Abstract—Assuring the vitality
and survival potential of live-caught
Atlantic cod (Gadus morhua) is
important for improving the sorting
of fish before net penning operations
designed to hold fish for growth and
later market. When Atlantic cod are
captured by Danish seine, the most
commonly used fishing gear for live-
caught fish, they undergo stressors
such as forced swimming, net abra-
sion, and air exposure. Laboratory
experiments (at an air temperature
of 9°C and water temperature of
8°C) were conducted with the aim of
constructing a RAMP (reflex action
mortality predictor) curve for predic-
tion of vitality and survival potential
in Atlantic cod captured in Danish
seines, by varying the levels of these
stressors. Atlantic cod exposed to
increased duration in air (5—-20 min)
showed increased reflex impairment
and mortality, with 75% mortality at
10 minutes of air exposure. Forced
swimming in combination with net
abrasion and air exposure did not
increase reflex impairment or mor-
tality above that associated with
air exposure alone. The Atlantic cod
RAMP curves indicated that fish
with reflex impairment less than 50%
would not show mortality and would
likely recover from capture stress.
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In capture-based aquaculture (CBA;
Ottolenghi et al., 2004), fish are caught
live and held in net pens to supply
high-quality fresh fish throughout the
year and thereby increase the value
of the catch, given a fixed boat quota.
Animal welfare issues in CBA arise
when handling stress and adaptation
costs to new environments are added
to the capture stress. Also the dura-
tion of stress will increase dramati-
cally compared to that of traditional
commercial fishing where the human
impacts on fish end with slaughtering
immediately after capture. Improv-
ing fish welfare in CBA should be
achieved by keeping and storing only
vital specimens after a sorting pro-
cess. Operational indicators of vitality
and survival potential are therefore
needed.

Current sorting criteria include re-
moving specimens showing any visual
sign of damage such as injuries from
net abrasion and mechanical han-
dling. Also specimens having clear
signs of barotrauma such as gas filled
eyes (exophthalmia) or overinflated
abdomens due to punctured gas-
bladders are poor candidates for live
storage and should be removed. This
practice combined with the use of spe-
cialized transport tanks and net pens,
and the implementation of careful
handling routines and monitoring of
water quality have greatly decreased
instantaneous and postsorting mor-
tality. Still some delayed mortality

occurs in seemingly unharmed speci-
mens because the internal status of
the animal is not readily evaluated
by visual inspection. Thus there is
the potential for improving the sort-
ing process before the transfer of fish
to tanks or net pens by developing
operational indicators of vitality and
survival potential.

To date there are several physi-
ological and behavioral indicators of
fish condition available; however, they
share the unfavorable attributes of
being expensive and labor intensive
and are therefore not suited for rou-
tine use in commercial fisheries. More
importantly, although applicable for
determining sublethal stress levels,
they show a lack of concordance with
mortality outcomes (Davis et al., 2001,
Davis and Schreck, 2005). Recently,
reflex impairment has been tested as
an indicator of vitality and survival
potential (Davis and Ottmar, 2006;
Davis, 2007). Correlations between
stressor intensity, reflex impairment,
and increased mortality were found
for several species of round fish and
flat fish exposed to simulated capture
stressors.

The main objective of this study
was to test whether reflex impair-
ment could be used as a rapid real-
time operational indicator to predict
vitality and survival outcomes in
fishing operations designed to hold
Atlantic cod (Gadus morhua, hereaf-
ter referred to as “cod”) in net pens
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Table 1

Reflex actions that were consistently present in 20 control (unstressed) Atlantic cod (Gadus morhua) and used to measure reflex
impairment in fish exposed to stressors (forced swimming, net abrasion, and air exposure) associated with capture by Danish

o

6. Vestibular-ocular
response (VOR)
7. Tail flexion

seines.

Reflex Description

1. Body flexion 1 Fish flexed body when placed on a flat surface (sorting table).

2. Body flexion 2 Fish flexed when restrained.

3. Head complex Restrained fish presented alternating mouth gaping and operculum flaring, as if gasping for air.
4. Operculum Restrained fish either flared operculum rigidly open or strongly clamped operculum shut when

operculum was lifted with a probe.
Gag Restrained fish gaged when back of throat was stimulated with a probe.
Restrained fish tracked observer when it was rotated around long axis.

Fish held under belly flexed when tail flanks were stroked by hand along long axis.

for additional growth and later marketing (CBA pur-
poses). The Danish seine is the most commonly used
fishing gear for CBA, and the stressors tested in this
study, forced swimming, net abrasion, and air exposure,
are typical in and inherent to this type of fishing gear.
A series of experiments were conducted to construct a
RAMP (Reflex Action Mortality Predictor) curve for cod
exposed to these stressors and we broadly followed the
three step procedures in Davis (in press) to validate
reflex impairment as an indicator of vitality.

First we established appropriate procedures for test-
ing fish reflexes by determining consistent reflexes for
testing; we established the effect of repeated reflex test-
ing in control fish to test whether cod were distressed
by the testing procedure; we determined the recovery
time after exposure to a stressor; and we determined
the effect of disturbance from repeated netting of fish
from a holding tank.

Second we established experimental methods for ex-
posing fish to key stressors and conducted stress experi-
ments to determine the effect of air exposure and the
combined effect of forced swimming, net abrasion, and
air exposure on reflexes and survival.

Third after observing immediate and delayed mortal-
ity, we correlated reflex impairment and mortality by
producing RAMP curves for the effect of air exposure
and the combined effect of forced swimming, net abra-
sion, and air exposure.

Materials and methods

Experimental fish

Cod were hatched and later reared in net pens at Auste-
voll Research Station (60°05'17"N 5°15'50"E), Austevoll,
Norway. Five months prior to the experiments, fish
were moved (after six months in net pens) to indoor
~1600-L green fiberglass tanks with rounded corners
(145 cm x 145 cm x 100 cm depth, water depth 80 c¢m),
supplied with aerated sea water (8.0 +1.0°C), and fed

standard commercial diets (Skretting Ltd, Stavanger,
Norway) to satiation by using 24-hr disc feeders (1%
of total biomass per day) under a continuous daylight
regime. A total of 169 fish (31-49 cm total length [TL])
were tested for reflex impairment and mortality experi-
ments. In order to maintain independence of observation
no fish was used more than once.

Step 1: Consistent reflexes and
appropriate procedures for reflex testing

A number of reflex actions in cod for potential inclusion
in this study were identified based on previous work (e.g.,
Davis, 2007) and preliminary trial and error screen-
ing on fishing vessels and in the laboratory. In order
to identify the reflexes for testing and to standardize
methods and stimuli to elicit these reflex actions, twenty
cod were initially tested. Seven reflexes were found to be
consistently present in control fish (Table 1). For subse-
quent reflex impairment tests, the reflexes were scored
as 1 (present) if a vigorous response was evident, or 0 if
the response was not present or of weak or questionable
strength. Reflex scoring insured consistent, high quality
response data (Davis, in press).

To test reflex actions, fish were initially placed on
a flat surface, corresponding to a sorting table on a
fishing vessel and observed for spontaneous body flex-
ing. Then fish were placed and held in a restraining
device (Fig. 1) consisting of two plastic pieces (60 cm
length x 10 cm width), each lined with a sponge to con-
tact and hold fish, and connected at one end to form a
hinge, while the other end was secured with a Velcro
strap. Fish were then observed for body flexion in re-
sponse to restraint. The restrained fish were then tested
for reflexive head movements (a spontaneous alternating
head and operculum movement), operculum movement
(either tight closure or flaring after having been lifted
with a probe), gag in response to throat stimulation,
and vestibular-ocular response (eye rotation while the
fish was rotated around its long axis). Finally fish were
released from restraint and tested for body flexion in
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Figure 1

Fish restraining device used to test reflex actions in Atlantic cod (Gadus morhua). In this
photograph, the fish is being tested for operculum reflex action.

response to hand stroking of the tail flanks along the
long axis while being held under the abdomen. The en-
tire sequence for reflex testing in a replicate fish was
conducted within 60 seconds.

Repeated reflex testing was conducted with a group
of ten fish to determine if cod were stressed by the
reflex testing procedure itself. These fish were netted,
restrained, and their reflexes were tested at 0, 60, and
180 minutes after the initial netting and restraint.
Between each sampling time, fish were placed back
into a tank with sea water and recaptured for the next
reflex test.

The effect of recovery time (0—15 min) on reflexes af-
ter exposure of fish to stressors was tested to determine
an appropriate time to sample cod reflexes. Replicate
fish (n=35) were exposed to standard stressors (see de-
tailed description of stressor administrations below in
step 2) of 5 minutes of swimming, 1 minute of net abra-
sion, and 5 minutes in air (all at 9.0°C). Then fish were
returned to the stock tank and reflex testing was begun
at 0, 5, 7, 10, or 15 minutes after exposure to stressors
and completed within 8 minutes from starting time of
testing for each exposure group (n=7 per group).

It was possible that disturbance from repeated net-
ting of fish from a stock tank before netting replicate
fish for stressor treatment could have affected the level
of reflex impairment resulting from exposure to stress-
ors, because fish could have been repeatedly stressed

by being chased before capture. To test this possibility,
fish were exposed to 5 minutes of swimming, 1 minute
of net abrasion, and 10 minutes of air exposure (all at
9.0°C) after being either captured from a tank (n=8) in
which four fish had been previously captured or from
a tank (n=8) in which 16 fish had been previously cap-
tured. Then fish were returned to the tanks and reflex
testing began 5 minutes after exposure to stressors
and was completed within 9 minutes from the start of
testing for each exposure group. Fish were then held
to determine mortality. Immediate and delayed mor-
tality resulting from stressors was observed by holding
fish in tanks for 60 days and removing and counting
dead fish daily (mortality observed as common death
signs, e.g., motionlessness, static flaring of operculum,
nonresponsiveness to touch stimuli, rigor mortis). The
rearing regime for the stressed fish was similar to stock
tank fish.

Step 2: Stressors, exposure experiments,
and stress induction

Stressors were selected to mimic the stressors cod expe-
rience during capture during Danish seine operations
and to create a gradient of stress from low to moderate
to lethal. Exposure to air was chosen for its known
importance as a stressor for fish sorted on deck. Forced
swimming is a relevant capture stressor. Net abrasion
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is important during haulback operations and transfer
of fish from the seine to the boat in CBA. Moderate
intensity of abrasion was administered in the experi-
ment because these injuries are likely to occur during
sorting and may increase the risk for infection, disease,
and delayed mortality. Fish exposed to these stressors
(air exposure, forced swimming, moderate net abrasion)
may not have obvious external injury and the effects
of such stressors may be difficult to assess by visual
inspection during sorting. Moreover fish experiencing
different levels of such stressors may differ in internal
status and survival potential.

Exposure to air was caused by placing fish in a tank
without water to simulate conditions that would occur
during sorting on deck (on the sorting table) after cap-
ture, and the intensity of the stressor was controlled by
altering exposure duration. The swimming stressor was
created by forcing fish to swim against a current cre-
ated by lowering the water level in a tank (145 cm x 145
cmx 8 cm water depth) in which water was introduced
along the tank wall to cause a circular current of ap-
proximately 20 cm/s. This stressor intensity was varied
by controlling the amount of time that the fish was
forced to swim against the current. Net abrasion was
caused by capturing the fish in a net and sloshing them
up and down at the water surface in a tank for a fixed
time of one minute. After administration of stressors
the fish were placed into a stock tank, and one indi-
vidual at a time was taken out for reflex testing.

The effect of exposure to air alone was tested in cod
(n=32) exposed to either 5, 7, 10, or 20 minutes of air
(all at 9.0°C). After air exposure, fish were placed into
a stock tank and then individuals were taken out for re-
flex testing. Testing began 5 minutes after the exposure
to air ended and was completed within 9 minutes from
the start of testing for each exposure group (n=8 per
group). Fish were then held to determine mortality.

The effect of exposure to seven combinations of swim-
ming, net abrasion, and air was determined to simu-
late stressors associated with capture by Danish seine.
Replicate fish (n=56) were exposed to swimming for 5,
10, or 15 minutes, net abrasion for 1 minute, and air
for 5, 10, or 15 minutes (all at 9.0°C). Then fish were
returned to tanks and reflex testing began 5 minutes
after exposure to stressors and was completed within
9 minutes from the start of testing for each exposure
group (n=8 per group). Fish were then held to observe
mortality.

Step 3: RAMP curves and statistics

The proportion of reflex impairment in each fish was
calculated as follows: 1 — (the sum of individual reflex
scores/the total possible score of 7), i.e,. the proportion of
reflex impairment was 2/7 if five out of the seven reflex
actions (see Table 1) were present. Mortality for indi-
vidual fish was scored as 1 (present) or 0 (absent) and
the mortality date was noted. Statistical significance
of correlation between reflex impairment and mortality
was tested by using Spearman rank correlation. Sigmoid

curves (RAMP curves) showing relationships between
reflex impairment and mortality were fitted by using
SigmaPlot vers. 10.0 (Systat Software, Inc., Chicago, IL).
When control fish reflexes were sampled repeatedly, the
effects on reflex impairment were tested with Friedman
analysis of variance (ANOVA), whereas the effects of
sampling time, air exposure time, forced swimming, net
abrasion, and air exposure were tested with Kruskal-
Wallis ANOVA. The effect of disturbance on reflexes was
tested with a two sample #-test. Statistical significance
was accepted at P<0.05.

Results

Step 1: Appropriate procedures for reflex testing

Reflexes in control (unstressed) cod were not impaired
by repeated testing at 0, 60, and 180 minutes after
initial capture from a stock tank (ANOVA, F, 4=0.64,
P=0.728), indicating that cod were not stressed by the
reflex-testing procedure itself. Mean reflex impairment
(proportion) for each testing period ranged from 0.03 to
0.06 and no mortality occurred.

Reflex impairment occurred immediately after ex-
posure to 5 minutes of swimming, 1 minute of net
abrasion, and 5 minutes of air exposure and was not
significantly changed (mean =1 standard error) by the
time of sampling when sampled at 0 (0.71 =0.08), 5
(0.65 £0.03), 7 (0.61 £0.05), 10 (0.50 £0.07), or 15 min-
utes (0.51 £0.07) after exposure to stressors (ANOVA,
F.,=17.92, P=0.095). These results indicate that reflex
actions are real-time indicators of stress, and recovery
does not happen within the first 15 minutes after ex-
posure to stressors.

Repeatedly disturbing fish (16 times) in a stock tank
by chasing and netting fish out of the tank before net-
ting fish for stressor treatment did not result in in-
creased mean (+1 standard error) reflex impairment
(0.86 +0.08) or mortality (0.75 £0.16) after the fish
were subjected to 5 minutes of swimming, 1 minute
of net abrasion, and 10 minutes of air exposure when
compared to repeatedly disturbing fish (4 times) (reflex
impairment=0.82 +0.08; mortality=0.50 +0.19), after
the fish were exposed to the same stressors (reflex im-
pairment ¢-test, ¢,,=0.32, P=0.751; mortality ¢-test,
t,,=1.00, P=0.334).

Step 2: Exposure experiments

Cod exposed to increased duration in air (5, 7, 10, and 20
minutes) showed increased reflex impairment (ANOVA,
F3,=17.11, P < 0.001; Fig. 2). Mortality also increased
with increased air exposure (ANOVA, F,,=17.87, P<0.001;
Fig. 2). Air exposure was an important stressor and mor-
tality increased rapidly as the duration of time that fish
were exposed to air increased, and 75% mortality was
observed at 10 minutes of air exposure. At 20 minutes
of air exposure 100% mortality was observed. No imme-
diate mortality was observed from any of the air expo-
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sure experiments, whereas 94% mortality
(delayed mortality) occurred within 1 day
(16 fish) and one fish died after 6 days.

Forcing cod to swim for 5, 10, or 15 min-
utes at 20 cm/s in combination with net
abrasion and air exposure did not increase
reflex impairment or mortality above that
associated with air exposure alone. Reflex
impairment increased with increased ex-
posure to a combination of swimming, net
abrasion, and air, and this effect appeared
to be associated primarily with increased
duration in air (ANOVA, F,,=28.82,
P<0.001; Fig. 3). Likewise, mortality in-
creased with increased exposure to these
stressors, and mortality appeared to be
primarily associated with air exposure
(ANOVA, Fy,=25.15, P<0.001; Fig. 3). Cod
injury from net abrasion was not obvious,
other than the presence of sloughed scales
on the net. No immediate mortality was
observed from any of the combined stress-
ors, whereas 94% of observed delayed mor-
tality occurred within 1 day (15 fish) and
one fish died after 14 days.

Step 3: RAMP curves

Reflex impairment and mortality were
correlated for individual cod exposed to
air (Spearman rank correlation=0.85,
P<0.001, n=32) and when exposed to swim-
ming, net abrasion, and air (Spearman
rank correlation =0.85, P<0.001, n=64).
The relationship between reflex impair-
ment and mortality was sigmoid (RAMP
curve), initially showing increasing reflex
impairment with no mortality, followed
by a sharp increase in mortality at reflex
impairment values > 0.6 (Fig. 4A). The
relationship between reflex impairment
and mortality calculated for cod in groups
defined by experimental treatments that
combined swimming, net abrasion, and
air exposure (Fig. 4B) showed a simi-
lar pattern to that shown by the RAMP
curve for individual fish, indicating that
reflex impairment could predict mortality
in populations of cod, as well as in indi-
vidual fish.

Discussion

Capture-based aquaculture (CBA) is a
combination of capture by commercial
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Figure 2
Atlantic cod (Gadus morhua) mean proportion of reflex impairment
(@) and mortality (A) for treatment groups (n=8 fish per treatment
group) increased with increased duration (minutes) of exposure to air.
There were two groups of mean (+1 standard error) values that were
significantly different (indicated by a, b).
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Figure 3

Atlantic cod (Gadus morhua) mean proportion of reflex impairment (@)
and mortality (A) for seven treatment groups (n=8 fish per treatment
group) increased with increased stressor intensity. Fish were exposed
to combinations of swimming (5, 10, and 15 minutes), net abrasion
(1 minute), and air (5, 10, and 15 minutes). There were two groups
of mean (x1 standard error) values that were significantly different
(indicated by a, b).

fisheries and rearing by aquaculture. In this article interacting acute stressors. These classes include cap-
we address key stressors associated with the capture ture stressors (net entrainment, mesh passage, crushing,
portion of CBA. Stress and mortality in fish from com- wounding, sustained swimming until exhaustion, and

mercial fisheries often result from several classes of pressure changes), fishing conditions (towing time, light
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behavioral states that can be related to changes in fish
vitality and welfare (Davis, in press). Importantly, the
testing of reflex actions did not cause reflex impairment,
indicating that cod were not stressed by the procedure.
Also, disturbances caused by repeated netting of fish
from the holding tank did not affect the level of reflex
impairment resulting from exposure to stressors.

The RAMP curves for individuals and groups indi-
cated that cod with less than 50% reflex impairment
would not die and would likely recover from capture
stress to resume normal feeding and growth.
Similar correlations between stressor intensi-
ty, reflex impairment, and increased mortality
were found for several species of roundfish and
flatfish exposed to simulated capture stressors
(Davis and Ottmar, 2006; Davis, 2007). Future
measurements of reflex impairment and mor-
tality in cod caught by Danish seine and held
in net pens can be used to validate the labora-
tory RAMP curves for use in CBA operations.
Experiments could be designed to expose cod
to gradients of capture-related stressors in the
field, to test for reflex impairment, and then
to hold fish in the field in order to determine
delayed mortality. Reflex impairment and mor-
tality results from field stressor experiments
could be compared with mortality rates that
were predicted with the laboratory RAMP curve
for cod. Possible differences in prediction of mor-
tality rates between laboratory- and field-de-
rived RAMP curves may be evident as a shift
in the relationship between reflex impairment
and mortality. These difference would be likely
caused by the addition of stressor types in Dan-
ish seine operations that were not included in
the laboratory experiments. In general the types
of stressors and not the intensity of stressors
control the shape of the RAMP curve (Davis, in
press). The RAMP curves could also be applied
to estimate survival of escapees and discarded
fish (e.g., Davis and Ottmar, 2006; Ingolfsson
et al., 2007; Enever et al., 2009) and to improve
selection of cod with high survival potential in
tagging studies (Fowler and Stobo, 1999; Brat-
tey and Cadigan, 2004). Also our result for time
of delayed mortality is of interest in relation to
tagging studies; because 94% of delayed mortal-

conditions, water and air temperatures, hypoxia, sea
conditions, time on deck, and handling procedures), and
biological attributes (behavior, size, and species) (Davis,
2002). This study demonstrated that reflex impairment
can be used to assess vitality and survival potential of
cod exposed to capture related stressors such as forced
swimming, net abrasion, and air exposure. Cod showed
reflex impairment immediately after exposure to stress-
ors, suggesting that reflex actions are sensitive real time
indicators that integrate neurological, hormonal, and
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Figure 4

Reflex impairment (proportion) could predict (A) mortality
(absent 0, present 1) in individual Atlantic cod (Gadus morhua),
or (B) mean mortality (proportion) in populations of cod exposed
to combinations of forced swimming, net abrasion, and air (see
Methods section). For individual (@) cod in (A), the sigmoid curve
(y=1.471/(1 + e ~(x-0.935/0.104)) +95 % confidence intervals was
significant (r2=0.84, P < 0.001, n=64). Note that many points
overlap. For populations (A) of cod (B), defined by calculat-
ing mean proportions for reflex impairment and mortality in
ten combination stressor treatment groups (including control
and 100% mortality groups), the sigmoid curve (y=1.130/(1 +
e —(x-0.809/0.113)) +95 % confidence intervals were significant
(r2=0.97, P<0.001, n=10). Note that two points overlap.

ity occurred within 24 hours, holding fish for
one day before release should reduce tagging
mortality to negligible levels.

Exposure to air should be avoided when pos-
sible for cod, but if inevitable, it should be kept
below safe levels. Air exposure was the most
important stressor associated with mortality in
cod with 40% mortality observed at 7 minutes,
75% at 10 minutes, and 100% at 20 minutes
(Fig. 2). However, during the reflex testing pro-
cedures, air exposure of one minute or less did
not induce reflex impairment or mortality and
thus represents a conservative, safe level of ex-
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posure. Sensitivity to air exposure has been shown to
vary among species, with mortality occurring at 7 to 45
minutes of exposure (Davis, 2002). Air exposure is often
inevitable during sorting in live-capture operations, and
duration in air can be reduced to safe levels, e.g., by the
introduction of water-filled sorting tables.

Increased temperature is another stressor that has
been associated with mortality in captured fish and
may become important if cod are captured or sorted
at temperatures above 12°C (Davis, 2002; Sartoris et
al., 2003; Brattey and Cadigan, 2004; Suuronen et al.,
2005). Increased temperature may also raise sensitiv-
ity to air exposure (Davis and Parker, 2004; Davis
and Schreck, 2005). Temperatures in deep (200 m) and
shallow (surface) water peak in July and August (at
~3 and ~8°C, respectively) in coastal areas suitable for
CBA in northern Norway (Loeng, 1991). During spring
months when capture for CBA purposes occurs, mixing
in these areas is high, and temperatures remain around
~3°C throughout the water column and air temperature
only rarely raises above 12°C in May (data from The
Norwegian Meteorological Institute, Blindern, Oslo).
Temperature should thus not be a critical factor at the
temporal and spatial scales of current CBA practices in
Norway, and accordingly we did not include temperature
as a variable in our study. However attempts to develop
CBA outside this temporal and spatial window (e.g.,
North Sea during summer months), warrant a high
vigilance of temperature effects.

A likely effect of adding a stressor is that it may
cause an increase in the overall stress response. How-
ever, forcing cod to swim for 5, 10, or 15 minutes at 20
cm/s in combination with net abrasion and air expo-
sure did not increase reflex impairment or mortality
above that associated with exposure to air alone. This
result even indicated that swimming for 10 minutes
may have enhanced resistance to air exposure, having
a palliative effect on the induction of further stress. In
a study of free swimming cod, oxygen consumption did
not increase until fish were swimming at 30 cm/s or
higher, indicating that at less than 30 cm/s cod would
not be stressed (Claireaux et al., 1995). Although not
directly relevant to this study, sustained slow swim-
ming in rainbow trout (Oncorhynchus mykiss) and coho
salmon (Oncorhynchus kisutch) has reduced the dura-
tion of recovery from exhaustive exercise (Farrell et al.,
2001; Lee-Jenkins et al., 2007). Little is known about
the palliative effects of low-intensity exercise in fish,
either before or after exposure to stressors. Studies of
the swimming performance of cod have been focused on
measurements of endurance and burst swimming (40—
130 cm/s) and have included an evaluation of changes
in the scope for metabolic activity (Reidy et al., 2000).
Further study of the interactive effects of low-intensity
exercise, the perception of stressors by fish, and their
management of stress may contribute to methods for
the significant reduction of stress in captured, released,
transported, and net-penned fish.

Injury to cod from net abrasion was not obvious, other
than the presence of sloughed scales on the net, and did

not appear to contribute to delayed mortality or reflex
impairment. Fish with obvious damage to the skin, fin
erosion (split fins), cataracts or opaque eyes, resulting
from severe abrasion from net material will not pass
the sorting procedure in CBA. Therefore a moderate
intensity of abrasion was administered in this experi-
ment because these injuries are not likely to be detected
during sorting and may increase the risk for infection,
disease, and delayed mortality. Such effects of moder-
ate net abrasion were, however, not demonstrated in
our experiment. Mortality rarely occurred in cod that
were injured by net abrasion when escaping from a
demersal trawl (Soldal et al., 1993). Injury to cod from
fishing gear can occur, however; Baltic cod have been
observed with a high incidence (48%) of skin infection
probably associated with escape from fishing gear, but
associated mortality was not determined (Mellergaard
and Bagge, 1998). In other studies of net abrasion and
consequent mortality, some species (herring, [Clupea
harengus], and walleye Pollock [Theragra chalcogram-
ma] were sensitive to net abrasion and showed delayed
mortality associated with skin infection (Suuronen et
al., 1996; Davis and Ottmar, 2006), whereas other spe-
cies (sablefish [Anoplopoma fimbrial and Pacific hali-
but [Hippoglossus stenolepis] were more resistant and
mortality was not correlated with skin abrasion (Davis
and Ottmar, 2006).

Capture, transport, and holding of fish are often asso-
ciated with induction of stress and reduction of vitality.
Reflex impairment could be used to evaluate the role of
different stressors at each stage of the live-fish fishery
and to identify fish with the highest probability for sur-
vival. Successful live-fish capture, transport, and rear-
ing operations should aim to minimize stress, optimize
water quality, and minimize the increase of metabolic
wastes (Huntingford et al., 2006; Ashley, 2007). Water
quality and temperature must be controlled through in-
puts, tank and pen configurations, and flow rates. Food
(e.g., Olsen et al., 2008) and stocking density (Staurnes
et al., 1994) may be important factors because they
control physiological and behavioral states of fish. The
adjustments of wild fish to confinement and unnatural
densities and how these short-term adjustments affect
future performance and welfare are also important
considerations. Reflex testing may be performed also in
free-swimming fish (Davis and Ottmar, 2006; Stien et
al., 2007), and monitoring reflex impairment in captive
fish can be a rapid real-time method for identifying op-
timal transport and rearing conditions and for tracking
recovery in cod after live capture.
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