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Abstract
AGD affected fish showed reduced survival following a 50% oxygen saturation hypoxic chal-
lenge (21.4% survival) compared with 88.9% survival of non-affected fish.  The metabolic rates
of AGD affected and non-affected fish were not significantly different under normoxic condi-
tions.  AGD-affected fish showed a significant reduction in metabolic rate under hypoxia com-
pared with normoxia.  These results suggest that hypoxia may not be the most significant factor
leading to mortality with AGD but rather that there maybe some scope for metabolic compensa-
tion.

Introduction
Amoebic Gill Disease (AGD) is responsible for
significant mortalities in sea-pen reared At-
lantic salmon (Salmo salar) in Tasmania
(Munday et al., 1990). Neoparamoeba

pemaquidensis is the pathogen causing AGD
initially diagnosed in coho salmon
(Oncorhynchus kisutch) on the northwest coast
of the United States of America (Kent et al.,

1988, Dykova et al., 2000).  Subsequently, nu-
merous outbreaks of AGD, in Atlantic salmon
(Salmo salar) have been reported around the
world (Nowak et al., 2002) and specifically
from Ireland (Rodger & McArdle, 1996;
Palmer et al., 1997).  However, AGD contin-
ues to pose the most significant disease threat
to the salmonid industry in Tasmania.

Anecdotal evidence suggests that clinically,
fish suffering from AGD demonstrate an in-
crease in amplitude and rate of opercular
movements, as well as sluggish behaviour

prior to mortality.  A previous study suggested
that metabolic rate was not impaired by AGD
under normoxic conditions (Powell et al.,

2000).  The aim of this research was to deter-
mine the effects of varying levels of AGD in-
fection on survival and metabolic rate under
normoxia and following an acute hypoxic
challenge.  It was hypothesised that fish with
AGD may have acclimated to potential hy-
poxaemia caused by the disease and oxygen
uptake rates not affected under normoxic con-
ditions but under hypoxia, oxygen uptake
would be severely impaired.

Materials and Methods
Atlantic salmon (Salmo salar) weighing 1.05 ±
0.46 kg (mean ± SE) were obtained from a
commercial fish farm (Tassal Pty Ltd.) dur-
ing routine freshwater bathing for amoebic
gill disease (Parsons et al., 2001).  Fish were
selected according to the level of gross infec-
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tion and split into 2 categories (Table 1).  The
two groups were: clear to very light infection
(0-1) and light through to heavy infection (2-
4).  Fish were anaesthetised using seawater
containing 0.002% clove oil. Gross gill score
was recorded.  The fish were then immedi-
ately transferred to the respirometers for a
minimum recovery period of 20 h.
Respirometers were supplied with ambient
normoxic sea water at a rate of 4.5 L min-1.
Following recovery, the respirometer was
sealed and dissolved oxygen measured at 1
min intervals for a period of 20 min or until
the O2 saturation level dropped to 70%.  Ven-
tilation frequency was measured visually (by
counting opercular movements) at 1 min and
10 min. Temperature remained at 17 ± 1OC.
After respirometry, the fish were allowed to
recover in normoxic seawater for 15 min.  Af-
ter this the O2 saturation level was reduced to
50% by bubbling N2 through a countercurrent
gas column incorporated in the respirometer
system.  The respirometer was sealed and
oxygen consumption re-measured as above.
After respirometry, the fish were allowed to
recover in normoxic seawater for a further 15
min.  Gill smears were taken from behind the
third gill arch on the left side of all fish  to
confirm the level of infection.  Mass and
length of the fish were then measured and
after a further 16 h recovery period (85-100%

O2 saturation, 17-17.5OC, and flow rate of 4.5
L min-1) fish were released back into the pen.
Survival rate during the recovery period was
recorded.  Number of Neoparamoebae were
quantified on gill smears by counting the
numbers of amoeba per field (Table 2) using
an indirect fluorescent antibody test (IFAT)
(Howard & Carson, 1993).  Metabolic rate
(MO2) was calculated as described by Cech
(1990).  Statistical differences between means
of unaffected controls and AGD affected fish
were determined by one-way ANOVA, fol-
lowed by Tukey-Kramers (HSD) test.  Statis-
tical differences between means among con-
trols and affected fish were determined by
paired t-test.  Both statistical tests were done
using the JMP® statistical package. P values
< 0.05 were considered significant.
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Table 1. Tassal Pty Ltd. gross gill scoring method for Amoebic Gill Disease (AGD) detection.

Table 2. Mount Pleasant Laboratories method for
qualitative/quantitative measurement of
Neoparamoeba sp. on gill smears of Atlantic salmon
(Salmo salar) using an indirect fluorescent antibody
test.
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Results
The mean score of amoeba cell counts using
IFAT indicated fewer Neoparamoebae were
present on the smears taken from the gills of
fish with lower gross infection compared to
fish with higher gross infection.  There was a
large difference in the post-hypoxia survival
of the AGD-affected and unaffected fish.  Of
the heavily affected fish exposed to hypoxic
challenge 21.4% survived.  In contrast, 88.9%
unaffected (control) fish survived.

Whether lightly or severely affected, meta-
bolic rate decreased when fish were made
hypoxic (Table 3).  AGD affected fish had a
significantly greater metabolic rate under
normoxic conditions than hypoxic conditions,
0.14 ± 0.01 to 0.10 ± 0.01 mg g-1 h-1 (mean ±
SE), respectively.  This was not the case for
salmon with a lower gross infection (AGD
unaffected).  No significant differences in
metabolic rate were found between AGD af-
fected and unaffected salmon under normoxic
conditions.

Under normoxic conditions there was no sig-
nificant difference in ventilation frequency
between lightly and severely affected fish, but
it tended to increase from 1 min to 10 min for
both high and low levels of infection.  Under

hypoxic conditions ventilation frequency
tended to be higher at 1 min compared to 10
min for both levels of infection.  This drop in
ventilation frequency under hypoxic condi-
tions was statistically significant for fish with
low infection, 100.57 ± 8.05 and 78.40 ± 7.43
(mean ± SE), respectively (Table 3).

Discussion
Under normoxic conditions there were only
marginal differences in oxygen consumption
rate (MO2) between lightly and serverely
AGD-affected fish.  Booth (1978) suggests that
MO2 is unaffected by imposed gill reduction
under resting or routine conditions, hence
total gill area is likely to be incompletely uti-
lised.  If diffusional limitations were only con-
sidered, this would explain the marginal dif-
ferences in MO2 between lightly and severely
affected fish under normoxic conditions in
this study.  However, not only the gradient of
oxygen across the gill, but also the level of
oxygen in the blood affects the rate of oxygen
uptake from the environment (Perry &
McDonald, 1993).  Previous studies have
shown that AGD affected fish have a lower
blood PO2 compared with unaffected animals
even though oxygen uptake rates under
normoxic conditions are not affected (Powell
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Table 3. Indirect fluorescent antibody test (IFAT), oxygen consumption rate (MO2) and ventilation frequency
(Vf) for Atlantic salmon (Salmo salar) at various levels of gross infection for amoebic gill disease (AGD)
under normoxic and hypoxic conditions.  Values are means ± SE, (N) number of fish used for each
determination. * represents statistical differences within the two groups of infected fish between: normoxic/
hypoxic, 1 min/10 min and before/after challenge.
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et al., 2000).  This is consistent with the results
of the present study and imply that MO2 is
maintained due to an acclimation to oxygen
diffusional limitations at the level of the gills.
This is supported by the fact that oxygen con-
sumption rates were lower in AGD affected
fish under hypoxia. Whether this drop in oxy-
gen uptake was due to reduced diffusive area,
gradient or perfusive conductance or alterna-
tively a metabolic compensation to lower en-
vironmental oxygen, is worth further investi-
gation.  A reduction in functional gill area in
some teleosts has been suggested to induce a
reduction in MO2 max (Duthie & Hughes,
1987; Davison et al., 1990).  However, many
physiological mechanisms mitigate gill mor-
phological changes under conditions of low
oxygen.  For example, under hypoxic condi-
tions, lamellar recruitment, diversion of blood
distribution through the lamellae, increase gill
perfusion, increased cardiac output, and
changes in branchial vascular resistance are
all mechanisms used to maximise gill surface
area (Randall, 1982).  However, despite these
measures, oxygen uptake (MO2) was reduced
in AGD affected fish further suggesting that
there was a diffusional limitation to oxygen
at the level of the gill.

Oxygen content is a major ventilatory stimu-
lus for both frequency and amplitude (Smith
& Jones, 1982).  Ventilation frequency was
greater at 10 min than at 1 min for all fish in
this experiment under normoxic conditions.
This result was likely attributed to the effects
of reduced environmental O2 during
respirometry.  An increase in ventilatory fre-
quency has also been reported for rainbow
trout Oncorhynchus mykiss under hypoxic con-
ditions (Davis & Cameron, 1971).  Under con-

ditions of 50% environmental O2 saturation,
ventilation frequency was lower at 10 min
than at 1 min for both groups of fish in this
experiment.  Although not measured, this
corresponded with an observed increase in
amplitude at 10 min during this hypoxic chal-
lenge consistent with that reported by Hughes
& Saunders (1970) in trout.

AGD affected fish had a higher mortality af-
ter exposure to sub-optimal environmental O2

saturation levels (50% O2 saturation).  From
the variables investigated in the present study,
it is difficult to determine the cause of death.
However, the results show that hypoxic con-
ditions contributed to mortalities associated
with AGD since fish that had a high level of
gross infection were affected more by hypoxic
challenge than fish with healthier gills.  The
mortality due to acute hypoxic challenge may
be unrelated to the effects of reduced MO2

under hypoxia but rather reflect some other
physiological disturbance occurring in AGD
affected fish such as cardiovascular collapse.
Recent studies have shown that AGD affected
fish have an elongated ventricle and increased
compact muscle of the heart (Powell et al.,

2002), consistent with the need to increase car-
diac output to overcome a vascular hyperten-
sion that has been suggested to occur in AGD-
affected salmon (Powell & Nowak, 2001).
However, this remains to be verified as the
cause of death for AGD affected salmon.
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