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This paper estimates and compares the eﬀects of the mass mortalities of Sardinops
sagax that occurred in South Australian waters in 1995 and 1998. After the 1995 event,
the spawning biomass of S. sagax in South Australian waters fell by over 75% from
approximately 165 000 tonnes to approximately 37 000 tonnes. No juvenile mortality
was observed during 1995 and the population recovered quickly, with spawning
biomass reaching 147 000 (70 000 to 234 000, 95%CI) tonnes in 1998. After the mass
mortality event in October–November, spawning biomass fell by over 70% to 36 000
(19 000 to 67 000, 95%CI) tonnes; signiﬁcant numbers of juveniles were also killed. The
mortality of juveniles in 1998 and the recent increase in the abundance of Engraulis
australis suggest that the population may recover more slowly from the 1998 mortality
event than did after 1995. The initiation of the two largest mono-speciﬁc mass
mortalities of ﬁsh ever recorded in South Australian waters within a period of less than
four years suggests that the timing and location of the events was non-random. Both
events occurred since 1993–1994, when large-scale tuna farming began in South
Australia, and less than 250 km from Port Lincoln, where large quantities of untreated
imported frozen S. sagax are fed to caged tuna. The introduction of untreated
imported frozen ﬁsh products into the marine environment may be one of the
mechanisms that has facilitated the range shifts of pathogens that have been associated
with the increased frequency of mass mortalities due to disease in the ocean.
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Introduction
The increased frequency of mass mortalities due to
disease outbreaks in populations of marine organisms
over the last two decades has raised concerns over the
potential eﬀects on ecosystems and commercial ﬁsheries
(e.g. Harvell et al., 1999). The increased prevalence
of mass mortalities in populations of clupeoid ﬁshes
(e.g. Yamamoto et al., 1992; Meyers et al., 1986, 1994;
1054–3139/01/040865+11 $35.00/0

Sindermann, 1990; Meyers and Winton, 1995; Jones
et al., 1997; Gaughan et al., 2000) is particularly worrying as these taxa tend to dominate the ﬁsh biomass of
coastal ecosystems, are important food sources
numerous marine predators and support some of the
world’s largest ﬁsheries (e.g. Bakun, 1996).
In 1995 and 1998–1999 the Australian population of
sardine, Sardinops sagax Jenyns, was aﬀected by two
mass mortalities that each killed more ﬁsh over a larger
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area than any other mono-speciﬁc ﬁsh-kill ever recorded
(Fletcher et al., 1997; Griﬃn et al., 1997; Hyatt et al.,
1997; Jones et al., 1997; Jones, 2000; Whittington et al.,
1997; Gaughan et al., 2000). Characteristics of the mass
mortalities, such as their focal origin, rapid spread
throughout the entire geographical range of the popula
tion and high mortality rates suggest both were caused
by an exotic pathogen to which Australian sardines were
naı̈ve (Jones et al., 1997; Gaughan et al., 2000). Herpes
virus was the only pathogen consistently isolated from
moribund ﬁsh and was identiﬁed as the likely disease
agent for both events (Fletcher et al., 1997; Griﬃn et al.,
1997; Jones et al., 1997; Jones, 2000; Hyatt et al., 1997;
Whittington et al., 1997; Gaughan et al. 2000). Several
studies have described the epidemiology of the events
and the nature of the herpesvirus (Griﬃn et al., 1997;
Jones et al., 1997; Hyatt et al., 1997; Whittington et al.,
1997), yet few data have been published on the eﬀects on
population size or patterns of recovery (Fletcher et al.,
1997; Gaughan et al. 2000). Such data are particularly
sparse for South Australia, where both mass mortalities
began, and which lies at the centre of the Australian
distribution of S. sagax.
Several of the epidemiological characteristics of the
1995 and 1998–1999 mass mortality events diﬀered, and
there were distinctions among the eﬀects of the events in
diﬀerent parts of temperate Australia (Gaughan et al.,
2000; Jones, 2000). In 1995, dead S. sagax were ﬁrst
observed in Anxious Bay, South Australia in autumn
(March) whereas in 1998, dead S. sagax were reported
ﬂoating on the surface of Spencer Gulf, South Australia
in spring (October) (Figure 1). The ﬁrst mass mortality
event spread like a wave and freshly dead S. sagax were
observed on more than one occasion (i.e. collected over
a three week period from 15 March–6 April), only at the
location where the event began (i.e. Anxious Bay).
During the second mass mortality event freshly dead
S. sagax were observed on two or more occasions at
numerous sites throughout temperate Australia. In 1995,
no dead ﬁsh smaller than 110 mm FL (fork length) were
collected, whereas in 1998 juveniles comprised a signiﬁ
cant proportion of the ﬁsh killed in South Australia but
were not present in samples of dead ﬁsh collected from
Western Australia (Dan Gaughan, Fisheries Western
Australia, pers. comm.).
A ﬁshery for S. sagax was established in South
Australia in 1991 and within seven years was the state’s
largest ﬁshery (by weight) for a marine scale-ﬁsh species.
Since 1995, the daily egg production method has been
used annually to estimate the spawning biomass and to
determine the annual total allowable catch for the
ﬁshery in the following year (Ward et al., 1998). This
method estimates the biomass of the adult population of
ﬁshes that release batches of pelagic eggs into the water
column throughout an extended spawning season (e.g.
Lasker, 1985; Alheit, 1993; Fletcher et al., 1996). It relies

on the premise that spawning biomass can be calculated
from estimates of the number of eggs produced per day
within the spawning area (daily egg production) and the
average number of eggs spawned per day per unit mass
of the population (daily fecundity).
Application of the daily egg production method to
S. sagax has been hindered by diﬃculties collecting rep
resentative samples of adult ﬁsh (Dotson and Grifﬁth,
1996; Fletcher et al., 1996). Most adult sampling pro
grams have involved purse-seining or mid-water trawl
ing, however neither method is ideal for sampling ﬁsh for
research purposes (Lasker, 1985; Misund et al., 1999).
Purse-seine nets usually catch more ﬁsh than researchers
require and are diﬃcult and time consuming to deploy
and retrieve. Mature S. sagax are often poorly repre
sented in purse-seine catches from inshore waters where
juveniles aggregate (Dotson and Griﬃth, 1996; Ward
and Staunton Smith, in press). Considerable expertise is
required for successful mid-water trawling and ancillary
equipment (e.g. net sonde) is expensive. Clupeoids also
have a well-developed capacity for net avoidance and
mid-water trawl nets are most eﬀective when ﬁsh occur
in large schools, and thus provide large ‘‘targets’’. How
ever, during the spawning season adult S. sagax in
Australian waters occur mainly in small schools
and are diﬃcult to capture in mid-water trawls (T.M.W.,
unpubl. data).
This paper estimates and compares the eﬀects of the
1995 and 1998 mass mortalities on the spawning bio
mass of S. sagax in South Australia, and describes the
recovery of the population from the ﬁrst mass mortality.
The paper also describes an inexpensive and apparently
eﬀective method for obtaining representative samples of
adult S. sagax required for application of the daily egg
production method.

Materials and methods
Daily egg production method
Spawning biomass (B) was calculated according to the
equation:
B=(PAW)/(RFS)

(1)

where P is the daily egg production (eggs m -2 d -1), A
is the spawning area (m2), W is the average weight of
mature females (kg), R is the sex ratio (proportion of
females by weight), F is the average batch fecundity
(eggs d -1) and S is the spawning fraction (proportion of
mature females spawning d -1).

Spawning time, egg production and spawning
area
Plankton samples
Between 1995 and 1999, two to three plankton surveys
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Figure 1. Maps showing locations mentioned in the text and sites at which plankton samples were collected in South Australia
between 1995 and 1999.

of 10–15 d duration were conducted each year from the
RV ‘‘Ngerin’’ during the spawning season of S. sagax
in South Australian waters (January–March). The
sampling design varied between years. In 1995 and 1996
transects were orientated north-south whereas in 1997–
1999 transects were orientated northeast-southwest to
improve sampling eﬃciency (Figure 1). The number of
sites and area sampled are shown in Table 1.
Paired conical plankton nets with an internal diameter
of 0.255 m were deployed to within 10 m of the seabed in
depths of less than 80 m, or 70 m in waters deeper than
80 m. The net was retrieved vertically at a speed of
approximately 1 m s -1. Flowmeters (one in each net)
were used to estimate the distance travelled by the net.

Samples taken from the two nets at each site were pooled
and stored in 5% buﬀered formaldehyde solution.
Spawning time
Sardine eggs in each sample were counted and staged
according to their internal features (White and Fletcher,
1996). The age of each stage of development was esti
mated using temperature-development keys of White
and Fletcher (1996) and assuming the sea surface tem
perature was the ambient temperature for egg develop
ment. The time of spawning of eggs of each stage was
estimated by subtracting the age of eggs in hours from
the time when each sample was collected.
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Table 1. Information on plankton surveys including estimates of egg production and spawning area.
Bold signiﬁes parameters used in biomass calculations.

No. sites
No. sites with eggs (%)
No. eggs collected
Sampling area
Spawning area (km2)
Egg production (eggs m - 2)

1995

1996

1997

1998

1999

97
59 (61)
1 197
111 719
68 260
26.35

154
43 (28)
116
76 070
17 990
22.16

189
97 (51)
721
49 825
26 276
47.32

164
110 (67)
2 738
49 405
32 232
99.56

212
49 (23)
292
67 653
16 301
53.66

Spawning area
After each survey was completed, the sampling area was
divided into a series of contiguous polygons approxi
mately centred on each site. The area of each polygon
(km2) was calculated using GIS software. The spawning
area (A) was deﬁned as the total area of polygons where
eggs were found.

key, and therefore could not be staged. This necessitated
use of the technique for estimating initial daily egg
production based on the mean density of eggs of all ages
(P
z ) and an assumed value of egg mortality (Z) described
by McGarvey and Kinloch (2000).
The mean density of eggs of all ages (i.e. day-1 and
day-2 eggs) present in samples can be expressed as:

Egg production
The number of eggs of each stage under one square
metre of water (Pt) was estimated for each site according
to the equation:
Pt =A - 1B - 1CD

(2)

where A is the combined area of the net opening (m2),
B is the calibrated tow length determined from the
ﬂowmeter (m), C is the number of eggs of each age in
each sample, D is wire length (m).
The mean weighted age of day-1 (<24 h old) and
day-2 eggs (>24 h old) was calculated for each sample
from the densities of eggs of diﬀerent ages. The densities
of day-1 and day-2 eggs were then weighted by the area
of the polygon in which they were caught.
As residuals were not normally distributed, egg
production was estimated using the linear version of the
exponential mortality model:
ln P=ln (Pt)+Zt

(3)

where P is the daily egg production, Pt is egg density at
age t, and Z is the instantaneous rate of egg mortality.
Negative biases in the estimates of egg production
(Pbiased) obtained using the linear version of the
exponential mortality model were corrected using the
following equation:
P=e(lnPbiased +(/2)

where t=0 is the time of spawning, and the average is
calculated over a full day of sampling.
The formula for initial egg production (P) was
obtained by substituting the exponential mortality
equation describing the change in egg density with age
[Equation (3)] into Equation (5) and solving,

Initial egg production was calculated from Equation 6
by entering measured mean egg density (P
z ) and a value
of Z equal to the mean values estimated in 1995 and
1998, when the largest numbers of eggs were collected
and most reliable estimates of Z were obtained. The
sensitivity of initial egg density (P) to diﬀerent assumed
levels of Z is low and the use of prior estimates of Z
induces relatively low imprecision into estimates of P
(McGarvey and Kinloch, 2000).
In 1999, mean egg production was calculated using
day-1 eggs only as a few sites contained an unusually
high number of day-2 eggs, which produced a negative
egg mortality (Z) value.

(4)

where ( is the variance of the estimate of P (Lasker,
1985).
In 1997, problems with preservation of the eggs
precluded application of the temperature-development

Adult reproductive parameters
Adult sampling
In 1995, frozen samples of S. sagax were collected from
catches of the South Australian sardine ﬁshery operating
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Figure 2. Schematic diagram of gillnet used to sample adult S. sagax in 1998 and 1999.

in southern Spencer Gulf by onboard observers. In 1996,
samples were collected from southern Spencer Gulf and
around the Coﬃn Bay Peninsula between January and
April using chartered commercial purse seine vessels and
preserved in formaldehyde in situ.
In 1997, a few samples from waters around oﬀshore
islands were obtained by deploying a mid-water trawl net
similar to that described by Dotson and Griﬃth (1996)
from the RV ‘‘Ngerin’’. Trawling was done at night in areas
where sardine schools could be seen either at the surface or
on the ship’s echo sounder. The net was towed at approxi
mately four knots for periods of one to two hours.
In 1998 and 1999, research cruises were deliberately
scheduled to coincide with the two weeks around the
new moon. Areas in which sardine schools were likely to
be present were searched each afternoon using a dual
frequency echo sounder (Furuno – 85 and 200 mega
hertz). The vessel was anchored in an area where several
schools were found. If wind or currents were strong or
running in diﬀerent directions, a rope was attached from
a stern bollard to the anchor line to form a ‘‘bridle’’. The
movement and orientation of the vessel were controlled
by altering the relative length of the anchor chain and
the stern rope.
Samples were collected using a gillnet (Figure 2)
comprised of three panels of each of three sizes of
multi-ﬁlament nylon mesh (Double Diamond: ply-210/4;
meshes: 25 mm, 28 mm and 32 mm). Small ﬂoats were
attached to the headrope and the footrope was made of
leaded rope (10 mm; 200 g m - 1). Weights ranging
from 0.5–2.0 kg, depending on the wind and current

conditions, were attached to each end of the footrope
and smaller weights were attached below each seam
(Figure 2).
The net was deployed from the leeward side of the
vessel and lowered to the desired depth (usually 5–20 m)
using droplines attached to the headrope and footrope.
One or two surface lights of approximately 1000–1500
watts and one or two sub-surface lights of approxi
mately 500–1000 watts were illuminated after the net
was set. Soak time varied between approximately ten
minutes and two hours, and was determined by the
abundance and catch rates of ﬁsh.
Preservation of samples
Captured ﬁsh were dissected by mid-ventral incision.
The numbers of male and female mature and immature
ﬁsh were counted. Mature females were ﬁxed in 5%
buﬀered formaldehyde solution. Immature females and
males were frozen. When large numbers of ﬁsh were
caught only portion of the catch was sorted and
preserved.
Female weight
Preserved mature females in each sample were weighed
(±0.01 g). The mean weight of mature females in the
population was calculated from the average of sample
means weighted by sample size.
Sex ratio
Mature males in each sample were thawed and weighed
(±0.01 g). The sex ratio for each sample was calculated
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Figure 3. Estimated spawning times of S. sagax in South Australia between 1995 and 1999.

from the weight of mature females divided by the sum of
the total weight of mature females and mature males.
The mean sex ratio for the population was calculated
from the average of sample values weighted by sample
size.
Spawning fraction
Ovaries of mature females were sectioned and stained
with haematoxylin and eosin. Several sections from each
ovary were examined in order to determine the presence/
absence of post-ovulatory follicles (POFs). POFs were
aged according to the criteria developed by Hunter and
Goldberg (1980) and Hunter and Macewicz (1985). The
spawning fraction of each sample was estimated as the
mean proportion of females with (i) hydrated oocytes
plus day-0 POFs, (ii) day-1 POFs and (iii) day-2 POFs.
The mean spawning fraction of the population was
calculated from the average of sample means weighted
by sample size.
Batch fecundity
The batch fecundity of females with hydrated oocytes
was estimated using the gravimetric method of Hunter
et al. (1985). Both ovaries of each female were weighed.
Three sub-sections were cut from each ovary, weighed,
and the number of hydrated oocytes in each counted.
The total batch fecundity for each female was calculated
by multiplying the mean number of oocytes per gram of
ovary segment by the total weight of the ovaries. The
relationship between female weight (ovaries removed)
and batch fecundity was determined by linear regression.
This relationship was used to estimate the mean batch
fecundity of mature females in each sample. The mean
batch fecundity of the population was calculated from
the average of sample means weighted by sample size.

Estimates of conﬁdence intervals and spawning
biomass
The coeﬃcient of variation (CV) for each parameter
was calculated using bootstrapping procedures. Each
parameter was randomly estimated 10 000 times from
data sets containing randomly chosen individuals from
randomly chosen samples. The number of samples and

the sample sizes used in each calculation were the same
as in the original dataset. Where regressions were used
to calculate parameters (P and F), bootstrap data sets
consisted of randomly chosen residuals from the original
regression added to each expected value. CVs were not
calculated for parameters that were estimated from
values obtained in other years. The 95% conﬁdence
intervals of spawning biomass estimates obtained in
1998 and 1999 (when all parameters were estimated
directly) were calculated using percentile technique and
10 000 bootstrapped estimates of each parameter.

Results
Spawning time
Over 81% of batches of eggs were spawned between 2100
and 0800 h. Peak spawning time was between 0200 and
0500 h in 1995, at 0200 h in 1996 and 1998, and at
0400 h in 1999. The peak spawning time calculated from
combined data (0200 h) was used as the ‘‘time of spawn
ing’’ in calculations of egg production and biomass
(Figure 3).

Spawning area and egg production
In 1995 the spawning area was approximately
68 260 km2 and mean egg production was 26.35 eggs
m - 2 (CV=0.22) (Figure 4; Table 1). In 1996, following
the ﬁrst mass mortality, the spawning area was reduced
to only 17 990 km2, and mean egg production was 22.16
eggs m -2 (CV=0.11). In 1997 estimates of spawning
area and mean egg production were 26 276 km2 and
47.32 eggs m - 2 respectively. In 1998, prior to the second
mass mortality, the spawning area increased to
32 232 km2 and mean egg production was 99.56 eggs
m - 2 (CV=0.15). In 1999, after the second mass mor
tality, spawning area fell to 16 301 km2 and mean egg
production was 53.66 egg m -2 (CV=0.19) (Figure 4;
Table 1).

Female weight
Estimates of mean female weight ranged from 45.29 g
(CV=0.08) in 1998 to 52.28 g (CV=0.04) in 1999
(Table 2).
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equations and correlation coeﬃcients. Note that day-2 eggs were excluded from the analysis for 1999.

Table 2. Estimates of egg production and adult reproductive parameters. Parameters in italics are those used in biomass
calculations that were estimated from the average of data obtained in other years. Estimates in brackets are those which are
considered unreliable and replaced by mean values. Bold signiﬁes parameters used in biomass calculations.

Number of adult samples
No. ﬁsh
No. females
No. males
Mean female weight
Sex ratio (females by weight)
No. females with ovaries containing:
Day 0 POFs or hydrated oocytes
Day 1 POFs
Day 2 POFs
Spawning fraction
Female wt (ovary removed) (g)
No. females with hydrates oocytes
Batch fecundity (no. eggs)

1995

1996

1997

1998

1999

12
100
55
45
46.42
0.50 (0.59)

32
850
496
341
45.29
0.50 (0.61)

7
—
386
—
51.94
0.50

11
933
455
482
45.18
0.52

13
1 563
690
873
52.28
0.47

0
0
0

5
0
0

30
16
5

57
61
61

131
106
132

0.08
—
—
14 433

0.08
—
5
14 433

0.16 (0.04)
46.72
2
14 433

0.14
41.31
55
13 615

0.18
45.18
144
15 252

Sex ratio

Spawning fraction

The estimates of sex ratio for 1995 (0.59) and 1996 (0.61)
(Table 2) are high, and as purse-seine nets tend to
over-sample females (Fletcher 1990) were not used to
calculate spawning biomass. Estimates of sex ration
obtained for 1998 and 1999 of 0.52 (CV=0.15) and 0.47
(CV=0.12) appear to be unbiased. The mean sex ratio
for 1998 and 1999 (0.50) was thus used to calculate
spawning biomass for 1995–1997.

POFs were not found in samples obtained from purseseine vessels in 1995 and 1996. Few mature ﬁsh were
collected in 1997 and the estimate of mean spawning
fraction for 1997 was suspiciously low (0.04). The 1997
survey was conducted at approximately the same time as
the 1998–1999 surveys, and the mean spawning fraction
for 1998–1999 (0.16) was used as the estimate of spawn
ing biomass for 1997. The 1995 and 1996 surveys were
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Figure 5. Graph of batch fecundity against female weight (ovary removed). Regression lines and correlation coeﬃcients are
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Batch fecundity
No females with hydrated oocytes were collected in 1995
or 1996, and only ﬁve were collected in 1997. Combined
data for 1997, 1998 and 1999 were used to estimate the
mean batch fecundity of mature females in each sample
collected in 1995–1997.
In 1998, the batch fecundities of 55 females with
hydrated oocytes ranged from 4556 to 28 083 eggs
(Table 2). There was signiﬁcant exponential relation
ship between ovary-free weight and batch fecundity
(Figure 5). The estimated mean batch fecundity of 445
mature females in 11 samples ranged from 8755 to
17 109 eggs. The overall mean batch fecundity (F) was
13615 eggs (CV=0.30).
In 1999, the batch fecundities of 144 females with
hydrated oocytes ranged from 4478 to 24 909 eggs
(Figure 5). There was an exponential relationship
between female weight (ovary removed) and batch
fecundity. The mean batch fecundity for the 13 samples

ranged from 11 867 to 19 088 eggs. The overall mean
batch fecundity was 15 252 eggs (CV=0.29).

Spawning biomass
Between 1995 and 1996, estimates of spawning biomass
declined from approximately 165 000 to 37 000 tonnes,
conﬁdence intervals were not calculated for these esti
mates as data from 1998 and 1999 were used to calculate
several parameters (Figure 6). In 1998, the spawning
biomass was estimated to be approximately 146 000
(70 000 to 234 000) tonnes, and in 1999, after the second
mass mortality event, had fallen to approximately 36 000
(19 000–67 000) tonnes (Figure 6).

Discussion
The decline in the spawning biomass of S. sagax in
South Australia from 165 000–37 000 t between 1995
and 1996, when the ﬁshery caught less than 3000 t
(Ward et al., in press), suggests that the 1995 mortality
event killed over 75% of the adult population. This
estimate contrasts the suggestion by Fletcher et al.
(1997) that the adult mortality rate in Western Australia
in 1995 was only 10–15%. The accuracy of both these

Spawning biomass
(tonnes)

conducted mainly outside the peak spawning season and
estimates of mean egg abundance were approximately
one quarter of the 1998 values. On the basis of advice
from two independent reviewers, we used a value equal
to half the mean spawning fraction for 1998–1999 (0.08)
to calculate spawning biomass for 1995 and 1996.
In 1998 and 1999, 445 and 690 mature females were
collected (Table 2). In 1998, 57 of these had hydrated
oocytes and/or day-0 POFs, 61 had day-1 POFs and 61
had day-2 POFs, whereas in 1999 131 had hydrated
oocytes and/or day-0 POFs, 106 had day-1 POFs and
132 had day-2 POFs (Table 2). The spawning fraction
for each sample ranged from 0.07 to 0.33 in 1998 and
0.04 to 0.30 in 1999. The weighted average of the
spawning fraction was 0.14 (CV=0.10) in 1998 and 0.18
(CV=0.13) in 1999.
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Figure 6. Estimates of spawning biomass of S. sagax in South
Australia between 1995 and 1999 for years 1995–1997.

Eﬀects of the 1995 and 1998 mass mortality events on the spawning biomass of sardine
estimates should be viewed with some caution, but the
diﬀerence between the eﬀects of the 1995 event in the
two states appears to be real. Although many of the
counts on which estimates of total mortality in Western
Australia were based were considered to be minima
(Fletcher et al., 1997), the estimated level of total
mortality was conﬁrmed by subsequent egg production
studies. The lack of reliable estimates of several adult
reproductive parameters (especially spawning fraction)
in the present study introduced additional uncertainty
into the estimation of spawning biomass for 1995 and
1996. However, the assumptions used to estimate
unknown parameters were consistent between years, and
the estimate of the proportion of ﬁsh killed is thus
considered to be reliable. Why the mortality rate in
South Australia in 1995 was so much higher than it was
in Western Australia is unknown. However, the occur
rence of freshly dead S. sagax on more than one
occasion at Anxious Bay (where the mass mortality
began) has led to speculation that two diseases may have
occurred in South Australia during 1995.
The decline in spawning biomass from 146 000
(70 000–234 000) tonnes in 1998 to 36 000 (19 000–
67 000) tonnes in 1999, when the ﬁshery caught less than
8000 tonnes, suggests that the 1998 mortality event
killed over 70% of adult S. sagax in South Australian
waters. Estimates of spawning biomass for 1998 and
1999 were calculated from reliable estimates of all
parameters and the estimated adult mortality rate is
considered to be robust. It is remarkably similar to the
adult mortality rates estimated in the Esperance (74.5%)
and Bremer Bay (64.7%) regions of Western Australia
after the 1998/9 mortality event (Gaughan et al., 2000).
The lower mortality rate determined for the Albany
(2.4%) region was attributed to over-estimation of the
original biomass (Gaughan et al., 2000).
Jones (2000) suggested that the 1998 mass mortality
was more lethal than the ﬁrst. Although adult mortality
rates in South Australia in 1995 and 1998 were similar,
the assertion by Jones (2000) is supported by the mor
tality of large numbers of juvenile S. sagax (<100 mm)
in South Australia during 1998 but not in 1995. The
absence of juveniles in samples of dead ﬁsh collected
from Western Australia in 1998–1999 may not be indica
tive of diﬀerences in the eﬀects of the event in the two
states. The lack of juvenile mortality in Western
Australia may reﬂect the recruitment failures that have
occurred over the last few years (Schwartzlose et al.,
1999) and the subsequently small number of juvenile ﬁsh
present in that population.
The rapid recovery of the South Australian popula
tion from the ﬁrst mass mortality event was presumably
facilitated by the lack of juvenile mortality in 1995. The
size of the planktivorous ﬁsh assemblage of the eastern
Great Australian Bight may be limited by food avail
ability (Ward et al., in press), and thus the reduction in
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adult abundance during 1995 may have enhanced larval
and/or juvenile survivorship. As signiﬁcant numbers of
juveniles were killed in South Australia in 1998, the
population may recover more slowly from the 1998
event than did after 1995. The apparent expansion in the
distribution and abundance of the planktivorous
anchovy Engraulis australis in the period since 1995
(Ward et al., in press) may also reduce the rate at which
S. sagax recovers from the 1998 mortality event.
The increased reliability of the estimates of spawning
biomass obtained during the last two years of the study
largely reﬂects the development of a new method for
sampling adult S. sagax. Samples obtained using purseseine and mid-water trawl nets in 1995–1997 contained
mostly juveniles, whereas the samples obtained using the
multi-panel gillnet and lights in 1998–1999 comprised
mainly adults (Table 2). Estimates of spawning fraction
for individual samples for 1998–1999 ranged from
0–33%, and are consistent with estimates obtained in
other studies during the peak spawning season of this
species (e.g. Fletcher et al., 1996). These ﬁndings suggest
that the method may provide representative samples of
the adult population. With appropriate modiﬁcations to
the mesh sizes, multi-panel gillnets can also be used to
sample juvenile S. sagax and other species of clupeoids
(T. M. W., unpubl. data). As gillnets are less
expensive to build and simpler to deploy than purseseine or mid-water trawl nets, a detailed assessment
of the potential biases associated with this method is
warranted.
Despite the increasing frequency of mass mortalities
due to disease in the oceans (Harvell et al., 1999), this is
one of few studies to quantify the eﬀects these events on
population sizes (e.g. Fletcher et al., 1997; Gaughan
et al., 2000). The lack of quantitative estimates of
mortality rates may be due partly to the absence of
abundance estimates prior to the occurrence of mass
mortalities, as well as the practical diﬃculties associated
with obtaining reliable estimates of population size for
many species. It was indeed fortuitous that this study
began a few months prior to the start of the 1995 event,
and thus provided us with an opportunity to estimate its
eﬀect. The DEPM is one of the few reliable methods
available for estimating the abundance of small pelagic
ﬁshes (Ward et al., 1998), but is not without problems
and is widely considered to be accurate but relatively
imprecise (Cochrane, 1999). Diﬃculties obtaining
reliable estimates of adult reproductive parameters
introduced additional uncertainty into the estimates of
spawning biomass for 1995 and 1996. Despite these
problems, this paper provides strong evidence that each
of the mass mortality events killed over 70% of adult
S. sagax in South Australian waters. Annual DEPM
surveys will be conducted over the next few years as part
of the stock assessment program associated with South
Australia’s new and developing sardine ﬁshery. The
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results of these studies will provide useful insights into
the rate of recovery of S. sagax from the 1998 mass
mortality event, as well as into the eﬀects of any
mortality events that may occur in the future.
The likelihood of further mass mortalities of S. sagax
is unknown. However, the initiation of the two largest
single-species mass mortalities of ﬁsh ever recorded in
South Australian waters over a period of less than four
years suggests that the location and timing of the events
was non-random (Jones, 2000). The locations where the
two events began are both less than 250 km from Port
Lincoln, where large quantities of untreated imported
frozen S. sagax are fed to southern blueﬁn tuna,
Thunnus maccoyii, held in sea cages (Griﬃn et al., 1997;
Hine and MacDimarmid, 1997; Hyatt et al., 1997; Jones
et al., 1997; Gaughan et al., 2000). Both events occurred
after 1993–1994, when South Australia tuna farmers
began using large quantities of imported frozen S. sagax
as fodder (Jones, 2000). These coincidences suggest that
the introduction of untreated imported frozen ﬁsh
products into the marine environment may be one of the
mechanisms that has facilitated the range shifts of
pathogens that has been linked to the increased fre
quency of mass mortalities due to disease in the oceans
(Harvell et al., 1999).
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