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Use of the Daily Egg Production
Method for Stock Assessment of
Sardine, Sardinops sagax; Lessons
Learned over a Decade of Application
off Southern Australia
TIM M. WARD, PAUL BURCH, LACHLAN J. MCLEAY, and ALEX R. IVEY
South Australian Research and Development Institute (SARDI), Aquatic Sciences, Henley Beach, South Australia

Analyses of data collected over a decade off southern Australia conﬁrm that estimates of spawning biomass of Sardinops
sagax obtained using the daily egg production method are imprecise and suggest that if inappropriate analytical methods
are used, estimates may also be biased. Spawning biomass estimates are most affected by variation in mean daily egg
production (P0 ), spawning area, and spawning fraction. The log-linear mortality model (with one egg added to each day
class of eggs at each positive site) should be used to estimate P0 because it ﬁts strongly over-dispersed sardine egg density
data better and provides more logically consistent and precautionary estimates of P0 than the exponential mortality model
or generalized linear models. Most generalized linear models produced inﬂated estimates of P0 when egg data were strongly
over-dispersed. The area surveyed should be sub-divided into a large number (e.g., 300) of similar sized grids. The Voronoi
natural neighbor method should be used to calculate grid size for estimation of the spawning area because it reduces
subjectivity in sub-division of the sampling area. Potential biases in spawning fraction can be minimized by calculating this
parameter using data from all three stages of post-ovulatory follicles (combined). Priorities for future research are identiﬁed.
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INTRODUCTION

more sophisticated and expensive infrastructure, higher levels
of technical support and expertise, and a longer developmen
tal phase than the DEPM. A good example of these constraints
comes from South Africa, where egg production estimates of an
chovy spawner biomass were used for a decade to scale-up the
negatively-biased acoustic estimates while methods were devel
oped for in situ estimation of target strength (Hampton, 1996).
The DEPM relies on the premise that the biomass of spawn
ing adults can be calculated by dividing the mean number of
pelagic 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 fecun
dity (Lasker, 1985). Total daily egg production is the product
of mean daily egg production (P0 ) and total spawning area (A).
Mean daily fecundity is calculated by dividing the product of
mean sex ratio (by weight, R), mean batch fecundity (number of
oocytes in a batch,F ) and mean spawning fraction (proportion
of mature females spawning each day/night,S) by mean female

The Daily Egg Production Method (DEPM) was developed
for stock assessment of the northern anchovy, Engraulis mor
dax, off the west coast of North America (Parker, 1980; Lasker,
1985; Alheit, 1993; Hunter and Lo, 1997; Stratoudakis et al.,
2006). Over the last three decades, it has been applied to at
least 18 species of small pelagic ﬁshes worldwide (Stratoudakis
et al., 2006; Neira et al., 2008; Dimmlich et al., 2009; Ward
et al., 2009). The main reason that the method has been used
so widely is that it is often the most practical option available
for stock assessment of small pelagic species. In many circum
stances the only real alternative to the DEPM is acoustic surveys,
which often produce biased estimates of biomass and require
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weight (W ). Spawning biomass (SB) is calculated according to
the equation:
SB = P0 .A/(R.F.S/W ).

(1)

The DEPM can be applied to ﬁshes that spawn multiple batches
of pelagic eggs over an extended spawning season (e.g., Parker,
1980). Data used to estimate DEPM parameters are typically
obtained during ﬁshery-independent surveys involving vertical
plankton tows at sites located at regular intervals along parallel
cross-shelf transects. Adult samples are often taken opportunis
tically during the survey and may be complemented by samples
collected concurrently from commercial vessels (Stratoudakis
et al., 2006). The key assumptions of the DEPM are that: (1)
surveys are conducted during the main (preferably peak) spawn
ing season; (2) the entire spawning area is sampled; (3) eggs are
sampled without loss and identiﬁed without error; (4) levels of
egg production and mortality are consistent across the spawn
ing area; and (5) representative samples of spawning adults are
collected during the survey period (Parker, 1980; Alheit, 1993;
Hunter and Lo, 1997; Stratoudakis et al., 2006).
Although the DEPM is used widely a range of problems have
been encountered and estimates of spawning biomass are gen
erally considered to be accurate (unbiased), but relatively im
precise (e.g., Alheit, 1993; Hunter and Lo, 1997; Stratoudakis
et al., 2006). This imprecision is mainly due to uncertainties
associated with the estimation of total daily egg production, i.e.,
P0 and A. (Fletcher et al., 1996; McGarvey and Kinloch, 2001;
Ward et al., 2001a; Gaughan et al., 2004). A range of analytical
methods have been used to calculate these parameters and these
have the potential to signiﬁcantly affect estimates of SB. For
example, egg age has been estimated using a range of models
that combine information on daily spawning synchronicity and
mean egg developmental rates in relevant temperature ranges
(e.g., Lo, 1985; Stauffer and Piquelle, 1985; Ibaibarriaga et al.,
2007). Perhaps most importantly, P0 has been determined by
ﬁtting the exponential decay model to estimates of the mean
age of daily cohorts and their density in each sample using
non-linear regression, a log-linear model of ln-transformed data
(e.g., Picquelle and Stauffer, 1985), a GLM with an appropri
ate link function or a GAM (ICES, 2004). The delta method
(Serber, 1982) and parametric (Borchers et al., 1997) and non
parametric bootstraps (Jackson and Chen, 2001; ICES, 2004)
have been used to estimate conﬁdence intervals of P0 . A has
been estimated by dividing the survey into stratiﬁed grids using
the subjective ‘manual’ method (Lasker, 1985) and objectively
using nearest neighbor methods (Watson, 1981; Ward et al.,
2009). Conﬁdence intervals for A have been estimated using
GAMs (Stratoudakis et al., 2006).
Many DEPM studies have been impeded by difﬁculties as
sociated with obtaining representative samples of adults to esti
mate reproductive parameters, especially S (see Stratoudakis et
al., 2006). Estimating R and W is relatively straightforward if
representative samples can be collected. F has been estimated by
calculating the linear relationship between ﬁsh weight (ovary
free) and batch fecundity for females with gonads containing

hydrated oocytes using either linear regression (Picquelle and
Stauffer, 1985) or a gamma or negative binomial GLM with an
identity link function (ICES, 2004); this relationship has then
been applied to the mean gonad free weight of all mature female
ﬁsh. S is often the most difﬁcult DEPM parameter to estimate
for clupeoids. Difﬁculties associated with obtaining represen
tative samples of adults are exacerbated by temporal variations
in the composition of clupeoid schools: for example, during the
daily peak in spawning activity, males and actively spawning
females are over-represented in ephemeral spawning aggrega
tions and under-represented in the remainder of the population
(Stratoudakis et al., 2006). Much of the uncertainty surrounding
estimates of S is associated with determining whether imminent
or recent spawners or both should be used in calculations.
At least two reviews have concluded that the DEPM may
be better tailored to anchovies (Engraulis spp.) than to sardine,
Sardinops sagax (Alheit, 1993; Stratoudakis et al., 2006). The
main argument used to support this assertion is that because a
higher proportion of anchovies are actively spawning during the
peak spawning season, daily fecundity can be estimated more
precisely for anchovy than sardine (e.g., Alheit, 1993; Stra
toudakis et al., 2006). Despite these apparent limitations of the
DEPM for stock assessment of sardine, the method is a critical
component of the assessment of this globally-important species
in several locations. For example, the DEPM has been used for
stock assessment of S. sagax off the west coast of North America
(e.g., Lo et al., 1996, 2005) and the western and southern coasts
of Australia (Fletcher et al., 1996; Ward et al., 2001b; Gaughan
et al., 2004). However, there are important differences among
locations in the manner in which egg and adult samples are
collected, data are analysed and estimates of spawning biomass
used to support ﬁsheries management. For example, a Contin
uous Underway Fish Egg Sampler has been used routinely in
surveys off California, but not Australia (e.g., Lo et al., 2001).
In addition, adult samples have usually been collected by midwater trawling off California, purse-seining off Western Aus
tralia (Gaughan et al., 2004) and gill-netting off South Australia
(Ward et al., 2001b). Furthermore, estimates of SB obtained from
DEPM surveys have been used directly for ﬁsheries manage
ment in South Australia, but are incorporated into age-structured
stock assessment models in California and Western Australia.
This paper analyses data collected over a decade in waters
off South Australia to establish guidelines for using the DEPM
to estimate the spawning biomass of sardine (Sardinops sagax).
Estimates of each parameter are calculated using the full range
of data available (i.e., samples obtained from research and com
mercial vessels) and the main analytical methods described in
the literature. The most appropriate sampling methods and sta
tistical approaches are identiﬁed on the basis of model diagnos
tics and the logical consistency of inter-annual trends. Estimates
of each parameter obtained using the most appropriate sampling
method and statistical approach are used to calculate estimates
of SB between 1998 and 2007. The relative importance of each
parameter as a determinant of SB is estimated by dividing the
range of estimates obtained over the ten years by the overall
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Figure 1 (A) Map showing locations mentioned in the text and sites (denoted by ∗ ) where adult samples were collected in surveys of Sardinops sagax in South
Australian waters between 1998 and 2007: (a) St Francis Island, (b) Waldegrave Island, (c) Flinders Island, (d) Pearson Island, (e) Greenly Island, (f) Cofﬁn Bay,
(g) Thistle Island, (h) Neptune Island, (i) Wedge Island, (j) Scotts Cove, and (k) Wardang Island. (B) Grids generated for 2007 using the Voronoi natural neighbor
method.

mean value. The scales of potential biases in estimates of SB
resulting from the use of sub-optimal methods to estimate key
parameters are calculated. Guidelines are established for us
ing the DEPM to estimate the spawning biomass of sardine (S.
sagax). Research priorities to enhance future stock assessments
are identiﬁed.

METHODS
Study Location
Shelf waters off South Australia (Figure 1) form part of the
world’s only northern boundary current system (Middleton and

Cirano, 2002; Kaempf et al., 2004; McClatchie et al., 2006).
The continental shelf in this region is broad and supports the
highest levels of primary, secondary and ﬁsh production in Aus
tralian waters (Ward et al., 2006), including Australia’s largest
single-species ﬁshery (by weight), the South Australian Sardine
Fishery (SASF). The SASF was established in 1991 to provide
fodder for the ranching of wild-caught southern blue ﬁn tuna
(Thunnus maccoyi). Entry is limited to 14 license holders. A to
tal allowable catch (TAC) is set annually and each license holder
has an individual transferable quota equal to 1/14th of the TAC.
In addition, there are some input controls, such as on net size.
Estimates of spawning biomass obtained using the DEPM
have been used to set the TAC in the SASF since 1998. The total
catch in 1991 was less than 10 t and increased to ∼ 3,500 t in
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1995. Mass mortality events in 1995 and 1998 each killed over
70% of the SB (Ward et al., 2001a, 2001b). Despite the effects of
these mass mortality events, the ﬁshery has grown quickly and
annual catches since 2004 have ranged between approximately
25,000 and 42,500 t. The TAC has been set at 30,000 t since
2006. Under the current management arrangements the TAC
will remain at 30,000 t while estimates of spawning biomass
remain between 150,000 and 300,000 t.
Total Daily Egg Production
Plankton Sampling
Plankton samples for application of the DEPM were col
lected each year using paired Californian Vertical Egg Tow
(CalVET) nets (0.225 m diameter in 1998–2003, 0.300 m di
ameter in 2004–2007, 300 µm mesh). Sampling design varied
among years to focus more effort on key spawning area (Table
1, Figure 2). Stations were generally 4–5 nm apart and with 10–
12 nm between transects. CalVET nets were deployed to within
10 m of the seabed in waters less than 80 m deep and to 70 m
in depths greater than 80 m, and retrieved at approximately 1.0
ms−1 . General OceanicsTM ﬂow-meters were used to estimate
the distance traveled by each net. Samples from the two codends were combined and stored in 5% buffered formaldehyde
and seawater solution.
Egg Density
Sardine eggs obtained in each plankton sample were staged
according to the criteria identiﬁed in White and Fletcher (1996)
and counted. The number of eggs of each stage under one square
metre of water (Pt ) was estimated at each site according to Eq.
(2):
C.D
,
(2)
V
where C is the number of eggs of each age in each sample, V
is the volume ﬁltered (m3 ), and D is the depth (m) to which the
net was deployed (Smith and Richardson, 1977). The densities
Pt =

of day-1 and day-2 eggs were weighted according to the relative
size of the area from which each sample was taken (see section
on spawning area below).

Spawning Time and Egg Ages
A reliable model relating egg development rate to tempera
ture has not been developed for sardine in Australian waters.
Peak spawning time and the modal age of each egg stage
were estimated for all samples combined and for three temper
ature ranges (< 19◦ C, 19–20◦ C, > 20◦ C) using kernel density
smoothing to estimate the relative abundance of each egg stage
by sampling time.
The time of peak abundance for each egg stage between
Stages 2 and 11 (White and Fletcher, 1996) was estimated by
combining samples for all years and using a kernel density es
timation function with a Gaussian (normal) kernel and a band
width of 3 hr (Simonoff, 1998). The ages of eggs in each sample
were estimated in three ways. First, the effects of temperature
on development rates were ignored and the age of all day-1
eggs (i.e., Stages 1–7) was estimated by subtracting the esti
mated spawning time (0200 hr) from the collection time. The
estimated spawning time was consistent with that originally es
timated by Ward et al. (2001b). The age of day-2 eggs (Stages
8–12) was also estimating by subtracting the estimated spawn
ing time from the collection time and adding 24 hr to each age
estimate. Second, the same approach was applied with the addi
tional assumption that in waters in <19◦ C, 19–20◦ C and >20◦ C,
day-1 eggs were Stages 1–6, 1–7 and 1–8, respectively. Third,
based on this assumption each sample was divided into day-1
and day-2 eggs, and all eggs from each day were aggregated
into the stage with the maximum number of eggs (in the case of
a tie to the earlier stage). Each egg stage was then assigned the
age of the modal time obtained in each temperature range in the
kernel density plot.
The effects on estimates of egg production of using differ
ent methods to estimate egg age were examined by ﬁtting the
log-linear model (see below) to weighted egg density with the
estimates of egg age.

Table 1 Summary of information on the timing of surveys, number of samples collected, and distribution and abundance of Sardinops sagax eggs in
ichthyoplankton surveys conducted between 1998 and 2007
Year

Survey Month

No. Transects

No. Stations

No. Eggs

No. (%) Positive Stations

Mean Egg Density in Spawning Area (Eggs m−2 ± SE)

1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

2, 3
2, 3
2, 3
2, 3
2, 3
2, 3, 4
2, 3
2, 3
2, 3
2, 3

19
26
32
31
33
32
28
31
34
34

164
213
290
291
328
320
284
334
341
341

2,738
397
1,362
1,396
1,475
1,718
3,186
1,808
3,083
3,909

110 (67.1)
50 (23.5)
111 (38.3)
107 (36.8)
115 (35.1)
112 (35.0)
115 (40.5)
124 (37.1)
135 (39.6)
151 (44.3)

217.9 (44.2)
71.7 (16.4)
79.4 (14.2)
117.3 (18.2)
129.8 (27.2)
131.3 (16.9)
200.7 (48.8)
103.8 (34.7)
142.1 (43.4)
156.0 (27.1)
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Figure 2 Location of stations where ichthyoplankton samples were collected and densities of Sardinops sagax (eggs.m−2 ) collected in surveys of Sardinops
sagax in South Australian waters between 1998 and 2007.
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Spawning Area (A)
For each year, two methods were used to establish a con
tiguous series of grid areas that each included a single sampling
site (Figure 1). First, in MAPINFO Version 8 the sampling area
was manually divided into a series of contiguous grids located
around each sampling site (Figure 1) using the method described
by Lasker (1985). Second, the Voronoi natural neighbor (VNN)
method (Watson, 1981) was implemented in MAPINFO Ver
sion 8 to generate a polygon around each sampling site with the
boundary as the midpoint equidistant between the survey sites
(Figure 1).
For each year, A was estimated by summing separately the
area of all grids generated using the Lasker (1985) and the VNN
methods, based on the presence of live eggs.
Mean Daily Egg Production (P0 )
P0 and mean daily egg mortality (Z) were estimated us
ing the exponential model (Lasker, 1985), a log-linear model
(Lasker, 1985) and several generalized linear models (ICES,
2004; Stratoudakis et al., 2006; Wood, 2006). In cases (mod
els and years) when Z could not be estimated reliably, P0 was
estimated by assigning a value of Z equal to the mean value ob
tained in all other years. To account differences in station areas,
densities of day 1 and day 2 eggs were weighted by station area
before estimating P0 .
Non-linear least squares regression with starting values of P0
and Z were 100 and 0.5, respectively, and were used to solve
the exponential egg mortality model of Lasker (1985):
Pt = P0 e−zt ,

(3)

where Pt is density of eggs of age t and Z is the instantaneous
rate of daily egg mortality.
Using the log-linear model, biased mean daily egg produc
tion (Pb ) was calculated by ﬁtting a linear regression to ln
transformed estimates of egg density by age at each site (Pic
quelle and Stauffer, 1985):
ln Pi = ln(Pb ) − Zt,

(4)

where Pi is the density of eggs of age t at site i and Z is
the instantaneous rate of daily egg mortality. As estimates of
Pb obtained using the log-linear model have a negative bias,
a bias correction factor was applied following the equation of
Picquelle and Stauffer (1985):
P0 = e(ln Pb +σ

2

/2)

(5)

,

where σ 2 is the variance of the estimate of Pb .
P0 was estimated using four GLMs suggested in the litera
ture (McCullagh and Nelder, 1983; ICES, 2004; Stratoudakis
et al., 2006; Wood, 2006). For observed egg densities (Pi ), the
generalized linear models were of the form:
g(u) = ln(P0 ) − zt,

(6)

where u is the link function from an exponential family dis
tribution such that ui ≡ E(Pi ). GLM 1 assumed a Gaussian
distribution with a log link function. If the data followed a
log-normal distribution, this model would be expected to give
similar results to the log-linear model. GLM 2 assumed a Quasi
distribution with a log link function and variance proportional to
the mean as has been recommended for overdispersed egg den
sity data (Wood, 2006). GLM 3 assumed a Quasi distribution
with a log link function and variance proportional to the mean
squared, because the residual plots from GLM 2 still showed
signs of over-dispersion. GLM 4 was applied to ln-transformed
egg density data assuming a Quasi distribution with identity link
function and variance proportional to the mean. As estimates of
P0 obtained using GLM 4 were negatively biased, we applied
the same bias correction factor that we applied for the log-linear
model (Eq. (5), variance assumed to equal residual deviance).
The approaches used to compare the ﬁt of the six models to
the observed data over the ten year period were, a comparison of
plots of the residuals to determine how the models coped with the
over dispersion of the data, particularly the small number of very
high egg densities and standard errors, coefﬁcients of variation
and 95% conﬁdence intervals obtained from the bootstraps (see
below) were compared for all models within each year.
Conﬁdence Intervals
As the egg data were over-dispersed, conﬁdence intervals
were calculated by bootstrapping (Efron and Tibshirani, 1993).
Bootstrap samples were generated by resampling with replace
ment from the CalVET tows. All models were ﬁtted to each
bootstrapped sample and conﬁdence intervals were obtained
from 100,000 iterations using the percentile method.

Mean Daily Fecundity
Adult Sampling
Between 1998 and 2007, samples of mature Sardinops sagax
were collected using a multi-panelled gillnet described in Ward
et al. (2001b). Each afternoon, areas where sardine schools ag
gregate were searched using a dual frequency echo sounder
(Furuno—60 and 180 KHz). The RV Ngerin was anchored in
an area where several schools were observed. The gillnet was
comprised of three panels, each with a different multi-ﬁlament
nylon mesh size (Double Diamond: 210/4 ply meshes—25, 28,
and 32 mm). Surface and sub-surface lights (500 W) were
illuminated after the net was set. Soak time varied from 15
min to 3 hr depending on the number of sardine caught. Af
ter the net was retrieved, sardine were removed and dissected
immediately. Males and immature females were counted and
frozen. Mature females were ﬁxed in 5% buffered formalde
hyde solution. Frozen samples of both sexes were also obtained
from commercial catches taken by purse-seine vessels in the
SASF.
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Mean Female Weight (W)
Mature females from each research sample were removed
from formalin and weighed (± 0.01 g). W was calculated from
the average of sample means weighted by proportional sample
size:
W =

m
i ni w̄i
m
i ni

,

(7)

where wi is the mean female weight of each sample i; ni is
the number of ﬁsh in each sample and m is the number sam
ples. Mean weights for commercial samples were calculated in
the same way using mature females captured in the months of
February and March to be consistent with the timing of research
samples.
Sex Ratio (R)
For research samples, R was calculated from the average of
sample means weighted by proportional sample size:
R=

m
i ni r̄i
m
i ni

,

(8)

Samples obtained from commercial vessels did not include
females with hydrated oocytes. F for commercial samples was
calculated by applying the model obtained from ﬁshery inde
pendent samples to the estimates of mean gonad-free weight of
mature females collected in samples obtained in February and
March for each year that data were available.
Spawning Fraction (S)
Ovaries of mature females were sectioned and stained with
haematoxylin and eosin. Several sections from each ovary were
examined to determine the presence/absence of post-ovulatory
follicles (POFs). POFs were aged according to the criteria devel
oped by Hunter and Goldberg (1980) and Hunter and Macewicz
(1985). S of each sample was estimated in four ways, the pro
portion of day-0 females (i.e., with hydrated oocytes plus POFs
assumed to be 0–24 hr old), the proportion of day-1 females
(i.e., with POFs assumed to be 24–48 hr old), the proportion
day-2 females (i.e., with POFs assumed to be 48+ hr old), and
the mean number of day-0, day-1, and day-2 females divided by
the total number of females in the sample. The mean spawning
fraction of the population was calculated from the average of
sample means weighted by proportional sample size.

where ni is the number of ﬁsh in each sample, m is the number
of samples and r i is the mean sex ratio of each sample calculated
from the equation:
ri =

F
,
(F + M)

(9)

where F and M are the respective total weights of mature fe
males and males in each sample i. Sex ratios for commercial
samples were calculated in the same way using all mature ﬁsh
captured in the months of February and March to be consistent
with the timing of research samples.
Batch Fecundity (F)
F was estimated from ovaries containing hydrated oocytes
using the gravimetric method (Hunter and Macewicz, 1985).
Both ovaries were weighed and the number of hydrated oocytes
in three ovarian sub-sections (proximal, central, and distal) were
counted and weighed. 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. To determine
the relationship between female weight (ovaries removed) and
batch fecundity, three models were tested: a linear regression, a
Gamma GLM and a Negative Binomial GLM, both with iden
tity link functions (ICES, 2004). Each model was ﬁtted to all
ten years of data. The best ﬁtting model for each year was deter
mined using the pseudo R 2 statistic (1—Residual Deviance/Null
Deviance (Swartzman et al., 1992). The model that ﬁtted best in
the most years was designated the optimal model. The optimal
model was used to estimate F for each year from the gonadfree female weights from individual samples collected in that
year.

7

S=

m
i ni s̄i
m
i ni

,

(10)

where ni is the number of ﬁsh in each sample, m is the number
of samples and s i is the mean spawning fraction of each sample
calculated from the equation:
si =

dj
,
p.ni

(11)

where dj is the number of mature female sardine with POFs of
either day-0, day-1, or day-2 found in each sample, p is 1 where
the individual number of day-0, day-1, or day-2 females is used
and 3 when the sum of day-0, day-1, and day-2 is used and ni is
the total number of female sardine within a sample. Spawning
fraction could not be estimated from frozen samples obtained
from commercial vessels.
Conﬁdence Intervals
To allow for the covariance of adult parameters within
individual samples, conﬁdence intervals for all four adult
parameters were calculated using a two stage bootstrap (Efron
and Tibshirani, 1993) with 100,000 bootstrap iterations. For
each bootstrap iteration, the adult samples were resampled
with replacement and the ﬁsh in each new sample were then
resampled with replacement. The adult parameters W , S, and R
were calculated from the bootstrapped values using the method
described above. F was calculated from the mean gonad-free
weight using the batch relationship obtained by bootstrapping
with replacement from females with hydrated oocytes. For
each bootstrap iteration, the value W/R.F.S was used in the
calculation of bootstrapped conﬁdence intervals for spawning
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biomass. The 95% conﬁdence intervals of spawning biomass
were estimated by calculating the spawning biomass 100,000
times from A and the 100,000 bootstrapped estimates of P0 and
W/R.F.S using the percentile method.
Relative Inﬂuence of Each Parameter on Estimates of
Spawning Biomass
Variations in each parameter have proportional effects on
SB (e.g., Ward et al., 2009). To identify the parameter with the
greatest potential inﬂuence on estimates of SB we calculated the
relative variation in each parameter as the range of estimates
obtained over the entire study period as a percentage of the
mean value for that parameter (based on the method determined
to be the best for estimating that parameter). Parameters with
high levels of relative variation have more potential inﬂuence
on estimates of spawning biomass than parameters with lower
levels of variation.
To determine the potential levels of bias resulting from use of
sub-optimal analytical methods, we estimated SB using a range
approaches to estimate parameters that were shown to have high
potential inﬂuence on estimates of SB.
RESULTS
Total Daily Egg Production
Egg Abundance and Distribution
In 1998, 2,738 sardine eggs were collected from 110/164
(67.1%) sites but in 1999, after the second mass mortality event,
only 397 eggs were collected from 50/213 (23.5%) of sites (Ta
ble 1, Figure 2). The number of sites sampled (290–320), num
ber of eggs collected (1,362–1,718) and percentage of positive

sites (35.0–38.3%) remained relatively stable between 2000 and
2003. In 2004, rough weather prevented the collection of sam
ples from four transects (Figure 2), yet 3,186 eggs were collected
from 115/284 sites (40.5%). In 2005, only 1,808 eggs were col
lected from 124/334 sites (37.1%), whereas in both 2006 and
2007 (like 2004), over 3,000 eggs were collected from 341 sites.
Mean egg density at positive sites (i.e., those with eggs) was
217.9 (± 44.2 SE) eggs m−2 in 1998, but fell to 71.7 (± 16.4
SE) eggs m−2 in 1999, after the second mass mortality event.
In the seasons between 2001 and 2003 inclusive, egg density
remained between 117.3 (± 18.2 SE) and 131.3 (± 16.9 SE)
eggs m−2 , but increased to 200.7 (± 48.8 SE) in 2004 before
falling to 103.8 (± 34.7 SE) eggs m−2 in 2005. Mean egg density
at positive sites was 142.1 (± 43.4 SE) and 156.0 (± 27.1 SE)
eggs m−2 in 2006 and 2007, respectively.
Spawning Time
Figure 3 shows the progression of the modal abundance
of eggs Stages 2–7 and, less clearly, Stages 7–12. Stage 2, 3,
and 4 eggs were most commonly collected at 5.30–6.00 a.m.,
8.00 a.m., and 12.00 p.m., respectively. Based on the assump
tion that Stage 2 eggs are approximately 3–4 hr old the peak
spawning time would be approximately 2.00 a.m. These plots
suggest that most Stage 1–7 eggs are less than 24 hr old and
most Stage 8–12 eggs are 24–48 hr old. The modal age of
each egg stage for each of three temperature ranges shown
suggests that in waters <19.0◦ C, 19.0–20.0◦ C, and >20.0◦ C,
respectively, Stages 1–6, 1–7, and 1–8 were less than 24 hr old
and that Stage 7–12, 8–12, and 9–12 eggs were 24–48 hr old,
respectively (Table A1, Appendix). Temperature dependent egg
development models have not been developed for Australian
sardine as they have been for sardine in North America (Lo
et al., 1996). An incubation experiment was undertaken for
sardine in Western Australia and table of temperature dependent

0.16

0.16

4

0.14

0.14

3
0.12

2

5

Proportional density

Proportional density

0.12

6

0.10
0.08

6

7

7

0.06

9
0.10

10

0.08

0.04

0.02

0.02

7

11

7

0.06

0.04

12

8

0.00

0.00
0

5

10

15

20

25

0

5

Time of sampling

10

15

20

25

Time of sampling

Figure 3 Plots of proportion of eggs of each stage by sampling time from surveys of Sardinops sagax in South Australian waters between 1998 and 2007.
Kernel density smoothing techniques with a Gaussian (normal) kernel function and a bandwidth of 3 hr was used to produce these plots. The mean temperature
observed at stations containing at least one egg was between 18.6◦ C in 2002 and 20.3◦ C in 2000. The maximum temperature recorded was 25.4◦ C in 2004 and the
minimum was 16.0◦ C in 2003.
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Spawning Area (A)
The area surveyed varied between years, covering 46,500
and 63,200 km2 in 1998 and 1999, respectively, but increasing
to over 100,000 km2 from 2000 onwards. The only year after
2000 when the survey area was less than 100,000 km2 was
2004, when the four transects in the far west (Figure 2) were
not sampled due to poor weather and the total survey area was
95,240 km2 .
Similar estimates of A were obtained using the original
Lasker (1985) and VNN methods (Figure 4). A fell by 52.8%
from 31,510 km2 in 1998 to 14,877 km2 in 1999, following
the 1998 mass mortality event, despite the 25% increase in the
area surveyed. Estimates of A were between 34,000 and 38,000
km2 from 2000 to 2004, but increased to 40,817 km2 in 2005
and were 49,220 and 49,629 km2 in 2006 and 2007, respec
tively. The large range of estimates of A as a percentage of the
mean value (94.9%) is the results of the combined effects of the
variations in survey area and the differences in spawning area
in 1999, immediately after the 1998 mass mortality event, and
in 2007 after the population reached the highest level recorded

120000
100000

Lasker Spawning
Voronoi Spawning
Total Survey

80000
Area (km2)

development was produced (White and Fletcher, 1996), our
results were generally consistent that study.
Estimates of P0 obtained (from the log-linear model) using
the three different methods to estimate egg age were generally
similar. The differences in the estimates from the two models
that include temperature were between 3 and 12% different
from one another. The estimates of P0 from the model, where
the effects of temperature on the rates of egg development were
ignored, were between 1 and 30% different to those estimated
by the other two models. In 1998 and 1999, the estimates of P0
obtained from the model that neglected temperature were 20 to
30% higher than those from the other two models, suggesting
that this approach may not be justiﬁed. As estimates of mean
egg age of some egg stages in some temperature ranges were
based on small sample sizes, the best approach for estimating
P0 may be to subtract collection time from spawning time, but
recognising that at <19.0◦ C Stages 1–6 are day-1 eggs, at 19.0–
20.0◦ C Stages 1–7 are day-1 eggs, and at > 20.0◦ C Stages 1–8
are day-1 eggs.
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Figure 4 Estimates of survey area and spawning area obtained using Lasker
(1985) and Voronoi natural neighbor methods.

(Tables 2 and 3). This large range shows the importance of Aas
a determinant of SB.
Daily Egg Production (P0 ), Egg Mortality (Z), and Model
Variance
Due to the extremely over-dispersed nature of the data (many
zeros, some moderate values and a few very high values) the
ﬁts for all six models tested were poor and conﬁdence intervals
were broad (see Table A2 and Figure 5). However, comparison
of Q-Q plots (Figure A1) and model CVs provide clear evidence
that the log-linear model and GLM 4 of log-transformed data
ﬁt better than the exponential model and GLMs 1–3. In terms
of coefﬁcient of variation, GLM 4 performed best in every year
followed by the log-linear model. There was no trend over the
ten years in the CVs of the remaining models. A similar trend is
evident in Q-Q plots of the residuals, with the exponential model
and GLMs 1 and 2 performing extremely poorly at the tails of
the distribution (Table A2). The Q-Q plots of the residuals of
the log-linear model and GLM 4 show some evidence of poor
ﬁt at the tails of the distributions, but are far superior to the
other models. The residuals of GLM 3 are better than GLMs 1
and 2 and the exponential model, but are still overly affected by
extreme values in egg density.

Table 2 The mean, minimum, and maximum estimated for each DEPM parameter for Sardinops sagax in waters off South Australia between 1998 and
2007∗
Parameter
Mean of all years
Minimum observed
Maximum observed
Range as % of mean
Minimum CV
Maximum CV

SB

P0

A

W

R

F

S

Eggs/g

151,817
22,906
263,049
158.2
0.23
0.31

90.30
50.99
128.29
85.6
0.17
0.24

36,637
14,877
49,629
94.9
—
—

59.42
45.18
78.72
56.4
0.02
0.07

0.53
0.44
0.64
37.9
0.05
0.15

17,525
13,600
23,729
57.8
0.02
0.12

0.14
0.07
0.18
83.0
0.08
0.20

295.22
249.40
340.35
30.8
—
—

∗ The range is presented as a percentage of the mean to indicate the relative variability of parameters among years. Eggs/g of female is calculated to show
that the effects of variation in W and F on estimates of spawning biomass are buffered by the relationship of the two parameters. P0 was estimated using log
linear regression (model LL). Coefﬁcients of variation were calculated using bootstrap methods.
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Figure 5 Estimates of mean daily egg production (P0 ) obtained using six
models. All models are ﬁtted to datasets with one egg added to each day class of
eggs at each positive station. LL = log-linear, Exp = exponential (Lasker, 1985),
Generalized linear model (GLM) 1 = Gaussian GLM with a log link, GLM 2
= Quasi GLM with a log link and variance proportional to the mean, GLM 3
= Quasi GLM with a log link and variance proportional to the mean squared,
and GLM 4 = Quasi GLM with an identity link and variance proportional to
the mean ﬁtted to ln egg density. Error bars are for the log-linear model only
and are 95% conﬁdence intervals calculated from 100,000 bootstraps using the
percentile method. Conﬁdence intervals for other models and model diagnostics
are provided in Appendix Table A2. In years when Z could not be estimated
reliably, P0 was estimated using a value of Z equal to the mean value of all
other years.

Estimates of P0 obtained using the six methods vary con
siderably among and within years and provide further insights
into the suitability of the various models. Estimates obtained by
ﬁtting the exponential model and using GLM 1 with a Gaussian
family and a log link were almost identical and varied more
among years than any other models. For example, estimates of
P0 in 2004 (>229 eggs.m−2 ) obtained using these models were
more than three times higher than the estimates for 2003 and
2005 (65–70 eggs.m−2 ). In addition, these methods produced es
timates of P0 that were more than twice as high as the estimate
obtained using the log-linear model in 2004 but approximately
equal to the estimate obtained using that method in 2003. These
results, in conjunction with Q-Q plots, show that the exponential
model and GLM 1 produce highly inﬂated estimates of P0 when
datasets include a few samples with very high densities of early
stage eggs.
The estimates of P0 obtained using the GLM 2 (Quasi distri
bution with a log link function and variance proportional to the
mean) and GLM 3 (Quasi distribution with a log link function
and variance proportional to the mean squared) were gener
ally similar to each other, but highly variable between years.
For example, the estimates of P0 for 2004 obtained using these
methods (∼ 200.28 and 186.4 eggs.m−2 , respectively) were
more than three times estimates obtained in 2003 (∼65.73 and
65.72) and 2005 (∼74.69 and ∼78.60 eggs.m−2 , respectively).
Estimates of P0 obtained using the GLMs 2 and 3 in 2004 were

more than 50% higher than that obtained using the log-linear
model (i.e., 120.91 eggs.m−2 ).
In contrast to the exponential model and GLMs 1–3, GLM 4
(ln-transformed egg density with a Quasi distribution, identity
link and variance proportional to mean) provides low and stable
estimates of P0 . Estimates of egg production obtained using
GLM 4 ranged from 27.30 to 69.56 eggs.m−2 between 1998 and
2007, with values typically 50–60% of the estimates obtained
using the log-linear model. The difference between estimates of
P0 obtained using GLM 4 and the log-linear model reﬂect the
lower residual deviance of the GLM compared to the variance for
log-linear model, which reduces the size of the bias correction
factor applied to the GLM.
Estimates of P0 obtained using the log-linear model were
more stable between years than estimates obtained using the
exponential model and GLMs 1–3, but less stable (and consis
tently higher) than the estimates obtained using GLM 4. The
trend in estimates of P0 obtained using the log-linear model
can be logically explained. The large decrease in P0 between
1998 and 1999, which was identiﬁed using all methods, reﬂects
the effects of the mass mortality event that occurred between the
two surveys (Ward et al., 2001b), and the increase in P0 between
1999 and 2004 reﬂects the recovery of the stock. The large re
duction in P0 for 2005, which was observed for all methods,
appears to reﬂect the timing of the second survey which was
probably conducted after the peak spawning season. Estimates
of P0 for 2006 and 2007 obtained using the log-linear model are
similar to those obtained in 2003 and 2004. These results sug
gest that log-linear model produces estimates of egg production
that are less affected by a small number of samples with high
densities of early stage eggs than the exponential model and
GLMs 1–3. The large range of estimates of P0 as a percentage
of the mean (85.6%) reﬂects the high potential for this parameter
to drive variations in SB (Table 2).
Total Daily Fecundity
Sex Ratio (R)
Estimates of R from ﬁshery-independent samples ranged be
tween 0.45 in 2003 and 0.64 in 2006, whereas R from com
mercial catch samples ranged between 0.40 in 2000 and 0.66 in
2005 (Figure 6). The overall (all years) mean R from ﬁsheryindependent and commercial samples were 0.53 and 0.55, re
spectively. Estimates of R from commercial catch samples lay
within the 95% CIs of estimates from ﬁshery-independent sam
ples in four out of the eight years for which commercial catch
data were available (Figure 6). The relatively small range of
estimates of R, as a percentage of the mean (37.9%), reﬂects
the stability of this parameter between years and the relatively
low potential to inﬂuence estimates of SB (Table 2).
Mean Female Weight (W)
Estimates of W from ﬁshery-independent samples, which
were mainly taken from shelf waters, were typically larger
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(range 46.3 g in 1998 to 78.7 g in 2004) than estimates from com
mercial catch samples, which were mainly taken from Spencer
Gulf (range 37.3 g in 2000 to 52.9 g in 2003). The overall (all
years) means of W from ﬁshery-independent and commercial
samples were 62.6 and 46.0 g, respectively. Estimates of W from
commercial catch samples lay within the 95% CI of estimates
from ﬁshery-independent samples in 2003 (Figure 6). The rel
ative variation in estimates of W , as a percentage of the mean
(56.4%), is moderate compared to other parameters and is offset
by the linkage of this parameter to F . F /W (eggs/g) only varies
by 30.8% of the mean among years (Table 2).
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The number of females with hydrated oocytes collected
ﬁshery-independent samples ranged between 6 in 2003 to 250
in 2000 (Table 4). Due to the small number of females with
hydrated oocytes collected in 2003 and 2004 estimates of batch
fecundity for these years were calculated by applying the rela
tionship between female ovary-free weight and batch fecundity
derived from data obtained in all years.
The linear regression model ﬁtted the observed data bet
ter than either the Gamma or Negative Binomial GLMs in 6
out of the 10 years in terms of pseudo R 2 and residual plots
(Table 4). Between 1998 and 2007, estimates of F from ﬁsheryindependent samples obtained using the linear regression model
ranged between 13,965 and 22,304 hydrated oocytes (Figure
6). Variation in F between years mainly reﬂected variation in
gonad-free female weight (and W ). Estimates of F obtained
from ﬁshery-dependent samples were below the 95% CIs of
estimates from ﬁshery-independent samples in ﬁve of the eight
years for which both estimates were available. Like W , the po
tential effects of F on estimates of SB are relatively low, because
of the moderate range of estimates of F as a percentage of the
mean (57.8%). This potential effect is also offset by the linkage
to W , with F /W (eggs/g) only varying by 30.8% of the mean
among years (Table 2).
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Figure 6 Mean sex ratio, mean female weight, and mean batch fecundity for
sardine Sardinops sagax collected for daily egg production studies off South
Australia between 1998 and 2007. Mean female weight (g) and mean sex ratio
by weight are from both ﬁshery-independent (�) and commercial catch samples
( ). Batch fecundity was estimated using linear regression from mean female
weight (ovary removed) of females collected each year between 1998 and 2007
except for 2003 and 2004. In 2003 and 2004 the number of hydrated females
sampled was 6 and 8, respectively. Estimates for these years based on the
relationship of female weight (ovary removed) and batch fecundity for all years
data (•). Error bars for all estimates are 95% conﬁdence intervals derived from
100,000 bootstrapped estimates.

The proportion of females with ovaries containing day-0 (in
cluding hydrated oocytes), day-1, and day-2 POFs varied be
tween years. For example, the proportion of females with day-2
POFs was much lower than the proportion of females with day-0
or day-1 POFs in 2002, 2005, 2006, and 2007, suggesting that
females with day-2 POFs may have been under-represented in
samples (Figure 7). Estimates of S based on the presence of one
type of POF vary more signiﬁcantly between years than those
obtained from all three types of POF (Figure 7). For this reason
we used the mean proportion of females with ovaries containing
all stages of POFs (i.e., day-0, day-1, and day-2) to estimate S
(Alheit et al., 1984).
Estimates of S varied between 0.07 in 2002 and 0.18 in both
1999 and 2001 (Table 2, Figure 7). Estimates of S for 2003 and
2004 were based on less than 500 females. The overall mean
annual S for all years was 0.14. The large range of estimates of
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Table 3 Numbers of samples, individuals of each sex used to estimate mean sex ratio, number of females used to estimate
spawning fraction, and batch fecundity for Sardinops sagax collected in February and March in ﬁshery-independent samples and
commercial catches in South Australian waters between 1998 and 2007
Fishery-Independent Samples
Year Adult Samples Individuals
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

11
13
15
10
22
5
10
28
19
20

Commercial Catch

~ Sex Ratio | Sex Ratio ~ Spawning Fraction | Batch Fecundity Females Males

933
1,562
2,199
1,394
2,823
971
867
4,688
2,433
2,244

451
690
1,012
745
1,576
416
405
2,157
1,330
1,084

482
872
1,187
649
1,247
555
462
2,531
1,103
1,160

445
690
1,012
741
1,576
414
403
2,153
874
1,084

S as a percentage of the mean (83.0%) reﬂects the importance
of this parameter in determining SB (Table 2).
Relative Inﬂuence of Each Parameter on Estimates
of Spawning Biomass (SB)
The best estimates of SB for each year was calculated from
the estimate of A obtained using the Voronoi natural neighbor
method, P0 calculated using the log-linear model (with one egg
added to each day class of eggs at each positive site), adult
parameters obtained from ﬁshery-independent samples and S
based on females with all stages of POFs combined (Figure 6A).
The best estimate of SB for 1998 was 169,573 t, but this fell to
22,906 t in 1999, following the mass mortality event in 1998,
despite the >25% increase in area sampled (Figures 4, 8A) In
2000 and 2001, the best estimates of SB remained below 120,000
t. Between 2002 and 2005 (inclusive) the best estimates of SB

96
179
250
73
53
6
8
190
29
69

93
78
203
311
284
311
520
95

147
125
146
267
263
263
292
114

ranged between 152,089 and 180,724 t. The best estimates of
SB increased to 202,624 t in 2006 and 263,049 t in 2007.
The large range of estimates of P0 , S and A as a percent
age of the mean (> 80%) emphasises the importance of these
parameters in estimating SB and the need to calculate these pa
rameters using the best methods available (Table 2). Estimates
of P0 , and hence SB, obtained using the exponential model and
GLMs 1–3 were consistently higher than those obtained using
the log-linear model (Figures 5, 8B). The most extreme varia
tions occurred in 2004, when the estimates of SB obtained using
the estimate of P0 from the exponential model and GLM 1 (Fig
ures 5, 8B, and Supporting information S3) would both have
been ∼ 321,200 t, which is 1.90 times higher than the estimate
obtained using the log-linear model (169,208 t). Similarly, esti
mates of P0 obtained using GLMs 2 and 3 in 2004 (Figures 4,
8B, and Table A2) produced SB estimates of 280,283 t (1.66
times higher) and 260,859 t (1.54 times higher), respectively,

Table 4 Estimates of batch fecundity with R 2 values (pseudo R 2 used for GLMs) obtained from three models ﬁtted to estimate the
relationship between fecundity and mean gonad free female weight∗
Batch Fecundity (R 2 )
Year (N)
1998 (55)
1999 (144)
2000 (224)
2001 (73)
2002 (53)
2003 (6)
2003 all (838)
2004 (8)
2004 all (838)
2005 (178)
2006 (25)
2007 (67)

Gonad-Free Weight (g)

Linear

Gamma

Negative Binomial

42.8
49.6
45.8
48.7
60.5
51.3
51.3
75.0
75.0
70.3
59.7
67.6

13,600 (0.34)
15,176 (0.29)
13,965 (0.55)
17,372 (0.47)
18,294 (0.64)
10,904 (0.66)
15,996 (0.54)
24,790 (0.18)
23,729 (0.54)
22,266 (0.18)
16,166 (0.37)
20,581 (0.49)

13,323 (0.41)
15,367 (0.30)
13,950 (0.44)
17,349 (0.45)
18,151 (0.57)
10,665 (0.71)
15,975 (0.50)
24,862 (0.16)
23,996 (0.50)
22,316 (0.17)
16,078 (0.26)
20,649 (0.51)

13,324 (0.41)
15,367 (0.30)
13,950 (0.44)
17,349 (0.45)
18,152 (0.57)
10,665 (0.71)
15,975 (0.50)
24,862 (0.16)
23,996 (0.50)
22,316 (0.17)
16,078 (0.26)
20,649 (0.51)

∗ Linear

was a linear regression, Gamma was a GLM with a gamma family and an identity link, and Negative Binomial was a GLM with
a negative binomial family and an identity link. The number of ﬁsh sent for histology analysis and mean gonad free weight of all female
ﬁsh by year is provided for comparison. In 2003 and 2004 only 6 and 8 hydrated ﬁsh were collected, in those years the batch fecundity
relationship obtained from all years was applied to the mean gonad free female weight from that year.
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Figure 7 Estimates of spawning fraction obtained using the proportion of
females in samples with ovaries containing day-0 (including hydrated oocytes),
day-1 and day-2 POFs (post ovulatory follicles) and all POF stages (i.e., day-0,
day-1 and day-2) combined. The 95% conﬁdence intervals are derived from
100,000 bootstrapped estimates and are for the mean proportion of all POF
stages combined.

than those obtained using the log-linear model. In contrast, the
estimate of SB obtained using GLM 4 (97,346 t) was just over
half (0.57) the estimate obtained using the log-linear model.
Estimates of SB obtained using estimates of S from females
with day-0, day-1, and day-2 POFs (combined) typically fell
between estimates of S obtained from females with only one day
class of POFs (Figure 8C). For example, in 2004 the estimate
of SB obtained using the estimate of S obtained using day
0 females only was 214,162 t, which is 1.27 times higher than
the estimate obtained from females with day-0, day-1, and day-2
POFs combined (i.e., 169,248 t, Figures 4, 8C, and Table A2). In
contrast, the estimate obtained using females with day-1 POFs
(121, 740 t) and day-2 POFs (206,518 t) were 0.72 and 1.22
times, respectively, the estimate obtained from females with
day-0, day-1, and day-2 POFs combined.
The effect of varying the method used to estimate A had
minimal effect on estimates of SB, because estimates obtained
using manual and VNN methods were virtually identical (Figure
4). The major factor other than egg distribution that is likely to
affect estimates of A is the size of the area surveyed. However, it
is important to ensure that A is estimated from a large number of
similar-sized grids to ensure that estimates of A are not unduly
biased by the presence/absence of eggs in one or two large grids.

13

each positive site) appears to be the best option currently avail
able for estimating P0 in DEPM studies of sardine because it
ﬁts strongly over-dispersed egg density data better (e.g., lower
CVs) and provides logically consistent and more precautionary
estimates of P0 than the traditional exponential model (Lo et al.,
1996, 2005) and GLMs of untransformed data that have been
used in other recent studies (ICES, 2004; Stratoudakis et al.,
2006; Wood, 2006). Using the log-linear model to deal with
the non-normal distribution of residuals and non-homogenous
variances of egg density data is not a new idea. This approach
was suggested by Picquelle and Stauffer (1985) in the original
report by Lasker (1985), but has been adopted only rarely (e.g.,
Ward et al., 2001a). However, the results of the present study
suggest that the exponential model and GLMs of untransformed
data may introduce a signiﬁcant positive bias into estimation of
P0 when datasets include a few samples with very large num
bers of early stage eggs. For example, estimates of SB for sar
dine obtained using the exponential model and GLM1 in 2004
(∼440,000 t) were more than twice those obtained using loglinear model (179,506 t). This ﬁnding has important implications
for using of SB estimates obtained using the exponential model
and GLMs of untransformed data for ﬁsheries management
purposes.
Although the log-linear model is the currently the best op
tion for estimating P0 , the diagnostics show that estimates have
low precision (CV = 0.17–0.24). The problem of estimating
P0 from strongly over-dispersed data may not be overcome by
developing more sophisticated statistical techniques. Further
more, logistical constraints virtually ensure that the problem
of estimating P0 from strongly over-dispersed data will not be
overcome by simply collecting more CalVET net samples. Col
lecting additional data using complementary methods may be a
more suitable approach. It has been widely acknowledged that
using a continuous underway ﬁsh egg sampler (CUFES) has
the potential to increase the precision of estimates of egg pro
duction obtained using the DEPM (van der Lingen et al., 1998;
Lo et al., 2001; Stratoudakis et al., 2006). However, in most
studies conducted to date, a CUFES has mainly been used to
reduce sampling intensity or to stratify the spawning area. A re
cent study (Ward and Ivey, in review) suggests that CUFES data
could be integrated with data from CalVET nets to provide more
precise estimates of P0 . Speciﬁcally, data collected at each CalVET net site could potentially be used to address the effects on
estimates of P0 of samples that include high densities of early
stage eggs. CUFES data obtained between each CalVET net
site could potentially be used to enhance estimation of both P0
and A.

DISCUSSION
Total Daily Egg Production

Estimating Egg Age

Estimating P0
The most important ﬁnding of this study is that the loglinear model (with one egg added to each day class of eggs at

Temperature egg development keys are widely used to inform
application of the DEPM, but such a key has not been devel
oped for sardine off South Australia. The kernel egg density
plots provide estimates of modal age for each egg stage that are
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analogous to information obtained from temperature egg devel
opment keys. The main disadvantage of these types of plots is
that sufﬁcient data are only available after many samples have
been collected. The main advantage is that data are collected
in situ and are not susceptible to the potential ‘tank’ effects on
rates of egg development that can affect laboratory studies.
The plots of proportional density of various egg stages ver
sus time of sampling provide evidence that in South Australian
waters most sardine eggs reach Stage 7 after 24 hr. However,
at cooler water temperatures (<19.0◦ C) most eggs only reach
Stage 6 after 24 hr, whereas at warmer temperatures (>20.0◦ C)
most eggs reach Stage 8. Assuming that all eggs reached Stage 7
after 24 hr (i.e., ignoring effects of temperature on developmen
tal rates) produced estimates of P0 that were up to 30% different
from the two estimates made using methods that took tempera
ture into account. Despite our large dataset, some estimates of
the modal age of some egg stages in some temperature ranges
were based on relatively small sample sizes and may be biased.
This problem can also affect estimates of age from temperature
egg development keys (e.g., White and Fletcher, 1996). The
best approach to estimating egg age in most situations may be
to recognise that in different temperature ranges, eggs reach dif
ferent stages after 24 hr, and use this information to deﬁne stages
that constitute day-1 and day-2 eggs in samples and then esti
mate egg age by subtracting spawning time from collection time.
However, when estimated egg age is incompatible with informa
tion on developmental rate, information on the peak spawning
time should be ignored (see Stratoudakis et al., 2006, p. 42).
Estimating A

Figure 8 (A) Estimates of spawning biomass of S. sagax in South Australian
waters between 1998 and 2007 based on estimates of mean daily egg production
obtained using a log-linear model (mean annual estimates of Z in 1999 and 2003)
and datasets with one egg added to each day class of eggs at each positive station.
The spawning area was estimated using the Voronoi natural neighbor method
(all live eggs), mean female weight and mean sex ratio from ﬁshery independent
samples, batch fecundity using linear regression model (mean relationship for
all years used to estimate values for 2003 and 2004), and spawning fraction
based on day 0 POFs (plus hydrated females), day-1 POFs, and day-2 POFs
(combined). Error bars are 95% conﬁdence intervals. (B) Estimates of spawning
biomass based on estimates of mean daily egg production (P0 ) obtained using
six models. All models are ﬁtted to datasets with one egg added to each day class
of eggs at each positive station. LL = log-linear, Exp = exponential (Lasker,
1985), generalized linear model (GLM) 1 = Gaussian GLM with a log link,
GLM 2 = Quasi GLM with a log link and variance

The large range of estimates of A as a percentage of the
mean (94.9%) emphasizes the importance of estimating this
parameter reliably to optimise estimates of SB. Our results
show that in situations where sites are evenly distributed along
equidistant transects, estimates of A obtained using manually
drawn grids and those generated using the VNN method are
similar. The VVN method should probably be used in most
situations because it removes subjectivity, especially when the
sampling design is complex (i.e., not simple equidistant tran
sects and sites). However, in some situations where the survey
design is very complex and the number of sites sampled is small
compared to the size of the area surveyed (see example for East
Coast of Australia in Ward et al., 2009), the VNN method cannot
always be used effectively. A critical element to estimating A
reliably is to establish a large number (e.g., 300) of small grids
of approximately the same size, to minimize potential bias
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

proportional to the mean, GLM 3 = Quasi GLM with a log link and variance
proportional to the mean squared, and GLM 4 = Quasi GLM with an identity link
and variance proportional to the mean ﬁtted to ln egg density. (c) Estimates of
spawning biomass based on estimates of mean spawning fraction obtained using
the proportion of females in samples with ovaries containing day 0 (including
hydrated oocytes), day-1 and day-2 POFs (post-ovulatory follicles) and all POF
stages (i.e., day-0, day-1 and day-2) combined.
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resulting from the presence or absence of eggs in one or two
large grids.
It has been widely acknowledged that to estimate SB reliably,
the entire area over which spawning occurs should be sampled.
However, the presence of eggs on the last site on the far western
transect in some years (e.g., 2003, Figure 2), shows that ensuring
the entire A is sampled can be difﬁcult to achieve in practice. It
is particularly difﬁcult when there are no natural barriers to the
distribution of adults or eggs, as is the case off South Australia. In
the present study, it is highly likely that some spawning occurred
outside the area surveyed in at least some years. While sampling
the entire spawning area is clearly desirable, our results show
that large ﬂuctuations in SB can be identiﬁed even if the entire
A is not sampled. For example, the sampling area in 1999 was
>25% larger than the area sampled in 1998, but the estimate of
A was more than 50% lower in 1999 than in 1998. In situations
where the spawning area of sardine is not discreet, as is the
case in southern Australia, the most practical option may be to
consistently survey the largest area that it is logistically feasible
to sample.
As is the case in almost all other DEPM studies, our approach
assumed that A was estimated without error. This assumption
is incorrect and requires further consideration because of the
strong correlation of estimates of A and SB (e.g., Gaughan et al.,
2004). There are several potential sources of error associated
with estimating A from ichthyoplankton data. Most notably,
data from a small area (0.05 m2 ) is used to characterise egg
presence/absence over a much larger area. Like Pepin et al.
(2005), we recognise the potential for using a CUFES to enhance
estimation of A in future DEPM studies of sardine.

Mean Daily Fecundity
Prior to this study (Ward et al., 1998, 2001b), some DEPM
samples of adult sardines were collected from South Australian
waters by purse-seining and mid-water trawling. However, sam
ples obtained by purse-seining included few spawning ﬁsh and
few samples were collected in mid-water trawls, perhaps due to
the slow towing speed (∼ 4 knots) of the RV Ngerin (Ward et al.,
1998, 2001b). Samples collected from commercial purse-seine
vessels during the present study were frozen, which prevented
histological determination of spawning fraction. However, ab
sence of females whose ovaries contain hydrated oocytes sug
gests that these samples also contained few actively spawning
ﬁsh. It is unclear whether this problem reﬂects the selectivity of
the gear or targeting practices of ﬁshers. Samples obtained from
purse-seine vessels in southern Western Australia do contain ac
tively spawning ﬁsh, including females with ovaries that contain
hydrated oocytes (Fletcher et al., 1996; Gaughan et al., 2004).
In the present study, samples of adult ﬁsh were collected in all
years using ﬁshery-independent methods (gillnets and lights).
Annual collection of adults has not always been achieved in
other long-term applications of the DEPM to sardine (e.g., Lo
et al., 2005). Estimates of adult parameters, especially S and F ,
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obtained from gill net samples were consistent with estimates
obtained in other studies using other methods (e.g., Fletcher
et al., 1996; Gaughan et al., 2004). This ﬁnding suggests that
gill nets may provide samples that are representative of levels of
spawning activity in sardine populations. However, the extent to
which samples obtained by purse-seining, mid-water trawling or
gill-netting are representative of adult sardine populations is not
well known. Experimental comparison of the size and spawning
activity of ﬁsh in samples obtained using all three methods is
warranted.
Relatively few adult samples (<12 samples, < 1,000 ﬁsh)
were collected in 1998, 2003, and 2004. In both 2003 and
2004, less than 10 females with hydrated oocytes were col
lected for estimation of the relationship between gonad-free
female weight and batch fecundity. This lack of data, in part,
reﬂects the main weakness of using gillnets and lights to collect
samples. The method works best when the vessel is at anchor
in a relatively protected location, which means that adult sam
ples can only be collected from a small number of sites, mostly
islands (Figure 1). Using several methods to collect adult sam
ples would be beneﬁcial, especially if any biases associated with
each method could be determined reliably.
The relatively small ranges of estimates of R, W , and
F among years suggest that these parameters are less critical
determinants of SB than P0 , A, and S (Table 2). Estimates of
R obtained from ﬁshery-dependent purse-seining and ﬁsheryindependent gill-netting were also similar. In contrast, estimates
of W (and F ) obtained from samples taken from the ﬁshery were
generally lower than those obtained from research samples, even
though both methods have potential to catch ﬁsh across the en
tire adult size range. This may be because small, young ﬁsh
are abundant in Spencer Gulf where most commercial ﬁshing
is undertaken, and larger older ﬁsh are common in shelf waters
offshore where most research samples were collected (Rogers
and Ward, 2007). Although the ranges of W and F among years
were ∼ 50% of the mean, because of the strong correlation be
tween these parameters, the range with F /W was only 30.8%
of the mean (Table 2). This correlation means that increases in
SB from increases in W are offset by reductions in SB resulting
from the corresponding increase in F .
In contrast to R, W , and F , the range of estimates of S as a
percentage of the mean was large (83.0%), which emphasizes
the importance of this parameter in determining SB (Table 2).
There was also a large variation in estimates of S obtained from
females with day-0 (including hydrated oocytes), day-1, and
day-2 POFs, which suggests that each category may provide a
biased estimate of this parameter and that these biases may vary
spatially and temporally. In both 2000 and 2005, when large
numbers of adult samples were collected, the proportion of fe
males with day-0 POFs was much higher than the proportion
of females with either day-1 or day-2 POFs. Assuming that the
proportion of ﬁsh spawning each night is constant, this ﬁnding
suggests that day-0 females were over-represented in samples
and that day-1 and day-2 females were under-represented. This
could have reﬂected either higher vulnerability of day-0 females

reviews in ﬁsheries science

vol. 19 1 2011

16

T. M. WARD ET AL.

to gillnetting or the misidentiﬁcation of some day-1 and day-2
POFs to an early stage (i.e., day-0 and day-1 POFs, respec
tively). This ﬁnding is important because using the estimate of
S obtained from females with day-0 POFs can cause SB to be
under-estimated by a factor of greater than two (e.g., in 2005).
The most logical way to reduce these biases is to use data from
all three POF stages (combined) to estimate S (Alheit et al.,
1984). However, these ﬁndings clearly show that there is a need
for detailed studies of the relative vulnerability of females with
different stage POFs to capture in gill-nets (and other adult
sampling methods) and to quantify the rates of degeneration of
sardine POFs in South Australian waters.
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SUMMARY AND CONCLUSIONS
This study suggests that DEPM is a suitable tool for stock
assessment of sardine, but shows, as other authors have noted,
that estimates of SB are imprecise. We also show that estimates
of SB can be biased if inappropriate models are used to estimate
P0 . Similarly, using females with only day-0, day-1, or day-2
POFs to estimate S has the potential to introduce biases into
estimates of SB. As shown by Gaughan et al. (2004) and others,
the parameter that has the greatest potential to inﬂuence esti
mates of SB is A. A key factor that affects Ais the size of the
area surveyed. Most reviews have identiﬁed the need to survey
the entire spawning area, but this study shows that this can be
difﬁcult to achieve in practice. In situations, such as southern
Australia, where it can be logistically difﬁcult to survey the en
tire area over which sardines are likely to spawn, the best option
may be to ensure that the area surveyed is as large as possible
and is consistent among years.
The ﬁndings of this study suggest that future applications of
the DEPM for stock assessment of sardine should: (1) use the
log-linear egg mortality model (with one egg added to each day
class of eggs at each positive site) to estimate P0 ; (2) ensure
that the area surveyed is large and consistent among years and
is divided into a large number of similar-sized grids; (3) use the
VNN method to estimate the size of each grid; (4) utilize, if pos
sible, more than one adult sampling method; and (5) calculate
S using data from females with all stages of POFs (combined).
Research priorities for improving future applications of the
DEPM for sardine include: (1) determining the best way to uti
lize data from a CUFES to increase the precision of estimates
of P0 and A; (2) conducting experiments to determine the rates
of vulnerability of females with different stages of POFs to cap
ture in various sampling gear (including gillnets, purse-seine
nets and mid-water trawls); and (3) determining the effects of
temperature on the rates of degeneration of sardine POFs in
Australasian waters. The last two priorities could be addressed
by spatially replicated studies involving around-the-clock sam
pling of adult sardines over several days using several methods.
Such studies would ideally be conducted in conjunction with
around-the-clock plankton sampling designed to elucidate rates
and patterns of egg development and mortality in different water
bodies with different oceanographic characteristics.
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APPENDIX

Figure A1 Q-Q plots for six models ﬁtted to egg density data to estimate P0 from 1998 to 2007. All are ﬁtted to datasets with one egg added to each day class
of eggs at each positive station. LL = log-linear, Exp = exponential, Generalized linear model (GLM) 1 = Gaussian GLM with a log link, GLM 2 = Quasi GLM
with a log link and variance proportional to the mean, GLM 3 = Quasi GLM with a log link and variance proportional to the mean squared, and GLM 4 = Quasi
GLM with an identity link and variance proportional to the mean ﬁtted to the log of the egg density. The theoretical quantiles (x-axis) are plotted against, the
standardized residuals (log-linear and exponential models) and the standardized deviance residuals (GLMs). The grey line passes through the 1st and 3rd quantiles.
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Table A1
Stage

Cool

Intermediate

Warm

N. Cool

N. Intermediate

N. Warm

2
3
4
5
6
7
8
9
10
11
12

4.6
7.8
10.1
16.5
22.8
23.6
31.0
32.0
32.4
37.4
40.7

3.4
6.2
11.0
16.1
16.8
19.3
26.0
29.2
30.4
36.0
35.9

3.5
5.9
7.9
13.8
14.0
20.3
21.1
24.1
25.3
32.5
38.5

76
87
50
74
28
82
103
91
63
75
60

86
74
86
120
30
83
86
54
75
133
98

41
50
42
64
17
49
70
35
43
67
59

Estimates of egg age by stage for three categories of sea surface temperature, cool (< 19◦ C), intermediate (19–20◦ C), and warm
(> 20◦ C). Kernel density smoothing models with a Gaussian kernel and a bandwidth of 3 hr were ﬁtted to time of sampling for
each stage and temperature category. Age for day-1 eggs was estimated as the modal time of sampling subtracting the 2 a.m. peak
spawning time. Age for day-2 eggs was estimated by adding 22 hr to modal time of sampling. N. cool, N. Intermediate, and N.
warm represent the sample size for each stage and temperature category.

Table A2 Diagnostics for egg production models
Year

Diagnostic

Exponential

Log Linear

GLM1

GLM2

1998

P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV

136.21
0.55
83–215
34.0
0.25
51.58 (29.75)
0.53 (−0.21)
14–47
8.5
0.28
62.88
0.30
45–87
10.8
0.17
93.09
0.58
58–145
25.6
0.27
87.87
0.21
50–139
22.8
0.26
65.74
0.06
44–92
12.5
0.19

111.78
0.43
73–169
24.6
0.22
38.12
0.12
25–58
8.6
0.22
65.03
0.50
45–95
12.5
0.19
74.53
0.44
49–112
16.2
0.21
59.75
0.13
38–95
14.7
0.24
66.31
0.05
47–93
11.9
0.18

136.21
0.55
83–215
34.0
0.25
37.20 (29.75)
0.53 (−0.21)
13–47
8.5
0.29
62.87
0.30
45–87
10.8
0.17
93.09
0.58
58–145
25.0
0.26
87.86
0.21
50–139
22.8
0.26
65.74
0.06
44–92
12.5
0.19

139.41
0.58
84–215
33.7
0.24
37.24 (29.62)
0.58 (−0.22)
17–48
8.0
0.27
67.31
0.38
47–95
12.4
0.18
96.43
0.63
61–143
21.2
0.22
91.92
0.27
50–152
26.4
0.28
65.73
0.06
44–93
12.5
0.19

n = 212

1999
n = 92

2000
n = 190

2001
n = 184

2002
n = 176

2003
n = 190
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GLM3

GLM4

146.73
64.48
0.64
0.44
87–226
45–91
35.9
11.8
0.24
0.18
37.31 (29.61)
27.30
0.65 (−0.22)
0.12
18–49
18–41
8.1
5.9
0.27
0.21
75.45
45.82
0.51
0.53
49–113
34–64
16.4
7.8
0.21
0.17
105.45
49.87
0.74
0.46
64–162
34–73
25.1
9.9
0.24
0.20
99.45
36.77
0.35
0.13
48–180
26–53
33.9
7.0
0.33
0.19
65.72
42.24
0.06
0.05
44–93
31–58
12.6
6.9
0.19
0.16
(Continued on next page)
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Table A2 (Continued)
Year

Diagnostic

Exponential

Log Linear

GLM1

GLM2

GLM3

GLM4

2004

P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV
P0
Z
95% CI
SE
CV

229.53
1.25
77–709
173.7
0.66
70.05
0.49
36–130
25.8
0.37
131.04
0.77
68–231
43.0
0.33
131.89
0.58
77–235
41.4
0.31

120.91
0.56
76–192
29.7
0.24
55.66
0.52
40–78
9.7
0.17
86.21
0.68
59–127
17.5
0.20
102.98
0.60
67–157
23.0
0.22

229.54
1.25
77–709
173.7
0.66
70.05
0.49
36–130
25.8
0.37
131.05
0.77
68–231
43.0
0.33
131.89
0.58
77–235
41.4
0.31

200.28
0.99
78–439
95.8
0.46
74.69
0.58
37–152
31.5
0.41
150.96
1.01
71–295
59.5
0.39
142.07
0.69
81–245
42.8
0.30

186.40
0.90
81–344
69.1
0.37
78.60
0.64
37–177
37.9
0.46
171.01
1.18
74–390
84.7
0.48
163.50
0.86
89–278
49.4
0.30

69.56
0.58
47–104
14.6
0.21
39.71
0.54
30–53
5.9
0.15
53.05
0.69
38–74
9.2
0.17
55.94
0.62
40–79
10.1
0.18

n = 206

2005
n = 214

2006
n = 262

2007
n = 274

Diagnostics obtained from six models used to estimate P0 from data where all stations with eggs present were included and one egg was added to the total for
each day: exponential egg mortality model of Lasker (1985); log-linear version of egg mortality model (Picquelle and Stauffer, 1985); GLM 1 with a Gaussian
distribution, a log link function (McCullagh and Nelder, 1983); GLM 2 with a Quasi distribution, a log link function and variance proportional to the mean
(Wood, 2006); GLM 3 with a Quasi distribution, a log link function and variance proportional to the mean squared and GLM 4 ﬁtted to ln-transformed egg
density with a Quasi distribution, identity link function and variance proportional to the mean. In addition, diagnostics from the log-linear model ﬁtted to
data where all zeroes have been excluded are included for comparison. Estimates of egg production (P0 ), egg mortality (Z), 95% conﬁdence intervals (CI),
standard errors (SE), and coefﬁcients of variation (CV). Models where egg mortality was negative (in grey) were reﬁtted using the mean Z from other years.
The conﬁdence intervals, standard errors, and coefﬁcient of variations were calculated from 100,000 bootstrap resamples for the data.
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