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Abstract

This study describes the effect of seasonal average

temperatures (14 and 18°C) in the R�ıa of Vigo, on

the utilization of external yolk over the last five

Naef stages of development (XV–XX) for Octopus vul-
garis embryos. Also, the transference of the outer

yolk to the inner yolk sac, and its use during

embryonic development and early life by O. vulgaris

paralarvae. Temperature had a marked effect on

embryonic development, except during stages XV–
XIX (until the second inversion) where development

time was the same (14 days), regardless of tempera-

ture. There were no significant differences in outer

yolk decrease between consecutive Naef stages at

14°C and 18°C. Contrary, significant differences at

all Naef stages from XV to XIX (both, with or with-

out outer yolk) were observed for inner yolk

between temperatures. A higher accumulation of

inner yolk in embryos at 14°C was observed, due to

lower yolk consumption. Paralarvae incubated at

both temperatures were maintained independently

at starvation during 4 days. At 18°C, a reduced

accumulation of inner yolk, especially during Naef

stage XIX, was observed. In 24 h old paralarvae,

there was already significant higher inner yolk con-

tent at 14°C than at 18°C. Unfed paralarvae at

18°C lost weight faster than those at 14°C, due to

higher energetic requirements. Finally, from these

results, we propose a paralarvae rearing protocol

during the first days after hatching and during the

last five Naef stage (XV–XX) at lower temperatures,

since the energy requirements are lower during the

initial maturation stage.

Keywords: embryonic development, Octopus

vulgaris, paralarvae, yolk reserves

Introduction

Octopus vulgaris (Cuvier 1797), is one of the most

promising cephalopods for aquaculture diversifica-

tion (Iglesias, S�anchez, Bersano, Carrasco, Dhont,

Fuentes, Linares, Mu~noz, Okumura, Roo, Van der

Meeren, Vidal & Villanueva 2007; Iglesias &

Fuentes 2014), since it has fast growth rates, food

conversions, protein content, and a short life cycle

(1–2 years). O. vulgaris was described as a cos-

mopolitan species (Mangold 1983), but taxonomy

of this genus remained still unresolved. Moreover,

based on genetic markers and morphological char-

acteristics several authors establish five groups

(O. vulgaris sensu stricto, type I, II, III and IV)

within the classical definition of Octopus vulgaris

Cuvier (1797) reviewed in Norman, Frederick,

Hochberg and Finn (2013). Cabranes, Fernandez-

Rueda and Mart�ınez (2008) support the hypothe-

sis of the existence of O. vulgaris intraspecific differ-

ences among populations within the group

O. vulgaris sensu stricto. Such advances strongly

indicate that adaptation to the environment condi-

tions, such as temperature range, either during

embryonic development or in the early planktonic

stages (Repolho, Baptista, Pimentel, Dionısio,

Tr€ubenbach, Lopes, Lopes, Calado, Diniz & Rosa

2014), may be strongly associated to local condi-

tion than it was previously assumed.

The effect of temperature on the embryonic

development of this species is well documented
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(Boletzky 1987). However, with the exception of

Illex illecebrosus (O’Dor, Foy, Helm & Balch 1986),

Sepia officinalis (Bouchaud 1991), Loligo opalescens

(Vidal, Di Marco, Wormuth & Lee 2002), Loligo

vulgaris (Vidal, Roberts & Martins 2005) and

Octopus mimus (Uriarte, Espinoza, Herrera, Zu~niga,

Olivares, Carbonell, Pino, Far�ıas & Rosas 2012),

there are no published data on the effect of tem-

perature on survival and rate of yolk utilization in

cephalopod hatchlings. For S. officinalis (Boucher-

Rodoni, Boucaud-Camou & Mangold 1987), Loligo

opalescens (Vidal et al. 2002) and O. vulgaris (Vil-

lanueva, Koueta, Riba & Boucaud-Camou 2002;

Iglesias, Fuentes, S�anchez, Otero, Moxica & Lago

2006), hatchlings start feeding before its yolk

reserves are completely depleted, combining

endogenous (yolk) with exogenous (prey) feeding.

Embryonic development of O. vulgaris has been

described in the literature (Naef 1928; Mangold &

Boletzky 1973; Iglesias, Otero, Moxica, Fuentes &

S�anchez 2004). Naef (1923, 1928) described 20 dif-

ferent stages of embryonic development, classified

according to morphological characteristics. The

inner yolk sac becomes full in the embryo from

Naef’s stage XV. According to Boletzky (2010), the

yolk mass passes through the bloodstream into the

digestive system to form a nutritive reserve (the

inner yolk sac). This inner yolk provides the newly

born paralarvae the possibility to obtain the

required energy for the first days of life, although

octopus paralarvae are able to feed immediately

after hatching (Villanueva et al. 2002; Iglesias et al.

2006; Boletzky 2010). O’Dor et al. (1986) and Vidal

et al. (2002, 2005), working with squid paralarvae

showed that the amount of inner yolk mass is pro-

portional to the weight of the embryo and its

absorption is related to temperature.

The energy requirements are inferred through

oxygen consumption, documented for Octopus vul-

garis (Parra, Villanueva & Y�ufera 2000; Repolho

et al. 2014) Octopus maya (Rosas et al. 2009) Octopus

mimus (Uriarte et al. 2012; Zu~niga et al. 2013) and

Octopus huttoni (Higgins, Bates & Lamare 2012). Cur-

rently, the only existing parameter to describe yolk

values as kcal is specific to Loligo opalescens (O’Dor &

Wells, 1987). In addition, metabolism would be mea-

sured in kcal day�1. Some authors used the yolk

weight and kcal of yolk to calculate metabolism

(O’Dor et al. 1986; Vidal et al. 2002, 2005). Unfortu-

nately, there are no yolk calorimetry studies for

O. vulgaris. For this reason, we used only the yolk

weight data as energetic requirements value. In addi-

tion, for the first time, we introduce parameters

describing the outer yolk density and moisture con-

tent for O. vulgaris embryos.

The main goal of this research was to analyse how

temperature affects the embryos energy demands

during embryonic development once completed the

process of organogenesis (Naef stage XV) and the

transfer and accumulation of inner yolk. Also, inter-

nal yolk use by hatched paralarvae subjected to star-

vation was determined, according to the both

temperatures. These results could contribute to the

design of experimental rearing processes considering

parameters such as the temperature in the first days

after hatch (DAH) and in the last stage of embryonic

development. In addition, in this study, yolk dry

weight was used as an indicator of energy require-

ments, since it was the unique input of energy avail-

able to the paralarvae.

Materials and methods

Experimental design

Eight adult octopuses (six females and two males of

1.1 kg � 0.2) were captured from the R�ıa de Vigo

(NW Spain) and maintained in a flow-through con-

crete tank (4.60 m L 9 2.10 m W 9 1.0 m

depth) during 6 months (reaching a mean weight

of 3 � 0.5 kg). The octopuses were fed with fresh

mussels (Mytilus galloprovincialis), fish (Merluccius

merluccius and Sardina pilchardus) and crustaceans

(Polybius sp). Inside the tank, several 50 cm long

PVC pipes with 18 cm in diameter were placed to

serve as dens for females egg laying. Once two

females remained within their den without eating,

they were individually placed in two smaller tanks

(1.0 m L 9 1.0 m W) of 0.35 m in a water depth,

with a flow-through system. Low light intensities

(300 lux) on the water surface were used. The

experiment was designed at two temperatures, from

the beginning of the spawning, (14°C and 18°C)
which are regular mean values from spring until

autumn in the Galician Rias (NW Spain). Egg

batches were laid in the middle of the PVC pipe on

its upper site, so the clusters of eggs remained verti-

cally suspended and enabled the female to maintain

constant oxygenation and cleaned the eggs. This

was further assisted with gentle water movements

produced by the syphon. The water temperature

was measured daily. Dissolved oxygen and pH were

measured once a week. The same egg clusters were

used to describe the embryonic development stages.
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For both temperatures, 10 clusters were intro-

duced inside the PVC pipe near the others. To

allow clusters to be dragged out of the PVC pipe

for collection at each sampling period every 3 or

4 days during embryonic development. Outer yolk

and inner yolk were measured throughout this

period. Approximately, 100 eggs were used for

each temperature treatment.

Experiment 1. Yolk density, moisture and dry

weight % of outer yolk and paralarvae moisture

content

To obtain density and moisture values of yolk,

the outer yolk sac from embryos at Naef stage

XVII and XIX was extracted and separated (eggs of

three different spawning batches at 14°C and

other three at 18°C, n = 60). The chorion was

cleaved with a scalpel and with two mounted nee-

dles embryos were extracted together with the

external yolk. The outer yolk was separated from

the embryo (Fig. 1) and gently washed in distilled

water. The yolk and the membrane were weighed

in an ultra-precision scale (0.000001 g) UM3 Met-

tler (Mettler-Toledo International Inc, Columbus,

USA) to obtain wet weight. Dry weight was

obtained after 24 h in a dry oven at 80°C.
The yolk density (OYq), yolk moisture content

[OYM (%)] and the paralarvae moisture (PM) con-

tent were calculated using:

OYq ðmg*mm�3Þ ¼ OYWW=SV ð1Þ

OYM ð%Þ ¼ 100� ððOYDW=OYWWÞ � 100Þ ð2Þ

PM ð%Þ ¼ ðPDW=PWWÞ � 100 ð3Þ

where the OYWW is the outer yolk wet weight,

OYDW is the outer yolk dry weight and SV is the

volume of yolk sac. PWW is the paralarvae wet

weight and PDW is the paralarvae dry weight.

Experiment 2. Effect of temperature to yolk con-

sumption and storage during the last stage of

development (XV–XX) and yolk consumption dur-

ing first life stage of paralarvae

Morphometric analysis

Eggs from each treatment were introduced in a

Petri plaque with seawater under a magnifying

glass Leica MZ8� (Leica Microsystems, Inc., City,

IN, USA) and photographed with a Leica IC80�HD

camera. Measurements were taken using LEICA

APPLICATION SUITE V4 software. The stage of embry-

onic development was determined according to

Naef (1928). Besides the classical Naef XIX stage

(with outer yolk sac), an additional stage was

included, corresponding to the Naef XIX stage

without outer yolk sac (XIX (WOY)), the morpho-

logic characteristics of this new stage of develop-

ment are the absence of outer yolk and embryos

perfectly formed (Fig. 2). To calculate the volume

of the outer and inner yolk sacs (SV), sac diameter

measures were taken and according the formula:

SV ¼ 4=3p r1 � r2 � r3 ð4Þ
where the radius was calculated as S1/2 and S2/2

and S3/2 to obtain r1, r2 and r3 values respec-

tively. S1 and S2 are dorsal measures in length and

width and S3 was the lateral view (Fig. 3).

Transfer of outer yolk to the inner yolk sac was

evaluated in the form of dry weight. To do so,

outer and inner yolk wet weight (YWW) were cal-

culated to each embryo (n = 100) grouped at Naef

stage [XV to XIX (WOY)] and a both temperature

(14 and 18°C):

YWW ¼ qY � SV ð5Þ

where qY is the density of outer yolk, which was

used as value of density for the inner yolk too,

(eqn 1) and SV is the volume (eqn 4).

Value of yolk moisture content [YM (%)] is 10%

(eqn 2) use as correction factor to calculate the

yolk dry weight. Value of paralarvae moisture con-

tent is 80% [PM (%), eqn 3] (Table 1).

Outer and inner yolk variations and rate of

embryos outer yolk utilization

The differences in embryo yolk dry weight (outer

and inner ΔYDWs) between two consecutive Naef

stages, from XV to XIX (WOY) at both tempera-
Figure 1 Outer yolk extracted to determine the yolk

density and moisture.
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tures were measured according to Vidal et al.

(2002): DYDWs ¼ YDWa0 � YDWa ð6Þ

YDW ¼ YDW0 exp
bd ð7Þ

where ΔYDWs is the increment of yolk dry

weight (mg) between a particular Naef stage

(YDWa) and the previous one (YDWa0). Inner and

outer yolk of embryos on XV to XIX Naef stage

were analysed, in XIX (WOY) embryos on Naef

stage the outer yolk value was zero. YDW is the

dry weight (mg), YDWo is the initial dry weight

(mg), b is the body DW (mg) and d is age in

days.

Yolk consumption

Embryo yolk consumption from Naef XV until

hatching was calculated as the difference between

the outer yolk lost. Those data were interpreted as

the outer yolk that was consumed by the embryos

and stored in the inner yolk sac.

DYC ¼ DOY� DIY ð8Þ
where ΔYC is the quantity of yolk (mg DW) that

was consumed at each embryo grouped at Naef

stage at both temperatures, and ΔOY and ΔIY

are the dry weight of outer and inner yolk dry

weight obtained at each Naef stage respectively.

Paralarvae starvation

Twelve hours before the beginning of the experi-

ment all paralarvae were removed from the incu-

bation tank to make sure all newly hatched

paralarvae were born at the same time. Newly

hatched paralarvae incubated at 18°C
(2000 � 100) during embryonic development,

were placed into two different tanks of 100 L

using a collector with a 150 lm sieve, with slowly

aeration and open flow-through, one at 14°C and

other 18°C. We used the same methodology for

(a) (b)

Figure 2 Embryo pre-hatch in the

new stage of development

described in this study as XIX

(WOY), (a) dorsal view, (b) lateral

view.

(a) (b)

(c) (d)
Figure 3 Measurements of exter-

nal and internal yolk sac diameters

in O. vulgaris embryos and paralar-

vae. (a) Embryo dorsal view, (b)

embryo lateral view, (c) paralarvae

dorsal view, (d) paralarvae lateral

view.

Table 1 Values of volume, density and moisture of outer

yolk of embryos of Octopus vulgaris (n = 60)

Outer yolk Naef stage XVII Naef stage XIX

Volume (mm3) 0.31 � 0.02 0.12 � 0.01

Wet weight (mg) 0.32 � 0.02 0.13 � 0.01

Dry weight (mg) 0.29 � 0.01 0.11 � 0.01

Density (mg*mm�3) 1.03 � 0.02 1.03 � 0.02

Moisture (%) 10.4 � 3.09 10.3 � 2.36

DW (%) 89.58 � 3.09 89.72 � 2.36
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the paralarvae that were incubated at 14°C during

the embryonic development.

During 4 days all paralarvae for the four treat-

ments remained in starvation. Individual paralar-

vae dry weights (n = 80) and inner yolk

measurements (n = 400) were recorded daily for

the treatments.

Paralarvae inner yolk and inner yolk rate

In the case of paralarvae, the relationship between

inner yolk weight and growth rate during 4 days

in starvation was calculated using the same

methodology to calculate the embryo inner yolk

dry weight. Dry weight was used as an indicator

of somatic growth expressed as an instantaneous

growth rate over their survival time (Forsythe &

Van Heukelem 1987).

The exponential function used according to

Vidal et al. (2005) corresponds to eqn (6). Where,

YDW is the paralarvae inner yolk dry weight (mg),

YDWo is the initial dry weight (mg), b is the instan-

taneous growth rate in body DW and d is age in

days.

Paralarvae dry weight and growth rate

Dry weight of 20 paralarvae per treatment was

obtained individually, using small handmade alu-

minium baskets, after 24 h in a dry oven at 80°C
using an ultra-precision scale (0.000001 g) UM3

Mettler. The yolk consumption of paralarvae under

starvation at both temperatures was obtained from

the values of daily dry weight loss of inner yolk

(PIYL) and paralarvae weight loss (PDWL), also were

calculated the paralarvae growth rate (SGR%) as

the daily growth (t = day):

PDWL ¼ PDW0 � PDWf ð9Þ

PIYL ¼ PIY0 � PIYf ð10Þ

SGR% ¼ ððLnPDWf � LnPDW0Þ=tÞ � 100 ð11Þ

where paralarvae dry weight loss (PDWL) was cal-

culated as the difference between paralarvae dry

weight at the beginning of starvation (PDW0) and

paralarvae dry weight at the end (PDWf). The same

methodology was used to calculate the inner yolk

dry weight loss (PIYL) [paralarvae inner yolk dry

weight (PIY0) and paralarvae inner yolk final dry

weight (PIYf)]. The percentage of weight lost at the

end of 4 days of starvation was calculated as

the inner yolk weight loss for both temperatures.

The inner yolk weight and paralarvae weight per

day were also determined.

Statistical analyses

Embryos were grouped according to Naef stage,

from XV to XIX (WOY) at both temperatures. All

data were checked for normal distribution with

the one-sample Kolmogorov–Smirnoff test as well

as for homogeneity of the variances with the

Levene’s test and, when necessary, arcsin trans-

formation was performed (Zar 1999). Two treat-

ments were compared with ANCOVA analysis,

using the statistical programme STATISTICA 10.0©.

Significant differences were considered when

P < 0.05. When the test was significant, individ-

ual means were compared using Tukey’s test

(Zar 1999).

Results

Embryonic development

Temperature had a great influence on embryonic

development time, except for the transition to XV

Naef stage until second inversion. Higher tempera-

tures resulted in lower incubation times, with

64 days at 14°C and 40 days at 18°C. The time

required to attain the Naef XV stage was 20 days

at 18°C and 40 days at 14°C, representing 50%

and 62.5% of the total incubation time respec-

tively. In this study, development time between XV

and XIX stages (until the second inversion) was

14 days, regardless of temperature. Afterwards,

embryos at 18°C and 14°C hatched after 6 and

10 days respectively.

Outer yolk

Outer yolk density and moisture percentage were

1.03 mg*mm�1 and 10%, respectively (Table 1).

Outer yolk consistently decreased between Naef

stages XV to XIX. There were no significant differ-

ences (ANCOVA; F = 6.44; P = 0.1579) in the

decrease in outer yolk between Naef stages, both at

14°C and 18°C. Outer yolk dry weight at stage XV

was 0.699 � 0.037 mg and 0.709 � 0.052 mg at

14°C and 18°C respectively, and at stage XIX

0.150 � 0.042 mg and 0.155 � 0.034 mg at
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14°C and 18°C respectively. With regard to the

embryo outer yolk consumption ratio between Naef

stages XV and XIX, the outer yolk consumption

ratio decreased �0.15 � 0.02 mg for each Naef

stage at both temperatures. There were no signifi-

cant differences (P > 0.05) in yolk variations

between consecutive Naef stages when comparing

both temperatures. Furthermore, there is a ten-

dency towards a stable decrease in outer yolk

between stages at both temperatures (tendency line

is almost parallel to the X axis).

Embryo inner yolk

Temperature influenced the amount of the inner

yolk accumulated during embryonic development.

Significant differences (ANCOVA; F = 1673.4

P = 0.0001) at all Naef stages from XV to XIX (both

with and without outer yolk) were observed

between the two temperatures, as well as among

stages within the same experimental temperature.

Inner yolk was always higher in embryos at 14°C.
Inner yolk dry weight was 0.003 � 0.0006 mg

and 0.002 � 0.0002 mg at stage XV at 14°C
and 18°C, respectively, and 0.136 � 0.011 mg

and 0.0.130 � 0.011 mg at stage XIX at 14°C and

18°C respectively. The sub-stage XIX without outer

yolk showed the biggest differences (Fig. 4), being

the dry weight of inner yolk of embryos at 14°C
(0.213 � 0.021 mg) significant higher (ANCOVA;

F = 377.14; P = 0.0001) than that of the embryos

maintained at 18°C (0.165 � 0.024 mg).

Use of outer yolk reserves by embryo:

consumption and storage

The consumption of outer yolk reserves by the

embryos, at both temperatures and from XV to

XVIII Naef stages, corresponded to the 80 � 10%

of their outer yolk dry weight. The remaining yolk

(20 � 10%) was stored as inner yolk (Fig. 5).

Nevertheless, at Naef stage XIX an important dif-

ference on the consumption of outer yolk was

observed; in this case, at 14°C approximately 50%

of the outer yolk was consumed and 50% was

transferred to the inner yolk sac. Contrary, at

18°C, yolk consumption remains as in previous

(80 � 10%) to XV until XVIII Naef stages (Fig. 5).

Paralarvae inner yolk dry weight ratio

Two types of experiments were conducted; in the

first one, we used paralarvae incubated at 18°C
and transferred at 14 and 18°C in starvation.

Inner yolk weight was higher at 14°C during the

first 24 h after hatching, being of 0.101 � 0.05

and 0.08 � 0.05 mg DW at 14°C and 18°C
respectively (Fig. 6). There were significant differ-

ences in the paralarvae inner yolk weight at first

24 h (ANCOVA; P = 0.007) and at 4 days after

hatching (ANCOVA; F = 8.76; P = 0.009). During

the first day, paralarvae at 14°C lost the 7% of

inner yolk dry weight while those at 18°C lost the

25%. After 4 days of starvation, paralarvae at

14°C lost 50% of the yolk reserves

(0.055 � 0.01 mg DW) compared to 67% at 18°C
(0.036 � 0.001 mg DW).

To conduct the second experiment we used par-

alarvae incubated at 14°C and transferred at 14

and 18°C starvation conditions. Inner yolk

weight was higher at 14°C during the first 24 h

after hatching, being of 0.118 � 0.03 and

0.099 � 0.02 mg of inner DW at 14°C and 18°C
respectively (Fig. 6). There were significant differ-

ences) in the paralarvae inner yolk weight at first

24 h (ANCOVA; P = 0.0007) and 4 days after hatch-

ing (ANCOVA; P = 0.0008). During the first day,

*14ºC y = 0.0089x – 0.011
R² = 0.9593

18ºC y = 0.0065x – 0.0112
R² = 0.9554
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D
ry

 w
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gh
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m
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Figure 4 Inner yolk dry weight

(mg) of O. vulgaris embryos at

14°C and 18°C. Bars are standard

deviations and “*” indicates signifi-

cant (P < 0.05) differences at the

two temperatures.
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paralarvae at 14°C lost the 5% of inner yolk dry

weight while those at 18°C lost the 21%. After

4 days of starvation, paralarvae at 14°C lost the

50% of the yolk reserves (0.062 � 0.02 mg IYDW)

and the 60% at 18°C (0.049 � 0.01 mg IYDW).

There were significant differences (ANCOVA;

P = 0.0004) on inner yolk consumption per day

between paralarvae in starvation at same tempera-

ture and embryos incubated at both temperatures

(14 and 18°C). The inner yolk consumption per

day for unfed paralarvae at 18°C incubated at

14°C was higher than the paralarvae which were

incubated at 18°C, being 0.015 mg day�1,

0.009 mg day�1 respectively. Therefore, the par-

alarvae that were incubated at low temperature,

at the end of 4 days, had higher inner yolk

reserves than those incubated at 18°C. Paralarvae
incubated at 14°C and 18°C and both maintained

at 14°C in starvation showed significant differ-

ences in yolk consumption.

Paralarvae weight and growth rate

Paralarvae had negative growth throughout the

4 days of starvation (Fig. 7). Loss of weight was

exponential throughout this period, the growth

standard rate per day (ANCOVA, F = 1377.9;

P = 0.006) was �4.42 mg day�1 at 14°C and

�6.52 mg day�1 at 18°C.
Paralarvae hatched and maintained at 18°C

were lighter at day 3 and 4 than those at 14°C.
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Figure 6 Inner yolk dry weight

(mg DW) for O. vulgaris unfed

paralarvae during 4 days, at 14ºC

and 18ºC. Bars represent standard

deviations and ’*’ indicates signifi-

cant (p<0.05) differences at both

temperatures.
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These paralarvae lost 10.68% and 26.11% of dry

weight by day 2 and 4 respectively. During the

first 2 days of starvation, there were no significant

differences (ANCOVA; P = 0.005) in paralarvae dry

weight to paralarvae incubated at 18°C. Paralar-
vae that were hatched at 18°C but were main-

tained in starvation at 14°C lost 9.72% and

17.68% of their body weight by day 2 and 4

respectively.

Paralarvae hatched and maintained at 14°C lost

2.16% and 12.37% of their body weight by days 2

and 4 respectively. Paralarvae hatched at 14°C
and maintained at 18°C lost 11.45% and 20.41%

of dry weight by day 2 and 4 respectively. There

were significant differences (ANCOVA; F = 12222.6,

P = 0.0001) during all days of starvation except

at the day 3, in paralarvae dry weight to paralar-

vae incubated at 18°C.

Discussion

Temperature greatly influenced embryonic devel-

opment time, which was 64 and 40 days at 14°C
and 18°C respectively. Moxica, Otero, Iglesias and

S�anchez (2001) reported 38 days at 18.7°C.
Embryo development time was markedly different

until Naef stage XV, being of 20 days at 18°C and

40 days at 14°C. It is noteworthy that after this

stage (when inner yolk appears) and until second

inversion, the development time was independent

from temperature (14 days both at 14°C and

18°C). This fact could be explained because the

embryos rate of outer yolk consumption was simi-

lar (80 � 10%) at both temperatures until stage

XIX, volume transferred each Naef stage used part

to supply yours energetic requirements and

remainder for storage in the inner yolk sac.

At higher temperatures, a reduction in the inner

yolk content at hatching was expected, due to

increased energy expended by the embryo (Ber-

mudes & Ritar 1999). When the basic processes of

organogenesis and the progressive contraction of

the embryo cap have ended by stage XV, the small

inner yolk sac begins to increase in size, due to a

slow transfer of outer yolk (Fioroni & Boletzky

1990; Boletzky 2002). The pace of this transfer,

which finally inverts the respective volumes of the

two yolk compartments (outer and inner yolk sac),

seems influenced by the temperature at which the

embryo develops after XV until XIX (Bouchaud &

Daguzan 1990; Bouchaud & Galois 1990). Inner

yolk variations between Naef stages XV and XIX

for embryos developing at 14°C and 18°C show a

higher inner yolk accumulation in embryos at

14°C than at 18°C. The highest value (0.078 mg)

was observed in embryos at 14°C, when outer

yolk was absent [XIX (WOY), Naef stage].

This fact was supported by many studies that

have shown that inner yolk volume at hatching is

inversely correlated with incubation temperature

in many fish species (Canino 1994; Bermudes &

Ritar 1999) and cephalopods such as the cuttle-

fish, S. oflicinalis (Bouchaud 1991), the squid

L. opalescens (Vidal et al. 2002) and O. mimus (Uri-

arte et al. 2012). This was also true in this study,

when comparing inneryolk weight at the two tem-

peratures. Just before hatching embryos developing

at 14°C had more inner yolk than those developed

at 18°C. These differences are in agreement with

the results obtained by O’Dor et al. (1986) and

Vidal et al. (2002, 2005) for squid paralarvae.

These authors reported that at lower temperatures,

the accumulation of inner yolk was higher and

the degree of energy consumption was lower.
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Figure 7 Dry weight of O. vulgaris

paralarvae during 4 days of starva-

tion, at 14°C and 18°C. Bars are

standard deviations.
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Outer yolk utilization between consecutive Naef

stages was similar (80 � 10%) at both 14°C and

18°C between stages XV and XVIII. Finally,

between stage XIX and hatching (which lasted for

6 days at 18°C and 10 days at 14°C), the propor-

tion of outer yolk incorporated to the inner sac at

14°C increased from 20% to 50%, while at 18°C it

remained at 20%. This explains the higher inner

yolk content in newly hatched paralarvae at 14°C.
During this last stage, embryos accumulate all

yolk reserves within their inner sack. In the new

stage described in this study [XIX (WOY)] the

embryo is ready to hatch, but differences on time

exists at both temperatures, this may be motivated

to regulation by perivitelline fluid and the hatch-

ing gland. In addition, the movement of string by

the mother may be a mechanism to regulate the

time of hatch (Villanueva & Norman 2008).

For S. officinalis, lower temperatures increase

embryonic development time and deliver larger

hatchlings (Choe 1966; Bouchaud & Daguzan

1990; Bouchaud 1991). Nevertheless, during this

study, at the end of embryonic development newly

hatched paralarvae had similar weight at 14°C
and 18°C.
Paralarvae at 18°C have shown faster inner

yolk consumption than paralarvae at 14°C, sug-

gesting that at high temperature paralarvae will

complete the development faster than those main-

tained at 14°C. Forsythe (1993) noted the ten-

dency among shallow-water cephalopods to spawn

in colder but increasing temperatures (spring), so

that hatchlings would be exposed to continually

increasing temperatures for the first few months of

life when exponential growth is observed. Also in

a recent study, Semmens, Doubleday, Hoyle and

Pecl (2011) observed that Octopus pallidus dedi-

cated proportionally more energy to gonad growth

when exposed at low temperatures than exposed

at high temperatures, suggesting that a similar

mechanism that observed by Forsythe (1993)

could be modulating reproductive performance in

O. pallidus. According to Vidal et al. (2002) at least

in the range 12–16°C, L. opalescens paralarvae

inner yolk weight was proportional to the body

mass, representing about 10–15% of the body wet

weight. During this study, inner yolk also repre-

sented about 10% of O. vulgaris paralarvae of dry

weight body mass, both at 14°C and 18°C. Slopes
of the exponential fraction of yolk utilization

showed higher paralarvae yolk ratios for starved

hatchlings at the higher temperature. These fig-

ures are in agreement with the fact that all energy

requirements are covered exclusively by yolk con-

sumption and there is no contribution of external

feed. According to Vidal et al. (2002), with daily

exponential yolk absorption rates of 43%, starved

hatchlings at 12°C entered into an energy deficit

3 days after hatching. This value increased to

50% at 16°C. Paralarvae inner yolk utilization

was also always higher at 18°C in this study. Yolk

utilization was of 8% at 14°C and 25% at 18°C
after the first 24 h. At the end of 3 days in starva-

tion, paralarvae had used 50% of the inner yolk at

14°C and 60% at 18°C. To balance this deficit,

paralarvae must quickly obtain an extra source of

energy through external feeding.

Paralarvae maintained in starvation at 18°C lost

between 10.68% and 26.11% of their body weight

by day 2 and 4 respectively. These results are sim-

ilar to those obtained by Villanueva, Riba, Ru�ız-

Capillas, Gonz�alez and Baeta (2004), where O. vul-

garis paralarvae lost between 16% and 28% of dry

weight after 2 and 4 days, respectively at 20°C.
Observations under experimental conditions show

that well-developed, non-premature hatched

O. vulgaris paralarvae start feeding during the first

24 h after hatching (Villanueva et al. 2002; Igle-

sias et al. 2006) and that the presence of an inner

yolk sac does not apparently interfere with any

organ functioning (Boletzky 2010). According to

Chen, Dykhuizenv, Hodge and Gilly (1996) and

Villanueva et al. (2004) the process of prey cap-

ture by early hatched paralarvae is an acquired

behaviour. Although during early stages paralar-

vae feed on prey with slow movements, it seems

essential, as happens in squid paralarvae (Chen

et al. 1996), that during the first few days after

hatching they remain in contact with live preys to

learn the feeding behaviour that will be used in

the following development days. During the first

2 days after hatching, a high percentage of attacks

are unsuccessful (Iglesias et al. 2006), and paralar-

vae must improve their attack strategy to be more

efficient in obtaining prey. This feeding behaviour

consumes energy and paralarvae can obtain it by

endotrophic feeding of the yolk reserves until learn

more effective attacks. Therefore, they can com-

bine endotrophic with exotrophic feeding. When

these reserves are depleted, the weight loss is

higher because paralarvae obtain their energy

from the muscle. Therefore, lower temperatures

would increase the “learning time” available for

paralarvae to become more effective in the capture
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of prey. Contrary, at higher temperatures there

would be less time available to optimize prey cap-

ture techniques, and could accelerate and increase

mortality.

Based on these results, it would be advisable to

design experiments in which the early stages of

embryonic development occur at higher tempera-

tures respecting the threshold of maximum devel-

opment temperature for cephalopods. Embryonic

development will then occur in a shorter period.

However, when stage XV is reached it could be

recommended to reduce the temperature gradu-

ally to enhance inner yolk accumulation. With

recently hatched paralarvae, lower temperatures

could be beneficial, since paralarvae will have

greater volume of inner yolk sac, and weight loss

occurs at slower pace until they acquire sufficient

experience in prey capture. According to Boletzky

(2002), the volume of yolk remaining in the

inner sac at hatching is one of the major factors

influencing the initial feeding conditions of the

hatchling. This initial period of learning at lower

temperatures would imply more time to further

refine the process of prey attacks and paralarvae

would be more effective in obtaining external

feed.

In any case, more experiments describing pro-

cesses of exogenous and endogenous feeding are

necessary since it is essential to consider aspects

related to a gradual adaptation to the hunting pro-

cedures or techniques. Other aspects to investigate

in the phase of exogenous feeding of O. vulgaris

paralarvae are the selection of prey and the devel-

opment of the sensorial and locomotion system.

Acknowledgments

This research was co-funded by MInisterio de

Econom�ıa y Competitividad through the project

OCTOWELF (Ref. AGL2013-49101-C2-1-R) and by

the project GENMOL2 from the Spanish Institute

of Oceanography to MP.

References

Bermudes M. & Ritar A.J. (1999) Effects of temperature

on the embryonic development of the striped trumpeter

(Latris lineate Bloch and Schneider, 1801). Aquaculture

176, 245–255.

Boletzky S.V. (1987) Embryonic phase. In: Cephalopod Life

Cycles Vol. II (ed. by P.R. Boyle), pp. 5–31, Academic

Press, London, UK.

Boletzky S.V. (2002) Yolk sac morphology in cephalopod

embryos. In: Cephalopods – Present and Past (eds by H.

Summesberger, K. Histon & A. Daurer). – Abh. Geol.

B.-A., 57, 57–68.

Boletzky S.V. (2010) The ‘yolk organ’ of cephalopod

embryos: on transient functions from crawling substra-

tum to provisional knapsack. Ferrantia 59, 14–21.

Bouchaud O. (1991) Energy consumption of the cuttle-

fish Sepia offıcinalis L. (Mollusca: Cephalopoda) during

embryonic development, preliminary results. Bulletin of

Marine Science 49, 333–340.

Bouchaud O. & Daguzan J. (1990) Etudeexp�erimentale de

l’influence de la temp�erature sur le d�eroulement du

d�eveloppement embryonnaire de la Seiche Sepia offıci-

nalis L. (C�ephalopode, Sepioidae). Cahiers de Biologie

Marine 31, 131–145.

Bouchaud O. & Galois R. (1990) Utilization of egg-yolk

lipids during the embryonic development of Sepia offici-

nalis L. in relation to temperature of the water. Com-

parative Biochemistry and Physiology 97B, 611–615.

Boucher-Rodoni R., Boucaud-Camou E. & Mangold K.

(1987) Feeding and digestion. In: Cephalopod Life

Cycles, Vol. II (ed. by P.R. Boyle), pp. 85–108. Aca-

demic Press, London, UK.

Cabranes C., Fernandez-Rueda P. & Mart�ınez J.L. (2008)

Genetic structure of Octopus vulgaris around the Iberian

Peninsula and Canary Islands as indicated by

microsatellite DNA variation. ICES Journal of Marine

Science 65, 12–16.

Canino M.F. (1994) Effects of temperature and food avail-

ability on growth and RNA/DNA ratios of walleye Pollock

Theragra chalcogramma (Pallas) eggs and larvae. Journal of

Experimental Marine Biology and Ecology 175, 1–16.

Chen S.D., Dykhuizenv G., Hodge J. & Gilly F.W. (1996)

Ontogeny of Copepod predation in juvenile Squid

(Loligo opalescens). The Biological Bulletin 190, 69–81.

Choe S. (1966) On the eggs, rearing, habits of fry and

growth of some cephalopods. Bulletin of Marine Science

16, 330–348.

Fioroni P. & Boletzky S.V. (1990) Morphologische Aspekte

der Dotter resorption in der sp€ateren Embryonal periode

von Octopoden unter besonderer Ber€ucksichtigung von

zwei Eledone-Arten. Zool. Beitr. N. F. 33, 1–21.

Forsythe J.W. (1993) A Working Hypothesis of how Sea-

sonal Temperature Change may Impact the Field Growth

of Young Cephalopods. Tokai University Press, Tokyo.

Forsythe J.W. & Van Heukelem W.F. (1987) Growth. In:

Cephalopod Life Cycles, Vol. 2 (ed. by P.R. Boyle), pp.

135–155. Academic Press, London, UK.

Higgins F.A., Bates A.E. & Lamare M.D. (2012) Heat tol-

erance, behavioural temperatures election and temper-

ature-dependent respiration in larval Octopus huttoni.

Journal of Thermal Biology 37, 83–88.

Iglesias J. & Fuentes L. (2014). Chapter 23: Octopus vul-

garis. In: Paralarvae Culture in “Cephalopod Culture” (eds

by J. Iglesias, L. Fuentes & R. Villanueva), pp.

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 1951–19611960

Temperature on energetic demand in Octopus paralarvae M Nande et al. Aquaculture Research, 2017, 48, 1951–1961



427–450. Springer, New York, Heidelberg, Dordrecht,

London. 494 p. ISBN: 978-94-017-8647-8 and

978-94-017-8648-5 (eBook).

Iglesias J., Otero J.J., Moxica C., Fuentes L. & S�anchez F.J.

(2004) The completed life cycle of the octopus (Octopus

vulgaris, Cuvier) under culture conditions: paralarval

rearing using artemia and zoeae, and first data on

juvenile growth up to 8 months of age. Aquaculture

International 12, 481–487.

Iglesias J., Fuentes L., S�anchez J., Otero J.J., Moxica C. &

Lago M.J. (2006) First feeding of Octopus vulgaris

Cuvier, 1797 paralarvae using Artemia: effect of prey

size, prey density and feeding frequency. Aquaculture

261, 817–822.

Iglesias J., S�anchez F.J., Bersano J.F.G., Carrasco J., Dhont

J.F., Fuentes L., Linares F., Mu~noz J.L., Okumura K., Roo

J., Van der Meeren T., Vidal E. & Villanueva R. (2007)

Rearing of Octopus vulgaris paralarvae: present status,

bottlenecks and trends. Aquaculture 266, 1–15.

Mangold K. (1983) Octopus vulgaris. In: Cephalopod Life

Cycles. Vol. I. Species Accounts (ed. by P.R. Boyle), pp.

335–364. Academic Press, London.

Mangold K. & Boletzky S.V. (1973) New data on repro-

ductive biology and growth of Octopus vulgaris. Marine

Biology 19, 7–12.

Moxica C., Otero J.J., Iglesias J. & S�anchez F.J. (2001)

Comportamiento reproductor, puestas y desarrollo

embrionario del pulpo (Octopus vulgaris, Cuvier) en

cautividad. Monograf�ıas del Instituto Canario de Ciencias

Marinas 4, 549–554.

Naef A. (1923) Die cephalopodan. Fauna und Flora des

Golfes von Naepel 35, 149–843.

Naef A. (1928) Die cephalopodan. Fauna und Flora des

Golfes von Naepel 35, 1–357.

Norman M.D., Frederick G., Hochberg G. & Finn J.K.

(2013) Chapter 2: Octopods and Vampire Squids in

“Cephalopods of the world: an annotated and illus-

trated catalogue of cephalopod species known to date”

Vol 3 No. 4(1) pp. 40-47, 351. (eds by P.J.K. Jereb,

C.F.E. Roper, M.D. Norman & J.K. Finn). Food and

Agriculture Organization of the United Nations. Species

Catalogue for Fisheries Purposes, Rome, Italy.

O’Dor R.K., Foy E.A., Helm P.L. & Balch N. (1986) The

locomotion and energetics of hatchling squid, Illex ille-

cebrosus. American Malacological Bulletin 4, 55–60.

Parra G., Villanueva R. & Y�ufera M. (2000) Respiration

rates in late eggs and early hatchlings ofthe common

octopus, Octopus vulgaris. Journal of the Marine Biologi-

cal Association of U.K. 80, 557–558.

Repolho T., Baptista M., Pimentel M.S., Dionısio G.,

Tr€ubenbach K., Lopes V.M., Lopes A.R., Calado R.,

Diniz M. & Rosa R. (2014) Developmental and physio-

logical challenges of octopus (Octopus vulgaris) early life

stages under ocean warming. Journal of Comparative

Physiology B 184, 55–64.

Semmens J.M., Doubleday Z., Hoyle K. & Pecl G. (2011)

A multilevel approach to examining cephalopod

growth using Octopus pallidus as a model. Journal of

Experimental Biology 214, 2799–2807.

Uriarte I., Espinoza V., Herrera M., Zu~niga O., Olivares

A., Carbonell P., Pino S., Far�ıas A. & Rosas C. (2012)

Effect of temperature on embryonic development of

Octopus mimus under controled conditions. Journal of

Experimental Marine Biology and Ecology 416–417,

168–175.

Vidal E.A.G., Di Marco F.P., Wormuth J.H. & Lee P.G.

(2002) Influence of temperature and food availability

on survival, growth and yolk utilization in hatchling

squid. Bulletin of Marine Science 71, 915–931.

Vidal E.A.G., Roberts M.J. & Martins R.S. (2005) Yolk

utilization, metabolism and growth in reared Loligo vul-

garis reynaudii paralarvae. Aquatic Living Resources 18,

386–393.

Villanueva R. & Norman M.D. (2008) Biology of the

planktonic stages of benthic octopuses. Oceanogra-

phy and Marine Biology, Annual Review 46, 105–

202.

Villanueva R., Koueta N., Riba J. & Boucaud-Camou E.

(2002) Growth and proteolytic activity of Octopus vul-

garis paralarvae with different food rations during first

feeding, using Artemia nauplii and compound diets.

Aquaculture 205, 269–286.

Villanueva R., Riba J., Ru�ız-Capillas C., Gonz�alez A.V. &

Baeta M. (2004) Amino acid composition of early

stages of cephalopods and effects of amino acid dietary

treatments on Octopus vulgaris paralarvae. Aquaculture

242, 455–478.

Zar J.H. (1999) Biostatistical Analysis. 4th edn (ed. by T.

Ryu), 663 p, Prentice-Hall Inc., Upper Saddle River,

NJ, USA.

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 1951–1961 1961

Aquaculture Research, 2017, 48, 1951–1961 Temperature on energetic demand in Octopus paralarvae M Nande et al.


