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Abstract

This study assessed the effects of different retrieval
depths (2, 10 or 20 m), surface intervals (none or
15 min) and release methods (untreated, vented or
recompressed) on the incidence of external and
internal clinical signs of barotrauma (ECSB and
ICSB) and post-release mortality in golden perch,
Macquaria ambigua (Richardson). Fish were
assessed for ECSB before and after surface intervals
and either monitored for mortality over 3 days in
two deep cages or killed for internal examination.
When all fish were left untreated, short-term mor-
tality increased with retrieval depth from 0% and
4.2% among 2 and 10-m fish, respectively, to
19.2% among 20-m fish; while surface interval
only affected the incidence of two ECSB (excess
buoyancy and a prolapsed cloaca). Mortality was
also greater among 20-m fish that were subjected
to a 15-min surface interval and left untreated
(22.2%) or vented (22.2%) than those that were
recompressed (5.6%). Of the ECSB, only exoph-
thalmia was associated with increased mortality,
with half of the affected fish dying. However,
many fish retrieved from 10 and 20 m also sus-
tained numerous ICSB, including compressed
gonads or vital organs and ruptured or collapsed,
haemorrhaging swimbladders that remained
deflated for up to 3 days after release.

Keywords: angling, barotrauma, exophthalmia,
recompression, swimbladder, venting.

Introduction

Native Australian freshwater fish are subjected to
many anthropogenic stressors, including barriers to
migration, altered hydrological regimes, habitat
destruction, introduced species, pollution and
overfishing (Pollard et al. 1990). Consequently,
most species have declined in their natural distri-
butions and abundances, and many are endangered
or threatened (Cadwallader 1978; Mallen-Cooper
1993). Although commercial fishing is no longer
permitted for any Australian freshwater natives,
angling is increasing with population growth and
global trends in other industrialized nations
(Arlinghaus, Mehner & Cowx 2002).
There is also a greater focus on catch-and-release

angling (with >44% of the total catch of most
Australian species released; Henry and Lyle 2003)
either voluntarily or in response to stringent regu-
lations. Recent studies to validate the associated
assumption of low post-release mortality for key
Australian freshwater teleosts have had positive
results, with adverse effects typically restricted to
particularly severe capture and handling factors,
and especially hook ingestion (e.g. Hall, Butcher
& Broadhurst 2009; Hall, Broadhurst & Butcher
2012) and barotrauma (e.g. Dowling, Hall
& Broadhurst 2010). Of the two, the effects and
mitigation of barotrauma are least understood for
freshwater teleosts (Roach, Hall & Broadhurst
2011).
Barotrauma occurs when fish (particularly

physoclistous species) are retrieved from depths
usually >10 m and the ambient pressure reduction
causes gases in the blood and tissues to expand fas-
ter than they can be expelled (Parker et al. 2006).
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This can cause a hyperinflated or ruptured swim-
bladder, compressed, displaced or everted organs,
internal or external haemorrhaging, gas embolisms
and exophthalmia (Feathers & Knable 1983;
Rummer & Bennett 2005; Hannah et al. 2008b;
Jarvis & Lowe 2008). Although barotrauma has
been extensively investigated in offshore marine
teleosts (e.g. Diamond & Campbell 2009), there
have been fewer studies of freshwater species, pre-
sumably because their habitats (especially rivers)
tend to be much shallower (<10 m). However,
Australian natives are often stocked into impound-
ments (many with maximum depths >50 m) spe-
cifically for angling (Hunt et al. 2010; Smith et al.
2011).
The only local freshwater native for which the

effects of barotrauma have been scientifically inves-
tigated is Australian bass, Macquaria novemaculeata
(Steindachner) (Roach et al. 2011). Although all
immediately released M. novemaculeata were able
to submerge and significant mortality was limited
to that caused by incorrect venting, some common
angling scenarios were not assessed (Roach et al.
2011). In particular, the effects of delayed release –
which occurs in many catch-and-release tourna-
ments when fish are held in live wells – warrant
investigation. Overseas studies suggest that
protracted surface intervals may significantly
increase the severity of barotrauma, ability to sub-
merge and consequently the mortality of released
fish (Hannah, Parker & Matteson 2008a; Jarvis &
Lowe 2008).
Another freshwater native for which the cumu-

lative impacts of barotrauma and delayed release
may be an issue is golden perch, Macquaria
ambigua (Richardson). Although still common in
many lowland habitats throughout south-eastern
Australia, it has declined in overall abundance and
distribution (Brumley 1987). Large numbers (up
to 2 million fry per annum, Hunt et al. 2010) are
stocked in impoundments, where they are increas-
ingly subjected to tournaments involving surface
intervals typically up to 15 min. Although no data
are available on the numbers of M. ambigua
handled during such events, the most recent
release estimate (during 12 months in 2000/2001)
across all habitats was almost 1 million fish (44%
of the total catch, Henry & Lyle 2003).
More recent research has indicated considerable

variation in the short-term mortality of released
M. ambigua (0–43%); mostly attributed to
anatomical hook location (mouth vs. ingestion),

which is in turn influenced by terminal rigs (lure
vs. natural bait) and/or the fishing method (active
vs. passive) (Hall et al. 2012; K.C. Hall, M.K.
Broadhurst & B.R. Cullis, unpubl. data).
However, much of this work has been limited to
fish retrieved from shallow water (<10 m).
Anecdotal evidence from anglers suggest that baro-
trauma also could be an issue for fish angled and
released during competitions in deep impound-
ments, especially for individuals retained in live
wells, which can lose orientation and invert in
response to confinement stress.
This study investigated the above-mentioned

issues for M. ambigua during three manipulative
experiments using two vertical ‘bathy-cages’
(encompassing 0–20 m depth) deployed in the
relatively homogenous environment of a destrati-
fied impoundment. The first experiment quantified
the short-term mortality and external clinical signs
of barotrauma (ECSB) in M. ambigua retrieved
from three depths (2, 10 and 20 m) and then
released untreated either immediately or after a
15-min surface interval in a live well (delayed
release). The second experiment assessed whether
any significant adverse effects of barotrauma
(e.g. mortality, failure to submerge or physical
damage) identified during the first experiment
could be alleviated with two conventional release
methods: venting with a hypodermic needle to
release pressure in the coelomic cavity or recom-
pression to the approximate capture depth with a
weighted hook and line. Finally, the third experi-
ment aimed to identify any internal clinical signs
of barotrauma (ICSB) not mitigated by the con-
ventional release methods that could contribute
towards delayed mortality or other long-term
sublethal effects to individual welfare.

Materials and methods

Fish collection and maintenance

All M. ambigua (n = 160) were originally gillnet-
ted (125–150-mm mesh, deployed to <5 m depth
for up to 1 h) from Pindari Dam in northern
New South Wales (29°39′S, 151°24′E; a 1050 ha
impoundment) between June and September
2010. After capture, fish were immediately placed
into aerated onboard 70-L black polyvinyl chloride
(PVC) tanks for transfer to two vehicle-based
340-L fibreglass transporters. The transporters were
filled with dam water adjusted to 5 mg L�1 NaCl
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to minimize stress and limit pathogen infestation
(Selosse & Rowland 1990; Mifsud & Rowland
2008) and supplied with a constant flow of 99%
oxygen. Half of the water (�170 L) was exchanged
every 6–8 h.
Within 48 h, the captive fish were transported

to the Grafton Fisheries Centre (GFC, 29°37′S,
152°58′E), anaesthetized in 30 mg L�1 ethyl-
p-amino benzoate (benzocaine) and released into
five aerated fibreglass tanks (one 9000 L and four
3000 L) at stocking densities of 90 and 32
fish tank�1, respectively. Fish were treated with
30 mg L�1 formalin for 1 week to remove ecto-
parasites and then maintained in 5 mg L�1 NaCl
and fed school prawns, Metapenaeus macleayi
(Haswell), at a rate of �1% biomass week�1 for
at least 3 weeks before being used in experiments.
Water quality was monitored throughout (but not
recorded) with an Horiba U-10 meter (Horiba
Ltd; www.horiba.com).

Cages and experimental set-up

The three experiments were completed at Karangi
Dam (30°15′S, 153°01′E; a 34-ha impoundment
fitted with a destratifier) between October and
November 2010. Two cylindrical 62 000-L bathy-
cages (2.5 m diameter 9 20 m depth, 22-mm
knotless polyamide mesh) and seventy-two 110-L
cages were deployed in the dam, using a vessel
fitted with a 3.7 kW motorized line hauler. The
110-L cages were constructed from polyvinyl chlo-
ride (PVC) bins (0.5 m diameter 9 0.7 m depth)
and lids, with three mesh windows (6-mm PVC
mesh, two in the sides and one in the lid,
combined surface area of 1200 cm2) to allow
water exchange. At the start of each experiment,
fish were anaesthetized in tanks at GFC and then
transported to Karangi Dam in the two 340-L fish
transporters. Upon arrival, fish were again anaes-
thetized and placed individually into the 110-L
cylindrical cages, which were deployed in pairs

(for logistical reasons); all to 2 m initially, and
then some lowered in 4–6-m intervals every hour
thereafter to the required depths.
To assess any physical damage or behavioural

impacts to confined fish during cage retrieval, six
M. ambigua were initially deployed to 20 m and
their orientation, cage position and activity
levels were monitored via two small cameras
(Swann; Underwater Cam, www.swann.com.au)
fitted inside the lids. The cages were retrieved at
1 m s�1 to the surface using the line hauler while
fish orientation and behaviour were recorded.

Experiment 1: external clinical signs of barotrauma
and mortality after two surface intervals. Experi-
ment 1 involved 72 randomly selected fish
(Table 1), deployed to either: 2 m (n = 23, origi-
nally 24 but one escaped), 10 m (n = 24) or 20 m
(n = 26) (Table 2). The cages deployed to 2 m
were fitted with 10- or 20-m buoyed rope (n = 11
and 12, respectively) that allowed diagonal retrieval
to control for any effects of hauling distance or
duration. All 110-L cages were left for 24 h for fish
to acclimate before they were retrieved in pairs at
1 m s�1 with the line-hauler.
Immediately after retrieval, each fish was assessed

for ECSB, including excess buoyancy (sideways or
inverted), a swollen coelomic cavity, stomach ever-
sion, prolapsed cloaca, intestinal eversion, egg or
milt expulsion, exophthalmia, corneal or subcuta-
neous gas bubbles or haemorrhaging. Fish were
then measured (total length LT, to nearest 1 mm),
fin-clipped (e.g. caudal, pelvic or pectoral accord-
ing to experimental group) and then one of each
pair was either: (1) immediately released at the sur-
face of each bathy-cage (n = 5–7 fish per depth in
each cage); or (2) placed into a 70-L black PVC
aerated live well with fresh ambient dam water for
15 min, reassessed for ECSB and then released
(n = 5–7 fish per depth in each bathy-cage).
The bathy-cages were monitored hourly for

dead and/or floating fish at the surface during the

Table 1 Sample sizes (n), sex ratios and mean total lengths (LT � SD, mm) of Macquaria ambigua used in each experiment at Ka-

rangi Dam in October and November 2010

Experiment

n
Sex ratio

LT � SD (mm)

Males Females Males/Females Males Females

1 68 5 13.6:1 428.8 � 41.4 496.0 � 56.6

2 62 9 6.8:1 417.3 � 39.9 455.8 � 84.9

3 11 4 2.8:1 414.8 � 20.0 457.0 � 92.3
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first 12 h and then once during each of the fol-
lowing 2 days (i.e. for a total of 3 days). Once a
day, water temperature (°C) and dissolved oxygen
(DO, mg L�1) profiles (at 2-m intervals from the
surface to 20 m) were logged with a Greenspan
ODO3000 probe (Tyco Environmental Systems;
www.tycoflowcontrol.com.au), and surface pH
and electrical conductivity (EC, mS s�1) were
measured with a Horiba U-10 meter. Air
temperature was also recorded with a digital ther-
mometer. At the end of monitoring, the bathy-
cages were retrieved and all fish removed and
assessed for mortality and physical damage, before
being killed in a benzocaine solution
(>100 mg L�1) for further internal analysis.

Experiment 2: external clinical signs of barotrauma
and mortality after three release methods. Experi-
ment 2 involved another 72 randomly selected
fish (Table 1), but on the basis of the experiment
1 results, these were deployed to only two depths:
either 2 m (and hauled diagonally for 20 m) for
controls (n = 17, originally 18 but one escaped)
or 20 m hauled vertically for treatments (n = 54)
(Table 3). All fish were left to acclimate for 24 h
before being retrieved and assessed for ECSB as
described previously.

All fish were held in a live well for 15 min and
then reassessed, measured and fin-clipped before
release. The 2-m control fish were released at the
surface of each bathy-cage (n = 9 in each cage).
The 20-m fish were released into bathy-cages
either: (1) ‘untreated’ (no further handling) or (2)
‘vented’ (body cavity punctured with a 16-gauge
hypodermic needle), both at the surface; or (3)
‘recompressed’ by placing a weighted (550 g)
barbless hook through their lower-jaw membrane,
lowering them to 18 m and then freeing the line
with a rapid pull (n = 9 fish per treatment in each
cage).
Before release, two randomly selected fish from

the 2-m control, 20-m untreated and 20-m
recompressed groups had V13P transmitters (13
and 45 mm in diameter and length and 12 and
6 g in air and water; Vemco Ltd), attached (with
polyamide cable ties) to their caudal peduncles.
The transmitters were programmed to emit
unique sequences at 69 kHz every 45–95 s. Two
receivers (model no VR2W; Vemco Ltd) were
anchored at 26 m depth either side of the bathy-
cages and logged the depth (m) of each tagged
fish during monitoring.
At the end of monitoring, the bathy-cages were

lifted and all fish were removed, assessed for

Table 3 Sample sizes (n), % mortalities

(3 days) and numbers of external clinical

signs of barotrauma (ECSB) in Macquaria
ambigua from experiment 2 that were

retrieved from two depths (2 m hauled

20 m diagonally and 20 m hauled verti-

cally), held in a live well for 15 min and

then released untreated, vented (with a

hypodermic needle) or recompressed (by

return to depth with a weighted line)

Depth: 2 m hauled 20 m 20 m

Release method: Untreated Untreated Vented Recompressed

n 17 18 (4) 18 (4) 18 (1)

% mortality 0 22.2 22.2 5.6

Number of ECSB

0 14 0 1 (1) 3 (1)

1–2 3 8 (1) 10 (1) 7

�3 0 10 (3) 7 (2) 8

Number of deaths indicated in parentheses.

No mortalities were significant, Fisher’s exact test, P > 0.05.

Table 2 Sample sizes (n), % mortalities (over 3 days) and numbers of external clinical signs of barotrauma (ECSB) in Macquaria
ambigua from experiment 1 that were retrieved from four depth treatments (2 m hauled 10 or 20 m diagonally, and 10 and 20 m

hauled vertically) and released immediately or held in a live well for 15 min (delayed)

Depth: 2 m hauled 10 m 2 m hauled 20 m 10 m 20 m

Surface interval: Immediate Delayed Immediate Delayed Immediate Delayed Immediate Delayed

n 6 5 6 6 12 12 (1) 13 (2) 13 (3)

% mortality 0 0 0 0 0 8.3 15.4 23.1*

Number of ECSB

0 6 5 6 6 3 2 2 (1) 0

1–2 0 0 0 0 2 3 3 7

� 3 0 0 0 0 7 7 (1) 8 (1) 6 (3)

Number of deaths indicated in parentheses.

*Significant moralities, Fisher’s exact test, P < 0.05.
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mortality and physical damage and then killed for
further internal analysis. The transmitters were
retrieved and the data downloaded from one of the
receivers to the Vemco user-environment (VUE;
Vemco Ltd) software and then into a database for
analyses.

Experiment 3: internal clinical signs of barotrauma. Con-
current with the above-mentioned experiments, an
additional 15 fish (Table 1) were deployed to 2, 10
and 20 m (n = 5 at each depth) and after 24 h were
retrieved as previously. Two fish from each depth
treatment were immediately assessed and killed,
while three were held onboard in live wells for
15 min before they were assessed and killed. All
dead fish were dissected and examined for ICSB by
incising longitudinally from the anus to the pelvic
bone and carefully removing the left medial coelo-
mic cavity wall. The macroscopic condition and
position of visceral organs and the swimbladder were
noted before the organs were removed and the ven-
tral surface of the swimbladder was incised longitu-
dinally to assess for any haemorrhaging or other
damage.
In addition, all fish retrieved from the bathy-

cages at the end of experiments 1 and 2 could not
be returned to the wild for biosecurity reasons, so
they were also killed and dissected. For those from
experiment 1, only basic information on their sex,
reproductive stages and swimbladder intactness
was collected whereas those from experiment 2
were examined as for experiment 3. However,
only certain injuries (e.g. collapsed, blood-filled or
deflated swimbladders) could be definitively iden-
tified as occurring during the first retrieval at the
start of the experiment, rather than during lifting
at the end of the monitoring period.

Data analyses

The identities of fish were tracked via fin-clippings
and LT. The significances of mortalities with respect
to experimental group in experiments 1 and 2 were
assessed with Fisher’s exact tests. The variation in
LT and sex among experimental groups and the
influence of predictor variables on the frequency of
ECSB and mortality of M. ambigua during experi-
ments 1 and 2 were assessed by fitting generalized
linear mixed models (GLMMs) with a binary or
continuous response variable. Models were fitted
with a logit or identity link function and binomial
or normal error distribution using lmer4 software

in R. Different combinations of the predictor vari-
ables – ‘depth’ (2, 10 and 20 m), ‘surface interval’
(immediate or delayed release), ‘release method’
(vented, recompressed or untreated), total number
or ECSB, sex and LT – were included as fixed fac-
tors and ‘bathy-cage’ and ‘pair number’ were
included as random factors in all models. The most
parsimonious models for each response variable and
experiment were determined by forward selection
of predictor variables, with deviance P < 0.1 used
as the criterion for inclusion and models assessed
according to Akaike’s information criterion (Quinn
& Keough 2002).

Results

In all experiments, the sex ratio of M. ambigua was
biased towards males and was significantly different
from parity in experiments 1 and 2 (v2 = 54.4 and
39.6, respectively, d.f. = 1, P < 0.001) (Table 1).
Nevertheless, gender was randomly distributed
among groups in all three experiments (GLMM,
v2 = 4.5, 2.6 and 1.2, respectively, d.f. = 3,
P > 0.05). Similarly, mean LT was not significantly
different among groups in all three experiments
(GLMM, v2 = 0.4, 1.1 and 2.0, respectively,
d.f. = 3, P > 0.05), but females were significantly
larger than males in experiments 1 and 2 (v2 = 11.3
and 5.3, respectively, d.f. = 1, P < 0.05) (Table 1).
Vertical and temporal environmental conditions
varied minimally (mean air and water temperatures
were 23.4 � 1.4 and 20.2 � 0.5 °C, DO 10.2 �
0.2 mg L�1, pH 7.9 � 0.3 and electrical conduc-
tivity 0.03 � 0.00 mS�1).
During the cage retrieval trials, all confined

M. ambigua remained upright and tended to
locate towards the base, and although their
caudal-fin movement increased, they did not con-
tact the cages. Once at the surface, fish occasion-
ally contacted the walls while excess water was
drained and the cages were lifted onboard, but
this was considered less abrasive than the conven-
tional landing of angled fish with a net and did
not cause any discernible injuries.

Experiment 1: external clinical signs of barotrauma
and mortality after two surface intervals. Irrespec-
tive of the retrieval distance or surface interval,
none of the controls developed ECSB or died
(Table 2). Thus, controls were either pooled with
respect to retrieval distance or removed (as indi-
cated) in all further analyses. Among the 10-m
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fish, only one died (non-significant mortality of
4.2%; Fisher’s exact, P > 0.05) from the delayed-
release group, despite over half (n = 7) in each
surface-interval group having � 3 ECSB (Table 2,
Fig. 1a,b). Most deaths (n = 5, four males and
one female; significant mortality of 19.2%; Fisher’s
exact, P < 0.05) occurred among the 20-m fish,
with two (15.4%) and three (23.1%) from the
immediate and delayed-release groups, respectively
(Table 2). All but one of these had � 3 ECSB.
Four deaths occurred during release, including all
three 20-m delayed-release and one 20-m immedi-
ate-release fish, while the other two immediate-
release fish died during the 3-day monitoring
period.
Irrespective of whether controls were included

or removed in analyses, the significant predictors
of mortality in experiment 1 were depth and the
total number of ECSB (Table 4). There were sig-
nificantly fewer mortalities among controls and
10-m fish than 20-m fish, and among individuals
with mild (1–2 ECSB) or severe (� 3 ECSB)
barotrauma than those that were not afflicted
(Table 4). Although perhaps counterintuitive, this
latter result was related to the single death among

two 20-m fish that had no ECSB compared with
four deaths among 14 that had � 3 ECSB
(Table 2).
Although surface interval did not significantly

influence mortality, it did affect the incidence of
two ECSB when controls were not included in
analyses (Table 4). Excess buoyancy was more fre-
quent among delayed-release fish from both 10
and 20 m than their immediately released conspe-
cifics (Fig. 1; Table 4). All delayed-release fish
that died were inverted at the surface in the live
well after 15 min and remained floating in the
bathy-cages until they were declared dead
(11.3 � 7.6 min after release). Surface interval
also significantly influenced the incidence of pro-
lapsed cloacas, with fewer among delayed-release
fish than those that were immediately released
(Fig. 1; Table 4). The incidences of all other
ECSB were similar between the two surface-inter-
val groups.
The incidences of all ECSB were also signifi-

cantly influenced by depth when controls were
included in analyses (GLMM; v2 = 10.5–35.5,
d.f. = 2, P < 0.05) and were more frequent
among 10- and 20-m fish. The only exceptions

(a) (b)

(c) (d)

Figure 1 Frequencies of external clinical signs of barotrauma (ECSB) among Macquaria ambigua in experiment 1 that were

retrieved from (a,b) 10 m or (c,d) 20 m and released either (a,c) immediately or (b,d) after a 15-min surface interval. Shading indi-

cates the proportion with the ECSB that survived (light grey) and died (dark grey), and those without the ECSB that survived

(white) and died (black) after three days in the bathy-cages.
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were corneal or subcutaneous gas bubbles, which
were not evident in any fish, and only two 10-m
fish had everted intestines and one large 10-m
female expelled eggs (compared with 15 males
from both 10 and 20-m depths that expelled
milt). Although more 20-m fish developed exoph-
thalmia than 10-m fish, this difference was not
significant (Table 4), but four of the five dead
fish in this group had this ECSB (Fig. 1c,d).
Therefore, when the individual ECSB was substi-
tuted as predictor variables in GLMMs fitted to
mortality data, the presence of exophthalmia had
a significant influence (GLMM; v2 = 11.3,
d.f. = 1, P < 0.001) and the effect of depth was
negated (GLMM; v2 = 2.9, d.f. = 2, P > 0.05).

Experiment 2: external clinical signs of barotrauma
and mortality after three release methods. None of
the controls, but nine of the 20-m fish died

(significant mortality of 16%; Fisher’s exact,
P < 0.05; all males, Table 3). Thus, depth signifi-
cantly influenced mortality when all fish were
included in analyses (GLMM; v2 = 5.3, d.f. = 1,
P < 0.05). Among the 20-m fish, four untreated
(22.2%) and four vented (22.2%) individuals died
compared with only one in the recompressed
group (5.6%) (non-significant mortalities; Fisher’s
exact, P > 0.05). Therefore, release method also
significantly influenced mortality when GLMMs
were refitted without controls (Table 5). Further,
among the 20-m fish all but four had � 1 and
46.3% had � 3 ECSB (Table 3, Fig. 2). But as
in experiment 1, mortality was significantly greater
among fish that had no ECSB (two of the four
died) than those that were obviously impacted
(� 1 ECSB) (Table 5). Three of the untreated
20-m fish had excess buoyancy (Fig. 2b),
remained floating in the bathy-cage and died
within 54.3 � 31.2 min of release. On the basis
of the decayed remains at the end of the experi-
ment, two of the vented fish also probably died
soon after release, whereas the remaining four fish
died sometime later during the 3-day monitoring
period.
The patterns of ECSB and deaths among

untreated 20-m fish in experiment 2 (Fig. 2b)
were similar to those from experiment 1 (Fig. 1d).
All of the untreated 20-m mortalities had excess
buoyancy and two also had exophthalmia. In con-
trast, there were greater mortalities among vented
and recompressed 20-m fish (Fig. 2c & d, respec-
tively) that had no ECSB than those that did
(Fig. 2b). As in experiment 1, exophthalmia had a
significant influence on mortality when individual
clinical signs were substituted as predictor variables
(GLMM; v2 = 11.0, d.f. = 1, P < 0.001), but
release method remained significant (GLMM;
v2 = 7.6, d.f. = 2, P < 0.05) and there was
greater mortality among fish that did not have a
swollen body cavity (GLMM; v2 = 9.9, d.f. = 1,
P < 0.01).
In experiment 2, the incidences of all ECSB

were significantly greater among 20-m fish than
controls (Table 3, Fig. 2; GLMM; v2 = 7.6,
d.f. = 2, P < 0.05), except for everted intestines,
which only occurred in two 20-m fish, and cor-
neal or subcutaneous gas bubbles and expelled
eggs, which were not recorded for any individuals.
Fifteen of the 20-m males also expelled milt. The
incidences of swollen coelomic cavities and pro-
lapsed cloacas were significantly influenced by sex

Table 4 Summaries of GLMMs results (v2, d.f. and P) assess-
ing the influence of key variables on the mortality and fre-

quencies of external clinical signs of barotrauma (ECSB) in

Macquaria ambigua in experiment 1 that were retrieved from

two depths (10 or 20 m) and released either immediately or

after a 15-min surface interval

Response variable

Predictor variable v2 d.f. P

Mortality

Depth 4.3 1 <0.05
Number of ECSB 6.1 2 <0.05
Surface interval 2.9 1 >0.05
Sex 0.1 1 >0.05
LT 0.2 1 >0.05

Excess buoyancy

Depth 0.0 1 >0.05
Surface interval 10.1 1 <0.01
Sex 1.0 1 >0.05
LT 3.2 1 >0.05

Swollen coelomic cavity

Depth 0.0 1 >0.05
Surface interval 0.0 1 >0.05
Sex 0.5 1 >0.05
LT 2.8 1 >0.05

Prolapse cloaca

Depth 0.2 1 >0.05
Surface interval 5.8 1 <0.05
Sex 0.0 1 >0.05
LT 0.0 1 >0.05

External haemorrhage

Depth 1.8 1 >0.05
Surface interval 0.1 1 >0.05
Sex 1.2 1 >0.05
LT 1.3 1 >0.05

Exophthalmia

Depth 3.1 1 >0.05
Surface interval 0.1 1 >0.05
Sex 2.2 1 >0.05
LT 1.0 1 >0.05

Controls (retrieved from 2 m) were not included in analyses.
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and LT, with larger females more likely to have
the former and smaller females more likely to
have the latter (Table 5). But the pattern of ECSB
between the groups was not significantly different
before release (Table 5).
The temporal depth distributions of the six

tagged fish in experiment 2 varied according to
treatment (Fig. 3). The two controls returned to
2 m after release and then slowly descended to
7 m after 3 days (Fig. 3a,b). In contrast, one of
the 20-m untreated fish initially descended rapidly
to the bottom of the bathy-cage after release, but
stayed for only a few hours, before ascending to the
surface again and remaining above 5 m (Fig. 3c).
The other always remained above 5 m (Fig. 3d).
Both 20-m recompressed fish initially descended to
the bottom of the bathy-cages for 24 h, after which
one ascended to the surface and remained above
5 m (Fig. 3e). The other remained near the bot-
tom throughout, but had several very brief forays
to shallower depths (Fig. 3f). When dissected at
the end of the experiment, this last fish had a

ruptured and collapsed swimbladder that was full
of blood and had not reinflated when the bathy-
cages were lifted.

Experiment 3: internal clinical signs of barotrau-
ma. Post-mortem dissections revealed various
ICSB that reflected sex-specific morphologies
(Fig. 4). Many females had fully developed
mature gonads that occupied most of their coelo-
mic cavities (Fig. 4a); whereas, although the
males were also ripe, their gonads were much
smaller, allowing greater space available for swim-
bladder and gas expansion (Fig. 4b). None of the
four females in experiment 3 had ruptured swim-
bladders and only one expelled eggs, but all suf-
fered organ compression and haemorrhaging,
particularly of their livers and ovaries (Fig. 4c).
The only female that died during the study
(immediately in experiment 1, from the 20-m
delayed-release group) had ruptured organs,
including the gall bladder, and severe internal
haemorrhaging within the coelomic cavity. Across
all three experiments, only two immature females
(11%) had ruptured swimbladders, and these
contained tiny ovaries (equivalent in relative size
to males).
Six of the 11 males from experiment 3 had

ruptured swimbladders and extensive associated
internal haemorrhaging. At the end of experiment
2, all controls had intact swimbladders containing
expanded air, compared with only 40.7% of the
20-m fish (across all release-method groups). Ten
of these (seven vented and three recompressed)
had completely collapsed swimbladders that were
full of blood and still deflated when the bathy-
cages were lifted; five of which had died (four
vented and one recompressed). Thus, the presence
of a ruptured swimbladder significantly influenced
mortalities in experiment 2 when added
to GLMMs already containing exophthalmia
(v2 = 9.0, d.f. = 1, P < 0.05). However, in
contrast, six of the 18 vented 20-m fish had intact
swimbladders that were holding expanded air at
the end of the experiment (only 3 days after treat-
ment and release).

Discussion

Like many physoclistous teleosts, M. ambigua pre-
sented various clinical signs of barotrauma when
retrieved from 10 to 20 m (e.g. Schreer, Gokey &
Deghett 2009), and their associated post-release

Table 5 Summaries of GLMMs results (v2, d.f. and P) assess-
ing the influence of key variables on the mortality and fre-

quencies of external clinical signs of barotrauma (ECSB) in

Macquaria ambigua in experiment 2 that were retrieved from

20 m, retained for a 15-min surface interval and then released

untreated, vented (with a hypodermic needle) or recompressed

(by return to depth with a weighted line)

Response variable

Predictor variable v2 d.f. P

Mortality

Release method 7.6 2 <0.05
Number of ECS 9.0 2 <0.05
Sex 2.4 1 0.1

LT 0.5 1 0.5

Excess buoyancy

Release method 1.1 2 >0.05
Sex 1.8 1 >0.05
LT 0.8 1 >0.05

Swollen coelomic cavity

Release method 0.4 2 >0.05
Sex 3.9 1 <0.05
LT 4.1 1 <0.05

Prolapse cloaca

Release method 0.9 2 >0.05
Sex 17.4 1 <0.001
LT 14.0 1 <0.001

External haemorrhage

Release method 1.1 2 >0.05
Sex 2.4 1 >0.05
LT 2.0 1 >0.05

Exophthalmia

Release method 1.6 2 >0.05
Sex 1.0 1 >0.05
LT 2.3 1 >0.05

Controls (retrieved from 2 m) were not included in analyses.
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mortality was positively correlated with depth
(e.g. St John & Syers 2005). Of the clinical signs,
exophthalmia, unresolved excess buoyancy and a
collapsed swimbladder with severe internal haemor-
rhaging accounted for most deaths, but other inter-
nal injuries could cause longer-term mortalities
and/or sublethal impacts (Rummer & Bennett
2005). Handling methods to mitigate these injuries
can be prioritized by considering the underlying
causal mechanisms and their implications, includ-
ing the potential cumulative impacts on other
known angling or handling stressors.
Although exophthalmia occurred less frequently

than most other ECSB, it was associated with the
greatest mortality, with half of the afflicted
M. ambigua dying soon after release. Exophthal-
mia is unlikely to have caused the increased mor-
talities per se; rather, it was probably symptomatic
of fish with considerable internal physiological dis-
turbance. Among other teleosts, exophthalmia and
associated mortality, recovery and visual or
behavioural impairment have varied considerably
(Hannah et al. 2008a; Rogers, Lowe & Fern�andez-

Juricic 2011). For example, over similar depths
neither M. novemaculeata (Roach et al. 2011) nor
snapper, Pagrus auratus (Forster), (Butcher et al.
2012) developed exophthalmia, whereas it was
reported in 9% of black jewfish, Protonibea diacan-
thus (Lacep�ede), (Phelan 2008) and 18% of mixed
freshwater fish collected from the St Lawrence
River (Schreer et al. 2009). Even within a single
genus, exophthalmia susceptibility can vary sub-
stantially (e.g. between 8% and 82% among eight
species of Pacific rockfish, Sebastes spp., angled off
the southern Californian coast, Jarvis & Lowe
2008). For species predisposed to exophthalmia,
the incidence generally is positively associated with
depth (e.g. red snapper, Lutjanus campechanus
(Poey), Rummer & Bennett 2005; West Australian
dhufish, Glaucosoma hebraicum Richardson, St
John & Syers 2005; black rockfish, Sebastes melanops
Girard, and blue rockfish, Sebastes mystinus Jordan
& Gilbert, Hannah et al. 2008a).
Such species-specific variation in exophthalmia

susceptibility is most likely related to different
morphologies. Studies of spontaneous

(a) (b)

(c) (d)

Figure 2 Frequencies of external clinical signs of barotrauma (ECSB) among Macquaria ambigua in experiment 2 that were

retrieved from (a) 2 m (hauled 20 m diagonally) or (b-d) 20 m (hauled vertically), retained for a 15-min surface interval and then

assessed and released into two bathy-cages (a,b) untreated, (c) vented (with a hypodermic needle) or (d) recompressed (by return to

depth with a weighted line). Shading indicates the proportion with the ECSB that survived (light grey) and died (dark grey), and

those without the ECSB that survived (white) and died (black) after three days in the bathy-cages.
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exophthalmia in aquaculture fish indicate that the
most susceptible species have a large choroid body
(that supplies oxygen to the eye similar to the rete
mirabile in swimbladders, Wittenberg & Witten-
berg 1974) and haemoglobins with a large root
effect (decreased oxygen carrying capacity at lower

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3 Depth distributions over three days of six teleme-

try tagged Macquaria ambigua in experiment 2 that were

retrieved from (a,b) 2 m or (c-f) 20 m, retained for a 15-

min surface interval and then released into two bathy-cages

(a–d) untreated or (e,f) recompressed (by return to depth

with a weighted line). Data are detections from tags config-

ured to transmit every 45–95 s.

(a)

(b)

(c)

Figure 4 Post-mortem dissections of (a) female and (b) male

Macquaria ambigua from experiment 3, indicating the relative

size and location of ovaries (O), testes (T), liver (L), intra-peri-

toneal fat (IPF) and swim bladder (SB) in the peritoneal cavity.

(c) Ovaries from two females: one retrieved from 10 m and

immediately released (O1); and the other retrieved from 20 m

and held in a live well for 15 min (O2), with considerable

haemorrhaging.
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pH) (Stephens et al. 2002). In these species,
increased blood acidosis or carbon dioxide during
stress can decrease the partial pressure in the
choroid rete and increase oxygen diffusion into
the orbital cavities (Stephens et al. 2001; Herbert,
Wells & Baldwin 2002). However, this pathway
has yet to be explored in relation to exophthalmia
induced by decompression, which is generally
explained by an alternative mechanism (Hannah
et al. 2008b). For example, by injecting air
directly into the swimbladder of fresh fish
carcasses, Hannah et al. (2008b) attributed exoph-
thalmia to an increased permeability of the overin-
flated swimbladder wall allowing gas to escape
(without visible rupture) anterio-dorsally along a
path of least resistance into the orbital cavities. In
contrast, for species that are less susceptible to
exophthalmia, the swimbladder typically ruptures
or gases escape caudally towards the peritoneal
cavity, causing greater rates of prolapsed cloacas
and everted organs (Rummer & Bennett 2005;
Rogers et al. 2008).
Irrespective of the causal mechanism, the

mitigation of exophthalmia and any associated
mortality ultimately depend on appropriate post-
capture handling and release methods (Brill et al.
2008). Immediate recompression can completely
reverse exophthalmia, with 100% survival and
recovery of vision within a month, even after
severe barotrauma (e.g. rosy rockfish, Sebastes
rosaceus Girard, captured from 63–100 m that
were immediately recompressed in a portable hyp-
obaric chamber, Rogers et al. 2011). The single
recompressed fish that had exophthalmia in the
current study survived over three days, even after
a 15-min surface interval.
Although potentially less physiologically trau-

matic than exophthalmia, unresolved excess buoy-
ancy rendered M. ambigua incapable of
submerging and usually caused death. Excess buoy-
ancy and disorientation among M. ambigua held
in live wells have been frequently reported by
anglers and often attributed to confinement stress,
similar to the ‘swimbladder stress syndrome’
described in largemouth bass, Micropterus salmoides
(Lacep�ede), (Carmichael & Tomasso 1984) and
Arctic char, Salvelinus alpinus (L.) (Ricks 1991).
Like spontaneous exophthalmia, this condition has
been linked to physiological perturbations that
cause blood acidosis and exacerbate oxygen release
into the swimbladder through the root effect,
which is also likely to vary according to species-

specific haemoglobin compositions (Wells &
Dunphy 2009). Such stress response mechanisms
may have caused a cumulative effect on excess
buoyancy among the 20-m fish in this study (espe-
cially over the longer surface interval), but baro-
trauma was probably more influential because all
of the controls remained upright during confine-
ment. Irrespective of the underlying causes, rapid
resolution (via recompression or venting) would be
appropriate. Loss of orientation in M. ambigua
was usually terminal in this study (only one float-
ing fish was able to submerge and survive), and
although other species have recovered and sub-
merged after floating for up to 16–24 h, such indi-
viduals would be more vulnerable to predation,
injury from boat traffic and overexposure (Feathers
& Knable 1983; Gravel & Cooke 2008).
Beyond the above-mentioned obvious external

impacts to M. ambigua, barotrauma caused various
internal injuries, with a collapsed swimbladder and
associated haemorrhaging among the most detri-
mental, especially for vented fish. Roach et al.
(2011) also recorded greater mortality among
vented M. novemaculeata than those that were
immediately released untreated or recompressed
with a weighted hook and line, but this was attrib-
uted to injuries from incorrect venting (which did
not occur here). Collapsed blood-filled swimblad-
ders were also recorded in some recompressed fish
that were forced to return to depth with a release
weight. This could considerably hamper the healing
and reinflation of ruptured swimbladders and the
ability to regain normal buoyancy. For example, the
ruptured swimbladder of a tagged recompressed fish
did not reinflate during three days after release and
the fish mostly remained towards the bottom of the
cage. Swimbladder rupture has also been linked to
mortality in several other teleosts (e.g. Eurasian
perch, Perca fluviatilis L., Harden Jones 1951).
Notwithstanding the above, the consequences of

a perforated swimbladder varied, with many
vented M. ambigua in this study having intact
and inflated swimbladders just three days after
treatment and release, suggesting that providing
the damage is not extreme, repair can be quite
rapid. Similar swimbladder healing rates have also
been reported for Atlantic cod, Gadus morhua
L. (Midling et al. 2012), rainbow trout, Oncorhyn-
chus mykiss (Walbaum), (Bellgraph et al. 2008)
and Pacific cod, Gadus macrocephalus Tilesius,
(Nichol & Chilton 2006) among others. For
M. ambigua, it appears that the ability to heal and
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reinflate the swimbladder may be conditional on
the absence of associated internal haemorrhaging.
As venting can also cause haemorrhaging, this
should be avoided if possible.
In addition to ruptured and collapsed swimblad-

ders, some dead fish had severe ICSB (while pre-
senting no obvious ECSB) that were not alleviated
by any of the release methods. In particular, females
often contained large ripe gonads that occupied
most of the body cavity and suffered severe organ
compression and haemorrhaging, including a rup-
tured gall bladder in one individual (that died
immediately) and hepatic bruising in many. Others
had compressed and haemorrhaged ovaries, which
could have long-term consequences for reproduc-
tive output (K.C. Hall, M.K. Broadhurst, P.A.
Butcher, L. Cameron, S.J. Rowland & R.B. Millar,
unpubl. data). Although many males expelled milt
during recompression, only two females expelled
eggs out of their cloacas; however, this was quite
common among female M. novemaculeata (Roach
et al. 2011).
Based on the results of this study, and in

agreement with the recommendations made by
Roach et al. (2011) for M. novemaculeata, when-
ever possible, M. ambigua with barotrauma
should be released immediately and untreated in
the first instance. Alternatively, if fish lose orien-
tation or are unable to submerge or have exoph-
thalmia, it would be preferable to recompress
them back to the capture depth with a weighted
device; with the caveat that if fish are confined
in onboard live wells for extended surface inter-
vals (e.g. during live weigh-in tournaments),
venting may be the only option to reinstate
neutral buoyancy and immediately alleviate other
clinical signs. If left untreated in that state,
M. ambigua will most likely die. Furthermore,
most live weigh-in tournament fish are released
at the shore in shallow water after confinement,
which precludes recompression.
Overall, this study provides further evidence to

support the concept that although the clinical signs
of barotrauma are quite species-specific (reflecting
specific morphologies and/or blood physiology),
immediately processing afflicted fish is often the
most effective means of mitigation (Pribyl et al.
2012). This is particularly important for species
such as M. ambigua that already experience high
post-release mortality in response to conventional
angling (e.g. up to 43%, K.C. Hall, M.K. Broad-
hurst & B.R. Cullis, unpubl. data) to avoid the

possibility of further cumulative effects. In this
study, the effects of barotrauma were intentionally
isolated, but under normal scenarios, other angling
factors could contribute towards even greater mor-
tality, which may reduce the effectiveness of the han-
dling treatments. Given that a surface interval of
only 15 min was sufficient to increase the incidence
of excess buoyancy and short-term mortality of
M. ambigua with barotrauma, delayed-release tour-
naments in deep impoundments should be avoided.
It would be more appropriate to have weigh-in pro-
cedures at the capture location (e.g. dated photo vali-
dation, buddy systems or precertified scales), so that
fish can be immediately released untreated or, if nec-
essary, recompressed to their capture depth.
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