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INTRODUCTION

A total of 830 commercial fishers are legally en-
dorsed to use a range of active and passive gears to
target various teleosts, crustaceans and cephalopods
throughout 76 estuaries in New South Wales (NSW),
Australia, and land almost 5000 t of catch valued at
AU$ 21 million per annum (NSW Department of Pri-
mary Industries, www.dpi.gov.au). Up to 65% of the
total catch (worth AU$ 9.5 million) is harvested with
beach (or shore) seines and gillnets deployed by 139
and 487 fishers in 40 and 35 estuaries, respectively.

Catches can comprise more than 70 species, but pre-
dominantly consist of fewer than 10 mugilids, sparids,
sillaginids, gerreids, girellids or platycephalids (Gray
et al. 2001, 2005a).

In addition to the harvested catches, estuarine beach
seiners and gillnetters also discard large quantities of
bycatch, including individuals of the targeted species
smaller than minimum legal (MLTL) or commercial
total lengths (MCTL) (Gray 2002, Gray et al. 2001,
2004, 2005a, Gray & Kennelly 2003). For example, dur-
ing a 12 mo observer-based study of beach seiners in
3 estuaries, Gray et al. (2001) and Gray & Kennelly
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contributing factors for key species discarded during 8 and 9 deployments of commercial beach (or
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16 species) were handled according to conventional practices and assessed for immediate mortalities
before live samples of selected species were discarded into replicate cages along with appropriate
controls, and monitored for short-term mortalities (≤10 d). All of the seined or gilled fish were alive
prior to discarding. During the beach seine experiment, 20% of caged seined-and-discarded surf
bream Acanthopagrus australis (n = 290) were dead after 5 d, with most mortalities occurring
between the second and fifth day. In the gillnet experiment, 42 and 11% of gilled-and-discarded
A. australis (n = 161) and lesser salmon catfish Neoarius graeffei (n = 67), respectively, died during a
10 d monitoring period, mostly within the first 5 d. There were no deaths in any controls for these fish.
Mixed-effects logistic models revealed that the mortality of A. australis discarded from both gears
was significantly (p < 0.01) and negatively correlated with their total length, while N. graeffei had a
significantly (p < 0.05) greater (5-fold) probability of dying when jellyfish Catostylus sp. were present
in the gillnet. Simple modifications to the operations of beach seines and gillnets and/or post-capture
handling procedures, such as close regulation of size selectivity for the target species, careful
removal of fish from meshes, and abstention from setting during high abundances of jellyfish will
maximise the survival of discarded bycatch.
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(2003) estimated that between 85 and 269 t of bycatch
(38 and 59% of the total catches) were discarded at
each location. Comparable 10 and 3 mo studies with
gillnetters in 6 and 3 estuaries, respectively, showed
that while the average volumes of bycatch were con-
siderably less than those observed for beach seines,
extrapolated annual estimates were up to 65 t for some
estuaries (Gray 2002, Gray et al. 2004). Further, the
bycatches of both gears included large numbers of
juveniles of commercially and recreationally important
species, and especially surf bream Acanthopagrus
australis (<250 mm TL).

Concerns over the potential for wide scale, unac-
counted fishing mortalities of key discards precipitated
attempts at improving the selectivity of beach seines
and gillnets. Most of this work involved gear-based
technical modifications, such as alternative rigging
configurations and materials for gillnets (Gray et al.
2005b), strategic escape panels for beach seines (Gray
et al. 2000) and increases in the sizes of mesh for both
gears (Kennelly & Gray 2000, Broadhurst et al. 2003,
2006a, 2007a).

Differences among the behaviour, size and morphol-
ogy of the various species and their temporal and spa-
tial distribution among catches preclude the develop-
ment of a single modification to eliminate all bycatches
for each gear type. Nevertheless, some simple changes
significantly improved selectivity for a range of spe-
cies, and those changes have either been legislated, or
are currently being considered. In particular, Broad-
hurst et al. (2006a, 2007a) showed that the smallest
mesh size used in the bunts and codends of beach
seines could be almost doubled from 30 to 57 mm, with
negligible changes in catches of most of the key tar-
gets. Similarly, based on clear negative relationships
between mesh size and the catches of undersize Acan-
thopagrus australis and luderick Girella tricuspidata
(<250 mm TL) in gillnets, the minimum mesh size was
recently increased from 80 to 95 mm for configurations
deployed for more than 3 h (Gray et al. 2005a). Gillnets
with 80 mm mesh are still permitted under NSW state
law if the nets are set and immediately retrieved, par-
tially because these gears are used to target flathead
mullet Mugil cephalus (which at a MLTL of 300 mm
have a narrower girth than other key species; Broad-
hurst et al. 2006a), but also because of the perception
that short deployments result in few discard mortalities
(Gray et al. 2005a).

While technical modifications to most configurations
of beach seines and gillnets should address many of
the concerns associated with bycatch, because of the
large diversity in species assemblages and abun-
dances at least some unwanted organisms will still be
caught and discarded. Few data are available on the
fate of these organisms (but see Kennelly & Gray

2000), or the factors contributing towards any mortali-
ties. Such information is required to provide a more
comprehensive assessment of the impacts of both of
these fisheries in estuaries and, equally importantly, to
develop technical solutions that maximise survival
and/or validate existing practices (such as short
deployments of gillnets).

Reviews of the relevant literature indicate that there
is considerable variability in the mortality of bycatch
discarded from commercial fishing gears, which can be
attributed to a range of biotic and abiotic factors (Davis
2002, Broadhurst et al. 2006b). Key parameters identi-
fied for gillnets include the mesh configuration (Van-
der Haegen et al. 2004, Bettoli & Scholten 2006),
deployment duration (Murphy et al. 1995, Farrell et al.
2000, Bettoli & Scholten 2006), water temperature
(Murphy et al. 1995, Bettoli & Scholten 2006), depth
(Basaran & Samsun 2004) and the species (Manire et
al. 2001) and fish size (Gallinat et al. 1997). Much less
information is available for beach seines (but see Fritz
& Johnson 1987), although some of the above factors,
as well as those identified for towed gears (such as
catch volume; Broadhurst et al. 2006b), may similarly
influence the fate of discards. Differences among these
variables can be sufficient to cause immediate deaths
during the gear deployments (i.e. prior to discarding)
or manifest as protracted mortalities, which for many
fish typically occur over up to at least 5 d.

Variation among the factors contributing towards
mortalities and their temporal influence means that in
any study which seeks to quantify the fate of discarded
bycatch it is necessary to collect as much information
as possible during commercial fishing and then moni-
tor the health and mortality of discards, with adequate
controls, over extended periods. Our first aim was to
use this approach to estimate the mortality and key
contributing factors for Acanthopagrus australis and
other species discarded by estuarine beach seiners and
gillnetters. Based on this information, our second aim
was to identify the potential for changes to operational
and/or post-capture handling methods that maximise
survival.

MATERIALS AND METHODS

Monitoring site and equipment used. The aims were
addressed in 2 experiments done in the Clarence River
system (29° 27’ S, 153° 09’ E; Fig. 1) between June 2006
and February 2007. For each experiment, four 1000 l
polyethylene (PE) holding tanks were located on the
banks of a tributary (termed the ‘monitoring site’) that
connects the Clarence River and Lake Wooloweyah
(Fig. 1). All tanks were supplied with local, flow-
through sea water (at a rate of up to 63 l min–1) and air.
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Sixty 2.5 m steel stanchions were secured in 2 parallel
lines approximately 3 m apart (in <2 m of water) to the
bottom of the tributary near the holding tanks. Each
row of stanchions had 90 m of 10 mm diameter (∅) rope
attached horizontally at a level corresponding with the
average low tide. This assembly was used to secure up
to 12 small- (0.3 m ∅ × 0.4 m depth) or 110 medium-
(0.5 m ∅ × 0.7 m depth) sized portable cylindrical cages
made from modified polyvinyl chloride (PVC) buckets.
All small and medium cages had lateral ‘windows’
(combined area of approximately 800 cm2) covered by
6 mm PVC mesh and clips at the top for securing to the
rope. Fourteen large (1.5 m ∅ × 1.5 m depth) cages,
comprising 22 mm knotless polyamide (PA) netting
(with 1 m long zippers at the top) suspended from
square frames of PVC tubing (100 mm ∅) and
weighted by 2 stainless-steel rings, were anchored (in
depths of 2 to 2.5 m) within 100 m of the stanchions.
The small and large cages were used during the beach
seine experiment, while the medium cages were used
during the gillnet experiment according to differences
among the species and sizes of fish encountered and
the methods of retrieving the gears (see below).

A fish-transport system consisting of either eight 75 l
PVC containers (beach seine experiment) or the
medium cages (gillnet experiment) filled with aerated

water was designed to fit into a 4 m dory. The 75 l PVC
containers were of sufficient size that 2 of the small
cages could fit inside. Water quality (oxygen, pH,
salinity and temperature) was monitored in all contain-
ers using an Horiba U 10 meter and maintained
(through water exchange) at the same level as that
recorded at the deployment site.

Beach seine experiment. The first experiment was
done in the Clarence River and Lake Wooloweyah
(Fig. 1) between June and July 2006 and involved 8
replicate deployments of conventional beach seines by
2 crews (each with up to 3 fishers). The beach seines
were similar and constructed from knotted, multi-
strand (1.5 mm ∅ twine) PA netting with a stretched
depth of 6 m throughout, attached at a hanging ratio
(E) of 0.5 to a 450 m buoyed headline and weighted
foot rope. The mesh sizes were 80, 57 and 42 mm in the
anterior and posterior wings and bunt/codend, respec-
tively (see Broadhurst et al. 2007a for further details).

Fourteen days before the first seine was deployed,
400 juvenile Acanthopagrus australis (<250 mm TL)
previously collected from the Clarence River using
hook-and-line and other non-invasive methods (see
Uhlmann & Broadhurst 2007 for details) were trans-
ferred from the aquaria facilities at the National
Marine Science Centre in Coffs Harbour to 3 of the
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1000 l holding tanks at the monitoring site. Approxi-
mately 50 common silver belly Gerres subfasciatus
(<150 mm TL) were also collected from the Clarence
River using cast nets and placed into the remaining
1000 l holding tank. These captive A. australis and G.
subfasciatus were fed and monitored daily for mortali-
ties before being used in the experiment as controls
(see below).

On each day of fishing, the beach seines were
deployed at an appropriate location (dictated by fisher
knowledge) during daylight and immediately before
the start of either the flood or ebb tides (typically 1
deployment d–1). The method involved 1 fisher holding
a wing end at the beach, while the other fishers
deployed the seine from a motored dory in a parabolic
path around the area being fished and then returned to
the beach. The 3 fishers then manually retrieved the
wings of the seine so that catch was herded into the
bunt and pulled towards the beach at approximately
0.25 m s–1. This entire process took between 15 and
40 min. The bunt was left in >1 m of water, while the
catch was removed in subsets of up to 10 kg, placed in
a tray onboard the fishing dory and sorted into
retained and discarded categories by the crew. Fishers
were then asked to discard individuals of unwanted
and/or undersize Acanthopagrus australis, Gerres sub-
fasciatus (MCTL of 150 mm) and sand sillago Sillago
ciliata (MLTL of 270 mm) into the transport system
onboard the dory, which was positioned alongside the
bunt at the beach. G. subfasciatus were placed in
groups of 3 into replicate (n = 6) small cages sub-
mersed in the water-filled 75 l containers. In contrast,
owing to their larger sizes, A. australis and S. ciliata
were placed directly into the 75 l containers at a maxi-
mum of 10 fish container–1. All ‘discarded’ fish were
transported to the monitoring site within 45 min of cap-
ture and transferred by either lifting the small cages
from the dory and clipping them to the rope between
the stanchions or, in the case of A. australis and S. cili-
ata, by lifting the 75 l containers from the dory and
placing them upside-down (so that fish could swim out)
into replicate (n = 2) unzipped large cages (stocking
densities of between 10 and 25 seined-and-discarded
fish per cage). No fish were exposed to air during their
transfer.

Within 30 min of the last seined-and-discarded indi-
vidual being transferred to the monitoring site, all fish
(i.e. Acanthopagrus australis or Gerres subfasciatus) in
the 1000 l holding tanks were anaesthetised (using
35 mg l–1 of ethyl-p-amino benzoate as per NSW
Department of Primary Industries animal ethics guide-
lines) before the appropriate species and numbers
(same as the treatment fish) were randomly selected
for use as controls. The sedated control fish were
scooped (in 5 l PVC buckets), placed into the 75 l con-

tainers on the dory and transferred to the monitoring
site as described above for seined-and-discarded fish.
Control A. australis had their upper caudal fins clipped
before being placed into the same large cages as the
treatment fish. The stocking densities of G. subfascia-
tus in the small cages precluded this methodology, and
so controls were placed into separate cages (in groups
of 3). Except for Sillago ciliata (for which there were no
controls), the numbers of control and seined-and-dis-
carded fish within, or between, replicate cages were
identical for all deployments. All caged fish were
offered food and monitored every 24 h over 5 d. To
maintain stocking densities, dead individuals were
removed, measured and replaced with a live  individ-
ual (lower caudal fin clipped) from the 1000 l holding
tanks.

For 2 of the 8 beach seine deployments, blood
samples were taken at the end of the fifth day of
monitoring (following the methods described by
Broadhurst et al. 2005) from 2 randomly selected
seined-and-discarded and control Acanthopagrus aus-
tralis in each replicate cage. Five A. australis were
then angled from the wild (near the monitoring site)
and sampled for blood within 2 min of hooking before
being released. All remaining surviving individuals
from the deployments were released.

Gillnet experiment. The second experiment was
done in Lake Wooloweyah (Fig. 1) during February
2007 with 9 replicate deployments of a commercial
gillnet. The gillnet was made from 80 mm PA mesh
(1.5 mm ∅ twisted twine) hung at an E of 0.5 along a
750 m headline and foot rope, and had a stretched
depth of 1.5 m. Fishing followed conventional opera-
tions, with the gillnet deployed either at night or dur-
ing the day in a straight line from a 6 m dory and left to
fish on the bottom of the lake (<2 m depth) for between
5 and 20 min. During each deployment, fishers
attempted to increase fish contact with the gear by
running the dory along the length of the net and
splashing the water. The fishers then travelled back to
the start of the gillnet and manually hauled it onto the
fishing dory over a period of between 1 and 2.5 h.
Acanthopagrus australis and lesser salmon catfish
Neoarius graeffei were removed from the net and,
based on their MLTL or MCTL (250 and approx.
350 mm TL, respectively), classified as retained or dis-
carded. Fishers were asked to release the ‘discarded’
individuals directly into the medium cages in the fish-
transport system on the dory. For most deployments,
1 N. graeffei or 3 A. australis were placed into each
medium cage, although in some cases, 6 A. australis
were temporarily stocked in individual cages during
their transfer to the monitoring site (all within 30 min).
These additional fish were then released into separate
medium cages (so that the density of the monitored
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gilled-and-discarded A. australis was always 3 fish
cage–1), before all cages were clipped to the lines
between the stanchions. None of the treatment fish
were exposed to air during their transfer.

Similar-sized control Acanthopagrus australis (previ-
ously collected and placed in the 1000 l holding tanks
as per the beach seine experiment) were then anes-
thetized, fins clipped (for identification) and placed in
groups of 3 into each of the medium cages containing
the gilled-and-discarded individuals (providing a total
stocking density of 6 fish cage–1). Control Neoarius
graeffei were angled (lip hooked only) within 1 km of
the monitoring site, individually released into separate
medium cages onboard the transport dory and trans-
ferred to the line between the stanchions as above. The
final numbers of control and gilled-and-discarded fish
were identical for all deployments. All caged fish were
fed and monitored every 24 h. Any dead A. australis
were replaced as described for the beach seine
experiment. Because there was a delayed mortality of
seined-and-discarded A. australis during the first
experiment (see ‘Results’), the monitoring period for
the gillnet experiment was extended to 10 d.

Blood was taken (following the methods described
by Broadhurst et al. 2005) from each of 4 individually
caged, gilled-and-discarded and control Neoarius gra-
effei at the end of the monitoring periods for 6 separate
deployments, and from 8 gilled-and-discarded and
control Acanthopagrus australis (i.e. 2 fish from 4
cages for each group) at the end of the monitoring peri-
ods for 3 deployments. Nine N. graeffei and 4 A. aus-
tralis were also angled from the wild near the monitor-
ing site and sampled for blood (within 2 min of capture)
before being released.

Data collected and statistical analyses. The follow-
ing data were recorded during each gear deployment:
the location, start and finish time of fishing and, for the
gillnets, the time that each Neoarius graeffei and every
third Acanthopagrus australis were removed from the
net and discarded into the medium cages; the duration
that discards were exposed to air and handled; the
presence or absence of jellyfish Catostylus sp. in the
nets; the numbers and weights of retained, discarded
and total catches and their status (alive vs. dead); and
the numbers of fish discarded into the various cages. A
water quality meter (Horiba U 10) was used to record 2
replicate readings of water temperature (°C), dissolved
oxygen (mg l–1), salinity (psu) and pH at the surface of
river or lake during fishing and then at the monitoring
site when the fish were transferred.

All data were analysed separately for each species
and within each experiment. The live and dead caged
treatment and control fish at the end of each experi-
ment were measured for their TL (to the nearest
0.5 cm). Two-tailed Fisher’s exact tests were used to

investigate the independence of the treatment of fish
(i.e. seined- or gilled-and-discarded vs. controls) on the
numbers surviving at the end of each experiment. The
blood samples collected from confined and angled
Acanthopagrus australis and Neoarius graeffei at the
end of the monitoring periods were analysed for con-
centrations of plasma glucose (mmol l–1) to provide an
index of acute stress (Mazeaud et al. 1977, Grutter &
Pankhurst 2000, Broadhurst et al. 2007b). Glucose
concentrations were derived by means of colorimetric
clinical kits (Roche Diagnostics) using an enzymatic
spectrophotometric assay done according to the manu-
facturer’s instructions. Plasma glucose concentrations
from angled fish (sampled within 2 min of capture)
were considered baseline estimates. Hierarchical (and
nested) analyses of variance (ANOVA) were used to
first test for any intra-specific differences in plasma
glucose among monitored treatment and control A.
australis and Neoarius graeffei from different deploy-
ments and in different cages (A. australis only). Where
there were no significant main or interactive effects of
the treatment of fish, glucose concentrations from
experimental fish were compared with individuals
angled from the wild (baseline estimates).

Appropriate environmental, technical and biological
parameters collected for the gear deployments were
collated as either fixed categorical or continuous vari-
ables and, where there was sufficient replication, con-
sidered with the random factors of ‘deployments’ and
‘cages’ in mixed-effects logistic models fitted to the
dichotomous status (alive vs. dead) of discarded, caged
individuals at the end of the monitoring periods. These
models were fitted using the lmer function within the
freely available R statistical language. A stepwise vari-
able search algorithm was employed with the most
parsimonious fit based on the lowest Akaike’s Informa-
tion Criterion. For consistency across all model fits,
random effects terms were included in the preferred
model whenever they were estimated to be present
(i.e. non-zero), even if not statistically significant.

RESULTS

The total, retained and discarded catches per de-
ployment and species compositions of the beach seines
and gillnets were within the ranges typically experi-
enced for these fisheries (Tables 1 & 2). Further, the
environmental parameters recorded at the deployment
and monitoring sites in both experiments were within
the natural tolerance limits of all species examined,
and were mostly consistent within and between repli-
cates (Table 1). However, there were differences in
salinity between the deployment (mean ± SE of 11.9 ±
3.0 psu) and monitoring (27.9 ± 0.3 psu) sites for Acan-
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thopagrus australis during the beach seine experiment
(Table 1). These differences were unavoidable and
reflected the need for a centralised monitoring site and
the spatial and temporal deployment of the seine
according to tidal movements (Fig. 1). The contribution
of such variation in salinity on the mortality of seined-
and-discarded A. australis was assessed by including
this parameter in the logistic models (see next
subsection).

Beach seine experiment

Bycatches from the 8 beach seine deployments com-
prised 11 species of fish (1837 individuals), all of which
were alive at the end of sorting and prior to discarding
(Table 2). A total of 290 Acanthopagrus australis (150
to 245 mm TL), 18 Gerres subfasciatus (110 to 155 mm
TL) and 30 Sillago ciliata (150 to 255 mm TL) were
released along with similar-sized controls (except for
S. ciliata) into the small and medium cages (Table 3).
A. australis were caught during 7 deployments, while
all G. subfasciatus and S. ciliata were restricted to a
single deployment (Table 3).

Overall, there were significantly greater cumulative
mortalities to seined-and-discarded Acanthopagrus
australis (20.3%) and Gerres subfasciatus (72.2%) than
their controls (0.0 and 5.5%, respectively, Fisher’s
exact tests, p < 0.01). None of the seined-and-dis-
carded A. australis died until the third day, after which
their mortalities steadily increased until the experi-
ment was terminated on the fifth day (Fig. 2a). G. sub-
fasciatus demonstrated a similar, albeit less severe,

rate of protracted mortality (Fig. 2a).
Most seined-and-discarded Sillago cil-
iata (total mortality of 30.0%) died
during the first 48 h (Fig. 2a).

A 3-factor (comprising gear ‘deploy-
ments’, ‘treatment of fish’ and ‘cages’)
ANOVA failed to detect significant
interactions between (1) the treatment
of fish and cages (nested in deploy-
ments) (F2,8 = 0.75, p > 0.05) or (2) the
treatment of fish and deployments
(F1,2 = 0.09, p > 0.05) on the raw con-
centrations of glucose in Acantho-
pagrus australis at the end of 5 d mon-
itoring, and so these terms were
pooled. No subsequent significant F-
ratios were detected for the main
effects of deployments (F1,2 = 0.01, p >
0.05), treatment of fish (F1,11 = 4.53, p >
0.05) or cages (F2,11 = 3.83, p > 0.05),
although the latter 2 factors had p-
values of 0.055 and 0.057, respec-
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Species Beach seine Gillnet
Total Mean no. Total Mean no.
no. per deployment no. per deployment

Acanthopagrus australis 610 76.3 ± 16.0 202 22.4 ± 7.5
Gerres subfasciatus 716 89.6 ± 62.3 – –
Sillago ciliata 61 7.6 ± 4.7 – –
Mugil cephalus 245 30.7 ± 21.5 2 0.2 ± 0.2
Liza argentea 128 16.0 ± 14.7 – –
Herklotsichthys castelnaui 27 3.4 ± 3.4 1 0.1 ± 0.1
Platycephalus fuscus 1 0.1 ± 0.1 – –
Hyporhamphus australis 5 0.6 ± 0.6 – –
Rhabdosargus sarba 13 1.6 ± 1.6 – –
Tetractenos hamiltoni 12 1.5 ± 1.5 – –
Enoplosus armatus 19 2.4 ± 1.2 – –
Neoarius graeffei – – 269 29.9 ± 9.1
Caranx sp. – – 3 0.3 ± 0.3
Trygonoptera testacea – – 1 0.1 ± 0.1
Portunus pelagicus – – 22 2.4 ± 1.0
Scylla serrata – – 10 1.1 ± 0.5

Table 2. Total and mean (±SE) number per deployment of discarded catches
from the beach seines and gillnets. All organisms were observed to be alive 

during sorting and prior to discarding. –: not caught

Variable Beach seine Gillnet

Environmental
Deployment site: 
Water temperature (°C) 16.1 ± 0.2 26.7 ± 0.4
DO (mg l–1) 9.0 ± 0.2 5.6 ± 0.2
Salinity (psu) 11.9 ± 3.0 28.2 ± 0.4
pH 8.1 ± 0.1 8.0 ± 0.0

Monitoring site:
Water temperature (°C) 15.4 ± 0.4 26.2 ± 0.3
DO (mg l–1) 9.2 ± 0.1 5.4 ± 0.2
Salinity (psu) 27.9 ± 0.3 27.2 ± 0.5
pH 8.4 ± 0.1 7.9 ± 0.1

Catch air exposure (min) <1 <1

Technical
Deployment duration (min) 27.0 ± 3.5 99.9 ± 10.8
Soak time of fish (min) NA 62.6 ± 9.4

Biological
Total catch (kg) 52.4 ± 14.8 59.8 ± 9.4
Retained catch (kg) 24.1 ± 8.7 42.9 ± 9.4
Discarded catch (kg) 28.2 ± 6.0 16.8 ± 4.0
Jellyfish Catolstylus sp. Absent Present in 1

deployment
TL (mm) of monitored discards: 
Acanthopagrus australis 198.5 ± 1.3 216.1 ± 1.3

(n = 290) (n = 161)
Gerres subfasciatus 129.7 ± 3.4 NA

(n = 18)
Sillago ciliata 209.2 ± 5.7 NA

(n = 30)
Neoarius graeffei NA 337.8 ± 4.1

(n = 67)

Table 1. Mean (±SE) key environmental, technical and bio-
logical variables recorded during the deployments of the
beach seines (n = 8) and gillnets (n = 9) in bycatch (‘discards’)
mortality experiments. NA: not applicable; DO: dissolved

oxygen; TL: total length
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tively. There were no significant differences in mean
(±SE) glucose concentrations in the seined-and-
discarded (4.0 ± 0.6 mmol l–1, n = 8) and control (2.9 ±
0.3 mmol l–1, n = 8) A. australis (pooled across deploy-
ments and cages) and baseline estimates of angled
individuals (2.5 ± 0.2 mmol l–1, n = 5) (1-factor ANOVA,
F2,18 = 2.76, p > 0.05).

Successful mixed-effects logistic models were fitted
for Acanthopagrus australis, Gerres subfasciatus and
Sillago ciliata. The explanatory variables considered
for inclusion in the A. australis model were (1) the
short-term temporal deployment of gears — separated
into midday (between 12:00 and 14: 30 h) vs. morning
(between 06:00 and 10:30 h) or afternoon (between

16:00 and 16:30 h); (2) deployment duration (min);
(3) total catch weight (kg); (4) TL (mm) of monitored
discards; (5) salinity (psu) and (6) temperature (°C) at
the deployment sites; and (7) differences in salinity
between the deployment and monitoring sites. Differ-
ent cages and deployments were included as potential
random effects. Model terms were limited to main
effects only, with no interactions. The most parsimo-
nious model was reduced to the random effects of
deployment and cages (both significant at p< 0.05) and
the fixed effect of TL (p < 0.01). This latter variable
translated to a mean (±SE) reduction in the log-odds
mortality of 0.045 (±0.010) per mm increase in TL,
with the smallest observed seined-and-discarded indi-
viduals (150 mm TL) having a 47% expected probabil-
ity of dying, compared with less than 10% for indi-
viduals >216 mm TL (Fig. 3a).

A lack of replication for Gerres subfasciatus meant
that their analysis did not include a deployment ran-
dom effect or covariates measured at the deployment
level, leaving only the effects of cages and TL. The
cage effect was estimated to be zero and the TL effect
was estimated as a reduction in log-odds of 0.016
(±0.038) per mm increase in length, but this was not
statistically significant (p > 0.05). Similarly, Sillago cili-
ata were caught in only one deployment, also preclud-
ing the use of deployment covariates. As for G. subfas-
ciatus, the best model estimated no random cage
effect. TL was not significant (p > 0.05), but was
included for consistency and corresponded to a reduc-
tion in log-odds mortality of 0.017 (±0.014) per mm
increase in length.

Gillnet experiment

Eight species (478 fish) were discarded during the 9
gillnet deployments (Table 2). As in the beach seine
experiment, all fish were alive prior to discarding. A
total of 162 Acanthopagrus australis and 68 Neoarius
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Replicate Beach seine Gillnet
deployments A. australis G. subfasciatus S. ciliata A. australis N. graeffei

Alive Dead Alive Dead Alive Dead Alive Dead Alive Dead

1 27 23 5 13 21 9 29 19 6 0
2 46 4 – – – – 23 27 2 0
3 33 17 – – – – 7 5 6 0
4 28 12 – – – – 21 6 12 2
5 30 0 – – – – 12 9 4 1
6 49 1 – – – – 1 2 12 0
7 18 2 – – – – – – 7 4
8 – – – – – – – – 11 0

Table 3. Numbers of live and dead seined- and gilled-and-discarded Acanthopagrus australis, Gerres subfasciatus, Sillago ciliata
and Neoarius graeffei for each relevant replicate deployment at the end of each experiment. –: not applicable
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Fig. 2. Cumulative temporal mortalities of discarded (a) Acan-
thopagrus australis, Sillago ciliata and Gerres subfasciatus in
the beach seine experiment and (b) A. australis and Neoarius
graeffei in the gillnet experiment. T: treatment; C: control
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graeffei (80 and 25% of the total numbers discarded)
caught during 6 and 8 deployments, respectively,
were placed into the medium cages and monitored
along with the same numbers of controls over 10 d
(Table 3). The gilled-and-discarded fish were similar
in size to their controls; A. australis ranged from 175
to 245 mm TL and N. graeffei from 280 to 420 mm
TL.

None of the control fish died. One each of the
gilled-and-discarded Acanthopagrus australis and
Neoarius graeffei escaped during the monitoring
period, while 68 and 7 of the remaining individuals of
these species died, providing significant mortalities of
42.2 and 10.5%, respectively (Fisher’s exact test, p <
0.01, Table 3). A. australis had a steady increase in
their mortality over the first 5 d, after which their mor-
talities stabilized (Fig. 2b). All 7 N. graeffei died with-

in 24 h, including 1 individual within 3 h of being
caged (Fig. 2b).

A 3-factor (‘deployments’, ‘treatment of fish’ and
‘cages’) ANOVA returned a non-significant interaction
between the treatment of fish and deployments (F2,18 =
0.18, p > 0.05) and a non-significant main effect of the
nested factor, cages (F18,24 = 0.70, p > 0.05) for the con-
centrations of glucose in Acanthopagrus australis at
the end of the monitoring period. These terms were
pooled, with the revised model showing a significant
main effect of deployments (F2,44 = 5.63, p < 0.01), but
not the treatment of fish (F1,44 = 0.00, p > 0.05). A
subsequent 1-factor ANOVA revealed no significant
differences in the concentrations of glucose among
4 randomly selected, gilled-and-discarded (mean ± SE
of 2.9 ± 0.2 mmol l–1) and control (2.5 ± 0.2 mmol l–1)
individuals from the same deployment and baseline
estimates (2.9 ± 0.1 mmol l–1) from angled fish (F2,9 =
2.87, p > 0.05).

There was no significant interaction between
deployments and the treatment of fish (F5,36 = 1.13; p >
0.05) on the concentrations of glucose in Neoarius gra-
effei or a significant main effect of the latter (after pool-
ing; F1,41 = 0.42, p > 0.05). Irrespective of the treatment
of fish, differences in concentrations of glucose were
detected among deployments (F5,41 = 2.56, p < 0.05).
There were no significant differences in the concentra-
tions of glucose among 8 randomly selected gilled-
and-discarded (2.2 ± 0.1 mmol l–1), control (2.1 ±
0.2 mmol l–1) and angled (2.0 ± 0.1 mmol l–1) N. graef-
fei (1-factor ANOVA, F2,21 = 0.81, p > 0.05).

Mixed-effects logistic models were converged for
Acanthopagrus australis and Neoarius graeffei. The
explanatory variables considered for inclusion were (1)
night (between 20:30 and 05:15 h) vs. day (between
08:00 and 15:30 h); (2) soak time of fish (min); (3) TL
(mm) of discarded monitored fish; and (4), salinity (psu)
and (5) temperature (°C) at the deployment sites. Dif-
ferent deployments and cages (A. australis only) were
included as potential random effects. The presence or
absence of jellyfish was also included for N. graeffei.
For A. australis, the best model estimated a non-signif-
icant effect of deployments (p > 0.05) and no effect of
cages. The only significant fixed effect was TL (p <
0.01), which corresponded to a reduction in the log-
odds mortality of 0.050 (±0.013) per mm increase in
length, so that the smallest gilled-and-discarded indi-
viduals (175 mm TL) had an 83% expected probability
of dying, compared with 11% for those at ≥250 mm TL
(Fig. 3b). The best model for N. graeffei found no ran-
dom effects (p > 0.05), but did detect a significant fixed
effect of the presence of jellyfish (p < 0.05). The effect
of TL was estimated to be a reduction in log-odds mor-
tality of 0.015 (±0.014) per mm increase, but this was
not statistically significant (p > 0.05).
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DISCUSSION

The fate of organisms discarded during commercial
fishing is strongly influenced by the cumulative effects
of a suite of technical (e.g. gear design and deployment
methods), environmental (e.g. temperature, hypoxia
and the availability of light) and biological (e.g. physi-
ology, size, and catch volume and/or composition) fac-
tors (Davis 2002, Broadhurst et al. 2006b). Inherent
fishery-specific differences mean that the importance
of these individual factors varies considerably, but
there are some general trends in the magnitudes of
observed impacts. For example, industrial fisheries
involving towed gears like trawls that actively direct
large quantities of organisms into codends over
extended periods often cause considerable damage to
discarded fish and immediate or short-term mortalities
that approach 100% (Broadhurst et al. 2006b). By com-
parison, the impacts of smaller-scale and/or passive
gears, including some gillnets, are typically less severe
and often associated with fewer than 50% mortalities
(Murphy et al. 1995, Gallinat et al. 1997, Farrell et al.
2000, 2001, Vander Haegen et al. 2004, Buckel et al.
2006, Uhlmann & Broadhurst 2007).

Except for Gerres subfasciatus, the observations in
the present study support the consensus above, with
no immediate deaths to any of the 2730 individuals
comprising discards from both gears, and short-term
mortalities between 10 and 43% for Acanthopagrus
australis, Sillago ciliata and Neoarius graeffei. The
generally lower proportions of dead than live discards
can be attributed to the common operational character-
istics of the beach seines and gillnets. Although their
catching methods differed (i.e. active vs. passive), both
gears were deployed for short periods (means of
<63 min) in shallow water (<2 m), with organisms
quickly sorted and exposed to air for less than 1 min
prior to being discarded. Further, catches in the beach
seine were not large (mean of 41 kg) relative to the vol-
ume of the codend/bunt (i.e. 4 to 7 m in circumference
× 9 m in length; Broadhurst et al. 2007a) and were
unlikely to be compressed or overly crowded. Such
factors can be considered fairly mild in terms of their
known ranges of impacts on discards (Broadhurst et al.
2006b).

Notwithstanding the general pattern above, there
were differences among species tolerances to the
catch-and-discarding mechanisms of each gear,
clearly illustrated by the relatively greater mortality
(70%) of seined-and-discarded Gerres subfasciatus
than the other species. Uhlmann & Broadhurst (2007)
observed similar rates of death and massive associated
physical trauma (scale loss and lesions) to this species
(and Castelnau’s herring Herklotsichthys castelnaui)
after the fish had been discarded from estuarine

penaeid seiners and trawlers. These earlier observa-
tions were attributed to the general fragility of G. sub-
fasciatus and their inability to avoid or withstand colli-
sions with meshes and other organisms during their
progression along netting panels into codends, and the
subsequent build-up of catch. Comparable impacts
would have occurred in the beach seines as fish were
herded by the wings and into the bunt. All G. subfas-
ciatus were considerably smaller than the other spe-
cies and, because TL is positively correlated to swim-
ming speed and endurance (Beamish 1978), they
would have tired more rapidly. Fatigued fish are less
able to respond to stimuli in the gear, which can exac-
erbate physical impacts (Broadhurst et al. 2006b).

The importance of TL in contributing towards mor-
tality is supported by the parsimonious logistic model
for Acanthopagrus australis, with seined-and-discar-
ded fish at 150 mm TL having a 47% probability of
dying versus <10% for fish >216 mm TL. Compared
with their larger conspecifics, smaller A. australis may
have been less able to avoid tactile stressors during
their capture in the beach seines. However, unlike
Gerres subfasciatus, A. australis have hard scales, are
physically robust and apparently quite resilient to a
range of impacts with different fishing gears (Broad-
hurst et al. 2005, 2007b, Uhlmann & Broadhurst 2007).
While there were no concomitant, significant effects of
TL on the mortality of Sillago ciliata, this may reflect
their smaller sample size (i.e. 30 individuals caught in
1 deployment). Further research is required to more
clearly elucidate the cause(s) of their mortalities.

TL was also a significant predictor of mortality for
gilled-and-discarded Acanthopagrus australis, which
again may be explained by a positive correlation
between size and general resilience. However, it is
equally likely that the methods by which fish were
removed from the gear had some interaction. During
retrieval, most A. australis were impinged in multiple
meshes, usually along their body (small fish), or around
their head (larger fish). Depending on their girth,
smaller fish were removed by pulling them forwards
through the meshes, while larger individuals were
pushed backwards. Forcing individuals between 195
and 225 mm TL (e.g. those with a maximum girth close
to the maximum stretched mesh perimeter; Broadhurst
et al. 2006a) through meshes may have either (1) dam-
aged their internal organs and/or (2) caused skin injury
that ultimately contributed towards their mortality. In
support of the latter impacts, like other studies (e.g.
Vander Haegen et al. 2004), we observed that dead
fish had massive scale loss at, and posterior to, their
point of meshing.

The mortalities for gilled-and-discarded Neoarius
graeffei (10.5%) were not significantly associated with
TL, and while this result might be a function of their
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much greater relative sizes (i.e. 280 to 420 mm TL),
their morphology and method of capture may also
have precluded any correlation. Irrespective of TL,
most N. graeffei were entangled on their rigid dorsal
and pectoral spines, rather than being meshed along
their body. Because their spines contain poison and
can inflict serious wounds to fishers, N. graeffei were
carefully removed from the net (although some spines
were broken by fishers). The few subsequent deaths
were apparently caused by a sporadic presence of jel-
lyfish in 1 deployment, with afflicted individuals hav-
ing clear contact marks along their flanks. Conceiv-
ably, Acanthopagrus australis and the other species
could incur similar injuries and associated mortalities;
however, insufficient numbers were exposed to jelly-
fish to test for any effects.

There were no other predictors of mortality for fish
discarded from either of the gears. Nevertheless, fac-
tors which were examined, but did not have suffi-
cient magnitudes of differences and/or replication to
be detected, could still affect the fate of discards.
One important factor might be water temperature
(Davis 2002, Broadhurst et al. 2006b). For example,
Murphy et al. (19956) and Bettoli & Scholten (2006)
observed positive correlations between water tem-
perature and the mortality of spotted sea trout
Cynoscion nebulosus and paddle fish Polyodon
spathula caught in inshore marine and freshwater
gillnets, respectively. These results were attributed to
exacerbated physiological responses at the higher
temperatures. A lack of temporal replication in the
present study precludes any accurate assessment of
temperature-related mortality, although for Acantho-
pagrus australis, the much warmer water recorded
during the gillnet deployments (mean ± SE of 26.7 ±
0.4°C, Table 1) may have contributed towards the
greater mortalities than those observed from the
seine (16.1 ± 0.2°C, Table 1).

In addition to undetected causal effects, there are
likely to be other relevant components of unaccounted
fishing mortality that were not quantified here, partic-
ularly those caused by predation (Ryer 2002, 2004).
Given that there were no significant differences
between the plasma glucose concentrations of angled
(baseline) and caged Acanthopagrus australis at the
end of the 2 experiments, it is likely that most surviving
fish had recovered from any physiological impacts
evoked during their capture and discarding (especially
after 10 d). However, all species except Neoarius gra-
effei incurred mortalities for up to 5 d, suggesting at
least some protracted negative response to their treat-
ment. In the wild, any impaired fish may be more vul-
nerable to a range of predators, which could add con-
siderably to their overall mortality models (Broadhurst
et al. 2006b).

The method of confining discards in cages in this
study precludes any attempt at fully partitioning their
mortality into the various unassessed components,
such as predation (Broadhurst et al. 2006b). Future
research would benefit from a more holistic assess-
ment of the fate of species discarded by beach seiners
and gillnetters and any short-or medium-term nega-
tive impacts associated with stress and/or changes in
behaviour and physical condition. The potential for at
least some remaining cryptic mortality due to such
impacts means that the observations here can at best
be considered minimum estimates.

Irrespective of other unaccounted mortalities, the re-
sults from this study provide some direction towards de-
veloping modifications that maximise the survival of dis-
cards. Clearly, it would seem advisable to regulate the
selectivity of both gears as closely as possible to the legal
sizes of the targeted species, since limiting the catches of
smaller Acanthopagrus australis would considerably re-
duce their mortality. Carefully removing those remain-
ing unwanted gilled A. australis might further protect
this species. Avoiding setting gillnets during high abun-
dances of jellyfish would have a similar impact on Neoar-
ius graeffei. Another option proposed during previous
studies is to use onboard ‘recovery’ or ‘revival’ boxes, fit-
ted with flow through water and designed to allow some
fish to recuperate from catch-induced stressors prior to
being discarded (Farrell et al. 2000, 2001). Combined
with technical modifications (see ‘Introduction’) to im-
prove selection during fishing, such simple practices
could considerably reduce the unaccounted fishing mor-
tality of estuarine beach seiners and gillnetters.
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