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INTRODUCTION

A general trend in marine organisms is that the
pace of life is reduced for species living in cold-water
environments. Metabolic and growth rates are influ-
enced by temperature, with organisms developing,
growing, maturing and ageing faster at higher tem-
peratures (Atkinson 1994, 1996, Angilletta et al. 2004).
Marine poikilotherms such as fishes and invertebrates
that live in polar and deep seas exhibit increased
longevities when compared to their relatives living in
temperate or warm waters (Cailliet et al. 2001, Young
2003). Research on various deep-sea taxa has revealed
extreme longevities, including 11 000 yr for the deep-

sea sponge Monorhaphis chuni (Jochum et al. 2012),
4000 yr for proteinaceous corals (Roark et al. 2009),
between 312 and 523 yr for the deep-sea oyster Neo -
pycnodonte zibrowii (Wisshak et al. 2009), 507 yr
for the ocean quahog Arctica islandica (Butler et al.
2013), 400 yr for Greenland sharks Somniosus micro-
cephalus (Nielsen et al. 2016) and 200 yr for the rock-
fish Sebastes aleutianus (Cailliet et al. 2001). For most
deep-sea taxa, information on longevity and other
life-history characteristics is lacking, and hence it
remains unknown how these parameters are related
to habitat temperatures.

Cephalopods (e.g. squids and octopods) occur at all
latitudes and inhabit all marine habitats, from tide
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pools to abyssal depths (Boyle & Rodhouse 2005). As
adults, most cephalopods are active carnivores that
hunt for living prey, and typically they have one
reproductive cycle (semelparity). Cephalopods are
very abundant in the deep ocean, where large popu-
lations exist and where they show a great diversity at
the family level (Rosa et al. 2008, Hoving et al. 2014).
They are important in food webs as prey (e.g. marine
mammals, top predatory fish, seabirds) and predators
(e.g. on crustaceans, fishes and other molluscs)
(Clarke 1996, Piatkowski et al. 2001, Villanueva et al.
2017). A recent study suggests that the overexploita-
tion of finfish stocks may have favoured cephalopod
populations, leading to regional increases in their
biomass over the last 60 yr (Doubleday et al. 2016).
Despite the pivotal role of cephalopods in the world
oceans, knowledge on life histories is lacking for the
majority of species that inhabit the deep sea.

Longevity studies on neritic cephalopods have con-
sistently revealed short lifespans, rarely exceeding
3 yr (Arkhipkin 2004, Jackson 2004). The short life-
span is combined with a semelparous reproductive
strategy. Semelparity in cephalopods means that all
gametes are released during a single reproductive
cycle, without a gonadal resting phase (Rocha et al.
2001). With the exception of the Antarctic giant
warty squid Kondakovia longimana (Laptikhovsky et
al. 2013) and the vampire squid Vampyroteuthis
infernalis (Hoving et al. 2015), all extant coleoid
cephalopods that have been studied to date are
semelparous. Within the borders of semelparity, the
spawning strategies range from terminal synchro-
nous spawning to the intermittent spawning of egg
batches, with specific differences between cepha -
lopods in fecundity, egg size, batch size, time and
presence or absence of somatic growth between
spawning events, mortality in ontogenetic phases
and embryonic development time (Rocha et al. 2001,
Hoving 2008).

Embryonic development in cephalopods ranges
from a few days in coastal and tropical warm-water
species to several months or even years in deep-sea
and polar species (Boletzky 1994, Boyle & Rodhouse
2005, Robison et al. 2014). Intraspecific lifespan plas-
ticity has been demonstrated for some species with
wide distribution ranges, e.g. ommastrephids. In
these species, the life cycle duration increases with
latitude and adult size, varying from 5 mo in small-
sized tropical forms to more than 1 yr in large ani-
mals that live in temperate and subpolar−polar lati-
tudes (Arkhipkin 2004). Furthermore, cephalopods
can adapt rapidly to local environmental and ecosys-
tem changes by reaching full maturity at different

sizes and ages depending on the productivity of the
environment (Pecl & Jackson 2008, Hoving et al.
2013, Schwarz & Perez 2013, Arkhipkin et al. 2015).
Overall, there is evidence that the pace of life in
cephalopod species is coupled strongly with the envi-
ronment (Rodhouse et al. 2014, Hoving & Robison
2017).

Lifespan is also related to the reproductive strategy
of cephalopods. Some deep-sea squids (e.g. Gonatus
onyx, Bathyteuthis berryi) retain their eggs after
spawning and brood in the bathypelagic zone, out of
reach of bottom- and surface-dwelling predators
(Seibel et al. 2005, Bush et al. 2012). In cold-water
environments (<5°C), embryonic development is
slow and may last for several months or even years
(Boletzky 1994, Seibel et al. 2000). Using deep-sea
observations from remotely operated vehicles, an
extremely long brooding time was discovered for the
deep-sea octopus Graneledone boreopacifica in the
Monterey Submarine Canyon off California, USA.
One brooding female was monitored from the first
weeks when spawning of the eggs took place until
the last weeks when the eggs hatched. The embry-
onic development lasted 53 mo, the longest brooding
time ever recorded (Robison et al. 2014). Following
the assumption that brooding time makes up 30% of
the total life cycle (Boletzky 1987), this cold water
octopus is expected to live >10 yr, a result that chal-
lenges the paradigm that cephalopods are short-
lived animals. The few studies that investigated the
lifespan of cold-water cephalopods including deep-
sea species show increased longevities and reduced
growth compared to warmer-water species (Arkhip-
kin 2004, Robison et al. 2014, Hoving & Robison
2017), but comparative studies on a wider range of
species are still rare.

One of the first reviews on cephalopod growth and
lifespan in relation to environmental factors was per-
formed by Wood & O’Dor (2000). The authors investi-
gated the effects of temperature and phylogeny on
size at maturity and longevity, using literature data of
18 species from 5 cephalopod orders. The authors
concluded that low temperatures delay the time to
reach maturity and that larger cephalopods have
longer life spans. However, the study was biased
towards coastal cephalopods and included only 2
cold-water species, the North Atlantic octopus Bathy-
polypus arcticus and the giant Pacific octopus Ente-
roctopus dofleini. Seibel (2007) measured metabolic
rates of pelagic cephalopod species from 8 families
all inhabiting different environments. The study
showed that the active and muscular coastal and
epipelagic squid families Loliginidae and Ommas-
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trephidae have the highest metabolic rates of all
invertebrates, while the less active and gelatinous
cold-water meso- and bathypelagic octopods (Boli-
taenidae and vampire squids) had metabolic rates up
to 200-fold lower than their shallow-living relatives.
Since the high metabolic rates of ommastrephids are
associated with a short life cycle, it may mean that
cephalopods with low metabolic rates are longer
lived, but data to support this notion are scarce.

In cephalopods, egg sizes and numbers, embryonic
development time and the duration of the planktonic
larval phase are dependent on habitat temperatures
(Boletzky 1994, Voight & Drazen 2004, Laptikhovsky
2006, Villanueva & Norman 2008), which together
can be used to estimate lifespan (Robison et al. 2014).
Incirrate octopods occur in all marine habitats and
they provide post-spawning egg care, retaining the
eggs during the entire development period (Boletzky
1992, Jereb et al. 2014). While incirrate octopods are
a very suitable model group to investigate how envi-
ronmental temperature may impact longevity, this
has never been done in a comparative approach. We
performed regression analysis of life-history data of
incirrate octopods and the vampire squid to test the
hypothesis that octopod lifespans are inversely corre-
lated with habitat temperature, i.e. octopods living in
cold-water habitats of the polar and deep seas have
increased longevity compared to their shallow-water
relatives.

MATERIALS AND METHODS

Data extraction from the literature

An extensive literature review resulted in life-
 history data for 25 species of incirrate octopods (Ce -
phalopoda: Octopoda — Incirrata) as well as the vam-
pire squid (Table 1). We used benthic and pelagic
species with a distribution ranging from tropical
waters to polar seas and from shallow coastal (0−
15 m) to bathyal depths (3000 m). For 2 species (Par-
eledone charcoti and Bathypolypus arcticus), we
considered anecdotal data obtained from long-term
husbandry of octopods under controlled laboratory
conditions (Wood 2000, Daly & Peck 2000).

When a life-history trait (e.g. hatchling size) was
available from more than one source for the same
species (e.g. Octopus vulgaris), an average value for
the species was calculated. When averages of biolog-
ical and life-history traits (Table 1) were not explicitly
listed, we calculated them by taking the midpoint
between published minimum and maximum parame-

ter values. For species where literature about life-
 history traits is scarce, we pooled information for the
genus (e.g. Graneledone boreopacifica and G. ma -
crotyla). We used the average value representative of
the species or genus and followed the FAO taxo-
nomic criteria for the latest taxonomic status of taxa
(Jereb et al. 2014, Villanueva et al. 2016). All data
values, with the exception of P. charcoti, refer to
females.

Calculations

Life-history traits were quantified following the
methodology applied by Wood & O’Dor (2000). Size
at maturity was defined as the weight at full maturity
(g), and age at maturity was noted in days. Instanta-
neous relative growth rate G (% body weight d−1)
was calculated from the formula:

(1)

where W2 is the weight at maturity, W1 is the weight
at hatching, and (t2 − t1) is the time interval between
hatching and maturity (Forsythe & Van Heukelem
1987).

Embryonic development

Embryonic development times were taken as the
average values obtained from experiments (Wood
2000, Iglesias et al. 2014). For species with no direct
information on embryonic development, the values
were estimated following the equation:

D  =  10794T −1.79 (2)

which predicts the embryonic developing time in
days (D), based on the average habitat temperature
in °C (T) (Robison et al. 2014). The authors compiled
this equation using several sources of information
including direct observations on embryonic develop-
ment of G. boreopacifica, which lasted 1590 d at 3°C
(53 mo).

Unfortunately, there is a limitation when applying
this equation to estimate embryonic development
times for Antarctic octopods because they typically
live in water temperatures ranging from −2° to 2°C
(Kuehl 1988). The equation does not process nega-
tive temperature values, and even at a water tem -
perature of 1°C, the predicted time for embryonic
development would be about 30 yr, which seems
unrealistic. Since the egg dimensions of Ant arctic

G
W W

t t

ln ln
=

( ) − ( )
−( ) ×2 1

2 1

100



Mar Ecol Prog Ser 605: 151–164, 2018154

T
ab

le
 1

. L
if

e 
h

is
to

ry
 d

at
a 

an
d

 r
ef

er
en

ce
s 

fo
r 

th
e 

oc
to

p
od

 s
p

ec
ie

s 
an

al
ys

ed
 in

 t
h

e 
p

re
se

n
t 

st
u

d
y.

 S
u

p
er

sc
ri

p
t 

n
u

m
b

er
s 

re
fe

r 
to

 li
te

ra
tu

re
 f

ro
m

 w
h

er
e 

th
e 

va
lu

es
 w

er
e 

ob
ta

in
ed

 (
fo

r
re

fe
re

n
ce

s,
 s

ee
 t

h
e 

S
u

p
p

le
m

en
t 

at
 w

w
w

.i
n

t-
re

s.
co

m
/a

rt
ic

le
s/

su
p

p
l/

m
60

5p
15

1_
su

p
p

.p
d

f)
. A

b
b

r:
 A

b
b

re
vi

at
io

n
 o

f 
th

e 
sp

ec
ie

s 
n

am
es

; D
ep

th
 r

an
g

e:
 m

in
im

u
m

 a
n

d
 m

ax
im

u
m

 d
ep

th
fo

r 
th

e 
sp

ec
ie

s;
 M

ax
 M

L
: 

m
ax

im
u

m
 m

an
tl

e 
le

n
g

th
; 

E
m

b
.d

ev
.: 

d
u

ra
ti

on
 o

f 
th

e 
em

b
ry

on
ic

 d
ev

el
op

m
en

t;
 ~

E
m

b
.t

em
p

.: 
av

er
ag

e 
te

m
p

er
at

u
re

 o
f 

eg
g

 i
n

cu
b

at
io

n
; 

H
at

ch
.s

iz
e:

 s
iz

e 
at

h
at

ch
in

g
 (

M
L

);
 H

at
ch

.w
ei

g
h

t:
 w

ei
g

h
t 

at
 h

at
ch

in
g

; 
M

at
.w

t:
 w

ei
g

h
t 

at
 m

at
u

ri
ty

; 
M

at
.M

L
: 

M
L

 a
t 

m
at

u
ri

ty
; 

A
g

e 
m

at
.: 

ag
e 

at
 m

at
u

ri
ty

; 
A

ve
ra

g
e 

li
fe

ti
m

e 
te

m
p

: 
te

m
p

er
at

u
re

 f
or

 t
h

e
sp

ec
ie

s;
  

L
if

es
p

an
: 

es
ti

m
at

ed
 i

n
 d

ay
s;

 G
: 

in
st

an
ta

n
eo

u
s 

re
la

ti
ve

 g
ro

w
th

 r
at

e;
 M

et
h

od
: 

m
et

h
od

 o
f 

ag
e 

es
ti

m
at

io
n

, 
w

h
er

e 
L

: 
la

b
or

at
or

y,
 F

: 
fi

el
d

 e
xp

er
im

en
ts

, 
B

: 
b

ea
k

s,
 S

t:
 s

ty
le

ts
,

L
p

: 
li

p
of

u
sc

in
 c

on
ce

n
tr

at
io

n
, 

ey
e:

 e
ye

 l
en

se
s,

 I
n

 s
it

u
ob

se
rv

at
io

n
s 

an
d

 R
ep

: 
re

p
ro

d
u

ct
iv

e 
b

eh
av

io
u

r 
an

d
 t

im
e 

fo
r 

eg
g

 i
n

cu
b

at
io

n
. 

V
al

u
es

 i
n

 b
o

ld
 i

ta
li

cs
w

er
e 

es
ti

m
at

ed
 (

se
e 

‘M
at

er
ia

ls
 a

n
d

 m
et

h
od

s’
).

 G
en

u
s 

(a
v.

):
 a

ve
ra

g
e 

va
lu

es
 o

b
ta

in
ed

 f
ro

m
 d

if
fe

re
n

t 
re

fe
re

n
ce

 s
ou

rc
es

 (
se

e 
‘D

at
a 

ex
tr

ac
ti

on
 f

ro
m

 t
h

e 
li

te
ra

tu
re

’ i
n

 ‘M
at

er
ia

ls
 a

n
d

 m
et

h
od

s’
)

(T
ab

le
 c

on
ti

n
u

ed
 o

n
 n

ex
t 

p
ag

e)

S
p

ec
ie

s
   

   
   

   
  A

b
b

r.
   

   
   

   
R

eg
io

n
   

   
   

   
   

   
D

ep
th

  
   

  M
ax

  
   

  E
g

g
 

   
 E

m
b

. 
   

 ~
E

m
b

. 
  H

at
ch

. 
   

H
at

ch
. 

  M
at

. 
   

   
  M

at
.  

   
   

  A
g

e 
  A

ve
ra

g
e 

   
 L

if
e-

  
G

   
 M

et
h

od
 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  r
an

g
e 

   
   

M
L

 
   

   
si

ze
  

   
  d

ev
.  

   
  T

em
p

. 
   

  s
iz

e 
   

 w
ei

g
h

t 
   

 w
t 

   
   

   
   

M
L

 
   

   
  m

at
. 

   
li

fe
ti

m
e 

   
 s

p
an

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 (

m
)

   
   

  (
m

m
) 

   
  (

m
m

)
   

   
(d

) 
   

   
   

(°
C

)
   

   
(m

m
)

   
   

  (
g

)
   

   
  (

g
) 

   
   

   
  (

m
m

) 
   

   
   

(d
)

  t
em

p
(°

C
) 

   
  (

d
)

O
ct

o
p

o
d

id
ae

B
at

h
yp

ol
yp

u
s 

   
   

B
a

   
   

  N
or

th
 A

tl
an

ti
c 

   
   

  2
0

–1
20

01,
4

   
70

1
   

   
   

   
18

.0
2,

4
   

   
42

02
   

   
   

   
7.

02
   

   
   

   
8.

92
   

   
   

0.
21

42
   

   
   

 7
01

   
   

   
   

   
   

   
57

3
   

   
   

   
  1

40
01

   
   

4.
01

   
   

   
   

  1
82

0
   

 0
.4

11
   

   
L

, F
ar

ct
ic

u
s

B
. s

p
on

sa
li

s
   

   
   

 B
s

   
   

N
or

th
ea

st
 A

tl
an

ti
c 

  
   

93
0

–1
25

04
   

10
04

   
   

   
 1

5.
05

   
   

   
 1

26
   

   
  1

2.
07

   
   

   
   

7.
78

   
   

   
0.

15
1

   
   

  1
50

   
   

   
   

 5
86

   
   

   
   

  3
30

6
   

   
   

12
.0

7
   

   
   

  4
56

   
   

2.
09

   
   

S
t

   
   

   
   

   
   

   
   

   
   

   
   

   
 a

n
d

 M
ed

it
er

ra
n

ea
n

E
le

d
on

e 
   

   
   

   
  E

c
   

 M
ed

it
er

ra
n

ea
n

 a
n

d
  

   
30

–
50

04,
10

   
 2

50
4

   
   

   
   

7.
69

   
   

   
 1

10
9

   
   

   
 1

6.
09

   
   

   
   

4.
59

   
   

   
0.

04
7

   
   

  9
50

10
   

   
   

   
   

 1
74

10
   

   
   

41
810

   
   

 1
6.

09
   

   
   

  5
17

10
   

  2
.3

7
   

 L
, S

t
ci

rr
h

os
a

   
   

   
   

   
   

   
   

  N
or

th
 A

tl
an

ti
c

E
le

d
on

e 
   

   
   

   
E

m
a

  S
ou

th
 A

m
er

ic
a 

fr
om

 
  0

–
30

04
   

   
   

   
90

11
   

   
   

 1
2.

011
   

   
   

 9
6

   
   

  1
4.

011
   

   
  1

0.
511

   
   

0.
29

6
   

   
  1

08
11

   
   

   
   

   
 9

011
   

   
   

   
54

0
   

   
 1

4.
011

   
   

   
72

0
   

   
1.

09
   

 R
ep

.
m

as
sy

ae
   

   
   

   
   

   
   

 B
ra

zi
l 

to
 A

rg
en

ti
n

a
E

n
te

ro
ct

op
u

s 
   

   
E

d
  N

or
th

 P
ac

if
ic

 (
A

la
sk

a 
  0

–1
50

04
   

   
   

60
04

   
   

   
   

8.
04

   
   

   
 1

80
4

   
   

   
 1

0.
88

   
   

   
   

5.
48

   
   

   
0.

02
51

   
   

   
 1

63
00

1
   

   
   

   
60

04
   

   
   

  1
01

912
   

 1
0.

71
   

   
   

  1
13

6
   

 1
.3

1
   

 L
, F

d
of

le
in

i 
   

   
   

   
   

   
   

   
   

   
 t

o 
Ja

p
an

)
E

. m
eg

al
o-

   
   

   
 E

m
g

   
   

S
ou

th
 A

m
er

ic
a 

   
   

  1
5

–1
70

13
   

   
 1

90
4

   
   

  1
0.

714
   

   
17

615
   

   
  1

2.
013

   
   

   
 8

.4
14

   
   

  0
.1

11
14

   
   

  1
61

313
   

   
   

   
 1

58
13

   
   

   
55

816
   

   
 1

2.
515

   
   

   
73

4
   

   
1.

72
  L

, E
ye

cy
at

h
u

s
   

   
   

   
   

   
   

 (
C

h
il

e 
to

 A
rg

en
ti

n
a)

G
ra

n
el

eo
n

e 
   

   
  G

r
  S

ou
th

er
n

 h
em

is
p

h
er

e 
  4

00
–

30
00

4
   

14
517

   
   

15
17

−
20

   
 1

59
018

   
   

  3
.3

18
   

   
   

   
28

17
   

   
  2

.5
17

   
   

   
   

  8
11

19
−

20
   

   
   

 1
41

18
,2

0
  3

18
0

   
  3

.3
18

   
   

   
   

47
70

   
 0

.1
8

  I
n

 s
it

u
, 

b
or

eo
p

ac
if

ic
a 

   
   

   
   

   
 a

n
d

 n
or

th
er

n
 

   
   

  
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

   
   

   
 R

ep
.

&
 G

. m
ac

ro
-

   
   

   
   

   
   

  P
ac

if
ic

 O
ce

an
ty

la
(a

v.
)

M
ac

ro
ct

op
u

s 
   

   
M

o
   

   
P

ac
if

ic
 A

u
st

ra
li

a 
   

   
0

–
50

21
   

   
   

   
 3

00
4

   
   

   
 7

.0
21

   
   

   
 6

021
   

   
   

 1
8.

021
   

   
   

 3
.3

21
   

   
  0

.0
09

22
   

   
  6

00
022

   
   

   
   

 –
   

   
   

   
 2

24
22

   
   

 1
8.

021
   

   
   

36
522

   
  5

.9
7

   
   

S
t

m
ao

ru
m

   
   

   
   

   
   

   
   

  N
ew

 Z
ea

la
n

d
P

te
ro

ct
op

u
s 

   
   

   
 P

t 
   

  M
ed

it
er

ra
n

ea
n

 a
n

d
  

   
20

0
–

50
023

   
 1

40
23

   
   

10
24

−
25

   
   

90
24

   
   

   
 1

2.
023

   
   

   
 8

.3
26

   
   

  0
.1

78
   

   
  4

76
25

   
   

   
   

   
 1

22
23

   
   

   
36

523
   

   
 1

2.
023

   
   

   
45

5
   

   
2.

16
   

 R
ep

.
te

tr
ac

ir
rh

u
s

   
   

   
   

   
   

  N
or

th
 A

tl
an

ti
c

O
ct

op
u

s 
   

   
   

   
  O

b
   

   
N

or
th

ea
st

 P
ac

if
ic

, 
   

 0
–2

04
   

   
   

   
   

12
027

   
   

   
 1

84 
   

   
   

  4
627

   
   

   
   

23
.0

8
   

   
   

   
6.

58
   

   
   

0.
07

027
   

   
  5

97
27

   
   

   
   

   
 1

20
27

   
   

   
37

027
   

   
 2

3.
027

   
   

   
41

6
   

   
2.

45
   

 L
, F

b
im

ac
u

lo
id

es
   

   
   

   
   

   
  C

al
if

or
n

ia
O

. c
ya

n
ea

   
   

   
   

O
c 

   
T

ro
p

ic
al

 W
es

t 
P

ac
if

ic
 

  0
–2

54
   

   
   

 1
60

4
   

 2
.8

26
,2

8
  2

326
,2

8
   

 2
6.

026
,2

8
   

 2
.1

29
   

  0
.0

09
   

   
  2

88
328

,3
0,

31
  1

56
30

,3
1

   
 2

50
28

−
31

25
.6

28
−

31
  4

11
   

   
5.

09
  L

, F
, S

t
   

   
   

   
   

   
   

   
   

   
   

 E
as

t 
A

fr
ic

a 
to

 H
aw

ai
i

O
. j

ou
b

in
i

   
   

   
   

O
j

   
 G

u
lf

 o
f 

M
ex

ic
o 

an
d

  
   

0
–1

532
   

   
  4

54
   

   
  3

.5
32

   
   

35
32

   
   

25
.0

32
   

   
2.

532
   

  0
.0

03
32

   
  3

032
   

   
   

   
 4

532
   

   
  1

82
32

   
  2

5.
032

   
   

21
7

   
   

5.
08

   
 L

, F
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  C

ar
ib

b
ea

n
 S

ea
O

. m
ay

a
   

   
   

   
  O

m
   

   
  G

u
lf

 o
f 

M
ex

ic
o

   
   

  0
–

50
1,

4
   

   
   

   
12

54,
33

   
 1

7.
04

   
   

  5
033

   
   

   
 2

5.
033

   
   

   
 7

.0
33

   
   

  0
.1

20
1,

33
   

  1
79

91,
33

−
34

   
 1

26
33

   
   

   
23

433
   

   
 2

5.
033

   
   

   
28

4
   

   
4.

12
   

 L
, F

   
   

   
   

   
   

   
   

   
   

   
   

  (
Y

u
ca

ta
n

; C
am

p
ec

h
e)

O
. p

al
li

d
u

s
   

   
   

 O
p

   
   

   
   

A
u

st
ra

li
a

   
   

   
   

  0
–2

00
35

−
40

   
 1

50
4,

35
11

.4
37

−
38

13
637

,3
9

   
 1

3.
535

−
40

   
   

  6
.5

8
   

   
   

0.
27

637
   

   
  5

83
35

−
40

   
   

   
 –

   
   

   
   

 2
46

35
−

40
15

.8
35

−
37

   
43

7
   

   
3.

12
L

, S
t,

 L
p

O
. t

et
ri

cu
s

   
   

   
   

O
t 

   
   

   
   

 A
u

st
ra

li
a

   
   

   
   

  0
–

50
41

,4
2

   
   

  1
82

42
   

   
2.

64,
43

   
   

50
41

,4
3

   
   

16
.0

41
,4

3
  2

.0
41

,4
3

   
0.

00
8

   
   

  2
02

741
,4

2
   

   
  1

55
41

,4
2

   
 2

93
41

,4
2

 1
9.

041
−

43
  3

81
   

   
4.

25
   

 L
, S

t
O

. v
u

lg
ar

is
   

   
   

 O
v

   
 W

or
ld

w
id

e 
tr

op
ic

al
   

 0
–2

50
1,

4
   

   
   

20
044

−
48

  2
.0

4,
8

   
   

30
44

,4
6

   
 2

0.
044

−
48

  2
.0

44
,4

5
   

  0
.0

03
44

,4
5
  2

53
544

−
48

   
   

 1
88

44
−

48
   

38
244

−
48

20
.0

44
−

48
  4

11
   

   
3.

54
  L

, B
, S

t
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

to
 t

em
p

er
at

e
R

ob
so

n
el

la
 

   
   

   
 R

f 
   

S
ou

th
 A

m
er

ic
a 

(P
er

u
)

  0
–2

00
4

   
   

   
   

70
4,

49
   

   
  5

.2
50

   
   

   
 7

451
   

   
   

 1
2.

051
   

   
   

 3
.0

50
   

   
  0

.0
19

   
   

  8
250

   
   

   
   

   
   

 6
250

   
   

   
   

28
051

   
  1

2.
051

   
   

42
451

   
2.

98
   

   
L

fo
n

ta
n

ia
n

u
s

   
   

   
   

   
   

to
 S

u
b

an
t.

 C
h

il
e



Schwarz et al.: Octopod lifespan in relation to environment

octopods and those of G. boreopacifica are similar,
we considered embryonic development time for octo-
pod species brooding at water temperatures below
3°C to be 53 mo (sensu Robison et al. 2014). These
esti mates are conservative, since Ant arctic octopods
brood in an average temperature of 0°C (Kuehl 1988).

The hatchling size in relation to the adult size was
also explored as a  predictor for lifespan. We calcu-
lated the species hatchling size index (SHSI, %) as:
(hatchling ML)/(maximum adult ML) × 100 (Vil-
lanueva et al. 2016), where ML is mantle length.

Age at maturity

Age at maturity was chosen as a lifespan indicator
assuming that for the majority of species, growth is
re duced or completely halted after spawning. With
the exception of the vampire squid, all species
included in this study are assumed to have one re -
productive cycle and die shortly after the last eggs
have been released or when the offspring hatches.

Age at size data were obtained from direct obser-
vations (e.g. laboratory or culture studies) and from
estimates using indirect methods such as the inter-
pretation of the growth in cre ments in eye lenses,
beaks and stylets, or the quantification of the lipofus-
cin concentration (Table 1). When data from 2 meth-
ods were available for the same species (e.g. beaks
and stylets) an average value was used to estimate
age.

We used the predicted embryonic development
times (D) to estimate age at maturity for the deep-sea
pelagic species Vampyroteuthis in fer nalis, Bolitaena
pygmaea and Ja petella diaphana, for the benthic
deep-sea genus Graneledone (G. bo reopacifica and
G. ma crotyla) and for the Antarctic species Adeliele-
done polymorpha, Pareledone aequipapillae and
P. turqueti. The period of brooding in incirrate octo -
pods, which brood large eggs (>10 mm) under low
temperatures, may cover up to one-third of the
female’s life cycle (Boletzky 1987). Therefore, we
estimated age at maturity as 2 times the predicted
embryonic development duration (2×D) and the total
lifespan as 3 times this period (3×D). For example, the
vampire squid and bolitaenids were assumed to
reach maturity after 4 yr (i.e. 2×D = 1462 d), and life-
span was calculated as 3×D (D = 731 d; lifespan =
3×731 d), which resulted in about 6 yr. These
assumptions are based on the best data available,
which are very limited and the lifespans proposed
here will need to be validated or refuted in future
studies.
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To estimate lifespan for the Antarctic Charcot’s
octopus Pareledone charcoti, we used the average G
(% body weight d−1) values obtained from specimens
that were collected in Antarctic waters and were
kept in captivity for 21 mo (Daly & Peck 2000). In that
study, one of the male octopods grew 10 g in 18 mo
(from 64 to 74 g) and subsequently died after the
release of one large spermatophore. The growth rate
of that specimen was reported as 0.1% body weight
d−1. Assuming that G was constant since the hatch-
ling phase, the animal was about 11 yr old (i.e.
3996 d). Adult animals typically exhibit reduced
growth rates compared to juveniles and this would
explain such low values for G. Even though this
value is a rough estimation, an octopod from the
same genus and the same area was kept alive at the
Alfred Wegner Institute in Bremerhaven, Germany,
for about 8 yr (F. Mark unpubl. data). This lifespan
also fits in the longevity expected for other cold-
water octopods (Wood 2000, Robison et al. 2014).
When age estimates were available in the literature,
the lifespan was considered as the sum of the period
to reach maturity and the embryonic development
time.

Hatchling size and weight

For the Antarctic octopods A. polymorpha, Mega-
leledone setebos and Pareledone spp., data on hatch-
ling sizes (HTs) and hatchling weights (HTw) are not
available. To estimate hatchling sizes in these spe-
cies, a model was fitted using data available for egg
sizes (EgS) and hatchling size from 20 species used in
the present study, including the pelagic deep-sea
species B. pygmaea, J. diaphana and V. infernalis.
The regression parameters were estimated by the
minimization of the least squares error sum. The
model that best described the relationship between
egg size (EgS) and hatchling size (HTs) was ex -
pressed by a power function: HTs = 1.086EgS 0.788

(r2 = 0.70, p < 0.001; Fig. 1). For G. boreopacifica, we
used the egg size (15 mm) from the first observation
made by Robison et al. (2014) and the hatchling size
(ML = 28 mm) described by Voight & Drazen (2004).
We used the size of ripe eggs (not the egg size at
hatching), since the size of ripe eggs is available for
more species, and can be obtained from mature pre-
spawning females. Spawned eggs and egg size at
hatching are still unknown for most cephalopod spe-
cies, except for the unique case of G. boreopacifica
where egg growth until hatching was observed using
a submersible.

When hatchling weight was not available, the
instantaneous growth rate (G) was calculated using
derived data from the fitted relation between hatch-
ling size and hatchling weight (HTw) of 10 benthic
incirrate octopod species (Fig. 2). This relationship
was best described by the power function: HTw =
0.0018HTs2.174 (r2 = 0.93; p < 0.001), where hatchling
weight is in g and hatchling size is the mantle length
in mm.

Regression analyses

We tested for correlations between age at maturity
and growth rates, average temperature and species’
depth of occurrence (Table 1). Our analyses were
limited by the fact that population depth distribu-
tions/ranges are known, but not where the highest
population density occurs. We therefore tested the
relationship between age at maturity and growth
rates with the minimum, average (midpoint) and
maximum depths of the species’ known distribution
range.

When the conditions for independence, normality
and equal variance were met, data were log10 trans-
formed to correct for non-linearity in the data and to
prevent heterogeneity of variances. For the pelagic
octopods J. diaphana and B. pygmaea, no informa-
tion on weight at maturity was available. Therefore,
these species were not included in the correlation
between instantaneous growth rates (G) and environ-
mental variables. We also analysed the relationships
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Fig. 1. Relationship between egg size (EgS) and hatchling
size (HTs) for 20 species of octopods and Vampyroteuthis
infernalis. The fitted model (HTs = 1.086EgS0.788; r2 = 0.70;
F = 42.7, df = 18, p < 0.01) is influenced by the large hatch-
lings of Graneledone boreopacifica (Gb) (mantle length
[ML] = 28 mm, Voight & Drazen 2004) at the top of the plot. 

For full species names, see Table 1
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between age at maturity, growth rates and average
lifetime temperature using the Arrhenius plot and by
fitting linear regressions:

lnAge  or lnG =  a − b(1000/T) (3)

where T is the average lifetime temperature in de -
grees Kelvin, a is the intercept, and b is the slope of
the linear regression. The Arrhenius plot aims to test
how rates of biological processes function during an

increase in temperature (Peck et al. 2007, Peck 2016).
All parameters were estimated using the functions lm
and nls from the package ‘stats’ in the software R
3.5.0 (R Development Core Team 2018).

RESULTS

Life-history data in relation to 
environmental variables

Temperature

A strong negative relationship between average
lifetime temperature and age at maturity was found
(Table 2). Adjusting the power function (Age =
3039Temp−0.61) heuristically showed that age at
maturity increases one order of magnitude in species
living at temperatures below 5°C (Fig. 3A). Based on
environmental temperature, octopods may be di vi -
ded into 3 groups: species inhabiting waters between
10 and 25°C, pelagic deep-sea octopods and Bathy-
polypus arcticus clustering around 5°C, and benthic
deep-sea and polar octopods living in temperatures
below 3°C (Fig. 3A). Since for some species age at
maturity was calculated from their embryonic devel-
opment time estimates (based on temperature), some
of the data points are overlapping. This occurred for
the pelagic species Japetella diaphana, Bolitaena
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Fig. 2. Relationship between hatchling size (HTs) and hatch-
ling weight (HTw) for 10 species of incirrate octopods. The
power curve (HTw = 0.0018HTs 2.174, r2 = 0.93) is influenced
by the extremely large and developed hatchling of Granele-
done boreopacifica (Gb) at the right end of the plot. For full 

species names, see Table 1

Comparison Model Correlation (r²) F (df) p

Lifespan
Age at maturity vs Temp Age = 3039Temp−0.61 0.86 96.8 (23) 0.01
Age at maturity vs Depth (max.) Log [Age] = 1.70 + 0.46Log [Depth] 0.47 20.3 (23) 0.01

vs Depth (average) Log [Age] = 1.89 + 0.49Log [Depth] 0.45 18.7 (23) 0.01
vs Depth (min.) Log [Age] = 2.64 + 0.22Log [Depth] 0.38 13.8 (23) 0.01

Growth rates
G vs Temperature G = 0.01 + 0.18Temp 0.77 70.0 (21) 0.01
G vs Depth (max.) G = 7.51 − 2.2 Log [Depth] 0.64 35.9 (21) 0.01

vs Depth (average) G = 6.69 − 2.08 Log [Depth] 0.62 33.9 (21) 0.01
vs Depth (min.) G = 3.0 − 1.0 Log [Depth] 0.44 16.2 (21) 0.01

Arrhenius plot relationship
Age at maturity vs Temp Ln Age = 5.97 − 3.42 (1000/T) 0.30 5.6 (14) 0.05
G vs Temp Ln G = 17.95 − 4.90 (1000/T) 0.47 11.4 (14) 0.01

Size vs lifespan - Do large octopods live longer?
Age at maturity vs weight at maturity Log [Age] = 3.22 − 0.15 Log10 [W] 0.06 1.3 (21) 0.27a

Do species with large hatchlings live longer?
Age at maturity vs SHSI Age = 26.45 + 177.69 SHSI 0.52 24.2 (23) 0.01

aAccept Ho slope = 0, i.e. correlation not significant

Table 2. Summary of the regression results for the comparisons. G: growth rate (%), Temp: average lifetime temperature (°C): 
Depth (m); Age (days); W: weight at maturity (g), SHSI: species hatchling size index
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pygmaea and Vampyroteuthis infernalis (4.5°C); the
benthic Antarctic species Adelieledone polymorpha,
Pareledone aequipapillae and P. turqueti (1°C), and
for Graneledone spp. (see Table 1).

The Arrhenius plot for the same data revealed that
temperate and tropical species follow a linear rela-
tionship with the inverse temperature values (Fig. 3B).
These species are distributed along the regression
line, while cold water species (<5°C) aggregate far
from the extrapolated fitted model (Ln Age = 5.97 −
3.42 (1000/T); r2 = 0.30, F = 5.58, df = 14, p < 0.05).
This pattern suggests that age at maturity in cold-
water  octopods cannot be solely predicted by envi-
ronmental temperature. The values show that the
time to reach maturity is delayed beyond the pre-
dicted effects of temperature on biological systems.
While temperate and tropical species typically reach
maturity in less than 2 yr, deep-sea species are pre-
dicted to mature  after 4 yr, and Antarctic species
inhabiting waters around 0°C after 8 yr of age
(Fig. 3A).

While lifespan tends to increase as habitat temper-
atures decrease, the growth rates (G) are positively
correlated with temperature, with species growing
faster at temperatures between 15 and 25°C (Fig. 4A).
An Arrhenius plot of the instantaneous relative
growth rates showed a strong linear relationship for
tropical and temperate species (Fig. 4B). As observed
in the age at maturity plot, the estimated growth
rates for polar and deep-sea species are much lower
than the extrapolation of the relationship for temper-
ate and tropical species (Ln G = 17.95 − 4.90 (1000/T);
r2 = 0.47, F = 11.4, df = 14, p < 0.005).

Depth of occurrence

The correlations between depth of occurrence
(minimum, midpoint and maximum), age at maturity
and growth rates were examined (Table 2). Although
the regressions have non-zero slopes, the data were
highly scattered around the fitted models (Fig. 5).
The model which best described the relationship
uses the maximum depths of occurrence, and it pre-
dicts ages at maturity close to the observed data (age
estimated from increments in beaks, stylets and eye
lenses) for species inhabiting shelf and slope depths
shallower than 100 m (Fig. 5). Five of the 7 Octopus
spp. and the Maori octopus Macroctopus maorum
were placed close to the regression line, maturing
before 2 yr. The long-lived Antarctic species, typi-
cally distributed over depths shallower than 500 m,
were outliers and biased the correlation. The envi-
ronmental conditions (e.g. temperature, hydrostatic
pressure) for the Antarctic shelf and slope species
can be similar to those experienced by cephalopods
inhabiting the deep sea (>500 m) (Clarke 2003). The
number of increments in the stylets of the deep-sea
octopus Bathypolypus sponsalis, which occurs in
water depths between 900 and 1250 m in the North-
east Atlantic region, suggests that its lifespan is less
than 1 yr (Barratt & Allcock 2010). All other species
inhabiting water depths deeper than 1000 m were
estimated to reach maturity after 3 yr (Fig. 5).

The regression analysis between instantaneous
growth rates and maximum depth of occurrence
shows again that species which occur in deep waters
(>500 m), exhibited growth rates similar to species
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Fig. 3. Relationship between age at maturity and habitat temperature for 25 octopod species and Vampyroteuthis infernalis.
(A) The dashed line shows the predicted model (Age = 3039Temp−0.61, r2 = 0.86). White (open) circles represent deep-sea and
Antarctic octopods (<5°C), black circles represent temperate and tropical species (>5°C). Grey circles indicate overlapped data
points. (B) Arrhenius plot of the data used in (A). Solid line is the relationship for species living in temperatures above 5°C (Ln
Age = 5.97 − 3.42(1000/T); r2 = 0.30, F = 5.58, df = 14, p < 0.05). The dashed line represents an extension of the relationship to 

temperatures below 5°C. For full species names, see Table 1
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living in polar regions (G < 2% body weight d−1)
(Fig. 6). For subtropical and temperate species inhab-
iting waters shallower than 500 m, growth rates
ranged from 2.4 to 6% body weight d−1. Other shal-
low-water octopods exhibited intermediate growth
rates ranging between 4 and 5% (Fig. 6). Of the spe-
cies that occurred deeper than 1000 m, B. sponsalis
presented the fastest growth rates (G = 2.1%), while
the deep-sea genus Graneledone (G. boreopacifica
and G. macrotyla), which can occur down to 3000 m,
exhibited very low growth rates (G = 0.2%).

Body weight and age at maturity

Our analyses covered a wide range in body sizes.
The weight at maturity of the largest octopod species
(Enteroctopus dofleini) was 500 times larger than the
body weight of the smallest octopus, the Atlantic
pygmy octopus Octopus joubini (Table 1). The slope
of the correlation between age and weight at matu-
rity (Log [Age] = 3.22 − 0.15Log [W]; r2 = 0.06; p >
0.27) did not differ from 0 (Table 2). In our data set,
E. dofleini, Megaleledone setebos and Macroctopus
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Fig. 4. Growth rates and average lifetime habitat temperatures. (A) Instantaneous growth rate G (% body weight d−1) versus
average habitat temperature of 24 octopod species (excluding bolitaenids). White circles represent deep-sea and Antarctic
octopods (<5°C), black circles represent temperate and tropical species (>5°C). The dashed line is the adjusted linear regres-
sion [G = 0.01 + 0.18Temp, r2 = 0.77]. (B) Arrhenius plot from same data. Solid line is the relationship for species living above
5°C (Ln G = 17.95 − 4.90(1000/T); r2 = 0.47, F = 11.4, df = 14, p < 0.01). The dashed line represents an extension of the rela-

tionship to temperatures below 5°C. For full species names, see Table 1

Fig. 5. Age at maturity related to maximum depth of occur-
rence for 26 octopod species, including Vampyroteuthis
infernalis. Tick marks are displayed on a logarithmic scale.
The continuous line shows the adjusted linear model
(Log [Age] = 1.70 + 0.46Log[Depth], r2 = 0.47). The dashed
line represents the same relationship but using average 

depths. For full species names, see Table 1

Fig. 6. Relationship between growth rates (G) and depth (m)
for 24 octopod species. Tick marks are displayed on a loga-
rithmic scale. Linear regression between growth rate G
(% body weight d−1) and maximum depth of occurrence for
(G = 7.98 − 2.37Log [Depth], r2 = 0.68). The continuous line
re presents the relationship using maximum depth of oc -
currence, while the dashed line represents the relationship
using average depths. For full species names, see Table 1
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maorum were the only species that weighed on aver-
age more than 5000 g at maturity, and only M. mao-
rum attains this body weight in less than 1 yr. The
majority of the octopods with expected longevities
exceeding 3 yr weighed less than 1000 g at maturity.

DISCUSSION

Growth rates, size at maturity and temperature

In this study we tested the hypothesis that lifespan
in octopods is inversely correlated with temperature
and depth distribution. We used published data from
26 species of octopods inhabiting water temperatures
from −2 to 25°C, and found that species inhabiting
colder waters have increased lifespans compared to
warm-water species. The data analysis illustrates the
diversity of life history strategies, even within the
same order of cephalopods, and a tight coupling
between longevity and environment. For ectotherms
such as cephalopods, temperature controls the time
required for embryonic development and matura-
tion, which can consequently increase longevity
(Table 2). Our results suggest that octopods living in
polar and deep-sea habitats (<5°C) reach maturity
after 3 yr (~1000 d, Fig. 3A). The total lifespan of spe-
cies for which the females brood the eggs after
spawning can be considerably longer. The duration
of the brooding time largely depends on the temper-
ature at which the eggs have to develop.

Wood & O’Dor (2000) found a positive correlation
between size and age at maturity. They noted that
octopods typically mature at lower weights and have
reduced growth rates compared to squids and cuttle-
fish. We did not find a significant correlation be -
tween age and weight at maturity (Table 2). The
absence of such a correlation indicates that, at least
for our data set, the octopods’ body weight cannot
predict age. This may be attributed to the fact that we
included few large species, and many of the small
species lack validation of the estimated lifespan (e.g.
Antarctic octopods). For example, annual species of
the genus Octopus reach maturity at an average
weight of 2 kg within 1 yr, while most of the smaller
Antarctic and deep-sea pelagic species (<1 kg) are
predicted to reach maturity after 3 yr. Based on the
available literature, the giant Antarctic octopus
Megaleledone setebos (~8 kg) and the giant Pacific
octopus Enteroctopus dofleini (16 kg) are estimated
to reach maturity after 3 yr. However, M. setebos can
grow up to 25 kg (Piatkowski et al. 2003) and E.
dofleini was reported to reach 71 kg (Cosgrove &

McDaniel 2009), suggesting that these species can
grow faster or live longer. Another large octopus
which inhabits the cold waters of the meso- and
bathypelagic zone is the benthopelagic giant deep-
sea octopus Haliphron atlanticus. Females of this
species brood their eggs, can grow up to 75 kg
(O’Shea 2004) and prey on gelatinous zooplankton
(Hoving & Haddock 2017). Although there are no age
estimates for H. atlanticus, the lifespan may be com-
parable to that observed in E. dofleini or M. setebos.

Intermediate-size octopod species from tropical
and temperate waters are fast-growing, with growth
rates of 3−6% body weight d−1 (Forsythe & Van
Heukelem 1987, Iglesias et al. 2014). However, those
species can exhibit high intra-specific variation in
growth, with animals that hatch with similar sizes
(ML = 2−3 mm) reaching very different maturity sizes
under the same temperature regimes. This is due to
highly flexible life history strategies where size-at-
maturity depends on genetics, environmental tem-
perature, food availability and potentially a combina-
tion of these factors. Similar trends have been
published for squids (e.g. Hoving et al. 2013, Arkhip-
kin et al. 2015, Takahara et al. 2017). Octopods from
cold waters mature late and are typically of small to
medium size, with the exceptions of M. setebos and
E. dofleini. For Bathypolypus sponsalis, a small spe-
cies usually inhabiting waters around 12°C (Quetglas
et al. 2001), the predicted daily growth rate of 2% is
4 times higher than that estimated for B. arcticus (G =
0.41%) living at average temperatures of 7°C. This
illustrates the interspecific variation in growth rates
of congeneric octopods, but the observed differences
in growth rates may not solely be driven by environ-
mental differences, but also by uncertainties related
to age estimation. Age estimations based on the
quantification of stylet increments in B. sponsalis
suggest an annual lifespan with fast growth rates
(2%); however, the periodicity of stylet increment
deposition for this species is not validated (Barratt &
Allcock 2010). Lower growth rates were measured
for B. arcticus in experimental studies (Wood 2000,
Wood & O’Dor 2000). The daily growth rate of 0.4%
that was measured for B. arcticus reared at 7°C cor-
responds with a growth rate of 0.1% for the Antarc-
tic octopod Pareledone charcoti kept at 0°C (Daly &
Peck 2000), and fits in the life history trends ob -
served in our study. For all octopods inhabiting
water temperatures lower than 10°C, the instanta-
neous growth rates were less than 1%. The polar
species P. charcoti (G = 0.1%) grows 50 times slower
than the similar-sized tropical pygmy octopus O.
joubini (G = 5%).
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From an ecophysiological perspective, temperature
seems to be the most important physical environmen-
tal factor affecting growth performance of ectotherms
(Atkinson 1996), a trend that was confirmed in our
analysis. For cephalopods, lower temperatures result
in reduced growth rates and can increase size-depen-
dent mortality by predation (Wood 2000). At higher
temperatures, animals can grow fast, potentially to
avoid predators, but mortality due to starvation will
tend to increase if food is scarce and growth rates can
be reduced if the temperatures surpass the optimum
tolerance values (Rodhouse et al. 2014). The Arrhenius
plots that test how rates of biological processes change
during a temperature increase revealed that the ef-
fects of temperature on age at maturity and growth
rates for polar and deep-sea species are slowed be-
yond the predicted relationship fitted for temperate
and tropical species (Figs. 3B & 4B). The results pre-
sented here for octopods are congruent with those
found for brooding in gastropod molluscs and growth
rates in echinoids (Peck et al. 2007, Peck 2016). Evi-
dence suggests that the low water temperatures of po-
lar and deep-sea regions may exert a constraint on
protein synthesis, and this may delay the processes in-
volved in embryonic development and growth (Peck
2016).

Octopod age estimates derived from 
embryonic duration

Sizes of eggs and hatchlings are significant predic-
tors of lifespan in cold-water octopods. The relation-
ship between SHSI and the maximum adult size was
positive, indicating that longer lifespans are ex pec -
ted for species producing large eggs and hatchlings
with mantle lengths beyond 10−15% of the adult’s
size (Table 2). Among the incirrate octopods, egg
sizes vary from 0.8 mm in the pelagic Argonauta spp.
to more than 40 mm in the giant Antarctic octopus M.
setebos (Boletzky 1992, Allcock et al. 2003). In all
incirrate octopod species, egg brooding covers the
embryonic development partially or completely. We
used this aspect of the life cycle to estimate the
longevity of some octopod species based on Bolet-
zky’s (1987) hypothesis which states that embryonic
development in cephalopods may vary from a few
percent to as much as one-third of the lifespan. Fol-
lowing this hypothesis, we conservatively assumed
that brooding time in cold-water octopods is one-
third of the total lifespan (Robison et al. 2014).
Although this hypothesis remains to be tested, our
calculations suggest a brooding period between 25

and 35% of the age at maturity for 7 octopus species
(Table 1), corresponding well with Boletzky’s as -
sumptions. For the temperate species Octopus pal-
lidus, which produces some of the biggest eggs in
this genus, embryonic development can last up to
50% of the estimated age at maturity. Species living
at temperatures above 15°C were estimated to have
shorter brooding times lasting less than 20% of the
age at maturity.

Following the above trends we may carefully infer
brooding times for other cephalopod species. Vam-
pire squid spawn batches of 10−100 eggs, where the
spawning of each batch is separated by a gonadal
resting phase (Hoving et al. 2015). Unlike incirrates,
vampire squid release individual eggs of 4−5 mm
that are believed to drift in the water column be -
tween 600 and 1500 m (Pickford 1949, Hoving et al.
2015), but spawning vampire squids have never been
observed in their natural habitat. Gonatid and bathy-
teuthid squids spawn eggs of similar dimensions
(>3 mm) as vampire squid do, and brood their egg
masses in their arm crown (Seibel et al. 2005, Bush et
al. 2012). Seibel et al. (2005) estimated that females
of the squid Gonatus onyx brood eggs up to 9 mo in
water temperatures of 1.7−3.0°C in the bathypelagic
zone. Oogenesis in vampire squid takes place be -
tween 2 and 7°C, and the hatchling size is about
8 mm ML (Young & Vecchione 1999). This means
that after spawning, the egg nearly doubles in size
from 4.5 mm to ~8.0 mm before hatching occurs.
Based on the egg development model in Robison et
al. (2014), the development time of vampire squid
eggs is approximately 2 yr. Pelagic incirrate boli-
taenids live and brood eggs at depths similar to those
at which vampire squids occur (Young 1972). By
brooding, the female provides protection to the eggs
and is able to control under which conditions (depth,
temperature, salinity, and oxygen concentration) the
eggs will develop, which may reduce offspring mor-
tality. By being released into the water column, vam-
pire squid eggs may suffer relatively high mortality
rates, e.g. as a result of predation, fouling and hypoxia.
On the other hand, the relatively high potential
fecundity of up to 20 000 eggs (Hoving et al. 2015)
may compensate for high mortality.

The environmental conditions under which the
embryos of incirrate octopods develop may influence
the hatchlings’ early mode of life (benthic or pelagic)
(Villanueva et al. 2016) and likely the life-cycle dura-
tion (Wood 2000, Robison et al. 2014). Although egg
development times are extremely long for certain
octopod species inhabiting water temperatures be -
low 5°C (e.g. G. boreopacifica, 53 mo at 3°C; Robison
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et al. 2014, Purser et al. 2016), such long develop-
ment times are not uncommon for other marine inver-
tebrates at high latitudes (Hain & Arnaud 1992, Peck
et al. 2006). Hain & Arnaud (1992) investigated the
reproductive strategy of 66 molluscan species from
the Weddell Sea (Antarctica), and found that the
intracapsular development of the gastropod species
Torellia mirabilis and Trophon scotianus lasted up to
25 mo, a strategy that resulted in well-developed
benthic juveniles. The authors concluded that gas-
tropods from the Weddell Sea produce eggs that are
4 times larger and that the embryonic development
can be up to 30 times longer than in related temper-
ate gastropods (Hain & Arnaud 1992). The large egg
cases of the Antarctic nudibranch Bathydoris hodg-
soni are estimated to require up to 10 yr of embryonic
development, which result in one of the largest mol-
lusc hatchlings known to date (Moles et al. 2017).
Investigations on the reproductive biology of various
different taxa (Annelida, Arthropoda and Mollusca)
inhabiting the deep seafloor revealed that brooding,
large egg sizes and increased longevities are com-
mon specializations of the fauna living in these envi-
ronments (Young 2003), which agrees with our re -
sults discussed here. Overall it seems evident that
egg and larval development in Antarctic marine
ectotherms is considerably slower than in temperate
species (Peck 2002, Peck et al. 2006). This phenome-
non is known as Thorson’s rule (Mileikovsky 1971),
which states that egg sizes and embryonic develop-
ment duration in benthic ectotherms is positively cor-
related with latitude and depth. Thorson’s Rule has
been tested and confirmed for several taxa, including
octopods (Ibáñez et al. 2018).

The methods presented in this study are limited by
the high intraspecific variability of sizes at maturity in
cephalopods, temperature regimes and depth distri-
bution ranges, which all may confound the analysis.
Another limitation of the method used here is that the
life history traits of the analysed species may not be
phylogenetically independent and require independ-
ent contrasts to eliminate phylogenetic bias (Harvey &
Pagel 1991). Although the phylogenetic comparative
methods are assumed as the most statistically correct,
they also can present drawbacks. Cornwell & Naka-
gawa (2017) warned that inferring life history traits
and environmental conditions of ancestral forms can
induce more uncertainties in regression analysis in
certain cases. Three main sources of uncertainty are
pointed out by the authors: (1) wrong phylogenetic
tree reconstruction based on limited data — where
misplacement of species can result in wrong distances
of the tree branches and the values in the tree nodes.

This is particularly important for our dataset since the
phylogeny of the Octopoda is still not fully resolved
(Strugnell et al. 2014); (2) trait uncertainty — traits
may not be representative for the species as a whole,
and frequently they are obtained from few observa-
tions or single populations; and (3) model uncer-
tainty — the Brownian motion model of evolution may
not apply in all cases. Due to these uncertainties, we
consider further evolutionary analyses of our exam-
ined parameters beyond the scope of this paper since
first more basic data on life history and octopod phy-
logeny is re quired.

Nevertheless, the theoretical approach using rep-
resentatives of the order Octopoda living in a great
variety of environments provides the first trends on
how habitat characteristics may impact the life cycle
of cold-water octopods, allowing the development
of hypotheses and research questions for future re -
search. New research should focus on obtaining life-
history information (growth rate, age at maturity,
longevity, spawning strategy) on abundant cold-
water octopods which can be integrated in the mod-
els developed here. The advancement of deep-sea
observational technology to study cephalopods in
their natural habitat will further allow us to obtain
new information on cephalopod biology, life cycles
and behaviour (Hoving et al. 2014). The investigation
of life cycle length and growth of cephalopods inhab-
iting cold water environments becomes important to
evaluate how resilient these species can be against
ongoing and future habitat disturbances (e.g. deep-
sea mining, fisheries and predator removal).
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