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INTRODUCTION

Quantitative estimates of mortality rates for squid
species are virtually non-existent. However, they have
been vaguely defined as higher than mammals, similar
to marine plankton and lower than fish (O’Dor 1998).
This description arises purely as a function of the logis-
tical and technical complexities associated with reli-
ably sampling the squid species through the egg, para-
larval and juvenile phases in the wild. Nevertheless,
the need to quantify early mortality rates and identify
processes responsible is important, especially from a
fisheries management perspective, as it can potentially
be used to predict recruitment strength.

For most fish species, egg and larval mortality rates are
generally high, but extremely variable (Ferron & Legget
1994). This variability is largely attributed to the larva’s
vulnerability to physical and biological interactions,
e.g. predation pressure, starvation and the physical
environment (Sissenwine 1984). Such variability con-
tributes significantly to variation in recruitment to the
adult population (Narimatsu & Munehara 1999). Lolig-
inid squid, however, differ fundamentally from fish as
they do not exhibit a true larval phase (Young & Harman
1988). Instead, they undergo direct embryonic develop-
ment within well-protected, sedentary egg capsules to
hatch as behaviourally and structurally adept paralarvae
(Boletzky 1987, Boyle et al. 2001). As a consequence,
some of the risks associated with a planktonic meta-
morphosis phase are reduced, resulting in higher
survivorship than many marine fishes (Caddy 1983).
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Unfortunately, direct embryonic development in
squid is typically a lengthy process, representing up to
30% of their short lifespan, depending on the species
(Boletzky 1987). During this time the developing em-
bryos are potentially at risk to fluctuating environmen-
tal conditions (Augustyn et al. 1994). Temperature de-
fines embryonic developmental limits (Segawa 1987)
and influence rates of development (Boletzky 1994),
and is therefore considered the principal environmen-
tal factor governing cephalopod embryonic develop-
ment. Although some loliginid squids spawn sporadi-
cally during the winter months or in deep, cold water
(e.g. Loligo forbesi, Lordon & Casey 1999; Loligo Gahi,
Arkhipkin et al. 2000), most species aggregate with
some predictability in shallow waters during warmer
months to spawn (Hanlon 1998). Spawning during this
time and in these regions is assumed to maximise
hatching success and survival by effectively accelerat-
ing developing embryos through the early vulnerable
phase. However, the developing embryos are still
potentially vulnerable to rapid temperature and salin-
ity fluctuations, resulting from prevailing weather con-
ditions, while also being at risk of dislodgement due to
storm activity (Augustyn et al. 1994, Moltschaniwskyj
& Pecl in press a) and excessive biofouling.

In the laboratory, large fluctuations in temperature
and salinity are responsible for major structural de-
formities and high embryonic mortality (Boletzky &
Hanlon 1983, Palmegiano & D’Apote 1983, Hanlon
1990, Ueta et al. 1999). In the wild, survivorship may be
affected by epiphytic growth on the egg strands’ sur-
face, especially for those laid in shallow, nutrient-rich
waters and during the later stages of development
(Moltschaniwskyj et al. 2002). The effect of epiphytic
growth on the developing embryos is unclear, but it
may contribute to ‘unsatisfactory hatching’ (Choe
1966). To date, the relative importance of biotic and
abiotic factors on egg development and survival in
nature has not been directly assessed due to the diffi-
culties associated with in situ investigations. However,
the southern calamary Sepioteuthis australis reliably
aggregates in shallow protected waters on the east
coast of Tasmania to mate and spawn, allowing re-
searchers regular access to extensive spawning beds.
Spawning in S. australis is typical of the loliginids;
once mated, females attach a series of digitate egg
strands to seagrass/macroalgae holdfasts to collec-
tively form discrete egg masses. Individual egg masses
may comprise <10 to >500 strands, with each strand
containing between 2 and 8 longitudinally aligned egg
capsules (Moltschaniwskyj & Pecl in press a).

This field-based study aimed to quantify variability in
rates of development and mortality for calamary em-
bryos throughout a spring-summer spawning season.
Due to the collective egg packaging strategy exhibited

by this species, this study also described variation in de-
velopment within individual egg strands to determine if
certain eggs were at a higher risk to mortality. Further-
more, the effect of biofouling on the capsule surface and
its effect on mortality rates were quantified.

MATERIALS AND METHODS

Four southern calamary spawning sites located on
the east coast of Tasmania, Australia (42° 07’ 34” S,
148° 17’ 51” E) were visited every 2 wk from early
November 2000 until early January 2001. All sites
were within 5 km of each other, within 100 m of the
shoreline, less than 4 m in depth and subjected to a
maximum tidal range of 1.2 m. On each trip, divers
searched areas of Amphibolis antartica seagrass beds
for egg masses containing embryos close to hatching.
From each egg mass, 3 biofouled (F) egg strands (75 to
100% of the surface supporting filamentous algae) and
3 unfouled (UF) egg strands (0% of the surface sup-
porting filamentous algae) were collected, bagged and
stored in fresh seawater prior to dissection.

Embryos were dissected from each strand within 8 h
of collection and examined under a stereo dissection
microscope. Developmental stage was assigned to
each embryo according to criteria described by Steer et
al. (unpubl.) that differ slightly (in terms of the chrono-
logical appearance of the eye vesicle, ventral chro-
matophores, anal papillae and ink sac) from the devel-
opmental scheme proposed by Segawa (1987) for
Sepioteuthis lessoniana. The position of each embryo
within an egg strand was recorded; Position 1 identi-
fied the embryo located at the fixed/proximal end of
the strand and progressing consecutively to the
free/distal end of the strand. Eggs that were unfer-
tilised, had ceased development or were undergoing
abnormal development were scored as ‘dead’. To
avoid over-estimating the within-strand developmen-
tal differences, all embryos that had hatched to leave
an obviously vacant egg capsule were assumed to
have hatched prematurely (Stage 29). This assumption
was based on the observation that premature hatching
readily occurs during collection (authors’ pers obs).

Seawater temperature was measured within sea-
grass beds using 32K StowAway TidbiT tempera-
ture data loggers (Onset Computer Corp.) located at
3 collection sites. Data loggers were secured to the
substrate (<4 m deep) 1 mo prior to the first sampling
occasion and logged temperature hourly. Daily rain-
fall data (as a proxy of salinity) were obtained from a
local weather station maintained by the Australian
Bureau of Meteorology.

To examine conditions experienced by developing
embryos sampled on each trip, we back-calculated the
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approximate date the eggs were laid. Oviposition
dates were calculated using Laptikhovsky’s (1999) pre-
dictive equation for decapods. This equation takes
mean egg size (L, mm) and incubation temperature
(T, °C) in consideration to generate the duration of
embryogenesis (D, days). The equation was applied as 

D  =  (1220.94 × T–1.68194)Lk

where k = 2.5139 × T–0.3574.
Two problems were evident in this equation. Firstly,

as the predictive estimates are calculated for eggs
developing under constant temperature regimes, they
do not account for unknown effects of natural temper-
ature fluctuations observed in the field. Secondly, the
equation does not incorporate development stage at
the time of collection, but rather calculates the time to
hatching. In an attempt to counteract these problems,
T was derived from the average field temperature
recorded 3 wk prior to collection, and mean egg devel-
opment stage at time of collection was factored in to
provide approximate oviposition dates (Table 1). L was
determined by measuring a total of 375 ovulated eggs
collected from the ovaries of 13 mature females (6.18 ±
0.06, mean ± SE).

To determine variability in embryonic development
within egg strands, the average development stage
and the deviation of each embryo from the strand aver-
age was calculated for all egg positions. If embryonic
development was synchronous within an egg strand,
each embryo’s deviation from the strand mean would
be 0. These differences in developmental deviation
within strands were then examined as a function of
sampling time, biofouling and position within the
strand using a 3-factor Model 1 ANOVA. Only egg
strands containing 4 and 5 eggs were included in the
analyses to avoid severely unbalancing the data set.
All dead embryos were included in the analysis as
missing values as developmental stage could not be
ascertained. Assumptions of ANOVA were checked by
visual inspection of variance and normality plots. No
data transformations were required.

To assess whether developmental asymmetry was a
function of the number of eggs within a strand, the dif-
ference in developmental stage between the fixed and
free ends was calculated for all strands containing
between 4 and 7 eggs (n = 226). Strands containing
the extremes (3 and 8 eggs) were not included in
the analysis due to insufficient replication. A 1-way
ANOVA with unequal replication was used to compare
mean values. The Hochberg GT2 post hoc test for an
unbalanced data set (Sokal & Rohlf 2000) was used to
highlight significant differences amongst means.

Temporal effects on the frequency of mortality as a
function of biofouling and the egg’s respective position
within the egg strand were estimated via a series of
non-parametric log-likelihood ratio (G) tests. Incorpo-
ration of Williams’s correction (Gadj) ensured a more
conservative estimate of G, and therefore reduced the
risk of Type I errors (Sokal & Rohlf 2000).

RESULTS

Rates of development of Sepioteuthis australis em-
bryos within a strand differed among egg positions, but
the pattern and magnitude of the difference along the
strand depended upon time (F16,601 = 3.48, p = <0.001).
On most occasions, the embryos located at the fixed
(proximal) end of the strand developed more slowly
than those located at the free (distal) end (Fig. 1). How-
ever, in late November, Position 2 embryos were slow-
est to develop, on average lagging 0.7 developmental
stages from the distal embryos (Fig. 1). The within-
strand difference in development was greatest for
those eggs collected in early December with proximal
embryos on average lagging 1.1 developmental stages
behind distal embryos. This difference coincided with
the largest incremental change in water temperature,
where embryos were subjected to a 7.3°C increase
over a 41 d developmental period (Fig. 2a). Develop-
ment rates of embryos within the strand were most
synchronous in early November, where proximal and
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Collection Mean Predicted Mean Predicted Approx. date
date temperature development time development development time at of egg 

(°C) until hatching (d) stage (d) collection (d) laying

08 Nov 00 14.5 ± 0.04 78.8 27.3 ± 0.10 72.3 28 Aug 00
22 Nov 00 15.2 ± 0.05 70.7 26.5 ± 0.08 55.9 27 Sep 00
6 Dec 00 17.3 ± 0.04 52.9 26.2 ± 0.09 40.7 20 Oct 00
21 Dec 00 18.7 ± 0.05 44.2 27.8 ± 0.12 38.8 10 Nov 00
08 Jan 01 18.0 ± 0.07 48.2 27.9 ± 0.08 43.9 24 Nov 00

Table 1. Back-calculated oviposition date for field-collected Sepioteuthis australis eggs using Laptikhovsky’s (1999) model. Mean
incubation temperature 3 wk prior to collection and developmental stages at time of collection are factored into the equation
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distal embryos exhibited a mean difference of 0.4 in
developmental stage (Fig. 1). Temperatures experi-
enced by developing embryos collected in early
November were relatively constant with embryos
experiencing a 3.8°C range throughout development
(Fig. 2a). There was a weak positive correlation
between within-strand development variation and rate
of temperature change (Pearson’s correlation, r = 0.87,
n = 5, p = 0.05).

Fouling on the egg strands had a large effect on rates
of development within the strand with greater within-
strand variation in unfouled than in fouled egg strands
(F4,601 = 13.76, p = <0.001). While proximal embryos in
unfouled egg strands on average lagged 1.0 develop-
ment stage behind distal embryos, those in fouled
embryos lagged by only 0.4 (Fig. 3).

The number of eggs in the strand affected the differ-
ence in the rate of development between the proximal
and distal end (F3,222 = 3.31, p = 0.021). The shortest
egg strands showed minimal difference, with proximal

embryos lagging 0.57 ± 0.17 developmental stages
behind distal embryos. Longer egg strands, however
were observed to display greater asynchrony in devel-
opment with 1.2 ± 0.2 developmental stages separating
proximal and distal embryos.

Incidence of embryonic mortality changed over the
summer, ranging from ~4% dead in early November to
19.5% in late November (Fig. 4). Total mortality
remained above 10.0% in early December and Janu-
ary, periodically dropping to 6.4% in late December,
and greatly varied as a function of biofouling (Gadj =
<89.27, p = <0.001). From late November onwards, the
incidence of mortality in unfouled egg strands was as
much as 90% higher than that in fouled strands.
Except in early November, mortality rates were very
similar in both fouled and unfouled egg strands.

Using Laptikhovsky’s (1999) predictive equation, it
was possible to back-calculate the approximate ovi-
posited dates from sampled embryos. Embryos col-
lected in the initial sample were back-calculated to
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Fig. 1. Sepioteuthis australis. Mean differences in egg devel-
opment during a spring/summer spawning season. Mean
developmental deviation per embryo is calculated as a func-
tion of strand mean. Only egg strands containing 4 or 5 egg
capsules were included in the analysis (n = 226). Dashed line
represents synchronous development within an egg strand; 

error bars represent SE

Fig. 2. Sepioteuthis australis. (a) Benthic water temperature (°C)
measured hourly; dashed horizontal lines represent duration of
embryonic development of collected egg samples calculated
using Laptikhovsky’s (1999) predictive equation for decapods.
Arrow indicates the greatest temperature spike observed 

during the study period. (b) Daily rainfall (mm)
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have been laid on 28 August, marking the ‘beginning’
of the study period (Table 1). By calculating the
oviposited date, it is possible to identify potential envi-
ronmental perturbations throughout embryonic devel-
opment, i.e. from when eggs were laid to when they
were sampled (Fig. 2a). Diel temperature fluctuations
were small throughout the study (1.18 ± 0.55°C, mean
± SD). The largest temperature change occurred on
17 October, when there was an increase of 2.8°C over
a 7 h period (Fig. 2a). All embryos collected in Novem-
ber would have experienced this subtle temperature
spike during their developmental process; however,
there was no correlation with increased mortality rates
and changes in water temperature throughout the
study (Pearson’s correlation, r = 0.19, n = 5, p = 0.49;
Fig. 2a). Embryos collected in November and early

December experienced a period of heavy rainfall
where a total of 83.2 mm fell over 7 d from 24 to
30 October, with major downpours occurring on the
25th and 26th measuring 36 and 35 mm, respectively.
(Fig. 2b). Rainfall during this period considerably
exceeds the October average of 50 mm (Australian
Bureau of Meteorology, www.bom.gov.au).

Embryos developing at the proximal end of an egg
strand suffered mortality rates more than 7 times higher
than those at the distal end; a pattern that was consis-
tent in both fouled and unfouled strands (Gadj = 147.74,
p = <0.001; Fig. 5). No dead embryos were found in
Positions 7 or 8 regardless of biofouling (Fig. 5).

DISCUSSION

Southern calamary embryos develop asynchro-
nously within individual egg strands with proximal
embryos consistently developing slower and suffering
higher mortality than their distal siblings. Variable
development within an aggregated egg mass has
been reported in a variety of marine species, e.g. gas-
tropods Lymnaea stagnalis, Melanochlamys diomedeai
and Haminaea vesicula, polychaete Nereis vexillosa
(Marois & Croll 1991, Cohen & Strathmann 1996) and
fish Clupea harengus (Stratoudakis et al. 1998). In
each instance, embryos in the distal or outer perimeter
of the egg mass develop faster and hatch first. This dif-
ference in developmental rate is attributed to the inte-
rior embryos not getting sufficiently oxygenated and/
or accumulating excess excretory products, and re-
sponding by either retarding or arresting development
(Strathmann & Strathmann 1995). Given the high den-
sity of eggs in the squid egg masses, particularly at the
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Fig. 3. Sepioteuthis australis. Mean differences in egg devel-
opment between fouled (n = 350) and unfouled strands (n =
301). Mean developmental deviation per embryo is calculated
as a function of strand mean. Fouled = 75 to 100% surface
coverage; unfouled = 0% surface coverage. Dashed line rep-
resents synchronous development within an egg strand; error 

bars represent SE

Fig. 4. Sepioteuthis australis. Percentage frequency of dead
embryos at each sampling time across all strand positions for
fouled and unfouled egg strands. Numbers in parentheses 

indicate total number of embryos examined

Fig. 5. Sepioteuthis australis. Percentage frequency of dead
embryos at each position along the egg strand for fouled and
unfouled egg strands. Numbers in parentheses indicate total 

number of embryos examined
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attachment point, it would be of value to determine the
micro-environmental characteristics experienced by
the embryos.

Temporal variations in developmental rate and mor-
tality estimates were explored as a function of incuba-
tion temperature. The positive correlation between the
magnitude of within-strand developmental variation
and incubation temperature range suggests that asyn-
chronous development was greater when embryos
were subjected to a wider temperature range. Impor-
tantly, this can translate to differential hatch times,
suggesting that an entire egg mass will hatch over a
longer period when incubation temperatures change,
compared to egg masses experiencing relatively stable
temperatures. Similar results have been observed in
shallow-water, benthic spawning fish, such as Pacific
herring Clupea pallasii and capelin Mallotus villosus,
where the hatching interval was negatively correlated
with the average incubation temperature (Taylor 1971,
Frank & Leggett 1981). Given that temperature intrin-
sically defines developmental rates, it is likely that
when embryos are subjected to progressively warmer
temperatures, typical of a seasonal increase, embry-
onic development speeds up, exaggerating the within-
strand variation. It is unclear as to whether survival of
remaining embryos is compromised once hatching
begins. 

Although seasonal increases in temperature are pos-
itively correlated with developmental rate, their influ-
ence on embryonic mortality remains unclear. Tem-
poral differences in embryonic mortality have been
observed in the long-finned squid Loligo gahi, where
the incidence of mortality during the winter months is
more than 4 times greater than during spring and sum-
mer (Arkhipkin et al. 2000). It remains to be investi-
gated whether this seasonal difference was purely a
result of differing temperatures, or other environmen-
tal conditions, or a combination of both. Extreme tem-
perature fluctuations are suggested to be detrimental
in laboratory-reared eggs, especially during the earlier
developmental stages, and controlled temperature
shifts are advised not to exceed 1°C d–1 (Hanlon 1990).
As temperature fluctuations during this study were
generally between 1 and 2°C d–1, it is unlikely that
thermal conditions contributed to elevated mortality. A
previous study of late-stage Sepioteuthis lessoniana
embryos showed that short-term exposure (<1 h) to
temperatures 3 to 7°C above natural conditions does
not adversely affect development (Kinoshita 1982). As
the maximum rate of temperature elevation recorded
in this study equated to 2.8°C over a 7 h period, it is
unlikely to have promoted developmental arrest. A
study by Pedersen & Tande (1992) suggests that inver-
tebrates living in environments characterised by nat-
ural increases in temperature during the developmen-

tal period are physiologically adapted to cope with
slight fluctuations. By this rationale, Sepioteuthis aus-
tralis embryos may be relatively robust with regard to
coping with temperature fluctuations.

Heavy rainfall and subsequent freshwater run-off in
October may have contributed to elevated mortalities
observed in late November and early December. As all
eggs examined in this study were collected in shallow,
nearshore waters (<4 m), their development may have
been perturbed by rapid changes in salinity. Cephalo-
pods are generally thought to be stenohaline, and sup-
porting field evidence suggest that low salinities have
a significant inhibitory effect on hatching success in
the cuttlefish Sepia officinalis (Palmegiano & D’Apote
1983). Embryos that were collected in early November
would have experienced this change in salinity; how-
ever, they displayed a relatively low incidence of
embryonic mortality, suggesting that if salinity was to
have an effect on development, the timing of such
events may prove to be an important factor.

Biofouling did not seem to have any obvious detri-
mental effect upon embryonic development. Embryos
developing within fouled strands displayed relative
synchrony in development and a low incidence of mor-
tality compared to those developing within unfouled
strands. This result was unexpected, as epiphytic
growth upon amphibian eggs typically creates hypoxic
conditions during the night (Pinder & Friet 1994). It has
been suggested that colonisation of the fouling organ-
isms on Sepioteuthis australis egg strands is delayed
by a chemical defence present on the strand’s surface.
Therefore, any resultant growth is not rapid enough to
interfere with development, as embryos hatch in suffi-
cient time before fouling has any effect (Benkendorff
1999). Conversely, the photosynthetic abilities of foul-
ing organisms coupled with the surrounding Amphibo-
lis vegetation may enhance oxygen levels during the
day, and water movement during the night may cancel
out any negative effect of epiphyte respiration (Cohen
& Strathmann 1996). Excessive biofouling may addi-
tionally benefit developing embryos by protecting
them from potentially damaging solar radiation that
has been known to cause problems in development in
other taxa (Biermann et al. 1992), and perhaps even
explain why mortality was higher in strands that were
free of fouling.

The present study demonstrates temporal variability
in development rates of Sepioteuthis australis em-
bryos. The dynamic nature of shallow-water spawning
sites makes it difficult to single out the major con-
tributing factor(s) responsible for embryonic mortality.
As a result, future work should focus upon defining
tolerance levels in developing embryos exposed to a
variety of fluctuating environmental conditions, and
determine their relative effect on different phases of
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development. In addition, the size and density of an
egg mass needs to be factored into any analysis to
determine if this is contributing to early mortality rates
(see Strathmann & Strathmann 1995).

Commercial catches of Sepioteuthis australis off Tas-
mania have increased in recent years and a series of
fishery closures aimed at protecting the spawning
stock and maximising recruitment strength were im-
plemented (Moltschaniwskyj et al. in press b). Under-
standing the effect of the environment on embryonic
development and hatching success can reduce some of
the variability encompassed within existing stock-
recruitment relationships, which are currently based
on spawner biomass/parental stock sizes. Reducing
variability within predictive stock-recruitment rela-
tionships will allow fisheries managers to make more
informed and accurate decisions about the fishery.
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