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Abstract The cost of reproduction for the terminal
spawning onychoteuthid squid, Moroteuthis ingens, was
analysed using measures of condition and tissue bio-
chemistry. Both males and females showed a dramatic
drop in the weight of the gonad in stage 6 (spent) indi-
viduals. The mantle weight and nidamental gland weight
of females also decreased during the maturation process.
Males, however, had a marked increase in both the penis
and spermatophoric complex weight in spent individu-
als, while female oviducal gland weight and nidamental
gland length also increased in stage 6 individuals.
Residual analysis indicated that testis growth was not
developing at the expense of mantle growth, although
there was a suggestion of cost to the fins. Females
showed that the development of the ovary occurred at a
cost to both the mantle and fins. Overall body condition
also declined with maturity stage for both males and
females, with stage 6 individuals of both sexes in poor
condition. Very few females had eggs in the oviducts,
suggesting that the oviducts are used as ducts instead of
storage organs. Proximal analysis revealed a loss of
constituents within the mantle during maturation, with
an associated increase in water, indicating the remobi-
lization of energy from the mantle to fuel reproduction.
This study suggests that the digestive gland is not used as
an energy store in this species.
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Introduction

Reproductive strategies and the associated costs of
maturation in cephalopods are currently a topical issue.
Additionally, there continue to be challenges with clas-
sifying the reproductive mode, due in part to the general
paucity of information for many species (Rocha et al.
2001). Historically, squids have been viewed as semelp-
arous with a single spawning event followed by death.
This has been supported for some species (e.g., Moro-
teuthis ingens, Jackson and Mladenov 1994; Galiteuthis
glacialis, Nesis et al. 1998; Gonatus onyx, Seibel et al.
2000; Gonatus fabricii, Bjorke et al. 1997). Furthermore,
Gonatus spp. provide egg care and brooding that is more
akin to an octopod strategy, where the female stays with
the eggs to maintain and protect them. Conversely, re-
search is continuing to reveal that repeated spawning
events, along with continued feeding and growth, are
more common in many squid species (Harman et al.
1989; Lewis and Choat 1993; Moltschaniwskyj 1995;
Melo and Sauer 1999; Maxwell and Hanlon 2000; Pecl
2001; McGrath and Jackson 2002).

The reproductive strategy exhibited by a species is
inextricably linked to the source of reproductive energy
(i.e., feeding or storage), which in turn impacts on the
relationship between reproductive growth and somatic
condition. Life history theory predicts that semelparous
species invest more in their single spawning event com-
pared to multiple spawning species (Calow 1973). This in
turn can result in energy being sequestered from somatic
tissues to fuel the large reproductive event. Substantial
loss of somatic tissue to fuel reproduction has been
documented in both octopus, Octopus vulgaris (O’Dor
and Wells 1978), and Loligo opalescens (Fields 1965). In
contrast, an investigation of the mode and cost of
reproduction in females of the Australian ommastrephid
squid, Nototodarus gouldl, found that this species pro-
duced multiple, small batches of eggs with no discernible
cost to somatic tissues (McGrath and Jackson 2002).
Thus, feeding during the maturation phase fuelled
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reproduction. Such a strategy has also been documented
for other ommastrephids, namely Sthenoteuthis oualensis
(Harman et al. 1989) and Illex argentinus (Rodhouse
and Hatfield 1992; Hatfield et al. 1992). It has been
suggested that there is likely to be a continuum of
reproductive strategies among cephalopods generally,
(Jackson and Mladenov 1994), from the ‘big bang’ single
spawning squid (such as M. ingens, L. opalescens and
octopus) to the multiple spawning species as described
above. Furthermore, there appears to be flexibility in the
mode of spawning within a species or species complex
(e.g., Sepioteuthis australis, Pecl 2001).

Moroteuthis ingens is one of the more important
sub-Antarctic deepwater squid that has a circumpolar
distribution between the sub-tropical and polar fronts.
Studies on the distribution of M. ingens from both the
Patagonian Shelf (Jackson et al. 1998a) and southern
New Zealand waters (Jackson et al. 2000a) have shown
this species to be widespread in the demersal habitat.
Throughout the Southern Ocean there seems to be little
genetic difference among populations of M. ingens
(Sands et al. 2003). M. ingens is also an important
predator of mesopelagic fish (Jackson et al. 1998b;
Phillips et al. 2001, 2002) and is significant in the diet
of a number of marine mammals and birds (Jackson
et al. 1998a; Cherel and Weimerskirch 1999). Stage 6
(spent) onychoteuthids are generally thought to float to
the ocean surface and subsequently become available to
a number of seabird species (Cherel and Weimerskirch
1999). Thus, obtaining a greater understanding of the
reproductive process in this squid has significance to
food chain and ecosystem issues in the Southern
Ocean.

In this study, we investigated the cost of reproduc-
tion to the somatic condition of a single spawning
species, M. ingens. This extends previous work by
Jackson and Mladenov (1994) and Jackson (2001) that
established M. ingens as a terminal spawner. Moro-
teuthis ingens 1is sexually dimorphic with females
obtaining a much larger size than males. Maturation in
females produces a huge ovary that can in fact exceed
the total body weight of males (Jackson and Mladenov
1994). As the ovary develops there is a concomitant
and dramatic tissue breakdown in the females. This is
particularly evident in the mantle and tentacles. The
mantle becomes thinned and floppy, virtually losing all
its muscle fibre until only a collagen matrix remains,
while the tentacles change from thick and muscular to
thin, ribbon-like structures. Males also exhibit similar
breakdown in the muscle of the tentacles, but this is
not so apparent in the mantle.

We know that M. ingens is an important species in
the sub-Antarctic ecosystem and that the mode of
reproduction appears to be a means of transferring
energy from the deep ocean to surface predators. This
process is driven by the gelatinisation that transforms
an individual from a muscular squid to a gelatinous
‘balloon’. However, the process by which this takes
place at a lower organisational level is unknown.

Therefore, the aim of this study was to document and
expand our understanding of the morphological and
biochemical constituent changes affiliated with this
dramatic maturation and process of tissue disintegra-
tion.

Materials and methods
Collection of specimens for morphometric analysis

Individuals (7=398; males=208, females=190) were
collected in bottom trawls from a number of cruises
undertaken by the New Zealand National Institute of
Water and Atmospheric Research Limited (NIWA) on
the RV “Tangaroa” or the “san Waitaki”’. Sampling
locations were the Chatham Rise region during June/
July 1997, (n=286, Jackson 2001), July 2000 (n=11)
and October/November 2000 (n=24); and in waters
south of New Zealand and extending down to the
Campbell and Auckland Islands region (n=262).
Additionally, squids were acquired (n=15) from four
cruises during 2000/2001 without location or specific
date information. All the morphometric analyses were
undertaken on these New Zealand specimens. How-
ever, due to damage in some individuals and weight of
the oviducts not taken in some samples, sample sizes
for the ovary weight /oviduct analysis (n=14) and GSI
analysis (n=5) were increased by using specimens
caught in the commercial trawl fishery from waters
south of Tasmania, Australia during January 2002 and
February/March 2003.

The majority of specimens were frozen then trans-
ported to the laboratory prior to dissection. A number
of measurements were taken (all wet weights on de-
frosted or in some instances freshly caught individuals)
including, total weight (W) dorsal mantle length (ML),
mantle weight and fin weight. Male measurements in-
cluded testis weight and weight of all other reproductive
structures (penis + spermatophoric complex, hereafter
referred to as the PSC), while female measurements in-
cluded weights of the ovary, oviducts, oviducal glands
and nidamental glands. Hereafter, oviduct, oviducal and
nidamental gland weights all refer to the combined
weights of these paired organs. A GSI was calculated for
13 mature females as total reproductive weight / total
body weight x100. Total reproductive weight for females
was taken as the combined weights of the ovary +
oviducts + oviducal glands + nidamental glands. For
seven of the females, oviduct weight was not available so
a mean (9 g) was used based on oviduct weight from the
other mature individuals.

Collection of specimens for biochemical analysis
Fifty-four individuals of M. ingens were collected by the

RV Tangaroa in southern, sub-Antarctic New Zealand
waters, between 46°S and 54°S and between 166°W and



175°W during October—December 2000, using bottom
trawls. The digestive gland, mantle muscle and gonad
(ovary of females and testis of males) were weighed for
most specimens. A sample was taken from each of the
digestive gland, muscle and gonad, and frozen for water,
lipid, protein and carbohydrate analysis. Only one ma-
ture female was collected during this cruise; however,
three more mature females (dissected fresh) were col-
lected from commercial fishing operations in waters
south of Tasmania during January 2002. Additionally,
three fresh frozen individuals were also included from
the Chatham Rise, New Zealand, collected during July
2002.

Biochemical analysis

Frozen digestive gland, mantle muscle and gonad were
weighed before and after freeze-drying in order to
calculate water content. For all analyses, except for
lipid in the digestive gland, the proximal composition
of tissue was quantified colorimetrically using a spec-
trophotometer at the appropriate wavelength, with
absorbency recorded and converted to pg of protein,
carbohydrate or lipid via a standard curve. Protein
concentration was determined using a modification of
the Lowry method (Lowry et al. 1951), with the stan-
dard curve constructed using bovine serum albumin.
Carbohydrate concentration was quantified using a
modification of the methodology of Mann and Galla-
gher (1985), via a standard curve constructed using D-
glucose. Lipid concentration was determined by a
chloroform/methanol extraction (Bligh and Dyer, 1959)
and for muscle and gonad tissue converted to pg of
lipid via a standard curve constructed using tripalmitin.
The concentration of lipid in the digestive gland was
determined by weighing the extracted sample, as the
high lipid content of the digestive gland made the
colorimetric method unreliable. For all analyses,
duplicates were run for each individual. The concen-
trations of the compositional elements were expressed
as a percentage of the total mantle muscle, digestive
gland and gonad dry weights. All these analyses were
undertaken on the 60 individuals used in the bio-
chemical study.

Maturity stages

Individuals were staged according to the Lipinski
Universal scale (Lipinski 1979; Sauer and Lipinski
1990). However, for the purpose of this study stage 5
and 6 were modified. Very rarely are eggs ever found
within the oviducts of M. ingens females. Therefore, we
based mature specimens on the presence of mature
eggs within the ovary as in other studies (Jackson and
Mladenov 1994; Jackson 2001). These eggs were
obvious by their size and often fell free during dis-
sections.

907

Previously, males were classified as stage 6 if no
spermatophores were present in the penis or spermato-
phoric sac (e.g. Jackson 2001). However, it became
apparent that often specimens with a thin ribbon-like
regressed testis (Jackson and Mladenov 1994); but a
large PSC; might also have some or numerous sperma-
tophores. Thus, we chose to designate stage 6 males on
the basis of testis weight rather than the presence of
spermatophores. If individuals had a testis weight
<3.77 g we considered them stage 6 even if some sper-
matophores were present. Males with a testis weight
>3.77 g (all of these had spermatophores present) were
considered mature (stage 5). The classification of stage 5
and 6 males in this study therefore differs from earlier
work by Jackson (2001). The numbers collected for each
maturity stage for the morphometric analyses, for males
and females respectively were (stage 1: 0,1; stage 2: 0,48;
stage 3: 1,109; stage 4: 20,4; stage 5: 109,14; stage 6:
78,14).

Statistical analysis

To investigate the relative investment between somatic
and gonad growth we calculated geometric mean
regression (Model II) equations (after Green 2001 and
McGrath and Jackson 2002) for ML-MW, ML-fin
weight, ML-gonad weight for males and females sepa-
rately. Based on these equations, standardised residuals
were calculated for each individual. By regressing each
of these tissue weights against ML, the residual value of
each individual provides a size-independent method to
compare the relative condition of each tissue. Residuals
of individuals that were relatively heavier for their length
were above the regression line (and were considered in
better condition), whereas individuals with lighter
residuals were below the regression line (and were con-
sidered in poorer condition).

For males and females separately, the ML-gonad
residuals were correlated with both ML-fin weight
residuals and ML-MW residuals. Similarly, ML-fin
weight residuals were also correlated with ML-MW
residuals. This type of analysis can highlight any trade-
offs occurring between somatic and reproductive growth
(McGrath and Jackson 2002). We used ML-MW as a
measure of somatic condition. Then, a mean ML-MW
condition residual was calculated for each of the matu-
rity stages, for males and females, to determine how
somatic condition changed with maturity.

Pearson correlation coefficients were used to deter-
mine the association between the individual proximal
elements (lipid, protein, carbohydrate and water) of
muscle tissue, gonad and the digestive gland and be-
tween these proximal elements and the weights of each
of these organs (mantle muscle, gonad and digestive
gland). Probability values were used as a guide due to
the higher probability of type I error rates when con-
ducting a number of correlations on the same data
(Moltschaniwskyj and Semmens 2000).
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Results
Growth with maturity

Males

Mantle length, total weight, mantle weight, fin weight and
PSC weights increased with maturity stage (Fig. 1A—E).
However, there was a marked drop (89.5%) in mean testis
weight from stage 5 (15.3 g) to stage 6 (1.6 g) (Fig. 1F).
While the weight of the other parameters in males showed
a gradual increase with maturity stage, the weight of the
PSC showed a marked increase (229.4%) in weight from
stage 5(27.76 g) to stage 6 (91.45 g) individuals. This was
not necessarily related to the production and movement

Fig. 1 The change in mean mantle length and weight of selected
parameters with maturity stage for male individuals of M. ingens

of spermatophores into the penis, as some individuals had
few spermatophores. Increase in the weight of the PSC
would largely be due to thickening and lengthening of
the penis in the late stage males. Thus, the increase in the
growth of the PSC occurred with a concomitant and
marked regression of the testis.

Testis weight increased in concert with the weight of
the PSC until approximately 24 g (Fig. 2). Testis weight
then dropped to <2 gwhile the PSCincreased to > 100 g.
At the greatest testis weight, ~24g, the testis was only
slightly less than the weight of the PSC (~30 g). However,
when the PSC reached their maximum weight (> 120 g),
testis weight could be as small as 1/100 of the PSC.

Females

Mean mantle length increased up to stage 4 with little
change after that stage (Fig. 3A). In contrast, total
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Fig. 2 The relationship between the penis + spermatophoric
complex weight and testis weight for male individuals of M. ingens

weight, fin weight and nidamental gland weight all
showed a steady increase up to maturity stage 5 with a
drop to spent, stage 6 individuals. (Fig. 1B,D,F). Mantle
weight showed substantial growth up to stage 4, which
was then followed by a decline from stages 4-6.
(Fig. 3C). Mean nidamental gland length and oviducal
gland weight did not decrease with increasing maturity
stage (Fig. 3E,G). Mean ovary weight increased sub-
stantially from stage 4 to 5 (with some ovaries exceeding
1 kg) followed by a remarkable drop in weight occurring
from stage 5 to stage 6 (Fig. 3H). Mean ovary weight
dropped by 92.6% from stage 5 individuals (789.37 g) to
stage 6 individuals (58.42 g). Mature females had a
range in GSI values from 13.5 to 40.5% with a mean
GSI of 26.2%, SE 2.35.

Oviducts were generally small and hard to distinguish
on many females. Careful dissection was required to
remove oviducts for weighing, even for stage 5 and stage
6 individuals, although stage 6 females had larger
stretched oviducts. For stage 4-6 females, weight of the
oviducts were generally <10 g and the majority of these
contained no eggs or only very few eggs. Two stage 6
individuals did have heavier oviducts (31.8 g, 143.9 g)
with some eggs present (Fig. 4). It is possible that these
individuals were captured near the end of egg-laying.
The evidence suggests that there is no storage of eggs
within the oviducts of M. ingens.

Condition

The regressions between ML; and gonad, mantle and fin
weights were all strong except for ML-testis weight, that
was very low due to the small testis size in stage 5 and
stage 6 males, because of testis degeneration. Coeffi-
cients of determination were relatively high (> 0.78) for
all other relationships (Table 1). The residuals of these
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regressions were then used to examine investment in
both somatic and reproductive tissues. We examined the
relationship between ML-gonad residuals and the rela-
tive investment in both mantle tissue (ML-MW residu-
als) and fin tissue (ML-fin weight residuals). Any trend
in these comparisons can provide information on the
allocation of energy during the maturation process.

Males

There was no relationship between the ML-testis resid-
uals and ML-MW residuals (Fig. SA). This suggested
that testis growth was not developing at the expense of
mantle growth, but rather energy for testis development
was coming from feeding. There was a positive corre-
lation between ML-testis residuals and ML-fin weight
residuals (P<0.05, n=198; Fig. 5B), suggesting some
drop in fin condition in concert with testis regression,
however, the relationship was weak (r=0.24). There was
also a positive correlation between ML-MW residuals
and ML-fin weight residuals (r=0.50, P <0.001, n=198;
Fig. 5C). Stage 6 males had the lowest condition in both
mantle and fins, suggesting that these structures lose
condition in concert in post spawning animals.

Females

Residual analysis of the females showed a more defined
pattern than the males. There was a positive correlation
between ML-ovary residuals and ML-MW residuals (r
=0.40, P<0.001, n=174; Fig. 6A). Although stage 5
females were in relatively good condition with large
ovaries, the spent stage 6 females were in very poor
condition and had exhausted ovaries that were light in
weight. This indicates that females invest in mantle tis-
sue up until maturity, and then switch to a rapid
breakdown of mantle tissue with mobilisation of mantle
protein in association with a cessation in feeding. There
is thus no trade-off between somatic and reproductive
investment prior to maturity. Virtually no food was ever
present in the stomachs of stage 5 and 6 females, indi-
cating that feeding had ceased.

The relationship between ML-ovary residuals and
ML-fin weight residuals showed a similar pattern to that
described above for ML-ovary : ML-MW residuals, with
a significant positive correlation (r=0.40, P<0.001,
n=174; Fig. 6B). This suggests that there is also a loss of
fin condition after spawning.

There was also a strong positive relationship between
ML-MW  residuals and ML-fin weight residuals
(r=0.77, P<0.001, n=181, Fig. 6C). This indicates that
the loss of condition in these two structures occurred in
concert, with spent (stage 6) females having both poor
mantle and fin condition.

Condition in relation to maturity stage

Comparing the mean somatic condition residual (ML-
MW) for each maturity stage revealed the extent of
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change in condition with the maturation process
for both sexes. Males were in good condition at stage
4 (Fig. 7A), condition then dropped precipitously
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from stages 4-6 with stage 6 individuals in rela-
tively poor condition. Females, likewise, showed an
increase in mean condition from stages 2-4 fol-
lowed by drop in condition from stages 4-6 (Fig. 7B).
Stage 6 females were likewise in relatively poor con-
dition.
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Table 1 Geometric-mean (type II) regression statistics for mantle
length; and gonad, mantle and fin weights for both males and fe-
male individuals of M. ingens

Intercept Slope 95% Confidence > n

intervals
Females
ML-ovary wt  —16.37 691  6.22-7.59 0.78 178
ML-mantle wt —5.80 330  3.17-3.43 0.93 180
ML-fin wt —5.41 295 2.87-3.04 0.96 180
Males
ML-testis wt ~ —19.65 8.19  6.70-9.68 0.08 203
ML-mantle wt —4.83 2.89  2.80-2.97 0.93 198
ML-fin wt —4.44 2.53 2.41-2.65 0.89 197

Proximal analysis

Our study of proximal composition was hindered by the
lack of stage 6 females available for analysis along with
very few stage 5 females. Thus, the results can provide
only preliminary trends, and greater sample sizes are
needed for a more robust analysis. The situation was
better for males, where there were adequate samples
from immature through to spent individuals.

General trends observed in the biochemical analysis
suggest that the mantle muscle of M. ingens was com-
posed predominantly of water, with the dry component
mainly protein and to a lesser extent lipid, with relatively
low levels of carbohydrate (Tables 2, 3). The digestive
gland was also predominantly comprised of water,
however, lipid and carbohydrate were present in con-
centrations up to 3.7 times and 11 times higher,
respectively, than those observed in muscle tissue.
Conversely, the protein concentration of the digestive
gland was up to 4.5 times less than that of muscle. Both
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testis and ovary were similar in composition to that of
the mantle, with relatively high levels of water and lipid
and low levels of carbohydrate, although both lipid and
carbohydrate were present in approximately twice the
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concentration of that of the muscle. Males and females
showed a general trend of water increasing in the mantle,
while protein, lipid (except for our single value for a
mature female) and carbohydrate all decreased with
maturity, suggesting a transfer of energy from the
muscle tissue during reproductive maturation. Male
digestive glands showed an increase in lipid in the ma-
ture and spent individuals, with a small decrease in
carbohydrate. Water and protein fluctuated in male
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Fig. 7 The mean somatic condition residual (ML-MW) for each
maturity stage for A males, stage 4-6 and B females, stage 2-6 of
M. ingens

digestive glands with maturity. Water in male testis also
showed an increase from immature to spent individuals,
while carbohydrate remained relatively unchanged.
Similarly, there were no clear trends in carbohydrate in
female ovaries with maturity, but in contrast to the male
testis, water increased in ovaries with maturity. Lipid
levels in male testis showed a slight drop from immature
to mature individuals, but were then followed by a rise
from stage 5 to stage 6 individuals, with spent testes
having a mean lipid concentration that was 2.3 times
greater than mature testes. The data also suggested a rise
in ovary lipid with maturity in females.

Biochemical correlations

Males

Mantle weight had a strong positive correlation with
mantle water (r=0.78, P <0.001, n=22), digestive gland
lipid (r=0.78, P<0.001, n=16) and testis water
(r=0.66, P=0.001, n=22), suggesting that the mantle
and testis lose condition with growth. There were also



913

Table 2 Proximal composition
of male mantle, digestive gland ~ Element
and testis with maturity stage.

Immature/preparatory,
stage 2/3

Mature, stage 5

Spent, stage 6

Asterisk indicates trend not
discernable due to lack of Mantle
replication (values are Water
percentage + SE), n is given in Protein
parentheses for each analysis. Lipid
The variation in 7 is due to Carbohydrate
removal of outliers Digestive gland
Water
Protein
Lipid
Carbohydrate
Testis
Water
Lipid
Carbohydrate

79.13+0.72 (8)
52.8+4.01 (6)
31.33+6.3 (7)
0.8940.20 (7)

52.4542.6 (8)
20.79 £ 1.63 (5)
37.04+8.21 (4)
4.90+0.87 (7)

72.8+£2.15 (10)
34.68 +£5.45 (6)
1.12+0.34 (7)

82.27+0.59 (11)
51.08£5.12 (7)
23.17+1.54 (11)
0.67+0.12 (11)

46.56+3.15 (11)
19.31+£2.97 (6)
71,17£4.96 (10)
4.15+0.56 (10)

78.7240.47 (11)
28.41 +3.44 (10)
1.5440.46 (11)

86.5+1.19 (4)
55.27*
22.72+2.44 (4)
0.65+0.07 (4)

63.91+5.33 (4)
33.46+8.26 (2)
79.29 4+ 14.55 (2)
2.98+0.88 (4)

87.5+1.55 (4)
64.78 £ 16.05 (4)
1.01740.53 (4)

Table 3 Proximal composition of female mantle, digestive gland and ovary with maturity stage. Asterisk indicates trend not discernible
due to lack of replication (values are percentage = SE), n is given in parentheses for each analysis. The variation in 7 is due to removal of

outliers

Element Immature, stage 2 Preparatory, stage 3 Maturing, stage 4 Mature, stage 5

Mantle
Water 82.0+1.21 () 85.4+£0.98 (10) 86.2+2.08 (5) 92.67+0.88 (3)
Protein 57.17£0.94 (5) 46.04+£4.06 (8) 34.5+5.39 (5) 29.47+5.07 (3)
Lipid 25.4+1.98 (6) 23.35+1.71 (9) 18.57+5.4 (4) 35.20%
Carbohydrate 0.7+0.19 (8) 0.5+0.1 (10) 0.44+0.44(5) 0.35+0.06 (3)

Digestive gland
Water

48.63+2.92 (9)

45.09+2.09 (9)

Protein 14.06£0.98 (4) 10.29+3.09 (2)

Lipid 53.3+9.23 (8) 70.85+2.56 (7)

Carbohydrate 3.43+0.28 (8) 4.19+0.79 (9)
Ovary

Water 77.17+1.76 (6) 76.63+2.17 (8)

Protein

Lipid 34.18+3.7 (6) 46.11+£4.79 (9)

Carbohydrate 1.61+£0.33 (6) 1.0£0.16 (9)

61.71£4.59 (5)

62.24£4.75 (4)
3.7+0.79 (3)

67.8+2.13 (5)
9.87+0.53 (2)
48.45+5.86 (6)
0.55+0.14 (6)

72.00%*
19.54*
54.99*
4.00*

71.00%*

42.77*
2.08*

relatively strong negative partial correlations when
controlling for total weight, between digestive gland
weight and digestive gland water (r=-0.85, P<0.001,
n=20), digestive gland protein (r=-0.62, P<0.05,
n=10), testis lipid (r=-0.58, P<0.05, n=15) and
mantle water (r=—0.45, P<0.05, n=20). This suggests
that the digestive gland, while it is losing protein, is
maintaining high lipid levels and not losing water as in
the other structures.

Mantle water was moderately negatively correlated
with digestive gland carbohydrate (r=—0.46, P<0.05,
n=21) but moderately positively correlated with diges-
tive gland lipid (r=0.52, P <0.05, n=16), while digestive
gland carbohydrate was moderately negatively corre-
lated with testis water (r=—0.49, P<0.05, n=20). This
suggests that the digestive gland was not losing condition
to the extent of other structures. Testis water was
strongly correlated with mantle water (r=0.81,
P <0.001, n=22), while testis lipid was moderately neg-
atively correlated with mantle lipid (r=—0.50, P<0.05,
n=17), which highlights the fact that the mantle and
testis were replacing lost constituents with water.

Females

The correlations among tissue constituents were not as
clear for females due to the fact that we had few mature
females and no spent females. However, mantle weight
was positively correlated with mantle water (r=0.64,
P=0.001, n=25) and negatively correlated with mantle
protein (r=-0.68, P=0.001, n=21), which also sug-
gested that protein was being mobilised from the mantle
during growth. There were also significant positive
partial correlations when controlling for body weight,
between digestive gland weight and both digestive gland
carbohydrate (r=0.51, P<0.05, n=17) and mantle
protein (r=0.94, P<0.001, n=16). This may suggest
that the majority of carbohydrate in the digestive gland
is structural and that this organ becomes lighter relative
to body weight, as protein is mobilised from the mantle
and energy is directed to maturation. There appears to
be no obvious explanation for the negative correlations
between digestive gland water and both mantle lipid
(r=-0.57, P<0.05, n=17) and ovary carbohydrate
(r=-0.52, P<0.05, n=20), except that the concentra-
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tions of these constituents do not appear to be related to
the composition of the digestive gland. Overall, as was
the case for males, there is no evidence to suggest that
the digestive gland was being broken down to fuel
reproduction in females. There was a negative partial
correlation between ovary weight and ovary water (r=-
0.55, P<0.05, n=17), which suggests that the ovary is
increasing in condition with growth.

Discussion

This study has provided a broader understanding of the
cost of reproduction in M. ingens as described by
Jackson and Mladenov (1994). The process of tissue
breakdown with maturity is more dramatic in females
than males (with the exception of the testis). However,
both sexes show a marked drop in condition in stage 5
and stage 6 individuals. Significantly, even in the
females, the condition of the fins is maintained in pref-
erence to the mantle. This suggests that the fins of M.
ingens continue to function and are used as a means of
locomotion despite a concomitant decrease in mantle
condition.

Both male and female individuals of M. ingens share
in the marked regression of the gonad. In the case of
females this is due to egg-release, while in males it rep-
resents a cessation of sperm production. In both in-
stances, this results in an organ that is only a fraction of
the size seen in mature stage 5 individuals and represents
an irreversible process in reproduction. However,
growth of the accessory reproductive organs continue
(ie., PSC in males, nidamental gland length and oviducal
weight in females), even in stage 6 individuals. This
highlights how M. ingens is able to maintain the integrity
of organs essential to the reproductive process.

The reproductive strategy of M. ingens appears to be
similar to octopus, where brooding females undergo
tissue breakdown and remobilisation of protein to fuel
reproduction during starvation (O’Dor and Wells 1978).
Fields (1965) also noted severe tissue breakdown in the
terminal spawning Loligo opalescens, with some females
losing more than 50% of their total body weight. Fields
(1965) described females with mantles ‘thin and limp’
and with reproductive structures becoming ‘small and
flaccid’. The observed changes in M. ingens are similar to
some oceanic gonatids (Arkhipkin and Bjorke 1999;
Okutani et al. 1995; Bjorke et al. 1997; Seibel et al. 2000)
where the females also go through a process of gelatin-
isation. The features exhibited by female individuals of
M. ingens are very similar to those described for female
individuals of G. fabricii by Arkhipkin and Bjorke
(1999), where females become transformed to gelatinous
‘floating dirigibles’ in preparation to support their neg-
atively buoyant egg masses until hatching of the para-
larvae. However, unlike in M. ingens, these gonatids
increase in weight as they go from mature to spent and
gelatinous. The mechanics of egg laying in M. ingens is
unknown, but it has been suggested that this species

could also ‘brood’ their egg masses (Jackson 2001) and
the tissue breakdown and ‘gelatinisation’ may be related
to this.

The loss of condition in M. ingens contrasts to oce-
anic ommastrephids and other species that maintain
their condition, continue to grow and fuel their repro-
duction from feeding rather than energy stores (Harman
et al. 1989; Rodhouse and Hatfield 1992; Hatfield et al.
1992). Recent investigations on somatic condition in
concert with gonad development, in the ommastrephid
Nototodarus gouldi in Australian waters (McGrath and
Jackson 2002), provide a useful parallel to our work
with M. ingens. As is common for other ommastrephids,
McGrath and Jackson (2002) could detect no evidence
of energy being diverted away from somatic growth
during sexual maturation. N. gouldi continues to feed
and grow and maintain tissue integrity throughout the
maturation process. Eggs are released in small batches,
with no current evidence for spent (stage 6) individuals
with marked tissue degeneration. Work summarised in
McGrath and Jackson (2002) noted how females of
other multiple spawning ommastrephids have GSI val-
ues <16%. According to life history theory, individuals
with the greater percentage investment in gonads are
thought to be near the terminal end of the spawning
continuum (Pecl 2001). For example, the terminal
spawning Todarodes pacificus can have GSI values
reaching almost 50% (Ikeda et al. 1993). Likewise, the
reproductive organs of Loligo opalescens can range be-
tween 25% and 50% of the total body weight (Fields
1965). The mean GSI value in mature females (26.2%),
along with the maximum value of 40.5%, highlights the
terminal reproductive strategy of M. ingens.

Research into the use of energy reserves to fuel
reproduction for tropical Photololigo sp. likewise indi-
cated some loss of condition during the maturation
process (Moltschaniwskyj and Semmens 2000), and even
some localised tissue breakdown (Moltschaniwskyj
1997). However, this was minimal compared to M. in-
gens and it has been suggested that Photololigo sp. fuels
its reproduction solely from its food intake. Further-
more, work on the temperate Loligo gahi has found that
the water content of somatic tissues did not increase with
maturation (Guerra and Castro 1994), suggesting that
tissue integrity was maintained. In contrast to these
studies, the temperate loliginid Loligo forbesi appears to
lose condition in association with maturation (Collins
et al. 1995), and although feeding was observed to
continue, there appeared to be transfer of energy from
the soma to the gonad.

Generally, it is thought that terminal spawning squid
accumulate eggs in their oviducts in preparation for a
single massive spawning event (Harman et al. 1989;
Moltschaniwskyj 1995). Consequently, evidence for a
terminal spawning squid, therefore suggests that in
mature female individuals, weight of the oviducts should
exceed ovary weight (Pecl 2001; McGrath and Jackson
2002). We found no suggestion that M. ingens accumu-
lates eggs in the oviducts prior to spawning. On the



contrary, we propose that M. ingens uses the oviducts as
ducts rather than egg storage devices, where eggs move
directly from the ovary to egg-release with little or no
intervening time in the oviducts. The immense size of the
ovary may make it virtually impossible for all the eggs to
be maintained in the oviducts. Therefore, oviduct weight
relative to ovary weight may not necessarily provide
supplementary evidence for a terminal spawning strat-
egy, although it is possible that M. ingens is an excep-
tion.

Our proximal composition data do suggest a bio-
chemical constituent cost in reproduction, although
drawing conclusions for females was hindered by the
lack of stage 6 females in our analysis. However, given
the observed trends, we expect that analysis of stage 6
females will reveal an even greater cost than we docu-
mented in males. The loss of constituents in the mantle
with maturation suggests these are remobilised to help
fuel reproduction in absence of feeding.

Interestingly, there were no obvious tradeoffs de-
tected between the soma and digestive gland, suggest-
ing that this organ is not used as an energy store for
reproduction. In fact, preliminary results suggest an
increase in lipids in immature to stage 6 males. This
concurs with earlier conclusions by Semmens (1998),
that the digestive gland of loliginid squids is not a
storage organ but an organ for excreting excess lipids.
This is further supported by fatty acid analyses of the
digestive gland, demonstrating that lipids are not
greatly modified when passed to the digestive gland of
M. ingens (Phillips et al. 2001, 2002, 2003), and sug-
gesting an excretory rather than storage role like that
proposed for loliginids (Semmens, 1998). Arkhipkin
and Bjorke (1999) suggest that the digestive gland of
Gonatus fabricci is used to fuel reproduction. Alterna-
tively, the decrease in digestive gland weight in spent
individuals of G. fabricii could be due to the digestive
gland ceasing to function and breaking down following
the cessation of feeding, as it is an autonomous system
using nutrients from intracellular digestion for its own
cellular processes (Boucaud-Camou and Yim 1980).
The digestive gland would also decrease in weight at
the beginning of starvation if the majority of lipid in
the gland were excreted as waste.

Conclusion

The reproductive strategy of M. ingens presents an
interesting scenario of how to fuel a single massive
spawning event. Moroteuthis ingens is one of the more
important squid species within the sub-Antarctic eco-
system (Jackson et al. 1998a, 1998b; Jackson et al.
2000b; Phillips et al. 2003). Despite the extremely large
digestive gland possessed by this species (that can ex-
ceed 2.5 kg in females, Phillips et al. 2001), we have no
evidence that this evidently rich store of calories is of
any use in fueling the reproductive process. This would
be due to the constraints of a protein-based metabolism
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used by squids (O’Dor and Webber 1986; Jackson and
O’Dor 2001). Indeed, research on the role of the
digestive gland in oceanic squids, as has been carried
out with loliginids (Semmens 1998) is needed. The
predominant energy store in M. ingens is the mantle.
When the ovary increases in size to the extent that
feeding is physically impossible (Jackson and Mladenov
1994), females then turn to the most abundant energy
store, the mantle, resulting in a dramatic loss of con-
dition for the females. While this process is also ob-
served in males, the fact that it is not as marked as in
the females is probably due to the huge ovary that is
produced in contrast to the testis. Analyses on stage 6
females would also greatly assist in understanding the
biochemical changes associated with maturation and
spawning in females. Of particular interest is how M.
ingens deposits its eggs and whether there is any care or
brooding of the eggs. The widespread distribution of
this species suggests that direct video observations with
a remotely operated vehicle could be feasible for such a
study.
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