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Abstract.—Age-1 and age-2 Pacific halibut Hippoglos-
sus stenolepis were exposed to a range of times in air
(0—60 min) and air temperatures (10°C or 16°C) that
simulated conditions on deck after capture to test for
correspondence among responses in plasma constituents
and mortality. Pacific halibut mortality generally did not
correspond with cortisol, glucose, sodium, and potas-
sium since the maximum observed plasma concentra-
tions were reached after exposure to 30 minin air, while
significant mortality occurred only after exposure to 40
min in air for age-1 fish and 60 min in air for age-2 fish.
Predicting mortality in discarded Pacific halibut using
these plasma constituents does not appear to be feasible.
Lactate concentrations corresponded with mortality in
age-1 fish exposed to 16°C and may be useful predictors
of discard mortality under a limited set of fishing con-
ditions.

Pacific halibut Hippoglossus stenolepis form the
basis for a major fishery using longline gear along
the West Coast of the United States and Canada
and throughout Alaska waters. Pacific halibut are
also caught incidentally in trawl and longline fish-
eries directed towards other demersal species.
Fishing regulations require that all Pacific halibut
caught incidentally in other fisheries or that are of
sublegal size (<81.3 cm total length [TL]) be dis-
carded back into the ocean. In 2003 15% of Pacific
halibut caught were discarded (i.e., 6,488 metric
tons was discarded from atotal fishery of 44,171
metric tons [Gilroy 2004]). These discards have
the potential to limit other directed fisheriesif their
amount exceeds management targets. Similar con-
straints by discards on fishing activity and stock—
recruitment exist in many other fisheries world-
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wide in which sensitive species are discarded (Hall
et a. 2000).

Fishers or observers can visually estimate the
amounts of nontarget fish (bycatch) and their rates
of immediate mortality prior to discarding, but the
mortality rates of discards are generally unknown.
Since delayed discard mortality often cannot be
observed directly, the development of substitute
measures for delayed mortality in fisheries would
reduce uncertainty in estimates of fishing mortality
and improve management. These measures may
also be useful in assessing mortality associated
with other anthropogenic stressors (e.g., thermal
or chemical pollution, dam passage, fish transport,
and caging). There are few methods for estimating
mortality rates after fish are discarded. Correlating
observed wounding and delayed mortality in dis-
carded Pacific halibut with tag and recapture meth-
ods has been used under a limited set of fishing
conditions by the International Pacific Halibut
Commission (IPHC) to model and calculate dis-
card mortality rates (Williams et al. 1989; Trumble
et al. 2000). Measurement of plasma constituents
in fish stressed by capture or handling has been
suggested as a method for estimating delayed mor-
tality (Schreck 1981; Wood et al. 1983; Schreck
et al. 1989; Ollaet al. 1998). A preliminary effort
was made to extend the scope of the discard mor-
tality model for IPHC Pacific halibut by using plas-
ma constituents as predictive measures for poten-
tial mortality in a study of trawl capture at two
towing times (30 and 120 min) and deck handling
from 1 to 20 min (Oddsson et al. 1994). Results
of their plasma study suggested that glucose and
sodium may reflect the effects of towing time on
mortality, while potassium may reflect the effects
of handling time. These results showed that no
single variable would be associated with Pacific
halibut discard mortality and that plasma constit-
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uents reacted differently to different types of
stressors.

Thegoal of this study wasto investigate changes
in plasma constituents and mortality associated
with handling in air. We tested the hypothesis that
exposure to air and elevated temperature (similar
to conditions experienced during handling of trawl
catches) would result in responses of plasma con-
stituents that corresponded with observed mortal-
ity. The role of fish age in affecting the extent of
stress and mortality experienced was also exam-
ined, as younger fish are often more sensitive to
stressors than older fish.

Methods

Age-0 Pacific halibut were collected with a
beam trawl from Chiniak Bay, Kodiak Island,
Alaska (57°40’'N, 152°30'W) in the summers of
2002 and 2003. Fish were air-shipped to the lab-
oratory in Newport, Oregon, where they were
reared for up to 20 months prior to the experi-
ments. They were initially maintained in circular
159-L tankswith athin layer of sand on the bottom
and flow-through seawater at 8-10°C, and were
fed to satiation three times aweek on chopped pink
shrimp Pandalus jordani and squid Loligo opales-
cens. When fish reached 10 cm total length (TL)
they were transferred to circular 15,904-L tanks
with a thin layer of sand on the bottom and flow-
through seawater at 6-7°C, and fed to satiation
three times a week on gel food consisting of salm-
on feed pellets, squid, Pacific herring Clupea pal-
lasii, krill Euphausia superba, amino acid supple-
ments, vitamins, and gelatin. Pacific halibut were
used in air stressor experiments after they reached
age 1 (16.7-31.0cm TL; held in the laboratory for
8 months) and age-2 (39.5-50.2 cm TL; held in
the laboratory for 20 months).

Time course for plasma constituents—The
short-term (4-h) time course for induction of
changes in plasma concentrations of cortisol, lac-
tate, glucose, sodium, and potassium associated
with air exposure was determined using age-2 Pa-
cific halibut. Baseline plasma constituents in fish
were determined by quickly capturing eight Pacific
halibut by net from holding tanks, giving them a
lethal dose of tricaine methanesulfonate (400 mg/
L), and then sampling their blood by needle from
the caudal vein into heparinized Vacutainersstored
on ice. An additional 24 Pacific halibut were then
captured by net and four groups of six fish were
placed in four rectangular tanks (90 X 60 X 30
cm) and exposed to air in a controlled temperature
room. Fish were held in 16°C air for 30 min and

alowed to move freely. Fish ceased movement
after no longer than 1 min in air and no attempt
was made to account for variationin activity levels
among treatments. This protocol simulated a typ-
ical time for trawl-captured Pacific halibut to be
exposed to air during sorting on the deck of a
fishing vessel, but did not include the effects of
towing in a net which would be expected to de-
crease tolerance of air exposure (Hoag 1975;
Trumble et a. 1995; Davis and Olla 2001). After
30-min air exposure one group of six fish were
given a lethal dose of tricaine methanesulfonate
and blood was sampled immediately. The other
three groups of six fish were placed in three, cir-
cular 3,140-L tanks supplied with flow-through
seawater at 6.0°C for recovery. Then at 1, 2, and
4 h after air exposure, fish were quickly captured
by net, given a lethal dose of tricaine methane-
sulfonate, and blood was sampled. No moribund
fish were sampled during these experiments. The
plasma was separated from other components by
centrifugation (3 min at 2,500 X gravity). Plasma
was collected and frozen at —80°C until analysis.
Cortisol was determined by 3H radioi mmunoassay
as described by Foster and Dunn (1974), modified
by Redding et al. (1984), and validated by C. B.
Schreck (Corvallis laboratory) for Pacific halibut.
Lactate was determined by fluorometry (Passon-
neau 1974). Glucose was determined by the or-
thotoluidine colorimetric procedure according to
Wedemeyer and Yasutake (1977). Sodium and po-
tassium ion concentrations were determined with
ion detection electrode using a NOVA sodium—
potassium analyzer (Nova Biomedical, Newton,
M assachusetts).

Plasma constituents after air exposure.—The
variation in plasma constituent concentrations as-
sociated with the effects of air exposure time and
temperature was determined in age-1 and age-2
Pacific halibut. Initially, six age-1 fish were netted,
given a lethal dose of tricaine methanesulfonate,
and sampled to determine baseline concentrations
of plasma cortisol, lactate, glucose, sodium, and
potassium. Then an additional 36 fish were netted
and six groups, each containing six fish, were
placed in six rectangular tanks. Groups of six fish
in atank were exposed to air for 20, 30, or 40 min
at 10.0°C or 16.0°C. Fish were allowed to move
freely and ceased movement after no later than 1
min in air and no attempt was made to account for
variation in activity levelsamong treatments. After
air exposure, fish were given a lethal dose of tri-
caine methanesulfonate and sampled immediately.
The experiment was repeated in the same way with
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TaBLE 1.—Pacific halibut plasma concentrations of cortisol (ng/mL), lactate, glucose, potassium, and sodium (all
mmol/L) in baseline fish and fish that had recovered (0—4 h) in seawater after exposure to air (30 min at 16°C). Values
for plasma constituents are means = SEs. Different lowercase letters indicate statistically different values based on

multiple comparisons from a one-way analysis of variance.

Plasma Recovery (h)
constituent Baseline 0 1 2 4
Cortisol 15 (74)y 137 (9.1 z 175 (12.2) z 154 (17) z 112 (24) z
Lactate 0.1 (0.0) x 0.4 (0.0) yz 05(0.1) z 0.4 (0.1) yz 0.2 (0.2) xy
Glucose 1901y 4.7 (0.3) z 41 (0.4) z 4.8 (0.8) z 38(0.2) z
Sodium 176 (1.0) x 188 (1.6) yz 193 (1.9) z 188 (2.7) yz 183 (1.7) xy
Potassium 39(02) z 44 (0.3) z 41(02) z 40(0.1) z 36(0.1) z

age-2 fish after completion of the first experiment.
No moribund fish were sampled during these ex-
periments.

Mortality after air exposure.—The variation in
mortality associated with air exposure and tem-
perature was determined in age-1 and age-2 Pacific
halibut. Sixty age-1 fish were netted from holding
tanks and 10 groups of six fish each were placed
in 10 rectangular tanks and exposed to air for 20,
30, 40, 50, or 60 min at 10.0°C or 16.0°C. Fish
were then returned to flowing seawater and kept
together in treatment groups in 20 circular 3,140-
L tanks for 36 d. Mortality was observed 1 h after
air exposures and then daily for 36 d. Fish were
fed chopped squid twice per week during the re-
covery period. The experiment was repeated in the
same way with age-2 fish after completion of the
first experiment.

Satistical analysis—The variation in plasma
constituent concentrations associated with recov-
ery time in seawater (baseline, 0—4 h) after ex-
posure to air for 30 min was tested by one-way
analysis of variance (ANOVA). Variation in plas-
ma constituents associated with air exposure, air
temperature, and fish age were tested by three-way
ANOVA with interactions. Results were consid-
ered statistically significant at « < 0.050, and mul-
tiple comparisons were made using the Tukey
method for all pairwise comparisons (either for
recovery time in the time course experiment, or
for timein air X air temperature X fish age in the
air exposure experiment). In the mortality exper-
iment, each treatment group had six fish. Statis-
tically significant mortality within a treatment
group was observed when five fish out of six died
in a group (one-tailed sign test: P = 0.031). The
one-tailed sign test was used based on previous
mortality results. Significant mortality occurred in
treatments in which 83-100% mortality was ob-
served. Correspondence between plasma constit-
uents and mortality was determined by comparing

treatments in which significant mortality and max-
imum plasma constituent concentrations were
reached. All calculationswere performed using the
Statistix 8.0 program.

Results
Time Course for Plasma Constituents

Immediately after Pacific halibut were exposed
to 16°C air for 30 min, plasma cortisol, lactate,
glucose, and sodium concentrations were higher
than baseline (Table 1; P = 0.001), while potas-
sium was unchanged (P = 0.079). Through 4 h
after fish exposure to air, there were no further
significant changes in concentrations of cortisol,
glucose, and potassium. In contrast, lactate and
sodium were lower than maximum values ob-
served and were recovered by 4 h after fish ex-
posure to air.

Plasma Constituents after Air Exposure

Exposure of Pacific halibut to air resulted in
higher concentrations of cortisol, lactate, glucose,
sodium, and potassium than in baseline fish (Fig-
ure 1; Table 2; P = 0.001). Lactate in age-1 fish
exposed to 16°C air was the only plasma constit-
uent that showed significantly higher concentra-
tions (multiple comparisons) as exposure time in-
creased from 20 to 40 min. All other plasma con-
stituent concentrations were similar among air ex-
posure times (20—40 min) when compared within
air temperature and fish age classifications. Ex-
posure of fish to 16°C air resulted in a higher mean
concentration of lactate and potassium (P = 0.003)
and a lower mean concentration of cortisol (P =
0.035) and no apparent changes for glucose and
sodium (P > 0.065) compared with fish at 10°C.
Younger fish had higher mean lactate and potas-
sium levelsthan older fish (P = 0.003), while older
fish had higher cortisol, glucose, and sodium levels
than younger fish (P < 0.010). There were sig-
nificant interactions between the effects of timein
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Ficure 1.—Pacific halibut plasma cortisol and lactate
concentrations associated with air exposure (0—40 min),
air temperature (10°C or 16°C), and fish age (age 1 or
age 2). Fish with no air exposure (O min) were netted
from holding tanks (6—7°C) and sampled immediately.
Values for plasma constituents are mean + SE.

air and air temperature for cortisol (P = 0.040),
and lactate and potassium (P = 0.001). There were
significant interactions between the effects of time
in air and fish age for glucose (P = 0.014) and
sodium (P = 0.004). No three-way interactions
were observed.

Mortality after Air Exposure

No significant mortality occurred within 1 h of
exposure to 10°C air for up to 60 min in age-1 and
age-2 Pacific halibut (Table 2). When exposed to
16°C air, age-1 fish showed significant mortality
within 1 h after exposure to 40 min in air (83.3%)
and 50 and 60 min in air (100%); while age-2 fish
showed significant mortality within 1 h after ex-
posureto 60 mininair (100%). Through the course
of these experiments, no further mortality was ob-
served after initial observations made 1 h after air
exposure.

Discussion

Rapid induction of higher plasma constituent
concentrations has often been noted in fish sub-
jected to many types of acute stressors (Donaldson

1981; Wedemeyer 1996; Schreck et al. 1997).
When Pacific halibut were exposed to 16°C air
which simulated handling of trawl catches, fish
showed maximum observed plasma concentrations
of cortisol, lactate, glucose, sodium, and potassium
by 30 min from the start of air exposure and no
further increases up to 4 h later in recovery sea-
water tanks. These results suggested that sampling
30 min after the start of exposure to these partic-
ular stressors probably captured maximum ob-
served values for plasma cortisol, lactate, glucose,
sodium, and potassium in Pacific halibut. By 4 h
after air exposure, plasma lactate and sodium con-
centrations had recovered to baseline levels, while
cortisol and glucose remained elevated. It is pos-
sible that plasma constituents in Pacific halibut
would take longer to reach maximum levels or to
return to baseline levels after exposure to colder
air temperatures because of slower metabolicrates,
but we did not test for this effect. Resolution of
temperature effects on the balance between rates
for secretion and clearance of these constituentsis
an interesting question that was well beyond the
scope of this study.

Plasma responses in Pacific halibut associated
with air exposure and increased temperature were
similar in magnitude and timing to those observed
in other flatfishes exposed to capture-related
stressors (e.g., towing in nets, swimming, crowd-
ing, air exposure, or increased temperature; Wardle
1972; Fletcher 1975; Wardle 1978; Jargensen and
Mustafa 1980; Turner et al. 1983; Fletcher 1984;
White and Fletcher 1986; Milligan and Wood
1987; White and Fletcher 1989; Girard and Mil-
ligan 1992; Waring et al. 1992; Oddsson et al.
1994; Waring et al. 1996; Via et al. 1997; Barnett
and Pankhurst 1998; Plante et al. 2003). In these
past studies maximum (and baseline) observed
plasma concentrations for cortisol ranged from 70
to 255 (5-100) ng/mL; for lactate, from 0.4 to 20.0
(0.1-2.2) mmol/L; for glucose, from 1.1 to 10.5
(0.4-3.0) mmol/L; for potassium, from 3.1 to 6.0
(2.3-3.8) mmol/L; and for sodium, from 155 to
252 (136-230) mmol/L. Maximum concentrations
observed for these compounds were generally
reached within 1 h from the start of exposure to
an acute stressor.

Patterns of response in plasma constituents can
vary with stressor type. In an earlier study of trawl-
caught Pacific halibut, higher levels of plasma po-
tassium were observed as handling time increased
from 1 to 20 min, while higher levels of glucose
and sodium reflected increased towing time from
30to 120 min (Oddsson et al. 1994). In the present
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TaBLE 2.—Pecific halibut plasma glucose, sodium, and potassium concentrations (mmol/L) and mortality (%) asso-
ciated with exposure to air for various periods of time and at two different temperatures, by age of fish (1 or 2). Fish
with no air exposure (0 min) were netted from holding tanks (6—7°C) and sampled immediately for plasma or transferred
into recovery tanks for mortality observations. Values for plasma constituents are means + SEs. Asterisks indicate

significant mortality (sign test; n = 6).

Temperature ~ Age

Exposure time (min)

(°C) (years) 0 20 30 40 50 60

Glucose
10 1 1.9 (0.6) 33 (0.4) 3.1 (0.4) 3.7 (0.5)
10 2 1.9 (0.5) 3.4 (0.3 4.9 (0.3 4.7 (0.3)
16 1 2.1 (0.6) 3.4 (0.3) 3.6 (0.4) 3.9 (0.4)
16 2 1.7 (0.5) 4.4 (0.3 5.0 (0.3 6.0 (0.3

Sodium

10 1 170 (2.5) 180 (1.6) 186 (1.6) 192 (2.0)
10 2 181 (2.0) 184 (1.4) 185 (1.4) 187 (1.4)
16 1 174 (2.5) 184 (1.4) 184 (1.6) 188 (1.6)
16 2 179 (2.0 187 (1.4) 188 (1.7) 188 (2.0)

Potassium
10 1 3.9 (0.6) 6.2 (0.4) 6.0 (0.4) 6.5 (0.5)
10 2 3.8 (0.5 4.7 (0.4) 4.3 (0.4) 4.0 (0.4)
16 1 6.0 (0.6) 4.9 (0.4) 6.4 (0.4) 8.1 (0.4)
16 2 4.4 (0.5) 4.5 (0.4) 4.6 (0.5) 6.3 (0.5

Mortality
10 1 0 0 0 16.7 0 16.7
10 2 0 0 0 0 0 0
16 1 0 0 0 83.3* 100* 100*
16 2 0 16.7 0 16.7 33.3 100*

study, similar variation in response patterns was
evident. Lactate and potassium were higher in
16°C than in 10°C air, while temperature had no
effect on cortisol, glucose, and sodium. Lactate
and potassium were higher in younger fish, while
cortisol, glucose, and sodium were higher in older
fish. Because age-1 Pacific halibut were reared for
8 months and age-2 Pacific halibut were reared for
20 months in the laboratory prior to experimen-
tation, these results may be attributable to age dif-
ferences or to differences in fish condition asso-
ciated with laboratory rearing. We were not able
to discriminate between these alternatives. Smaller
(younger) fish are widely considered to be more
sensitive to capture-related stressors than larger
(older) fish (Davis 2002). When sablefish Anoplo-
poma fimbria were reared in the laboratory for up
to 20 months and then exposed to air for up to 60
min, younger fish had higher mortality than older
fish (Davis and Parker 2004).

Pacific halibut mortality in the present study did
not correspond with plasma cortisol, glucose, so-
dium, and potassium concentrations. A similar
lack of correspondence between these plasma con-
stituents and mortality has been noted in captured
sablefish and lingcod Ophiodon elongatus (Davis
et al. 2001; Davis 2002; Parker et al. 2003). L actate

corresponded to mortality in sablefish and Pacific
halibut that were exposed to elevated temperature
(Olla et al. 1998; this study), but did not corre-
spond to sablefish mortality under other combi-
nations of towing, hooking, or increased seawater
temperature (Davis et al. 2001). While lactate may
be an exception under some stressor conditions,
plasma constituents generally cannot be used to
predict mortality in captured Pacific halibut and
other marine species since these constituents do
not show consistent responses to different types of
stressors and could not be matched to levels of
mortality (Davis 2002).

The task of predicting stress and mortality in
captured fish is made more difficult by interactions
among stressors in the fishing process. Mortality
of fish that are handled and discarded from fishing
operations is a function of a complex suite of po-
tential stressors including capture, wounding,
catch constituents, fish size and species, seawater
temperature, light conditions, air exposure and
temperature, handling, infection, and behavior def-
icits associated with increased predation (Davis
2002, 2005). In the present study for fish not towed
in anet, Pacific halibut showed mortality after 40—
60 min in air. The interaction of trawl capture and
air exposure decreased the timein air that resulted
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in significant mortality, as trawl-caught Pacific
halibut showed mortality after 20—40 min in air
on deck (Hoag 1975; Oddsson et al. 1994; Trumble
et al. 1995). Similar interactions between the ef-
fects of towing in anet and air exposure have been
observed in lingcod, with mortality after 45 min
in air for towed fish and 60 min in air for fish that
were not towed (Davis and Olla 2002).

Stress is a normal adaptive response by fish to
changes in internal or external conditions. When
physiological tolerance limits are exceeded, mor-
tality may result. Changesin concentrations of fish
plasma constituents are generally related to acute
and chronic stressor intensity and may be useful
for measuring the level of sublethal stressinduced
by fishing and aquaculture practices (Schreck
1981; Wood et al. 1983; Wedemeyer 1996). How-
ever, these patterns of response have not been
widely investigated under conditions in which
stressors transition from sublethal to lethal con-
ditions that are often present in fishing operations
and other anthropogenic sources for fish injury
(e.g., thermal or chemical pollution, dam passage,
fish transport, and caging). Development of alter-
native substitute measures for potential mortality
in fish exposed to anthropogenic stressors should
consider a wide range of fitness measures that in-
tegrate animal condition in an ecologically mean-
ingful manner and that can be measured in field
settings (Olla et al. 1980; Schreck et al. 1997;
Cooke et al. 2002; Davis 2005). Examples of pos-
sible measures include injury, loss of orientation,
reflex actions, swimming activity, and rates of pre-
dation on stressed fish.
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