 million t and is
expected to further decline in the near future (ICES, 2013a). The stock is managed sustainably
and the recommended TAC for 2014 is 418 kt, which is a major reduction from the maximum
TAC of 1.6 million t in 2009 (ICES, 2013a). The stock assessment utilises input from several
survey indices and is thereby more reliable than the mackerel assessment (ICES, 2013a).
Some uncertainty in the stock assessment is due to a discrepancy between survey indices and
catch statistics (ICES, 2013b). According to ICES, levels of discard and slipping are
insignificant in the fisheries (ICES, 2013a), but the quantities that die as a result of slipping
and bursting nets are not known and should not be ignored, especially now that the stock

abundance is declining.

The North Sea autumn spawning (NS) herring is also a large herring stock. It is distributed
throughout the North Sea and spawns along the eastern coast of Great Britain between July
and October (Figure 1c). Trawl and purse seine fisheries target NS herring in late spring and
summer in the central and northern North Sea and in autumn and winter in the southern North
Sea (ICES, 2013c). Total catches in 2012 were 405 kt, about 30% of which is taken by purse
seiners (ICES, 2013c). The stock has been increasing since 2007, and in 2013 it produced
catches at the same level as the NSS herring, with a quota recommendation of 482 kt for 2014
(ICES, 2013c). Discards are partly monitored and included in the assessment, but ICES is

concerned about the lack of information on unallocated removals in the herring fisheries and
20



wishes observer coverage to be maintained in all fleets (ICES, 2013d). Slipping is known to
take place in the summer fisheries, which target high quality matjes herring, i.e. young herring

that have not yet spawned and have a high fat content (Anon, 1999).

RN

A
Norwegian spring-
| spawning herring
Feeding area (Apr-Sept)
- Nursery area (0-3 years old)
- Overwintering area
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- Spawning area
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Distribution area %
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Herring The North Sea
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Figure 1. Distribution areas of NEA mackerel (a), Norwegian spring spawning herring (b) and North Sea herring
(c), from IMR database.
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The scope and objectives of the thesis

The work described in this thesis falls into two main areas. The first, focuses on unaccounted
mortality in the NEA mackerel fishery and aims to develop an alternative estimate of stock
biomass based on tag recapture data. The second and major part focuses on slipping from
purse seines. Slipping is a source of unaccounted mortality in the NEA mackerel fishery, but
is also likely to be a source of unaccounted mortality in herring purse seine fisheries. There is
a need to both quantify and reduce this mortality and to be able to do that we need to
understand why the fish die and how the mortality rates are influenced by different fishing
conditions. In the final part, the focus is on applying the information available on the effects
of slipping from experimental work to commercial fisheries and discussing potential
mitigation measures that can be applied to purse seine fisheries where slipping is an issue on a
more general basis. The work has been performed in close cooperation with other current

projects at IMR that focus more on the technological development of the purse seine fisheries.

The main objectives of the thesis are to:

1. estimate mackerel stock biomass based on tag recapture data and evaluate the usefulness

of this method as a fishery-independent estimate of NEA mackerel stock biomass

2. quantify the mortality of herring crowded to different densities in the purse seine and

describe the physiological responses to crowding

3. investigate the importance of scale loss as a source of slipping mortality among herring

4. estimate fish densities in the purse seine during commercial fishing and use these
estimates to discuss the usefulness of regulating slipping by having a limit to how late in a

haul slipping can be permitted.
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Abstracts of papers

Paperl

In the present study we utilize tag recapture data to estimate year class abundance and
spawning stock biomass of mackerel (Scomber scombrus L.) in the Northeast Atlantic for the
period 1986-2008. On average 20,000 jigged mackerel have been tagged annually with
internal steel tags in the spawning area west of Ireland and the British Isles, and the tags have
been recaptured in commercial catches screened through metal detectors. The spawning stock
biomass estimates derived from two different tag-based models were highly variable but were
on average 2 and 2.3 times higher than the ICES official estimate. The official estimate is
considered uncertain and most likely an underestimate of the actual biomass, due to
unregistered mortality in the fisheries and lack of fishery-independent, age-disaggregated
data. Hence, tag-based estimates could potentially improve the current assessment if included
in the ICES stock assessment on a regular basis. These estimates also involve some
uncertainty that needs consideration, especially related to variable tagging mortality, detector

efficiency and migrations of the stock.

PaperII

To study the effects of crowding in purse-seines on the survival and stress response of herring
(Clupea harengus), large-scale field experiments were conducted in the North Sea during
2008 and 2009. The mortality was 28% at a crowding density of 221 kg m™ and increased
further with increasing density. Crowding densities <150 kg m™ did not result in any
additional mortality compared with the control group (0.9-2.0%). Smaller herring and herring
with a lower condition factor were more vulnerable to the effects of crowding. Blood analyses

showed a significant increase in cortisol, lactate, and blood ions in the crowded fish. Lactate
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returned to control levels 2 d post-stress, whereas cortisol and blood ion levels continued to
increase during the 4- to 5-d monitoring period. Furthermore, plasma glucose appeared to be
substantially reduced at the end of the trial, indicating that the herring were incapable of
restoring homeostasis and were approaching energy exhaustion. These results provide
important information about the crowding densities that can be tolerated in the purse-seine
fisheries for herring and will benefit future development of guidelines for purse-seine slipping

operations.

Paper III

Slipping of crowded herring (Clupea harengus) from purse seines may lead to high
mortalities. We suggest that scale loss during crowding may be one reason for the mortalities.
To test this hypothesis, herring were transferred to 5 m tanks and subsequently de-scaled on
25% or 50% of the body surface. Recovery was monitored for mortality (over 7 days),
behavior (days 1 and 2) and blood metabolites (days 0, 1, 2, 4 and 7). Most mortalities
occurred between 1 and 4 days post treatment and increased with the degree of de-scaling
reaching 60% in worst cases. Larger fish with good condition had better survival than smaller
fish. Many de-scaled fish increased their swimming speed significantly. Some also deviated
from the normal schooling behavior swimming with the current rather than against it. De-
scaling led to loss of osmoregulatory ability and presumably water loss as seen through
increases in plasma ions and osmolality. Plasma glucose was reduced in de-scaled fish while
plasma levels of cortisol and lactate were increased. An apparent bimodal response was
observed in the blood data. While some fish recovered and returned to pre-treatment levels for
most parameters within days, others were unable to recover. It is concluded that de-scaling

may lead to mortality in herring. The mortality appears to be related to fish condition, loss of
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osmoregulation and increased stress response and energy expenditure. Altered behavior may

contribute to the mortality.

Paper IV

Slipping, the release of fish from the net while it is still in the water, is used to adjust catch
size or increase catch value in many purse seine fisheries. High fish crowding densities prior
to slipping have been shown to result in high mortality of the slipped fish. There are currently
no available estimates of fish densities inside the net during purse seining or any practical
methods for monitoring the catches or the net during commercial fishing, making the
regulation of slipping difficult. In this study, a method for monitoring net volume during
commercial purse seining is developed. The volume for eight separate purse seine sets was
monitored during hauling using an omnidirectional fisheries sonar to image the net and hence
create three dimensional representations of the net. An acoustic positioning system with
transponders mounted in the net walls was used to monitor the location of various parts of the
purse seine and to validate the sonar-based net borders. Net volume reduced from an average
of 1 300 000 m® when 5-15% of the net was hauled to an average of 130 000 m® when 70-
80% of the net was hauled, with significant variation between sets. Fish densities during
hauling were estimated by dividing catch biomass with the available volume and were
generally below 1 kg m™ and exceeded 5 kg m™ towards the end of the haul for larger catches.
The results indicate that lethally high densities of mackerel and herring are not expected to

occur during the first 80% of hauling even for large catches.
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Discussion

An improved NEA mackerel assessment with tag recapture data

Several surveys a year are performed in order to map the distribution and estimate the
abundance of the NEA mackerel stock (ICES, 2013b). Annual acoustic and trawl surveys are
performed in the Norwegian Sea and off the Iberian Peninsula (ICES, 2013b), egg surveys
have been carried out every third year since 1977 (Lockwood et al., 1981) and a Norwegian
tag recapture programme has been running since 1969 (Hamre, 1978). All the survey-based
estimates suggest that the stock biomass is significantly larger than the ICES official estimate
(ICES, 2013a). The tag recapture-based estimates of spawning stock biomass (SSB) in paper
I indicate that the stock in 1986-2008 averaged either 5 or 6.25 million t, depending on the
model used, which is 2 or 2.3 times as high as the ICES official estimate for the same time
period (ICES, 2013a). The discrepancy between survey-based estimates of SSB and the
official estimates can at least partly be explained by unreliable catch data that have been used
as input in the assessment model. Simmonds ez al. (2010) estimated that the actual removals
from the stock have been between 1.6 and 3.6 times as high as the officially reported catches.
If underestimated catches are used as input in the assessment model the stock biomass will
also be underestimated (ICES, 2013a). It might then be asked why the fishery-independent
estimates of SSB do not play a larger role in the assessment, in order to reduce the

dependency of catch data.

The egg survey-based estimates of SSB have been used as a relative index of SSB in the
assessment since 1977 (Lockwood et al., 1981; ICES, 2013a) and as the only fishery-
independent source of information on stock size these have been very valuable. A

disadvantage with this method is that data become available only every third year and are not
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age-disaggregated. The international trawl survey carried out in the summer months, when the
whole mackerel stock is expected to be present in the Norwegian is a relatively new, but
promising method for estimating mackerel abundance and distribution (Nettestad et al.,
2013). Vessel avoidance is a challenge in this survey, because mackerel are distributed in
loose aggregations close to the surface in the summer feeding grounds (Gode et al., 2004). A
method has now been developed in which trawling is performed during a turn, in order to
reduce the effects of vessel avoidance (Nottestad et al., 2013). Multibeam sonar is also used
in these surveys to map the mackerel distribution and for stock abundance estimates in
addition to downward pointing echo sounders. The advantage of multibeam sonar is that
several beams cover a large sector or a whole circle in each sound transmission, thus covering
a far larger area than echo sounders, including the surface waters (Misund, 1997). However,
detecting mackerel acoustically is rather challenging because this species lacks a swimbladder
(which normally accounts for about 95% of the backscattering echo) and the reflected sound
level is therefore very low (Gorska et al., 2005). The low school density in the summer further
reduces the total backscatter. The methods are continuously being developed and improved,
and in the near future the combination of sonar for mapping mackerel distribution and a trawl
survey for estimating abundance has potential to provide reliable information on the mackerel

stock.

Tag recapture based estimates

In paper I the Norwegian tag recapture data were used to estimate stock biomass. The tag
recapture data have previously been used to study mackerel distribution, migrations and
mortality rates (Iversen and Skagen, 1989; Uriarte and Lucio, 2001). The data were also used
to estimate stock biomass until the late 1970s (Hamre, 1978). Tags were then recovered by
magnets installed in reduction plants. As the use of mackerel changed from fish meal to
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mainly human consumption, fewer tags were recovered and the tag data could no longer be
used for stock assessment. In 1986 metal detectors were installed at Norwegian fish factories
and about 20 000 t mackerel have been screened annually ever since. An average of 18 000
mackerel have been tagged every year, and the annual recaptures have ranged between 50 and
300. The data could thus be used to estimate stock abundance again. ICES has requested a
fishery-independent index of stock abundance that is age-structured to allow tracking the
abundance of year classes (ICES, 2013a). A time-series of at least five years is further
required for the index to contribute meaningfully to an age-based assessment model (ICES,

2013a). The tag recapture data have potential to fulfil both these requirements.

Two different approaches were used in paper I to estimate mackerel abundance, the HAMRE
(Hamre, 1978) and the MERKAN (developed by Dankert Skagen, IMR) models. Both models
are based on the Lincoln-Petersen model (Ricker, 1975), which in turn is based on a first
sample of fish caught, tagged and released back to the sea, n;, and a second sample, n,, when
the number of recovered tags, m,, is registered. The population size (N) is then estimated by
the equation N=n;«ny/m;, and the rationale is that the fraction of marked fish in the second
sample (my/ny) should on average be equal to the fraction of the population that is marked
(ni/N) (Ricker, 1975; Pine et al., 2003). This approach can provide absolute abundance at the
time of tagging. Tag recoveries can be pooled from recaptures and samples taken over a long
period of time, and no assumptions are required regarding natural or fishing mortality rates
(Schwartz and Seber, 1999). This was the approach taken by the MERKAN program. The
disadvantage is that some years of recaptures are required to produce reliable estimates and
up-to-date estimates are therefore unobtainable. The HAMRE approach (Hamre, 1978)
estimated abundance for the recapture year and several releases were pooled. This way up-to-

date estimates could be obtained, but natural and fishing mortality rates, as estimated by the
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ICES, were applied to the tagged individuals. This method can thus be influenced by biased

stock mortality estimates.

The biomass estimates from both models fluctuated heavily in the first years of the study
(1986-1990). Thereafter a steady decline in biomass (MERKAN: 5 to 3.5 million t and
HAMRE: 6.5 to 5.5 million t) was shown from 1993 to 1997. In the years 2002 to 2006 the
biomass was estimated to increase from about 4 to 6 million t by both models. This increase is
in accordance with the egg survey estimates that have indicated a significant stock increases

since 2004 (ICES, 2013b).

The Lincoln-Petersen model is simple, but several underlying assumptions may produce
biased estimates if they are not fulfilled (Schwarz and Taylor, 1998; Pine et al., 2003). One of
these is that the tagging procedure or having a tag attached does not increase mortality. In
paper I, one of the main uncertainties in the estimates was the unknown tagging mortality
rate. Lockwood et al. (1983) studied tagging mortality in mackerel, but the experiments did
not include the effects on survival of dropping the fish from the vessel into the water, sea bird
predation or the effects of weather conditions and sea state. A range of different tagging
mortality rates were therefore applied to the data in paper I (30, 40 and 50% mortality).
Another important assumption is the complete mixing of the tagged fish with the whole
population that is being assessed. Migration and distribution studies indicate that the entire
NEA mackerel stock is present in the northern North Sea and Norwegian Sea during the
autumn and winter (Uriarte and Lucio, 2001) when the majority of catches were screened, and
tagged fish were further allowed to mix with the population for one year before being
included in the data set. This assumption ought therefore not to have caused any major
problems. A third assumption is 100% reporting rate of recaptured tags. There are some
concerns about the reliability of the metal detectors at some of the factories and tags may have

been undetected. This would have resulted in that the stock biomass was overestimated. Some
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of the assumptions underlying the Petersen — Lincoln model were thereby violated in paper I,

resulting in somewhat unreliable estimates of SSB.

IMR’s mackerel tagging programme came to an end in 2011, but a new programme has since
been introduced that employs radio-frequency identification (RFID) (ICES, 2013b), which
uses radio waves to transfer data from electronic tags to reader systems at the mackerel
landing plants. A computer program imports data on catch information and biological
sampling data of released fish and screened catches, and estimates fish abundance by year
class (ICES, 2013b). This system is thereby far more automatic and cost-effective than the
traditional tagging programme and the method that was used for data processing. Between
2011 and 2013, more than 100 000 mackerel have been tagged and tag-reading systems have
been installed in fish factories in Scotland, Ireland and Denmark, in addition to eight systems
in Norway. This will markedly increase the number of catches screened, thus improving the

accuracy of the SSB estimates (Ziegler, 2013).

Future NEA mackerel assessment

ICES is currently in the process of exploring alternative modelling approaches that can better
deal with catch uncertainty in addition to trying to incorporate more stock size information in
the model (ICES, 2013a). Which fishery-independent data sources will be included in the
assessment and focused on in the future will be decided in the ICES mackerel benchmark

meeting in 2014 (ICES, 2013a).

There is yet another way to improve the assessment, which is by reducing the unaccounted
mortality sources and thereby producing more reliable catch data. Since 2005, unaccounted
mortality in mackerel stock has fallen (ICES, 2013a). Illegal and unreported landings have

been reduced through better control systems, while improved discard regulations and control
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systems have probably cut down discarding at sea. In Norway, the purse seine is the main
gear used to catch mackerel and there are some indications of slipping in the fisheries (Huse
and Vold, 2010). This thesis focuses on this particular source of unaccounted mortality, not

only in the mackerel fisheries, but also in the herring fisheries.

Slipping mortality

In 2004 slipping of dead or dying fish was prohibited in Norwegian fisheries (‘“Forskrift om
utevelse av fiske i sjgen” §48) and the challenging task of enforcing the regulations in purse
seine fisheries began. How could it be determined whether a slipped fish would survive?
Slipping mortality has been shown to have a latency of hours or even days (Lockwood et al.,
1983), and fish that swim out of the net apparently in good condition may actually die later.
To find solutions to this problem, the Institute of Marine Research launched a study of the
survival of mackerel following slipping, with the support of Norwegian fisheries managers.
The effects of different crowding densities and durations on mackerel survival had already
been studied in small-scale experiments (Lockwood et al., 1983), but there was some debate
about how well the results represented the commercial situation. To validate these results,
Huse and Vold (2010) carried out large-scale field experiments in 2006 and 2007. A mortality
rate of 80 - 100% was registered in mackerel that were crowded for 10 minutes at densities at
which they started to evince a panic reaction and swim at high speed just under the surface.
This was an easily recognisable type of behaviour, and was expected to be associated with
densities just before the catches start to be pumped. These results have been important in

forming the current regulations on slipping in the mackerel fishery.
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There was also a need to enforce the regulations in the herring purse seine fisheries. Slipping
and net bursts were frequently reported from the fishing grounds, and previous experiments
had shown that few herring survived a simulated net burst (Misund and Beltestad, 1995),
while the mortality of small herring that escaped from pelagic trawl codends was particularly
high (Suuronen et al., 1996b). There was reason to suspect that slipping was a cause of
mortality also in the herring fisheries. In 2007 Norwegian fisheries managers asked for a
study of herring following slipping, and these experiments are presented in paper II and

discussed in more detail below.

Choice of method

The survival of fish that are released or escape from the fishing gear can be studied in the
field under commercial conditions (Suuronen et al., 1996a; Mitchell et al., 2002) or on a
smaller scale in the laboratory (Olla et al., 1997; Davis et al., 2001; Marcalo et al., 2010).
Due to delayed mortality (Davis, 2002), a monitoring period is usually needed to register
mortality rates. In the field, fish may be transferred into net pens, cages or tanks, where they
are monitored for some days or weeks. As an alternative, tagging may be used where tag
recapture rates of fish exposed to capture and release stressors are compared with the
recapture rate of unstressed fish (Hueter et al., 2006). The methods used in survival studies
generally involve some form of fish transfer or handling, which may cause unintended
additional stress and mortality. These unintentional effects can be difficult to separate from
those caused intentionally as a part of the study. Mortality rates therefore often differ between

studies, depending on the methods used (Chopin and Arimoto, 1995).

Experiments carried out in the laboratory are generally cost-effective when large numbers of

replicates can be obtained and the variability in the survival estimates can be captured. The
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effects of individual stressors and the combined effects of several stressors and how these are
modified by environmental and biological conditions can be systematically studied (Davis,
2002; Broadhurst et al., 2006). The problem is that it is virtually impossible to create realistic
fishing stressors in the laboratory (Suuronen, 2005). How well sample populations in the
laboratory represent wild populations may also be questioned. Mortality during transfer to the
laboratory may be selective in that only the strongest fish survive, resulting in a sample that is
not representative of the wild population. Fish held under laboratory conditions also
experience sensory-deprivation, which can result in behavioural and physiological responses

that do not resemble normal responses in the field (Suuronen, 2005).

In field experiments, conditions are generally more realistic although there may be problems
related to holding experimental fish in tanks or net pens for monitoring. The conditions may
not be quite the same as they would be in the wild, e.g. temperature, availability of light,
pressure and stocking density (Broadhurst ez al., 2006). Wild fish have not been acclimatized
to captivity like fish used in laboratory experiments, and captivity may therefore be an
additional stressor. At the same time, fish may be in a more protected environment in which
natural predation is reduced or absent. Well-designed control groups are necessary to reveal
any artificial effects of handling and captivity, but these will not be able to detect confounding
effects of captivity on already stressed or injured fish (Suuronen, 2005). Long-term mortality
due to behavioural impairment (Davis, 2005; Marcalo et al., 2013) or infections and disease
(Chopin and Arimoto, 1995) is usually also not captured when fish are monitored for

relatively short periods of time.

An open-sea large-scale method was developed in mackerel crowding experiments (Huse and
Vold, 2010), in which the fish were transferred from a purse seine through a transfer channel
into net pens. In the net pens fish were crowded by raising the bottom of the pen in order to

reduce the available volume. After a short period of crowding (10-15 min.) the pens were
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released to create their full volume again and left to drift freely for a monitoring period of 4-5
days. The method was challenging and vulnerable to weather conditions, and some trial and
error was needed before it produced reliable results, i.e. low control group mortalities. The
main advantages were that the experiments closely resembled real fishing conditions, they
were on a relatively large scale and no transportation and very little fish handling was
required. The limitation was that only a few successful replicates were obtained. Because the
main aim of the herring crowding experiments in paper II was to obtain reliable estimate of
slipping mortality that could be used into management, we chose to use this method in the
experiments, but focussing on obtaining a larger number of replicates than in the mackerel

experiments, in order to control for variability in the mortality rates.

Responses to crowding

The experiments in paper II produced three successful replicates with two crowded groups
and one control group in each replicate. Insignificant mortality was registered at densities
below 150 kg m™ (10 minute crowding phase). Mortality rates then increased with crowding
density, and a rate of about 50% was found at the maximum crowding density of 480 kg m™.
Mortality rates of crowded herring are clearly lower than those of crowded mackerel
(Lockwood et al., 1983; Huse and Vold, 2010). Sardine crowding mortality measured in field
(Mitchell et al., 2002) and in laboratory experiments (Margalo et al., 2010) appears to be
nearer the range of that of herring, but crowding density was not measured in these

experiments, which makes comparisons difficult.

Measuring the physiological stress response can sometimes provide indications of the type
and severity of stressors involved (Davis et al., 2001; Herbert and Steffensen, 2006).

Measures of stress will also provide a description of how fish respond physiologically to the
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stressor and about the physiological basis of death. Immediate rises in blood cortisol and
lactate levels were registered in the blood of herring following crowding (paper II),
responses similar to those previously registered among captured and crowded mackerel
(Pawson and Lockwood, 1980). In both the herring and mackerel experiments, blood lactate
levels returned to control levels within a few days. This was either an indication that fish
could cope with the higher lactic acid levels or that fish struggling with high lactic acid had
died before they could be sampled again. Lactic acid is the end-product of anaerobic
metabolism, and it rapidly dissociates into lactate, some of which leaks into the bloodstream
(Wood, 1991; Kieffer, 2000). High and rising ion concentrations in the blood appeared to be
closely related to the observed mortality among the crowded herring (paper IT) and mackerel
(Pawson and Lockwood, 1980). Ion regulation is frequently disturbed during a stress
response, as gill permeability is increased in order to increase oxygen uptake (Wendelaar
Bonga, 1997). The ion balance may also be disturbed if the protective barrier of the skin is
damaged (Bouck and Smith, 1979; Quilhac and Sire, 1998). In paper II, glucose levels in
herring blood were very low by the end of the monitoring period (4 days post-stress)
indicating energy exhaustion. In conclusion, the stress response among the crowded herring in
paper II suggest that some of the herring received injuries or trauma during crowding that
they could not cope with, which resulted in a maladaptive stress response that ultimately

ended in exhausted energy resources and death.

The stress response is difficult to interpret and it is often impossible to identify a relationship
between stressor intensity and the observed response or mortality rate (Davis and Schreck,
2005; Marcalo et al; 2010). How fish respond to stressors is complex and is influenced by a
number of factors (Pottinger, 2008). Besides the physiological changes that fish undergo
during a stress response, they also display behavioural responses (Schreck, 1981). An

adaptive behavioural response (e.g. swimming away from a stressful situation, hiding or
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reducing swimming speed to save energy) may reduce the energy demand on the
physiological system that must respond to the stressor, while an ineffective behavioural
response (e.g. trying to swim away when it is not possible) may increase the energetic demand
on the physiological system and magnify the stress (Schreck, 1981). Caution is thereby
needed when interpreting the physiological response, and physiological parameters may be
most useful when combined with other sources of information such as stressor type,

behavioural responses and physical injuries.

Individual herring coped differently with crowding. While some of the fish died, others
survived. Wide variations were also registered in the initial physiological responses to
crowding, suggesting that fish were either exposed to the stressors to different degrees or that
individual herring were differently able to cope with the same stressor. The mortality rate
among smaller herring seemed to be somewhat higher than among larger fish. This has also
been observed in previous experiments, in herring escaping from the trawl codend (Suuronen

et al., 1996b) and may explain some of the variation observed by us.

Responses to slipping

In addition to crowding in the net prior to slipping, the way in which fish are slipped from the
net, e.g. whether they can swim freely out of the net or are forced out, is likely to influence
survival. How the fish are slipped depends on gear design, the skipper’s way of operating the
gear and environmental conditions. Ambient light, for example, may be important in guiding
the fish out of the net. Rough sea may cause large net motion and reduce the opening hole,
increasing the risk of net abrasion. Live capture and storage of herring and mackerel is an
example of how fish can be “slipped” in a careful manner. High survival rates and good fish

quality are necessary during live capture, and the fishermen that use this method have long
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experience in transferring fish from the seine and into storage pens. In survival experiments
on slipped sardines Mitchell er al. (2002) looked at the combined effect of slipping and
crowding without registering very high mortalities, thereby concluding that quick and careful
release of fish could be carried out with low mortality. In our experiments (paper II), and in
those of Huse and Vold (2010), the effects of crowding were the main focus, but the effects of
slipping were also measured in the process. The initial transfer of fish from the seine to the
net pens was actually identical to slipping, carried out in a very careful way. The high survival
rates in the control net pens indicate that if herring and mackerel are carefully slipped under

good weather conditions, survival can be close to 100%.

Variation in survival rates

Fishing is carried out under a wide range of environmental conditions, targeting fish in
various biological states and using different operational methods and gear designs. These
variable conditions and situations result in variation in how the fish cope with capture and

release stressors (Arimoto and Chopin, 1995; Suuronen, 2005).

Environmental factors such as ambient light levels (Olla et al., 1997; Olla et al., 2000;
Suuronen et al., 1995) and water temperature (Davis et al., 2001; Suuronen et al., 2005) have
been shown to influence how well fish orient to and avoid the net and how well they cope
with stressors. The ability of herring and mackerel to avoid fishing gear may be impaired
under low ambient light levels (Blaxter and Batty, 1987; Misund, 1992), while sardine
survival following slipping was estimated to be 20% lower at water temperatures of 23 °C
than at 18 °C (Margalo ef al., 2010). On the other hand, swimming speed and endurance were
reduced (Beamish, 1966; He and Wardle, 1988) and wound healing was slower at lower

temperatures (Silva et la., 2005). Sea-state may also be an important factor during purse
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seining. Visibility may be reduced, and the net may move more in rough seas, making it
difficult for fish to orient and avoid hitting the meshes. The degree of crowding in the net is
influenced by gear dimensions, how the skipper operates the gear and catch size (Ben-Yami,
1994; Suuronen, 2005; Ruttan and Tyedmers, 2007). Individual fish are also likely to respond
differently to fishing stressors. The stress response is energy-intensive, and individuals that
are in better condition and have more available energy to invest in the stress response have
better chances of survival. Fish condition varies with the seasons and years, but also between

individuals due to size, sex and maturity stage (Mello and Rose, 2005; Casini ef al., 2006).

We were aware of the potential effects of environmental and biological conditions on herring
survival, and that the experiments were likely to represent only the specific conditions
experienced there and then. However, it was not possible to carry out many survival
experiments under a range of different conditions due to the high cost of the experiments and
the limitations imposed by weather conditions. In view of the sensitivity of the method to
weather conditions, the choice fell on the summer herring fishery in the North Sea. The North
Sea herring fishery in June is a highly quality-conscious fishery that targets matjes herring.
The price for high-quality matjes herring may be more than twice as high as for ordinary fillet
quality, and there are indications that slipping is frequently employed in this fishery to
optimise catch quality. It was thereby natural to start the investigations in this fishery, but
there was some concern that survival might have been overestimated due to the good
condition of the fish in the North Sea during the summer. However, crowding experiments
performed in March 2011 on spawning NSS herring (Vold ef al., 2012) showed very similar
mortality rates as those registered for NS herring in the summer, although 10% mortality was
registered at a crowding density of 92 kg m™, indicating that survival rates may not be

significantly affected by seasonal variations in fish condition.
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Conclusions

The experiments carried out in paper II provide estimates of herring tolerance to different
crowding densities and show a close relationship between crowding density and mortality
rate. Such data may be very useful for determining maximum permitted densities before
slipping. The results are also likely to be realistic estimates of survival rates, but perhaps only
under the specific conditions of the experiment. During commercial purse seining, around half
of all herring and mackerel catches are made at night, the weather may be rough and catch
sizes differ between sets and are usually much larger than the biomasses we used in our
crowding experiments. We do not know how these factors influence the survival rates.
Environmental and biological conditions and operational information was registered in the
crowding experiments in paper II, but it is unlikely that enough replicates can ever be
obtained to provide a full understanding of the effects of these variables on survival. It might
be more sensible to use the information gathered in the field as a basis for controlled
experiments in the laboratory, where the effect of single or a combination of stressors on fish
survival, and how survival is influenced by different environmental and biological conditions,
can be studied. This approach is recommended by Davis (2002) and has been successfully

applied to estimate sardine slipping mortality by Margalo et al. (2010, 2013).

Why do fish crowded in the purse seine die?

The mortality of fish crowded in purse seines is a function of crowding density and time
(paper I1; Lockwood et al., 1983; Margalo et al., 2010). In aquaculture, fish holding densities
are known to influence water quality, fish behaviour and physiology, and high densities may

result in stress, injuries, infections and disease, reduced growth and higher mortality (Portz et
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al., 2006). During purse seining, fish are allowed to school freely inside the net until a
relatively late phase of hauling, but at some point the reduced net volume will aggregate the
fish into higher densities than those that are natural for the species. It becomes more difficult
for the school to maintain its structure, swimming is restricted and the school formation
finally breaks down (Lockwood et al., 1983; Mitchell et al., 2002). The increasing
aggregation of the fish alters the surrounding environment (water quality) for the worse and
the fish may experience stress and suffer physical injury. Apart from the crowding itself, the
whole catch process may be perceived as stressful and may lead to physical exhaustion. Why
fish die, and what are the main stressors that cause the mortality following a short but intense

crowding phase during purse seining, are not well understood.

Scale loss and skin injuries

The mortality of small pelagic species caused by crowding and contact with fishing gears has
usually been associated with scale loss and skin injuries (Lockwood et al., 1983; Misund and
Beltestad, 1995; Suuronen et al., 1996a; Mitchell et al., 2002; Margalo et al., 2010). Scales
and skin provide the fish with a physical barrier that protects them from the external
environment (Bullock and Robertis, 1974). If the skin or scales are removed or damaged the
protective barrier is lost and the fish become exposed to disease and infections. Water may
also leak through the skin causing osmoregulatory disturbances (Bouck and Smith, 1979), but
the physiological mechanisms associated with skin injury are unclear (Smith, 1993). A stress
response (Box 2) is usually triggered when injury is suffered. During the stress response the
immune system is suppressed, increasing the risk of infections, and the osmoregulatory
balance is disturbed by the increased permeability of the gills. Losing small amounts of
scales, however, is a natural part of the lives of most fish and the lost scales are rapidly
regenerated without negative effects (Bereiter-Hahn and Zylberberg, 1993).
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No signs of infections were observed on the skins of the crowded herring in paper II, but
injuries and scale loss were registered on many fish. Large quantities of scales were observed
in the water during crowding, which is a common sight during commercial fishing. We
therefore decided to study the effects of scale loss on herring survival, physiology and
behaviour in laboratory experiments (paper III). Scales were removed from either 25 or 50%

of the body surface, followed by a seven-day monitoring period.

The results from the scale removal experiments in paper III show that when scales were
removed from 25% of the body surface the mortality rate was between 7.5 and 35%. When
scales were removed from 50% of the body surface, the mortality rate rose to 30-60%.
Control group mortality was between 0 and 10%. Higher levels of cortisol, ions and lactate
and lower glucose levels were recorded in the blood of the de-scaled herring, indicating a
general stress response similar to that observed among the crowded herring in paper II. There
was a tendency towards greater differences in these parameters with time, and in many cases
treatment appeared to create bimodal groups, with some fish being similar to control group
fish while others approached the values of the moribund fish, which were clearly experiencing
a maladaptive stress response. These results indicate that there are individual differences in
how well herring cope with scale loss. Higher lactate levels further coincided with
registrations of altered behaviour (faster and less oriented swimming) and we speculated
whether skin injuries may have damaged the sensory system on the body surface, leading to

the alterations in behaviour.

The experiments in paper III demonstrate that scale loss can cause significant mortality and
that the mortality rate rises in line with the amount of scales lost. To understand the
importance of scale loss during crowding and slipping, data on normal scale loss rates during
commercial purse seining are needed. We currently lack such data, but some data are

available from experimental conditions. Scale loss was quantified in a sample of herring in
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crowding experiments in 2011 (Vold et al., 2012; Svalheim, 2012). The scale loss among
herring crowded to 80-370 kg m™ was generally less than 10% and only a few fish among the
most crowded groups reached levels of 50% or higher. No relationship was identified between
mortality rate and scale loss, and it was concluded that scale loss could not alone explain the
observed mortality among crowded herring. Herring scale loss following a simulated net burst
was estimated to be 35-50% (Misund and Beltestad, 1995) while sardine scale loss following
simulated purse seining and slipping in the laboratory was observed to be significantly higher
among fish that died than among survivors (Marg¢alo et al., 2010). Unlike Svalheim (2012),
Misund and Beltestad (1995) and Margalo ef al. (2010) concluded that scale loss was a

significant cause of mortality.

There are several ways of quantifying scale loss and it is not only the number of scales lost,
but also the depth of the injury that determine the severity. The deeper the injury is, the longer
it will take to heal. If only the scale is lost with no damage to the scale pocket in which it is
located, regeneration will be rapid (Quilhac and Sire, 1998). Svalheim (2012) looked at
histological samples of the skin of crowded herring and found that the scale pockets were
mainly intact. It may thereby seem as though a few herring in a purse seine catch experience

high scale loss rates, while the majority experience low, sublethal, rates.

Physical exhaustion

Physical exhaustion has often been related to the mortality of small pelagic fish that have
escaped from the trawl (Suuronen et al., 1996a; Turunen et al, 1996; Kvalsvik et al., 2002).
Exercise that leads to exhaustion involves high intensity swimming that is primarily powered
by white muscle fibers and supported by anaerobic metabolism (Milligan, 1996). The size of

the energy stores, accumulation of metabolic end-products (e.g. lactate and metabolic protons)
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and recovery rate (e.g. lactate clearance rate and glycogen recovery rate) determine how long
anaerobic swimming can be maintained (Wood et al., 1983; Milligan, 1996; Kieffer 2000).
Physical exhaustion can be lethal, and cellular acidosis, i.e. lactic acid accumulation in the

cells, has been suggested as the cause of mortality (Wood et al., 1983).

During purse seining the role of physical exhaustion is not expected to be as severe as during
trawling because fish are allowed to swim freely in the net. However, mackerel and herring
have been observed to increase their swimming speed in the early stages of encounters with
purse seines (Misund, 1992). Video recordings of herring in the purse seine before they were
transferred to the net pens in the experiments described in paper II show dense schools
swimming at high speed and making many manoeuvres, a similar response as observed
among herring attacked by whales (Domenici et al., 2000a; Nettestad et al., 2002). Marcalo et
al. (2006) found rising stress levels among sardines as the net was hauled, well before fish
were crowded in the net, suggesting the existence of an early stress response to purse seining.
Herbert and Steffensen (2006) registered elevated lactate levels, about 11 mmol I, among
herring exposed to severe exercise, levels that correspond to those measured among some of
the crowded herring (paper II). Fish caught by purse seine thereby appear to experience some

degree of physical exhaustion, but unlikely at a lethal level.

Hypoxia and reduced water quality

High fish densities will cause changes in water quality (e.g. reduced dissolved oxygen,
increased CO;, reduced pH and increased concentrations of ammonia) unless the water flow
rate is high enough to replenish dissolved oxygen and remove fish wastes (Portz et al., 2006).
If the fish are also being stressed, the changes may be magnified as a result of greater oxygen

consumption. Dissolved oxygen is essential for aerobic activity, and if the oxygen level is
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below the species’ aerobic limits, the fish will need to exploit anaerobic metabolic pathways
which are inefficient and can only be maintained for short periods (Portz et al., 2006). In the
herring crowding experiments in paper II, the oxygen level in the water dropped from nearly
100% to about 45% within ten minutes. Previous studies suggest that these may be levels at
which herring are able to maintain aerobic metabolism. Herring have been shown to cope with
a reduction in oxygen saturation as low as 30% in their natural environment (Dommasnes et
al., 1994) and even lower in the laboratory (Domenici et al., 2000b). The laboratory
experiments showed increased swimming speed at oxygen saturation levels of between 15 and
34%; swimming speed was then reduced as oxygen was further reduced and finally the school
broke up at an oxygen saturation of 12 — 25% (Domenici et al., 2000b). Physiological
sampling indicated that the response to hypoxia was an adaptive stress response that allowed
them to maintain aerobic metabolism with no indications of respiratory distress at the
measured oxygen levels (Herbert and Steffensen, 2006). Even though herring appear to
tolerate hypoxia well, it is not certain that they cope equally well with a sudden reduction in
oxygen in the field. Hypoxia may be more severe under commercial fishing conditions, with

large catches, than in the crowding experiments reported in paper II.

Elevated concentrations of ammonia, urea, residual organic nitrogen and phosphate were
measured in the water during the crowding phase of a purse seine set (Stratoudakis et al.,
2003). The increased ammonia and urea were explained by excretion of nitrogen waste,
perhaps enhanced by stress reactions among the crowded fish, and the increased dissolved
organic nitrogen and phosphates were explained by the combined effects of skin abrasion,
regurgitation of stomach contents and forced evacuation of partly digested food. Ammonia is
toxic to fish and increases gill ventilation, erratic and quick movements, loss of equilibrium

and even mortality (Portz ef al., 2006).
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Synergistic stress

A fish that is coping with one stressor will have reduced capacity to handle additional
stressors because it is already using energy to cope with the first (Schreck, 1981). The effects
of single capture and release stressors can thus be magnified when they occur simultaneously
with others. Hypoxia that under normal conditions would not pose any threat to the fish, may
become detrimental if it is combined with other stressors that increase oxygen demand. The
sensory perception and the ability to maintain position within the school may be reduced
when fish are exhausted, increasing their risk of colliding with other fish or with the net.
Environmental conditions during the fishing situation may also influence how fish cope with
stressors, and a small change in environmental conditions may cause mortality rates to tip
from high survival to very low survival. These synergistic effects may explain much of the
variability observed in survival rates. Such interactions are particularly difficult to create in
the laboratory and if taken into account may lead to the level and variability of mortality rates

being undertestimated.

Conclusions

Currently available information indicates that mortality caused by high crowding densities is a
result of the combined effects of many stressors. Differences in environmental and fishing
conditions affect the relative intensities of different fishing stressors, e.g. crowding may be
more intense when catches are large and hypoxia may be more severe when water
temperatures are high. The main causes of mortality may thus differ depending on the capture
situation. The position of the individual fish inside the net is also likely to determine relative
stressor intensities, e.g. fish in the middle of a school may be more likely to suffer from
hypoxia, while a fish at the edge of a school may be at higher risk of skin injuries and scale

loss from net abrasion. Finally, even if fish are crowded under exactly the same conditions,
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experiencing exactly the same stressor intensities, individuals may respond and cope
differently, partly due to differences in condition and available energy, but also to genetical
differences. Individuals may have different perceptions of and sensitivity to the stressors, and

therefore choose different coping strategies (Wendelaar Bonga, 1997).

The response of mackerel to capture stressors has been less studied compared with herring.
Even though mackerel and herring appear to have a fairly similar stress response to crowding,
as indicated by blood parameters, their mortality rates are very different. In behavioural terms,
they also react differently to capture stressors; mackerel display a more consistent panic
response at the surface when crowded above a certain limit in the net, while herring only
occasionally display such behaviour. Hypoxia causes altered patterns of behaviour, such as
erratic swimming (Portz et al., 2006), and the panic behaviour that is characteristic of
crowded mackerel may indicate that this species does not have the same ability as herring to

compensate for the lack of oxygen and increased oxygen demand during crowding and stress.

Mitigation of slipping mortality

As discussed above, slipping following high crowding densities in the purse seine can result
in high mortality rates. This was shown in paper II for herring and has previously been
shown for mackerel (Lockwood et al., 1983; Huse and Vold, 2010) and sardine (Margcalo et
al., 2010). There is political and public pressure in Norway to regulate and mitigate slipping
mortality. Purse seiners catch about 1 million t fish a year in Norway, about 60% of the total
Norwegian catches, and because discarding is banned it is important to ensure that fish do not
die as a consequence of slipping. The Marine Stewardship Council (MSC), which operates a

certification and eco-labeling programme for the sustainability of wild fisheries stocks, also
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takes slipping into account in certification of NEA mackerel and herring purse seine fisheries.
The MSC has requested that efforts should be made to quantify and reduce slipping mortality
in these fisheries. However, the challenge lies in implementing slipping regulations in
practice. On one hand, slipping mortality needs to be avoided, while on the other hand it is
important that the industry can continue to deliver good-quality, high-value catches (Gezelius,

2006; Suuronen and Sarda, 2007).

The enforcement of slipping regulations in Norway

In Norwegian mackerel fisheries there is a limit for how late in the hauling of the net slipping
is allowed, a “point of no return”. The point of no return was originally set to the start of
pumping of the catch onboard the vessel; it was later changed to the time at which fish
displayed panic behaviour on the surface. When the results from the survival experiments on
mackerel (Huse and Vold, 2010) were published, it was realised that this was still too late, and
slipping mackerel at this stage would result in high mortality. In 2011, as a result of meetings
between fisheries managers, fishermen and scientists, a new regulation whereby it is illegal to
slip fish after 7/8 of the net has been retrieved was implemented in the mackerel fishery. All
vessels had to place a white buoy at the float line at this position of the net so that the
regulation would be easy to observe and enforce. Implementation of the 7/8 net rule is an
important step towards a reduction of slipping-related mortality. The problem is that even
though crowding experiments have demonstrated a relationship between crowding density
and mortality, there is no practical way to measure fish densities during commercial purse
seining. In addition to uncertainty related to the position of the point of no return, it may be

asked whether a static point of no return that is the same for all catch sizes, net designs and
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dimensions and under all conditions would be a sensible solution. In practice, purse seining is

a highly dynamic process and no two sets are identical.

Purse seine monitoring for improved guidelines on slipping

Fish density in the purse seine is determined by net volume, catch size, and school behaviour,
and information on net volume and how it reduces during hauling is therefore important when
considering constraints on slipping. In paper IV, a method for monitoring purse seine shape
and volume during commercial fishing was developed. The studies are a first step towards
developing a method to study crowding densities in the net and for the development of real-
time net monitoring methodology. The approaches presented in the paper can be used to
evaluate the usefulness of having the point of no return at 7/8 hauled net in the mackerel
fishery and to identify an appropriate point of no return for the herring fisheries, for which no

definite limit to slipping has yet been set.

A high-frequency omnidirectional fishery sonar (Simrad SH80) on board the F/V “Libas” was
used in the experiments. Omnidirectional sonars cover a 360° fan in each transmission and
can be tilted from +10° above horizontal to -60° below horizontal. In theory, a complete
horizontal transect of the net can be obtained at each transmission. The whole net was
scanned by systematically tilting down the sonar until the bottom of the net was identified.
Several net border slices that covered the whole net were then combined to reconstruct the
three dimensional shape of the net. The volume of each net reconstruction was estimated and
related to hauling proportion (i.e. the percentage of net hauled). Fish densities in the net were
estimated by dividing catch biomass by net volume estimates during hauling. It was assumed
that the fish are evenly distributed within the whole available net volume. In the early stages
of hauling this is certainly not the case, but it may be a valid assumption once the volume

begins to restrict normal schooling behaviour and densities approach detrimental levels.
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The limit for slipping in the mackerel fisheries (7/8ths net) is reached when about 88% of the
net has been hauled. The aim was to estimate densities up to this point and beyond, if
possible. Unfortunately no net measurements could be made for the last 20% of hauling, due
to the low resolution of the sonar and signal distortion caused by the air bubbles produced by
the bow thrusters, main propellers and vessel heave. The results do, however, indicate that
lethally high densities of mackerel and herring are not expected to occur during the first 80%

of hauling even for large catches.

The net volume estimates were also used to simulate catch scenarios where fish densities were
estimated in a range of potential catch sizes from start of hauling and until 90% of the net was
hauled. The catch scenarios indicated that fish densities at the current limit to slipping in
mackerel fisheries (7/8ths or 88% hauled net) would be about 20 kg m™ in a 1000 t catch and
about 10 kg m™ in a 500 t catch. Slipping before this stage can hence be expected to result in
low crowding-induced mortality based on mortality rates estimated for mackerel (Lockwood
et al., 1983; Huse and Vold, 2010) and herring (Paper II; Vold et al., 2012). A slipping limit
at 88% hauled net in the mackerel fishery thus appears to be precautionary. While for herring

the limit could be later in the hauling due to its higher tolerance to crowding.

However, the volume estimates are somewhat uncertain, data is lacking from the last part of
hauling and variation in volume between sets is not accounted for in the catch scenarios. The
catch scenarios should thereby be treated with caution and were mainly presented to

demonstrate the usefulness of the approach when discussing slipping limits.

The use of acoustics during purse seining is not straightforward. The vessel is often
surrounded by air bubbles that disturb the acoustic beam that is transmitted and received. In
our experiments, the net dimensions were determined as best estimates from the sonar images,

but these were subject both to human error in how the images were interpreted and
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uncertainty caused by the relatively low resolution of the sonar. The volume measurements
could be improved by using a higher-resolution sonar deeper in the water column or at a
different position, where air bubble disturbance is lower. Alternatively, a system based on

positioning sensors and a dynamic model could be developed (De Cew et al., 2013).

From the fisherman’s point of view a precautionary limit to slipping is problematic and may
result in loss of catch value and/or violation of the regulations. In most cases, fish densities
will not be high enough at this stage for it to be possible to obtain a physical sample of the
catch or to visually determine catch biomass, species, fish quality or size and determine
whether there is a need to slip. Variation in fish densities between sets could be taken into
account by having a flexible limit to slipping, but that would require real-time monitoring
either of fish densities directly or of net volume, combined with reliable estimates of catch

sizes.

To ensure that fish do not die following slipping a better understanding of fish behaviour in
relation to the net is needed, particularly if net volume and catch size are used to determine
slipping limits. Is the panic behavior observed among crowded mackerel a direct result of net
volume, or do other stimuli play a role? Do the fish occupy the whole net volume at the point
at which they start dying? These are questions that will need to be answered. Furthermore,
variation in mortality rates caused by varying environmental, fishing and biological
conditions need to be taken into account in determining limits to slipping. To ensure that
purse seines continue to catch high-quality catches efficiently, even with a precautionary point
of no return, slipping regulations need to be combined with technological solutions in order to
improve identification of catch size, species and quality in the early stages of purse seining or
even before the net is set. Slipping techniques and gear modifications that ensure high
survival also need to be developed and tested. Many of these are currently under development

and are expected to become available in due course.
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Purse seining in 2025

The purse seiner is heading to the herring fishing grounds in the North Sea. It is June and the
skipper’s aim is to catch high-quality matjes herring. The catch thereby needs to consist of
herring with a high fat content and total catch should not exceed 150-200 t, in order to

maintain high quality during capture, landing and processing.

The vessel is equipped with the latest sonar technology that has been under development for
many years. Much more accurate estimates of school biomass and composition can be
obtained before shooting the net than were possible in 2013. Even individual fish size can be
estimated under optimal conditions. Thanks to the improved sonar technology, not only has
the need to slip been reduced, but fishing efficiency has also improved due to more accurate

identification and monitoring of appropriate schools.

The skipper detects a school, decides to target it and successfully captures it. He can now use
a sonar specifically designed to monitor the fish inside the purse seine to confirm the pre-
catch information. This sonar is particularly useful in cases when pre-catch identification of
schools is inaccurate when schools are large and dense or form loose aggregations. Because
fish quality is crucial in matjes herring the skipper also needs a physical sample of the catch
to explore the fat and stomach contents. He shoots a small sampling trawl into the net and
hauls a sample of fish on board. It is still early in the haul and well before the precautionary
limit to slipping. New purse seine design allows for careful slipping and the skipper knows
well how to operate the gear in order to ensure high survival. If the quality proves to be poor
he can therefore still release the catch without significant mortality and without violating the
fishing regulations. North sea herring in this season are in good condition and can tolerate
high crowding densities;, however new information on school behaviour in the net and net

performance under different environmental conditions show that slipping is more risky when
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the weather is rough and therefore under certain conditions when the risk for mortality is
high slipping is forbidden. Especially under these conditions the fisheries are efficiently
monitored by the coastal guard to ensure compliance with the regulations. It is also in the
interest of the skipper that the fishery is sustainable and responsible to ensure valuable
fisheries also in the future and he also wishes to comply with the regulations. This time he has

caught a high quality catch and steams home to deliver.
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