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HIGHLIGHTS

1. The spawning biomass of Sardine of the eastern component of the South-eastern stock in
2019 was estimated to be approximately 185,000 t.

2. A previous study that did not cover the entire spawning area suggested that the spawning
biomass of the western component of this stock was at least 30,000 t.

3. The total spawning biomass of the South-eastern stock is likely to be greater than 200,000 t,
and may be greater than 250,000 t.

4. Future applications of the DEPM to the South-eastern stock should cover all of the potential
spawning area between southern New South Wales and the Victorian-South Australian
border.

5. The South-eastern stock of Sardine has the capacity to sustain substantial fisheries.
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NON-TECHNICAL SUMMARY

The South-eastern stock of Australian Sardine (Sardinops sagax, herein referred to as Sardine)
occupies continental shelf waters off Tasmania, Victoria and southern New South Wales. In this
study, the Daily Egg Production Method (DEPM) was used to estimate the spawning biomass of the
eastern component of this stock, which extends from southern New South Wales to south-eastern
Tasmania, and includes Bass Strait as far west as 146°30’E.

Using the DEPM, spawning biomass is estimated by dividing the mean number of eggs produced per
day throughout the spawning area (i.e. total daily egg production) by the mean number of eggs
produced per unit mass of adult fish (i.e. mean daily fecundity).

Total daily egg production of Sardine was calculated from estimates of mean daily egg production
and spawning area obtained from an ichthyoplankton survey conducted for Jack Mackerel in 2019.
The Jack Mackerel survey covered continental shelf and inner continental slope waters between
central New South Wales and south-eastern Tasmania, including Bass Strait as far west as 146°30’E.
The survey coincided with the spawning season of the South-eastern stock of Sardine and covered
the entire known spawning habitat of the eastern component of this stock.

Mean daily fecundity was calculated from estimates of sex ratio (i.e. 0.55, 95% Cl: 0.52-0.58),
spawning fraction (i.e. 0.11, 95% Cl: 0.10-0.12) and relative fecundity (i.e. 305 eggs.g*, 95% Cl: 304—
306) obtained from samples of Sardine collected off South Australia between 1998 and 2018. Using
data from adults collected off South Australia to estimate mean daily fecundity is justified because
these parameters are stable for S. sagax and other species of Sardine worldwide. However, if a
substantial fishery is established on the South-eastern stock, it is recommended that representative
adult samples are collected from across the entire stock to assess the validity of this assertion.

The estimates of mean daily egg production obtained in this study using the log-linear version of the
exponential mortality model and Generalized Linear Model (GLM) with a negative binomial
distribution (i.e. 95 and 82 eggs-day™:m=, respectively) were similar to those obtained off South
Australia using the same methods (i.e. 81 and 97 eggs-day*-m, respectively). Future DEPM studies
of the Southern stock of Sardine should be designed to obtain further information on the levels of
mean daily egg production across the entire stock.

The estimate of mean daily egg production obtained with the GLM was used to estimate the “base
case” spawning biomass obtained in this study because it was more conservative (lower) than the
estimates obtained using the log-linear model. The “base case” estimate of spawning biomass for
the eastern component of the South-eastern stock was 184,721 t (95%Cl: 86,282—-283,158 t).

There is a strong linear relationship between the spawning area and spawning biomass of Sardine. In
this study, the spawning area of the eastern component of this South-eastern stock was estimated
to be approximately 41,000 km?. A previous study indicated that the spawning area of the western
component of the South-east stock (i.e. west of 146°30’E) was at least 16,000 km?, but this estimate
did not include unsurveyed parts of western Bass Strait where Sardines are likely to spawn. If the
relationship between spawning area and spawning biomass estimated for the South-eastern stock is
similar to that observed in the Southern stock (i.e. each square kilometre of spawning area supports
approximately 4.5 t of spawning biomass), which is likely, then the spawning biomass of the South-
eastern stock may be greater than 250,000 t.

This study provides compelling evidence that the spawning biomass of the eastern component of the
South-eastern Sardine stock in 2019 was approximately 185,000 t. This estimate does not include
spawning biomass west of 146°30’E, which has previously been estimated to be at least 30,000 t. It is
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likely that the spawning biomass of the South-eastern stock is greater than 200,000 t. It may even be
greater than 250,000 t. Future applications of the DEPM to the South-eastern stock should cover all
of the potential spawning area between southern NSW and the Victorian-South Australian border
and be explicitly designed to estimate the relationship between spawning area and spawning
biomass for the Southern stock.
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BACKGROUND

South-eastern stock of Australian Sardine

The distribution and stock structure of Australian Sardine (Sardinops sagax, herein referred to as
Sardine) is shown in Figure 1. It is widely accepted that Sardine is a meta-population with effective
isolation of four stocks: South-western; Southern; South-eastern and Eastern (Izzo et al. 2017). The
South-eastern stock covers continental shelf waters off Tasmania, Victoria and southern New South
Wales. Izzo et al. (2017) found that the South-eastern stock was clearly separated from the Southern
stock, perhaps because seasonal upwelling provided an effective barrier to mixing, but that the
South-eastern stock mixed with the Eastern stock off central New South Wales.
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Figure 1. The four stocks of Sardine, Sardinops sagax found in Australian waters (South-western, Southern,
South-eastern, Eastern). The dotted line is the approximate distribution of the meta-population. Regional
codes show locations where data were available to use in the analysis: SQLD Southern Queensland, NEC North
East Coast, CEC Central East Coast, SEC Southern East Coast, LE Lakes Entrance, TAS Tasmania, PPB Port Philip
Bay, SG Spencer Gulf, WCCB West Coast SA and Coffin Bay, ESP Esperance, BB Bremer Bay, ALB Albany, FRE
Fremantle. The inset figure shows the key sardine fishing regions in South Australia; FWC Far West Coast, KIIS
Kangaroo Island and Investigator Strait (Adapted from Izzo et al. 2017 with permission of Springer).

Over the last decade, most of the catch from the South-eastern stock has been taken from eastern
Victoria, where annual catches have reached up to 2,628 t (https://www.fish.gov.au/report/311-
Australian-Sardine-2020). Sardine fishing in Victoria’s Port Phillip Bay is scheduled to cease by 2022.
Over the last decade, catches from southern New South Wales averaged approximately 120 t. A
developmental fishery was established in Tasmania in 2015 but catches have been limited.
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Preliminary applications of the Daily Egg Production Method (DEPM) to the western and eastern
component of the South-eastern stock were conducted in 2016-17 (Ward et al. 2018) and 2014 (Ward et
al. 2015), respectively (Figure 2). Data used in those studies were obtained from DEPM surveys for Jack
Mackerel, which spawns at the same time as Sardine in this region (Ward et al. 2015, 2018). The
spawning biomass of the western component (i.e. not including the area west of Victorian-South
Australia border) was estimated to be at least 30 000 t (Ward et al. 2018, Figure 2A). The spawning
biomass of the eastern component was at least 11 000 t (Ward et al. 2015, Figure 2B). However, neither
of these surveys covered the entire spawning area, including parts of Bass Strait where sardines are
known to spawn. Both surveys under-estimated the spawning area and total spawning biomass of the
South-eastern stock (Figure 2).
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Figure 2. Sea surface temperatures and densities of sardine eggs at sites sampled in the ichthyoplankton
surveys of conducted in the western (A) and eastern (B) components of the South-eastern stock in 2016-17
and 2014, respectively. (Source Ward et al. 2015; 2018). Images reproduced with the permission of the South
Australian Research and Development Institute.

Daily Egg Production Method

The DEPM can be applied to fishes that spawn multiple batches of pelagic eggs over an extended
spawning season (Lasker 1985; Alheit 1993; Stratoudakis et al. 2006; Bernal et al. 2012; Dickey-
Colllas et al. 2012). The premise of the DEPM is that spawning biomass can be estimated by dividing
the mean number of eggs produced per day throughout the spawning area (i.e. total daily egg
production) by the mean number of eggs produced per unit mass of adult fish (i.e. mean daily
fecundity; Parker, 1980; Lasker 1985; Ward et al. 2021). Total daily egg production is calculated from
estimates of mean daily egg production and spawning area obtained from ichthyoplankton surveys.
Mean daily fecundity is estimated most precisely from three adult reproductive parameters, i.e. sex
ratio, spawning fraction and relative fecundity (Parker 1980, Ward et al. 2021). The equation
underpinning the DEPM is shown in Appendix 1 (Equation 1).
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A recent study (Ward et al. 2021) showed that for Sardine off South Australia inter-annual variations
in mean daily egg production were low in comparison to statistical uncertainty and this parameter
could be estimated most precisely from data collected over multiple years. The study also showed
that adult reproductive parameters are effectively stable among years and that values obtained for
Sardine off South Australia were similar to those obtained for other species of Sardines in
ecosystems around the world (Ganais 2014; Somarakis et al. 2019). These findings suggest that
estimates of the spawning biomass of Sardine are driven primarily by interannual variations in
spawning area. These results support the findings of other studies that have shown a strong linear
relationship between the spawning area and spawning biomass of Sardine (Mangel and Smith, 1990;
Zenitani and Yamada, 2000; Gaughan et al., 2004). For Sardine off South Australia, each square
kilometre of spawning area supports approximately 4.5 t of spawning biomass (Ward et al. 2021).

AIMS AND OBJECTIVES

The aim of this study was to estimate the spawning biomass of Sardine (Sardinops sagax) in the
eastern component of the South-Eastern Australian stock.

METHODS

Overview and rationale

The approach taken to applying the DEPM to the eastern component of the South-Eastern Australian
stock in this study follows the methods outlined in Ward et al. (2021).

Total daily egg production of Sardine was calculated from estimates of mean daily egg production
and spawning area obtained from an ichthyoplankton survey conducted as part of an application of
the DEPM to Jack Mackerel (Trachurus declivis) in 2019 (Ward et al. 2020). The survey covered
continental shelf and inner continental slope waters between central New South Wales and south-
eastern Tasmania, including Bass Strait as far west as 146°30’E. The survey coincided with the
spawning season of the South-eastern stock of Sardine and covered the known spawning habitat
east of 146°30’E.

Mean daily fecundity was estimated from adult reproductive data obtained for Sardine off South
Australia between 1998 and 2018 (Ward et al. 2021). Using data from adults collected off South
Australia to estimate the spawning biomass of Sardine off Tasmania, Victorian and southern New
South Wales is justified because these parameters are relatively stable for this species worldwide
(Ganais 2014; Somarakis et al. 2019; Ward et al. 2021).

Ichthyoplankton survey and plankton sampling

Ichthyoplankton samples were collected at 205 sites on 29 transects in shelf waters between south-
eastern Tasmania and central New South Wales (Figure 3). The survey was undertaken from 15
January to 7 February 2019.

Paired bongo nets (0.6 m internal diameter, 500 um mesh, plastic cod-ends) were deployed to 10 m
above the sea floor or to a maximum depth of 200 m and retrieved vertically at ~1 m-s™ (Ward et al.
2020). Water temperature profiles were recorded with a Sea-Bird™ Conductivity-Temperature-
Depth (CTD) attached to the nets. General Oceanics™ 2030 flowmeters and factory calibration
coefficients were used to estimate the distance travelled during each tow. If there was >5%
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difference between the paired flowmeters, then the relationship between wire length released and
flow-meter units was used to determine which meter was more accurate, and that value was used
for both nets. At each sampling site, plankton collected in the paired net cod-ends were combined
into one sample and fixed in a 5% buffered formalin and seawater solution.
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Figure 3. Locations between central New South Wales and south-eastern Tasmania where ichthyoplankton
samples (black dots) were collected in January-February 2019. The dashed line is the 200 metre depth contour.

Egg identification, staging and density

Sardine eggs were identified and staged using the descriptions of White and Fletcher (1998). The
number of eggs of each stage in each sample was counted. The first and last stages were excluded
from the statistical analyses because they are under- and over-represented in plankton samples,
respectively (Ward et al. 2021). Egg density was estimated as the number of eggs of each stage per
m? using the method of Smith and Richardson (1977, Appendix 1, Equation 2).

Egg ageing and treatment of zero count egg samples

The development rate of sardine eggs is dependent on water temperature (Picquelle and Stauffer
1985, Pauly and Pullin 1988). Based on CTD data, egg samples were allocated to one of three
temperature bins (14-18°C, 18-22°C, and 22-26°C) that were similar to those used by Le Clus and
Malan (1995) to describe the developmental rates of sardine eggs. The development rates of Le Clus
and Malan (1995) were used to assign a mean age to each egg (Ward et al. 2021). Model 2 of Le Clus
and Malan (1995) was used to calculate the development rate at 24°C and estimate the age of eggs
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in the 22-26°C temperature bin. Eggs from each sample were then grouped into daily cohorts
because samples usually included eggs spawned on more than one night.

The total number of eggs in a daily cohort was calculated by summing the number of eggs of each
stage assigned to a spawning day (i.e. day 0, day 1, day 2). The age of each daily cohort was
calculated from the average age of each stage within the cohort, weighted by the number of eggs in
each stage. Samples with eggs could have contained several possible combinations of daily cohorts
depending on water temperature, spawning time (peak around 2:00 am, Ward et al. 2001, 2011) and
sampling time. Zero counts were allocated for daily cohorts where the cohort was expected to be
present but was not found within the sample (Ward et al. 2021). Samples with no eggs were
excluded from the analyses and not considered part of the spawning area.

Spawning area

The spawning area (A, Appendix 1, Equation 1, Lasker 1985, Somarakis et al. 2004) was estimated
using the Voronoi natural neighbour method (Watson 1981). The survey area was divided into a
series of contiguous polygons approximately centred on each site using the ‘deldir’ package in the
statistical program ‘R (R Development Core Team 2019, Turner 2016). The area represented by each
site (km?) was calculated. Spawning area was defined as the total area of the polygons where one or
more live sardine eggs were present in a sample (see Fletcher et al. 1996). Sites where eggs were not
collected were not included in the spawning area because there was no evidence that spawning
occurred at those sites.

Mean daily egg production

Estimating mean daily egg production (P, Appendix 1, Equation 3) and instantaneous egg mortality
rate (z, day?) is difficult because egg density data include many low values and some very high
values (Ward et al. 2011, 2021). The exponential egg mortality model of Lasker (1985) cannot be
fitted using non-linear least squares because egg data are not normally distributed (e.g. Ward et al.
2011, 2021). Because the distribution of egg data is approximately log-normal, a log-linear version of
the exponential egg mortality model (Appendix 1, Equation 4a) was fitted to estimates of egg age
and density for each daily cohort at each site (Picquelle and Stauffer 1985). Estimates of mean daily
egg production from the log-linear model have a negative bias (Picquelle and Stauffer 1985), so a
bias correction factor was applied (Appendix 1, Equation 4b).

Mean daily egg production was also estimated using a generalized linear model (GLM, Appendix 1,
Equation 5) with a negative binomial error structure where variance increased linearly with the
mean (o = u*(1+ W +)), and p is the model estimate, o is the model variance and ¢ is the over-
dispersion parameter. The GLM was fitted using a log-link function (Appendix 1, Equation 5) and the
glmmTMB ‘R’ package (Brooks et al. 2017).

Adult sampling

Samples of mature sardine were collected from sites located off South Australia using a gillnet and
lights. Detailed descriptions of the sampling method are provided in Ward et al. (2001, 2011, 2021).
Estimates of each adult parameter were obtained from data pooled across years (i.e. 1998 to 2018),
because statistically significant interannual variation could not be detected for any parameter (Ward
et al. 2021).
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Sex Ratio

The mean sex ratio by weight (R, Appendix 1, Equation 1) of mature individuals in the population
was calculated from the average of sample means weighted by sample size (Appendix 1, Equations
6a, b, Ward et al. 2021).

Spawning fraction

Ovaries of mature females were sectioned, stained with haematoxylin and eosin and examined for
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
S, Appendix 1, Equation 1) of each sample was calculated from females with (i) hydrated oocytes
plus day-0 POFs (assumed to be spawning or have spawned on the night of capture), (ii) day-1 POFs
(assumed to have spawned the previous night) and (iii) day-2 POFs (assumed to have spawned two
nights prior). Estimates of spawning fraction calculated from each POF cohort were not significantly
different. The mean spawning fraction of the population was calculated from the average of sample
means (all POF cohorts) weighted by proportional sample size (Appendix 1, Equations 7a, b, Ward et
al. 2021).

As adult samples were only collected over a discreet 10-hour period (2000 hours to 0600 hours) at
night, which included the peak spawning time of 0200 hours, assigning POFs to a daily cohort was
relatively straightforward because their ages and appearances were quite distinct. Calculating
spawning fraction as the mean of all three daily cohorts also mitigated problems that could have
arisen from assigning a POF to the wrong cohort (Ward et al. 2021)

Relative fecundity

Mature females from each sample were removed from formalin and weighed (x 0.01 g). The mean
weight of mature females in the population (W) was calculated from the average of sample means
weighted by sample size (Appendix 1, Equation 8, Ward et al. 2021).

Batch fecundity (F) was estimated using the methods of Hunter et al. (1985). Both ovaries were
weighed and the number of hydrated oocytes in three ovarian sub-sections were counted and
weighed. 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 linear relationship
between female weight (ovaries removed) and batch fecundity was estimated from all females with
hydrated oocytes. This relationship was used to estimate the batch fecundity (F) for each mature
female without hydrated ovaries. This was done by generating a predicted fecundity (F) for each
mature female based on the estimated fecundity-at-weight relationship and its level of variance
given each fish’s weight (Table 1, Equation 10). The standard deviation of the normal distribution
was determined using weight-dependent variance terms that allowed variance to increase with
weight and ensured that the precision of estimates of £ was not over-estimated for larger fish.
Predicted fecundities were estimated using the ‘truncnorm’ package (Mersman et al. 2018) which
prevented estimates of batch fecundity falling below zero. Females <25g (i.e. below the size at 50%
maturity) were excluded (Ward and Staunton-Smith 2002).

Relative fecundity (F’, Appendix 1, Equation 1), i.e. the number of eggs produced per gram of total
female weight (W), was calculated for each female by dividing batch fecundity (i.e. F and F) by total
female weight (W, Appendix 1, Equation 9a, Ward et al. 2021).
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Estimates of uncertainty

The 95% Confidence Intervals (Cls) and Coefficients of Variation (CVs) for mean daily egg production
were estimated using bootstrap resampling methods with 10,000 iterations (Ward et al. 2021). The
95% Cls and CVs of sex ratio, spawning fraction and relative fecundity were calculated using a ratio
estimator (Rice 1995) as demonstrated for relative fecundity in Appendix 1, Equation 9b, Ward et al.
2021).

Spawning biomass
Spawning biomass was calculated with Equation 1 (Appendix 1) using spawning area, estimates of
mean daily egg production obtained from both the log-linear model and the GLM and estimates of

sex ratio, spawning fraction and relative fecundity obtained from adult samples collected off South
Australia in 1998 to 2019 (Ward et al. 2021).

The variance around the estimates of spawning biomass were calculated by summing the squared
CVs for each parameter and multiplying by the square of the estimate of spawning biomass. All
analyses were done in the R programming environment (R Core Team, 2019).

Sensitivity analysis

Sensitivity analyses were conducted to assess the effects of potential variation of each parameter on
the estimates of spawning biomass. The range of values used in the analysis were the highest and
lowest annual estimates of each parameter obtained for Sardine off South Australia from 1998 to
2019 (Ward et al. 2021). These were spawning area (15,637 and 73,981 km?), mean daily egg
production (39 and 170 eggs.g™?), sex ratio (0.36 and 0.70), spawning fraction (0.04 and 0.18) and
relative fecundity (296 and 313 eggs.g). The sensitivity analysis also showed the effect on spawning
biomass of estimating mean daily egg production using the log-linear model or the GLM.

RESULTS

Egg distribution and abundance

A total of 2,676 live Sardine eggs were collected from 124 (59.3%) of the 205 sites between Jervis
Bay, New South Wales and south-eastern Tasmania (Table 1, Figure 4A). Sardine eggs were found at
most sites and were highly abundant in shelf waters south of Lakes Entrance and in Bass Strait. Eggs
were more sparsely distributed and less abundant off the east coasts of New South Wales and
Tasmania.

Table 1. Number of sites and total area sampled. Proportion of sites and area sampled with live
Sardine eggs present.

Survey Total With live eggs
Number of sites 205 124 (59.3%)
Survey area 68,295 km? 41,017 (60.1%)

Spawning area
The spawning area of Sardine was estimated to be 41,017 km? and comprised 60.1% of the total area
sampled (68,295 km?, Table 1, Figure 4B).
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Mean daily egg production

The estimates of mean daily egg production (Po) obtained using the log-linear model and GLM were
95.0 eggs-day:m? (95% Cl: 46.7-186.7) and 81.5 eggs-day™’-m (95% Cl: 47.5-131.4), respectively
(Table 2, Figure 5). The instantaneous daily egg mortality rates (z) were 1.2 (95% CI: 0.6-1.9) day‘and
0.91 (95% Cl: 0.5-1.4) day’?, respectively (Table 2, Figure 5).

Table 2. Estimates of mean daily egg production (Py, eggs-dayt.m2) and instantaneous daily egg
mortality (z, day?) for Sardine (Sardinops sagax) in the eastern component of the South-eastern

stock in 2019

Egg Production Model

Egg Production

Daily Egg Mortality

eggs-day-m2 (95% Cl) day*(95% Cl)
Log-linear model 95.0 (46.7-186.7) 1.2 (0.6-1.9)
GLM Negative Binomial 81.5(47.5-131.4) 0.9 (0.5-1.4)
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Figure 4. (A) Sea surface temperatures (SST; °C) and distribution and densities (eggs:m2) of live Sardine

(Sardinops sagax) eggs collected between central New South Wales and south-eastern Tasmania during
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Figure 5. Plot of egg age and density for each daily cohort of Sardine at each site sampled during the
ichthyoplankton survey off eastern Australia in January-February 2019. Curves used to estimate mean daily
egg production (PO, egg-day-1:m-2) and instantaneous daily mortality (z, day 1) were fitted using the log-linear
version of the exponential mortality model and a Generalised Linear Model with a negative binomial error
structure. The grey horizontal line is the mean egg density for the survey.

Sex ratio

Annual estimates of sex ratio ranged from 0.36 (95% Cl = 0.28-0.43) in 2009 to 0.70 (95% Cl = 0.64—
0.77) in 2018 (Figure 6, Ward et al. 2021). The mean sex ratio from data combined across years was
0.55 (95% Cl = 0.52-0.58).

Spawning fraction

Annual estimates of spawning fraction ranged from 0.04 in 2014 (95% Cl: 0.03—0.05) in 2014) to 0.18
(95% Cl: 0.15-0.21 in 2001 (Figure 6, Ward et al. 2021). The mean spawning fraction from data
combined across years was 0.11 (95% Cl: 0.10-0.12).

Relative fecundity

The batch fecundity relationship for females with hydrated oocytes was Batch Fecundity = 335 x
Gonad Free Female Weight — 797 (R? = 0.53). Annual estimates of F ranged from 14,070 oocytes
(95% ClI: 2,609-24,619) in 1998 to 23,995 oocytes (95% Cl:10,091-37,472) in 2004 (Figure 6, Ward et
al. 2021). The estimate of batch fecundity calculated for all mature females was

17,835 oocytes-batch™ (95% Cl: 3,819-31,813).

Annual values of relative fecundity ranged from 295.9 to 312.9 egg.g™. The overall estimate of
relative fecundity was 305.4 eggs.g* (95% Cl: 303.8-306.3) and was approximately constant across
the range of weights of mature females obtained in samples (Figure 7, Ward et al. 2021).
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University Press.
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Figure 7. Relationship (blue line, red dotted line) between relative fecundity (F’, egg.g) and female weight (W,
g) of Sardine collected off South Australia between 1998 and 2018. Red: measured F’ values; Black: estimated
F’values. Adapted from Ward et al. (2021). Reproduced with permission of Oxford University Press.

Spawning biomass

The estimate of spawning biomass calculated using the estimate of the spawning area of 41,017 km?
obtained from the survey, the estimate of mean daily egg production obtained using the General
Linear Model (i.e. 81.5 eggs-day*-m) and the mean values of sex ratio (0.55), spawning fraction
(0.11) and relative fecundity (305.41 eggs.g?) obtained from Sardine collected off South Australia
between 1998 and 2018 was 184,721 t (95%Cl: 86,282—-283,158 t). The estimate obtained using the
log-linear version of the exponential model was 215,369 t (95%Cl: 163,787-379,157 t).

Sensitivity analyses

The sensitivity analysis shows that potential variations in sex ratio and relative fecundity have
relatively small effects on estimates of spawning biomass (Figure 8). In contrast, spawning biomass
varies markedly in response to potential variations in spawning area, mean daily egg production and
spawning fraction. Previous studies have shown that interannual variations in mean daily egg
production and spawning fraction are driven by sampling error, whereas annual estimates of
spawning area are considered more reliable (e.g. Ward et al. 2021). The estimate of spawning
biomass calculated using the estimate of mean daily egg production obtained with the GLM was
lower than the estimate obtained using the log-linear model. Because the estimate of spawning
biomass obtained using the estimate of mean daily egg production from the GLM was the most
conservative, it was adopted as the “base case” estimate in this report.
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Figure 8. Sensitivity plots showing effects of variability in each parameter on estimates of spawning biomass.
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1998 and 2018 (from Ward et al. 2021).
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DISCUSSION

The results of this study suggest that the spawning biomass of the eastern component of the South-
eastern stock of Sardine in 2019 was 184,721 t (95%Cl: 86,282—283,158 t), which is an order of
magnitude larger than the preliminary estimate of the minimum spawning biomass in this region
obtained in a previous study (i.e. 11,000 t, Ward et al. 2015). The large increase in the estimate of
spawning biomass obtained in the present study reflects the expansion of the ichthyoplankton
survey to include parts of eastern Bass Strait where Sardine eggs were widely distributed and
abundant (Figure 4). The survey conducted in the present study is likely to have covered most of the
spawning habitat of Sardine in the eastern component of the South-eastern stock (i.e. east of
146°30’E). However, the survey did not cover spawning habitat west of 146°30’E and is therefore an
under-estimate of the total spawning biomass of the South-eastern stock.

This study indicates that the spawning area of Sardine in the eastern component of the South-
eastern stock covers more than 41,000 km?. A previous study suggested that the western
component of the South-eastern stock (i.e. between 146°30’E and the Victorian-South Australian
border) covered at least 16,000 km? (Ward et al. 2015), but that study did not include likely
spawning habitat of Sardine in some western parts of Bass Strait. Together, the findings of Ward et
al. (2015) and the present study suggest that the total spawning area covered by the South-eastern
stock of Sardine is at least 57,000 t, which is similar to the average spawning area recorded for the
Southern stock between 2005 and 2020 (i.e. ~56,000 t, Grammer et al. 2021). This finding is
important because numerous studies have shown that there is a strong linear relationship between
the spawning area and spawning biomass of Sardine (Mangel and Smith, 1990; Zenitani and Yamada,
2000; Gaughan et al., 2004; Ward et al. 2021). If this relationship for the South-eastern stock is
similar to that observed for the Southern stock (i.e. each square kilometre of spawning area supports
approximately 4.5 t of spawning biomass), then the total spawning biomass of the South-eastern
stock would be similar to that of the Southern stock (i.e. average of ~253,000 t between 2005 and
2020, Grammer et al. 2021), which supports Australia’s largest fishery, the South Australian Sardine
Fishery.

There are two reasons that suggest the relationship between spawning area and spawning biomass
for the South-eastern stock may be similar to that for the Southern stock. Firstly, the estimates of
mean daily egg production obtained for the eastern component of the South-eastern stock using the
log-linear model and GLM (i.e. 95 and 82 eggs-day-m™, respectively) are remarkably similar to those
obtained for the Southern stock (i.e. 81 and 97 eggs-day™’-m, respectively, Ward et al. 2021). The
similarity of these values may be because mean egg density, which together with egg mortality
drives levels of mean daily egg production, is relatively stable for sardines, and perhaps some other
planktivorous species, even when spawning biomasses vary by orders of magnitude (Zweifel, 1973;
Smith and Richardson, 1977; Wolf et al. 1987; Mangel and Smith, 1990). It has been suggested that
egg density may be relatively stable for these planktivorous pelagic species because successful
fertilization requires a minimum density of spawning adults (e.g. Mangel and Smith, 1990) and the
need to minimize cannibalism of eggs and larvae places an upper limit on adult density (e.g. Hunter
and Kimbrell 1980; Somarakis et al., 2019). Future DEPM studies of the Southern stock of Sardine
should be designed to obtain further information on the levels of mean daily egg production across
the entire stock.

The second reason is that the adult reproductive parameters of the two stocks are likely to be
similar. This is because adult reproductive parameters of Sardinops sagax and several other species
of sardines are remarkably stable across several ecosystems worldwide (see Ganias et al. 2009;
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Somarakis et al., 2019; Ward et al. 2021). For example, even though estimates of sex ratio can be
highly variable among years (mainly due to sampling error), there is no evidence to suggest that the
sex ratio (by numbers) of Sardine or any other sardine species is consistently skewed towards either
males or females (e.g. Ganias et al. 2009, Ganias 2014). However, during the spawning season
females are often slightly heavier than males at any given length so the sex ratio by weight can be
higher than 0.5. On this basis it seems likely that the sex ratio by weight for the South-eastern stock
is similar to the estimate of 0.55 obtained by Ward et al. (2021) for the Southern stock. The
spawning fraction for the Southern-eastern stock of Sardine is also likely to be similar to the
estimate of 0.11 reported for the Southern stock (Ward et al. 2021). This is because the mean value
of spawning fraction for the Southern stock is similar to both the global mean for this species of 0.12
(e.g. Ganias et al. 2009; Ganias 2014) and estimates available for several of other species of Sardines
in other ecosystems (e.g. Somarakis et al., 2019). The relative fecundity for the Southern-eastern
stock of Sardine may also be similar to that reported for the Southern stock (i.e. 305 eggs.g™?)
because Somarakis et al. (2006) showed that this parameter is relatively constant across two
different genera of sardine (Sardinops, Sardina) in several different ecosystems, including S. sagax
off southern Australia. Although it is likely that the adult reproductive parameters of the South-
eastern and Southern stocks are similar, if a substantial fishery is established on the South-eastern
stock, it is recommended that representative adult samples are collected from across the entire
stock to assess the validity of this assertion.

The evidence indicating that mean daily egg production and adult parameters of the Southern-
eastern stock of Sardine are likely to be similar to those of the Southern stock suggests that the
relationship between spawning area and spawning biomass in the two stocks may also be similar.
The present study provides strong evidence that the spawning biomass of the eastern component of
the South-eastern stock of Sardine is approximately 185,000 t. This estimate does not include
spawning biomass in the area west of 146°30’E and is therefore a conservative estimate of the
spawning biomass of the total South-eastern stock of Sardine. A previous study suggested that the
spawning biomass of the western component of the South-eastern stock of Sardine was at least
30,000 t (Ward et al. 2018), which suggests that the spawning biomass of the entire South-eastern
stock is at least 200,000 t. If relationship between spawning area and spawning biomass for the
South-eastern stock is similar to that observed in the Southern stock, which is likely, then the total
spawning biomass of the South-eastern stock may be 250,000 t, or greater. Future applications of
the DEPM to the South-eastern stock of Sardine should cover all of the potential spawning area
between southern New South Wales and the Victorian-South Australian border, especially parts of
western Bass Strait that have not yet been surveyed and be explicitly designed to estimate the
relationship between spawning area and spawning biomass for the Southern stock.
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Appendix 1. Equations used in the application of the Daily Egg Production Method to estimate the spawning biomass of sardine off South Australia in 1998-2018. Adapted
from Ward et al. (2021). Reproduced with permission of Oxford University Press.

Eq.
Calculation Equation N?) Parameters Reference
Po: mean daily egg production
P A A: total spawning area
Spawning Biomass SB = 0 - 1 R: mean sex ratio Parker 1980
RSF F’: mean relative fecundity
S: mean spawning fraction
Ps: density of eggs in a sample
C: number of eggs of each age in each . .
. CD Smith and Richardson
Egg Density (sample) P=— 2 sample (1977)
4 V: volume of water filtered (m?3)
D: depth (m) of net cast
. P:: egg density at age t
E tial . .
xpongn '’ ceg P, = Pje™%t 3 z: the instantaneous rate of daily egg Lasker (1985)
mortality model (Po) .
mortality
Pb: ively bi P
Negatively biased _ ¢ negat.lve y biased Po .
estimate (Ps) InP,; = InP,—2zt 4a P density of eggs of age t at site /
z: instantaneous rate of daily egg mortality  picquelle and Stauffer
Pp: negatively biased estimate of daily egg (1985)
2
Bias corrected (Po) P, = e P+’ /2 4b  production
o?: variance of Py estimate
e s
Model (GLMs) with R Lo .
error structure of E[P)] =g ' (—zt + ¢) 5  zt:the .|nstantaneous rate of daily egg Ward et al. (2021)
. . . mortality at age t
negative binomial
£: error term
Fi: total weight of mature females in each
Sex Ratio: sample — F; sample i
— R; = 6 Lasker (1985
(Ry) YOF+M,; ® M: total weight of mature males in each asker ( )
sample i
5 Lasker (1985
__ Ri : mean sex ratio of each sample asker { )
Sex Ratio: population R = [_Ri i ] 6b  n:number of fish in each sample
: total number of fish collected in a
(R) N N: total number of fish collected in all

samples and
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do, d1 and d2: the number of mature Lasker (1985)
Spawning Fraction: . do+dl+d2 females with POFs aged day 0, 1 or 2 in
le (53 S, = 3. 7a  each sample
sample (S;) n n;: is the total number of females within a
sample.
3 Lasker (1
Si : mean spawning fraction of each asker (1985)
Spawlnlr?g Fraction: _ ] sample
p;pu ation S = Si i ] 7 n: number of fish in each sample i
($) N N: total number of fish collected in all
samples
_ Wi : mean female weight of each sample i;
{;/r?ale Weight W= W;n; 8  n:number of fish in each sample Lasker (1985)
N N: total number of fish collected in all
samples
. . F' = F/VT/ 9% F’: Relative Fecundity Parker (1980)
Relative Fecundity = .
, F: Mean Fecundity
(F W: Mean Weight
9b  F’: Relative Fecundity
Ratio estimator (e F: Mean Fecundity
& Var(F") = {(FY2 05 + 02 —2-F - cov(F,W)} W: Mean Weight Rice (1995)

F) Nfish w2

o7 and o3 variances of F and W
cov(F,W): covariance of Fand W
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