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Abstract The ram’s horn squid Spirula spirula is a unique
deep-water marine organism whose life cycle remains
enigmatic. Interpretations of its ecology and habitat prefer-
ences are currently based solely on dredging, on fishery data,
stable isotope data and rare molecular genetic analyses of
dead specimens. These methods form the basis to decipher
phylogeographic questions of otherwise unobservable deep-
sea animals such as S. spirula. Here, new morphological data
from internal shells (specimens n = 408, analysed n = 260)
are presented from 12 different populations over huge dis-
tances, from the Atlantic, Indian and the Pacific Oceans. A
monospecific status is assumed for Spirula, with its species
S. spirula. The dataset shows a highly variable shell mor-
phology including size distribution within distinct popula-
tions. Populations from the Indian Ocean are larger than
those from the Atlantic and the Pacific. Specimens from the
northern Indian Ocean (Maldives, Sri Lanka, Thailand) are
larger than specimens from the eastern Indian Ocean
(Mauritius, Tanzania) and the south-eastern Indian Ocean
(western Australia). Specimens from the eastern Atlantic
(Canary Islands) are smaller than those of the western
Atlantic (Brazil, Tobago). The Canary Islands yielded by far
the smallest specimens, while the largest specimen comes
from Thailand. Specimens from the locality at eastern Aus-
tralia (south-west Pacific) have an intermediate size range.
Morphologic and geographic data suggest a geographically
induced size differentiation within S. spirula. Preliminary
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findings on conchs mirror the known (from soft parts) exis-
tence of two sexual dimorphs in Spirula. The next step would
be to collect more material from other localities. A more
detailed morphometric approach based on specimens from
which the sexes are known is required to enable a detection of
the presence of sexual dimorphism by morphometric anal-
yses on internal shells of Spirula.

Keywords Cephalopods - Deep-water squid -
Spirula spirula - Size classes - Oceanic distribution

Introduction

Knowledge on the distribution, ecology, habitat and life
cycle of the extant deep-water ram’s horn squid Spirula
spirula (Decabrachia, suborder Spirulina) is still poor. The
morphology of this peculiar deep-sea cephalopod is rein-
vestigated here.

Spirula spirula occurs in open subtropical to tropical
oceans from about 30°N to 30°S (d’Orbigny 1843; Clarke
1966, 1970, 1986; 10°N to 25°S in the Atlantic and 10°N to
35°S for Indian Ocean in Goud 1985; Nesis 1991; Okutani
1995; 50°N to 35°S in Haimovici et al. 2007; Lukeneder
et al. 2008; Neige and Warnke 2010; Haring et al. 2012;
Hoffmann and Warnke 2014; Fig. 1). Conclusions about its
basic ecology and habitat preferences are mainly based on
dredging and on fishery data (Chun 1910; Schmidt 1922;
Kerr 1931; Bruun 1943; Clarke 1970; Haimovici et al.
2007). Clarke (1970) reported a life span for S. spirula of
18-20 months.

Lukeneder et al. (2008) showed that stable isotopes (81 80,
3'°C) in the internal shells of dead S. spirula specimens can
help decipher ontogenetic traits in this deep-sea squid. Well-
preserved shells provide a reliable geochemical archive that
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Fig. 1 Distribution map of the extant deep-water squid S. spirula.
Dark grey areas indicate live catches and thus the habitat of S.
spirula. Light grey regions mark shells found drifting, washed ashore
on beaches, and fishery bycatch. Dashed areas mark the possible,
supposed or expected primary habitats, see text for explanation.
Numbers 1-12 correspond to sites represented in the present
comparative analysis. Atlantic Ocean: / Canary Islands, North
Atlantic Ocean, South Spain, 2 Porto Santo, North Atlantic Ocean,
South Portugal, 3 Tobago, Caribbean Sea, Trinidad & Tobago, 4
Salvador, East Brazil, South Atlantic Ocean, 5 Pater Noster Beach,
South Atlantic Ocean, western South Africa. Indian Ocean: 6 var.
localities, Indian Ocean, East Tanzania, 7 Mauritius, Indian Ocean,
Republic of Mauritius, 8 var. localities Maldives, Laccadive Sea,

reflects the life span migration cycle. Lukeneder et al. (2008),
Price et al. (2009) and Warnke et al. (2010) used the arago-
nitic internal shells (Mutvei 1964; Dauphin 1976, 2001a, b;
Watabe 1988; Doguzhaeva 1996, 2000; Doguzhaeva et al.
1999; Mutvei and Donovan 2006) as a geochemical proxy to
interpret the ontogenetically related habitat changes. Sub-
sequently, an ontogenetically controlled vertical migration
was concluded.

After hatching in deep, cold seawater below 1000 m at
temperatures around 4-6 °C, they start as a deep-water
dweller during early ontogenetic stages but switch to
warmer mid-water habitats (at 12-14 °C) during growth
(Lukeneder et al. 2008; see Price et al. 2009, and Warnke
et al. 2010). Finally, fully grown adults tend to retreat once
again to slightly deeper and cooler environments. An
identical threephase mode of life and vertical migration
patterns for all specimens derived from the Atlantic and
Pacific were documented. Beyond the insights into the
ontogenetic vertical movement, nothing is known about the

Republic of the Maldives, 9 South-western Sri Lanka, Laccadive Sea,
Republic of Sri Lanka, /0 Phuket, Andaman Sea, South Thailand. 7/
Conspicuous Cliff & Sorrento Beach, South Indian Ocean, western
Australia. Pacific Ocean: /2 Avalon Beach, Tasman Sea, eastern
Australia. Distribution map compiled from literature and own data
and modified after Schmidt (1922), Bruun (1943, 1955), Clarke
(1966), Goud (1985), Nesis (1987, 1991), Joubin (1995), Reid (2005),
Norman (2007), Lukeneder et al. (2008). For comparison see also
Okutani (1995), Haimovici et al. (2007), Neige and Warnke (2010),
Haring et al. (2012), and Hoffmann and Warnke (2014). Marine
regions were classified in accordance with Claus et al. (2014a, b). For
further details of specimen sites, see Table 1

enigmatic squid’s lateral migration. Its patchy distribution
range raises further questions about its phylogeography
(Fig. 1). Over the last few years, new live catch data
(Santos and Haimovici 2002; Perez et al. 2004; Haimovici
et al. 2007; Neige and Warnke 2010; pers. comm. Deepika
Suresh 2014) showed that the species distribution could be
much wider than previously expected.

In the early publication history of the genus Spirula
Lamarck 1799, numerous authors (Owen 1879; Huxley and
Pelseneer 1895; Lonneberg 1896; see Chun 1910 and Lu
1998) noted up to six species within the genus: Spirula
australis (see Chun 1910), S. blakei, S. fragilis, S. peroni
(=S. peronii), S. prototypus, and S. recticulata (see Young
and Sweeney 2002; WoRMS register, accessed 2015).
From a genetic point of view, the Atlantic and Pacific
populations should be genetically quite diverged. The aim
of a recent study by Haring et al. (2012) was to reassess the
postulate of species differentiation between the populations
from the Atlantic and the Pacific (Warnke 2007) and to
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Table 1 Sampling sites with the responsible collectors and collecting dates of S. spirula (with n) of the Atlantic, Indian and Pacific Oceans

Sites oceans

Name, collecting date

n number analysed

Canary Islands Acquisition from Conchology Inc. 1990 and December 2005 58
North-eastern Atlantic Ocean Ortwin Schultz, April 1995, February 1996, July 2000, January 2008

Peter Sziemer, March 1996, March 2005, March 2010
Porto Santo Peter Sziemer, March 1999 1
North-eastern Atlantic Ocean
Tobago Ortwin Schultz, March 2005 7
North-western Atlantic Ocean
South Africa Oleg Mandic, February 2012 1
South-eastern Atlantic Ocean
Brazil Geraldo Oliveira, April 1981 4
South-western Atlantic Ocean
Tanzania Andreas Kroh, August 2007 26
Western Indian Ocean
Mauritius Ortwin Schultz, July to August 1997 17
Western Indian Ocean
Maldives Peter Sziemer, December 1983 to January 1984 88
Western Indian Ocean Ortwin Schultz, February 2006, January 2007, January 2012

Andreas Kroh and Petra Stehrer, September 2014
Sri Lanka Horst Kiihschelm, December 2010; 3
Northern Indian Ocean Ortwin Schultz, February 2011
Thailand Fritz Steininger, September 1992 20
Northern Indian Ocean Acquisition from Conchology Inc., 2000
Western Australia Peter Sziemer, July 2006 8
South-western Indian Ocean
Eastern Australia Acquisition from Ashley Miskelly, November 2007 28

South-western Pacific Ocean

interpret the genetic data in a phylogeographic context
(Warnke and Keupp 2005). In the three mitochondrial
genes analysed, the distances between populations from the
Atlantic and the Pacific are extremely low (Haring et al.
2012). Thus, molecular data suggest no species differenti-
ation. So far only a few individuals of S. spirula have been
investigated genetically. A recent and entire specimen
caught near the southern Indian coast in 2014 by fishery
will be analysed by DNA Barcoding (pers. comm. Deepika
Suresh 2014). The expected molecular data will provide an
additional component in the species composition of the
genus.

Warnke (2007) postulated, concerning intrageneric
variation, based on three individuals only, that the genus
Spirula comprises two species, represented by the geo-
graphically widely separated Spirula populations from
New Caledonia (South Pacific) and Fuerteventura (Canary
Islands). Sequences from Fuerteventura (Warnke 2007)
were compared with data from previously published
sequences from New Caledonia (Bonnaud et al. 1996).
Nesis (1998) challenged the monospecific status of Spirula

due to its wide but patchy geographic (=oceanographic)
range and the disconnection of South African and NW-
African populations.

Recent data [DNA, three mitochondrial (mt) sequences]
from Haring et al. (2012) on the cytochrome c oxidase
subunit I (COI), the cytochrome oxidase subunit IIT (COIII),
and presently available small ribosomal subunit rRNA
(16S), compared to international data available in the
GenBank, do not support the proposed split of Spirula into
two species. The former data (Warnke 2007) are probably
insufficient to claim species status for two distinct species.
The low genetic distances observed over such a broad
geographic range from the Pacific to the Atlantic are sur-
prising. Haring et al. (2012) summarized that the genetic
data (see also Bonnaud et al. 1994, 1996; Carlini and Graves
1999; Carlini et al. 2000; Lindgren et al. 2005; Warnke and
Keupp 2005; Haring et al. 2012), even though scarce,
suggest continuous genetic exchange among S. spirula
populations and/or quite recent long distance dispersal.
More data from deep-water live catches and additional
molecular results are needed to support such interpretations.
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As Spirula inhabits deep-sea environments, targeted sam-
pling is a rather hopeless task, but fishery can provide
exceptional specimens. This makes it almost impossible to
obtain the high numbers of specimens normally required for
a comprehensive phylogeographic analysis (Haring et al.
2012). Each single specimen with soft tissue represents a
crucial and important source of highly required information.
Based on morphometric analysis, Neige and Warnke
(2010) assumed a poly-specific status in Spirula, empha-
sizing that more molecular investigations are needed. Their
paper on morphological variations in geographically sep-
arated Spirula specimens states that morphological differ-
ences within different populations would indicate the
existence of more than one species. Those authors further
noted that certain shell parameters (e.g. size) vary with
different geographic origins. As both Neige and Warnke
(2010) and Haring et al. (2012) already noted, the mor-
phology in Spirula cannot operate as the sole proxy for
proving the species types within this group of cephalopods.
The additional morphometric approach presented herein
helps to understand these enigmatic deep-water squids.

Materials and methods
Shell material

The specimens of S. spirula analysed in the present study
were found washed ashore on beaches after storm
flooding or tidal activity (Fig. 2; Tables 1, 2). The pris-
tine aragonitic shells, composed of three layers, of S.
spirula derive from separate localities located in the
Atlantic Ocean, the Indian Ocean and the Pacific Ocean
(Figs. 1, 2; Tables 1, 2).

A total of 408 shells of S. spirula were measured, and
260 were subsequently taken for detailed analysis
(Table 3). Shell parameters [d, wh, ww, dm/wh, (wh/ww)/
dm, and numerical size classes] of well-preserved shells
show geographically separated populations with different
ranges of diameters (mean and maximum values). The
analysed shells range from 27.25 mm (specimen from
Thailand) to 15.63 mm (Canary Islands) in maximum
diameter and represented mostly fully grown adult speci-
mens (see Neige and Warnke 2010). The phragmocone of
the endogastrically coiled shells displayed 2.5 whorls
segmented into 30 to 38 barrel-shaped chambers connected
by a ventral siphuncle (see Lukeneder et al. 2008). The sex
of the measured specimens is unknown.

Sampling sites

Examined specimens come from 12 sampling sites (Fig. 1;
Tables 1, 2). Numbers of sampling sites are given
according to their geographic position beginning with the
Atlantic Ocean, followed by the Indian Ocean and finally
one sampling site is located in the Pacific Ocean. Atlantic
Ocean: site 1. Canary Islands, North Atlantic Ocean,
southern Spain, site 2. Porto Santo, 40 km north-east of
Madeira, North Atlantic Ocean, southern Portugal, site 3.
Tobago, Caribbean Sea, Trinidad & Tobago, site 4. Sal-
vador, eastern Brazil, South Atlantic Ocean, site 5. Pater
Noster Beach, South Atlantic Ocean, western South Africa.
Indian Ocean: site 6. var. localities, Indian Ocean, eastern
Tanzania, site 7. Mauritius, 3 km north of Trou d’Eau
Douce, Indian Ocean, Republic of Mauritius, site 8. var.
localities Maldives, Laccadive Sea, Republic of the Mal-
dives, site 9. South-west Sri Lanka, 1 km south of Bentoto
and Hikkaduwa Beach, Laccadive Sea, Republic of Sri

Fig. 2 Side views of the aragonitic shells (maximum diameter
specimens, only analysed specimen are figured) of S. spirula from the
Atlantic Ocean, Indian Ocean and Pacific Ocean localities. a Canary
Islands, NHMW 2015/0013/0001. b Tobago, NHMW 2015/0014/
0001. ¢ South Africa, NHMW 2015/0015/0001. d Brazil, 2008z0184/
0008a. e Tanzania, NHMW 2015/0016/0001. f Mauritius, NHMW

2015/0017/0001. g Maldives, NHMW 2015/0018/0001. h Sri Lanka,
NHMW 2015/0019/0001. i Thailand, 2007z0183/0015. j West Aus-
tralia, encrusted by bryozoan colonies (Jellyella eburnea), NHMW
2015/0020/0001. k East Australia, encrusted by barnacles (Lepas
pectinata), NHMW  2007z0171/0037. Scale bar for all
specimens = 1 cm
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Table 2 Main oceanic areas of the analysed populations, exact position of sampling, labelling and number (n) of measured (m) and analysed

(a) specimens for distinct localities

Main oceanic areas Sites

Label n m/a

ENAO
Eastern North Atlantic Ocean

Canary Islands, Spain. Tenerife: E1 Médano Beach,
N 28°02'44”, W 16°32/00",
Hermigua Beach, N 28°20/2

Cis 137/58
N 28°02'50”, W 16°31'59”

3", W 17°09'54"

Gran Canaria: Mogan Beach, N 27°48'51", W 15°45'12";
Las Palmas Beach, N 28°07'58", W 15°26/35"; Playa del Ingles,

N 27°45'06", W 15°34'05";

Maspalomas, N 27°44'10”, W 15°34/33";

Fuerteventura: Playa de Castillo, N 28°41'23",
W 14°00'42"; Playa de Corralejo, N 28°44'00”, W 13°51'58";
La Palma: Puerto Naos Beach, N 28°35'02", W 17°54/34"

Porto Santo, Madeira Isles, Portugal N 33° 03/33", W 16°19'50"
Tobago, Trinidad & Tobago: Speyside Bay, N 11°17'43",

W 60°32'00"; Hope Bay, N 11°11'30”, W 60°41'36"

Salvador da Bahia, Brazil: S 12°59'27”, E 38°31/36"

WNACO

Western North Atlantic Caribbean Ocean
WSAO

Western South Atlantic Ocean

ESAO

Eastern South Africa

WIO

Western Indian Ocean

S 32°48'22", E 17°53'40"

Western Cape, South Africa: Pater Noster Beach,

Tanzania: Kilwa Ruin Lodge, S 8°55'55", E 39°30'57";
Puna Beach S 7°03'30”, E 39°32/48"; Ras Tapuri S 9°57'03",

Psa
Tob

1/0

15/7
Bra 4/4
Saf 2/1

Tan 45/26

E 39°57'19"; Mbudya Island, S 6°39'28", E 39°14'49";
Shaghani Beach, S 10°15'34”, E 40°11'34"

Mauritius, Republic of Mauritius: Palmar Beach, 3 km north of

Mau 40/17

Trou d’Eau Douce, S 20°12/57", E 57°47'42"

NIO

Northern Indian Ocean

Maldives, Republic of the Maldives.

Vavvuru, Kurendhoo Atoll,

Mal 100/88

N 5° 2501”7, E 73°21'15";

Villingili, North Malé Atoll, N 4°10'30”, E 73°28'59";
Embudu, northern South Malé Atoll, N 4°05'08”, E 73°30/37";
Velidhu, northern Ari Atoll, N 4°11’40”, E 72°49'15";
Kuredu, Kurendhoo Atoll, N 5°33'11”, E 73°28'10”

Sri Lanka, Republic of Sri Lanka:

Sla 4/3

1 km south of Bentoto, N 6°24'34” E 79°59'55";
Hikkaduwa Beach, N 6°08'12", E 80°05'57"

Phuket, Thailand: Karon Beach, N 7°50'37”, E 98°17'35";

Phu 21/20

Phuket, Nai Han Beach, N 7°46'38", E 98°18'17"

EIO
Eastern Indian Ocean
WPO

Western Pacific Ocean S 33°38'02”, E 151°20'02"

Western Australia. Sorrento Beach, S 31°49'46”, E 115°44'41";
Conspicuous Cliff 12 km south-east of Walpole, S 35°02'30”, E 116°50'45"
Eastern Australia. Avalon Beach, New South Wales,

Wau 8/8

Eau 30/28

See also Neige and Warnke (2010) for comparison of main geographic areas

Lanka, site 10. Phuket, Andaman Sea, southern Thailand.
site 11. Conspicuous Cliff, 12 km south-east of Walpole &
Sorrento Beach, southern Indian Ocean, western Australia.
Pacific Ocean: site 12. Avalon Beach, Tasman Sea, eastern
Australia. For detailed coordinates of all sample sites see

Table 2. Only a single and fragmented specimen was col-
lected from site 2 (Porto Santo, Portugal), hence not
included and analysed in Figs. 3, 4, 5, and 6.

The distribution map was compiled (data and maps) and
modified after Schmidt (1922), Bruun (1943), Goud (1985),
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Table 3 Main oceanic areas
and the corresponding
minimum, mean and maximum

Sites
Oceans

Maximum
d/wh/ww

Mean
d/wh/ww

Minimum
d/wh/ww

diameter (d), whorl height (wh)
and whorl width (ww) values

Canary Islands
North-eastern Atlantic Ocean
Tobago

North-western Atlantic Ocean
South Africa

South-eastern Atlantic Ocean
Brazil

South-western Atlantic Ocean
Tanzania

Western Indian Ocean
Mauritius

Western Indian Ocean
Maldives

Western Indian Ocean

Sri Lanka

Northern Indian Ocean
Thailand

Northern Indian Ocean
Western Australia
South-western Indian Ocean
Eastern Australia

South-western Pacific Ocean

15.63/3.90/4.39 17.39/4.71/5.06 20.77/5.83/6.18

17.32/5.40/5.59 19.71/5.60/5.89 21.06/5.84/6.24

24.52/5.49/5.95 24.52/5.49/5.95 24.52/5.49/5.95

17.43/4.86/5.18 19.06/5.60/5.47 19.58/5.47/5.73

17.26/4.63/4.77 19.55/5.35/5.73 22.02/5.91/6.34
19.50/5.06/5.31 21.45/5.69/6.05 23.56/6.32/6.71
18.66/4.55/4.95 22.54/5.63/5.96 26.43/7.12/7.44
17.26/5.04/5.56 22.95/5.78/6.06 24.13/6.16/6.41
19.00/5.14/5.25 22.82/5.64/5.93 27.25/6.22/6.56
17.90/4.82/5.07 19.39/5.13/5.42 22.40/5.79/6.05

17.78/4.58/5.03 20.00/5.24/5.66 21.96/5.99/6.59

6.57

6.57

- -
L
-g’ @ .9 b
2 5
6.0 < 60{<
S @ S
< K=
H H
5.5 5.54
AO/O
5.01 5.01 Pacific Ocean
4,54 8 4.5
4.04 4.0
R’=0.560
35 T T . 35 T T .
15.0 20.0 25.0 30.0 15.0 20.0 25.0 30.0
diameter in mm diameter in mm
O Maldives (8) © sriLanka (9) @ Thailand (10) O Mauritius (7) @ Tanzania (6) O Australia West (11)

O Australia East (12) A South Africa (5)

Fig. 3 a Bivariate plots of whorl height versus diameter of distinct
populations. b Mean values and standard deviations are given for
specimens of S. spirula from 11 geographic areas. Sample site

Lu et al. (1992), Reid and Norman (1998), Norman and
Reid (2000), Reid (2005), Norman (2007), Lukeneder et al.
(2008). For comparison see also Okutani (1995), Haimo-
vici et al. (2007), Neige and Warnke (2010), Haring et al.
(2012), Hoffmann and Warnke (2014), and own unpub-
lished data. Marine regions were classified in accordance
with Claus et al. (2014a, b).

O Canarylslands (1) (O Brazil (4)

@ Tobago (3)

numbers given in brackets correspond to site numbers of Fig. 1. The
indicated coefficient of determination (R?) is valid for the combined
linear regression of all specimens measured

Data collection and analyses

408 aragonitic shells, fragmented or complete, of S. spirula
were measured; 260 complete or presumably adult speci-
mens taken for detailed analysis. Maximum diameter (d),
max. whorl height (wh) and max. whorl width (ww) were
measured using a digital hand-held vernier calliper (SD
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Fig. 4 Diameter and whorl height in S. spirula from the Atlantic,
Indian and Pacific Oceans. a Box plots showing geographic occur-
rences and diameter variations at distinct localities. b Box plots

numerical size class sum-curves
compilation

n 260
354

o : : - - .
10-12 14-16 18-20 22-24 26-28
12-14 16-18 20-22 24-26 28-30
size classes in mm
[ canary islands (1) [l Thailand (10) B Brezi (4 [ ] Mauritius (7)

l:‘ Australia East (12) . Sri Lanka (9)
[] Australia West (11) [_| South Africa (5)

. Tanzania (6) . Tobago (3)

[ Maldives (8)

Fig. 5 Numerical size classes (maximum diameter) in cumulation
curves of S. spirula from the analysed material (complete specimens;
n 260) of the Atlantic, Indian and Pacific Oceans. Sample site
numbers given in brackets correspond to site numbers of Fig. 1

0.01 mm) and numerous smaller specimens additionally
using a binocular microscope Zeiss Discovery.V20 com-
bined with the digital camera Zeiss AxioCam MRc 5. The
coiled shells displayed maximally 2.5 whorls, diameter was
only measured if more than the last chambered half of the
shell was preserved. Standard deviation (SD) is given for all
data. Datasets were interpreted and graphically presented
(box plots, mean, median, SD) using PAST (Hammer et al.
2001), Microsoft Excel 2010 and CorelDRAW X6. Maxi-
mum, minimum and mean values were calculated.

All samples are stored at the Natural History Museum of
Vienna, in the collection of the Department of Geology and
Palacontology with inventory numbers from NHMW:
2007z0171/0001-0038,  2007z0183/0015,  2008z0184/

as J
Tobago | & H[h o
5 ; o
Brazil | § : =
=) ¢ Atlantic Ocean
Canary Islands | 1 ) east
South Africa [ south
i Pacific ;
AustraliaEast|gcean +1_1 F—— south-west
Australia West lﬂ:I-—i south-east
Tanzania — T+ »
: o
Mauritius — T }— H
Thailand Indian Ocean E:U
; <
SriLanka —— <
N o
Maldives I <
35 45 55 6.5 75

whorl height in mm

showing geographic occurrences and whorl height variation at distinct
localities. Quartile method (rounded) in box plots

0008a-d and 2009z0001/0001-0007, 2015/0013/0001-
0032,  2015/0014/0001-0009,  2015/0015/0001-0009,
2015/0016/0001-0025, 2015/0017/0001-0040, 2015/0018/
0001-0006, 2015/0019/0001-0004, and 2015/0020/0001-
0003. Additional specimens are housed in the private col-
lections of Ortwin Schultz and Peter Sziemer.

Results

Spirula spirula shells display different size distribution
patterns, with different d,,,, size classes, in all major
oceans (e.g., Atlantic Ocean, Pacific Ocean and Indian
Ocean; Figs. 2, 3, 4, 5, 6, 7). This trend is less pronounced
in wh values and not detectable from ww values.

Measurements on S. spirula were performed from 11
different geographic sites (Fig. 1; Tables 2, 3, 4).

The sampling sites of S. spirula exhibited the following
maximum, mean and minimum size values (i.e. diameters;
Figs. 2, 3, 4, 6; Table 3).

Diameters

Populations from the Atlantic Ocean show a d,,x of
24.52 mm (South Africa), a dp;, of 15.63 mm (Canary
Islands) and a diean Of 19.42 mm (SD 0.82). Populations
from the Indian Ocean appear with a d,, of 27.25 mm
(Thailand), a d,;, of 17.26 mm (Tanzania and Thailand)
and a dpean Of 21.45 mm (SD 1.60). The population from
the Pacific Ocean (eastern Australia) appears with a d,,, of
21.96 mm, a d;, of 17.78 mm and a dpean of 20.00 mm
(SD 0.99; Figs. 3, 4, 6; Table 2).
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Fig. 6 Variation of whorl sections by diameter versus whorl height/
whorl width in S. spirula from the Atlantic, Indian and Pacific
Oceans. a Bivariate plot showing size differences of distinct
populations. b Mean values and standard deviations are given for

Whorl heights

Populations from the Atlantic Ocean show a why,,, of
5.84 mm (Tobago), a why,;, of 3.90 mm (Canary Islands)
and a Whypea, of 5.35 mm (SD 0.19). Populations from the
Indian Ocean appear with a why,,,, of 7.12 mm (Maldives),
a Whp,i, of 4.55 mm (Maldives) and a wWhy,eq, of 5.54 (SD
0.38). The population from the Pacific Ocean (eastern
Australia) appears with a why,x of 5.99 mm, a wh,,;, of
4.58 mm and a Why,e,, of 5.99 mm (SD 0.38; Figs. 3, 4, 6;
Table 2).

Whorl widths

Populations from the Atlantic Ocean show a ww,, of
6.24 mm (Tobago), a ww,;, of 4.39 mm (Canary Islands)
and a WWpean Of 5.34 mm (SD 0.19). Populations from the
Indian Ocean appear with a ww,,x of 7.44 mm (Maldives),
a WWpin of 4.77 mm (Tanzania) and a Wwye,, of 5.86 mm
(SD 0.39). The population from the Pacific Ocean (eastern
Australia) appears with a ww,,,, of 6.59 mm, a ww;, of
5.03 mm and a WW e, of 5.66 mm (SD 0.42; Figs. 3, 4, 6;
Table 3).

Whorl parameter indexes

Bivariate plots for conch height index (CHI, wh/d), conch
width index (CWI; ww/d) and whorl width index (WWI,
ww/wh) reveal that all measured S. spirula specimens from
all major oceans (Atlantic Ocean, Pacific Ocean and Indian
Ocean) are wider than high at final shell stages (maximal
size = adult; Fig. 7; Table 4).

© Canarylslands (1) () Brazil (4)

@ Tobago (3)

whorl sections of S. spirula from 11 geographic areas. Sample site
numbers given in brackets correspond to site numbers of Fig. 1. The
indicated coefficient of determination (RZ) is valid for the combined
linear regression of all specimens measured

Populations from the Atlantic Ocean show a CHI,,, of
0.36 (Canary Islands), a CHI,;, of 0.22 (South Africa) and
a CHI,jeqn of 0.28 (SD 0.02). Populations from the Indian
Ocean appear with a CHI,,,x of 0.33 (Tanzania), a CHI;,
of 0.22 (Maldives and Thailand) and a CHI,.,, of 0.26 (SD
0.02). The population from the Pacific Ocean (eastern
Australia) appears with a CHI,,,x of 0.29, a CHI,,;;, of 0.24
and CHI, ., of 0.26 (SD 0.01; Fig. 7; Table 4).

Populations from the Atlantic Ocean show a CW1,,,, of
0.38 (Canary Islands), a CW1,,;, of 0.24 (South Africa) and
a CWIeqn of 0.28 (SD 0.02). Populations from the Indian
Ocean appear with a CWI,,x of 0.34 (Mauritius and
Tanzania), a CWI,;, of 0.23 (Maldives and Thailand) and a
CWlean of 0.28 (SD 0.02). The population from the
Pacific Ocean (eastern Australia) appears with a CWI,,,,, of
0.32, a CWI,,;;, of 0.26 and CWI, .., of 0.28 (SD 0.01;
Fig. 7; Table 4).

Populations from the Atlantic Ocean show a WWI,,., of
1.13 (Canary Islands), a WWI,,;, of 1.02 (Canary Islands
and Brazil) and a WWI,,.,, of 1.07 (SD 0.03). Populations
from the Indian Ocean appear with a WWI,,« of 1.14
(Tanzania), a WWI,,;, of 1.00 (Maldives) and a WWI ..,
of 1.06 (SD 0.03). The population from the Pacific Ocean
(eastern Australia) appears with a WWI ., of 1.17, a
WWI,;;, of 1.04 and WWI,,.,, of 1.08 (SD 0.02; Fig. 7;
Table 4).

These data indicate a connection between geography
(i.e. geographic differences) and the absolute variation in
adult animal size within a given population. As the shell
size is a specific shell feature, geography alone does not
affects a difference in adult shell size, The final shell size,
measurable on the internal shells of this enigmatic deep-
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water squid, and growth mechanisms are rather being
caused by oceanic water parameters as temperature,
salinity, currents and food supply. According to Neige and

Warnke (2010), the maximal shell size in Spirula as evi-
dence for a fully grown, adult animal is indicated by the
final decrease in wh of the shell (see Hoffmann and
Reinhoff 2015). Variations in maximal size are detected
not only between the different major oceans, but even
within different intra-oceanic regions (e.g. Canary Islands/
West Atlantic and Tobago/East Atlantic; Fig. 4).

The size records suggest 2 main size classes which
correspond to 11 geographic sites. The maximum size (i.e.
mean values) ranges from smaller forms with a minimum
15.63 mm (mean 17.39 mm, Canary Islands) to large-sized
specimens with a maximum 27.25 mm (mean 22.82 mm,
Thailand). A separation of the data into these postulated
size classes or populations, plotted in d/wh, d/ww) or wh/
ww bivariate plots and cross plots, revealed a clear sepa-
ration of size field influenced by geographic occurrences
(during lifetime) and distribution areas (plus post mortem
drifting), comprising the separated clusters of varying adult
size groups (=maximum size groups; Figs. 5, 6).

Maximum shell diameters, whorl heights and whorl width
(i.e. adult size) apparently vary with geographic occurrence.
Shells from the same geographic areas display similar
growth patterns (i.e. absolute size, size distribution).

Specimens (max. size) from the Indian Ocean are larger
than those from the Atlantic Ocean and the Pacific (Figs. 2,
3,4,5, 6,7; Table 3). An exception is formed by the large
specimens from the intermediate geographic/oceano-
graphic position (south-eastern Atlantic vs. south-western
Indian Oceans) from South Africa (i.e. Cape of Good
Hope). In more detail, specimens from the northern Indian
Ocean (Maldives, Sri Lanka, Thailand) are larger than
specimens from the eastern Indian Ocean (Mauritius,
Tanzania) and the south-eastern Indian Ocean (western
Australia). Specimens from the eastern Atlantic (Canary
Islands) are smaller than those of the western Atlantic
(Brazil, Tobago). The Canary Islands yielded by far the
smallest specimens and the Maldives the largest specimens
from of all localities/oceans sampled (Fig. 4). Specimens
of the locality at East Australia (south-western Pacific)
show an intermediate size range around a mean of
20.0 mm. Similar and equivalent modifications and dif-
ferences in size and growth can be observed in whorl
height and whorl width values (Figs. 3, 4, 6; Table 3).

This confirms observations about differences in diame-
ter, whorl height and whorl width in adult stages between
the main geographic populations.

Discussion

Measurements on coiled extant (e.g. Spirula, Nautilus) and
fossil cephalopods (e.g. ammonoids, nautilids) show vari-
ations of maximum size parameters in accordance with
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Table 4 Ratios for conch

Sites Conch height index Conch width index Whorl width index
parameters of S. spirula of the Oceans wh/d ww/d ww/wh
Atlantic, Indian and Pacific min/mean/max min/mean/max min/mean/max
Oceans

Canary Islands 0.23/0.27/0.36 0.26/0.29/0.38 1.02/1.07/1.13

North-eastern Atlantic Ocean

Tobago 0.27/0.29/0.32 0.27/0.30/0.35 1.03/1.05/1.10

North-western Atlantic Ocean

South Africa 0.22/0.22/0.22 0.24/0.24/0.24 1.08/1.08/1.08

South-eastern Atlantic Ocean

Brazil 0.25/0.27/0.31 0.27/0.29/0.32 1.02/1.06/1.08

South-western Atlantic Ocean

Tanzania 0.25/0.28/0.33 0.27/0.30/0.34 1.02/1.07/1.14

Western Indian Ocean

Mauritius 0.24/0.26/0.32 0.26/0.28/0.34 1.02/1.06/1.11

Western Indian Ocean

Maldives 0.22/0.25/0.30 0.23/0.26/0.32 1.00/1.06/1.13

western Indian Ocean

Sri Lanka 0.23/0.26/0.28 0.26/0.27/0.28 1.01/1.05/1.10

Northern Indian Ocean

Thailand 0.22/0.25/0.28 0.23/0.26/0.29 1.01/1.05/1.12

Northern Indian Ocean

Western Australia 0.26/0.27/0.29 0.27/0.29/0.31 1.01/1.06/1.11

South-western Indian Ocean

Eastern Australia 0.24/0.26/0.29 0.26/0.28/0.31 1.04/1.08/1.17

South-western Pacific Ocean

age, ecology and/or even geography (Reboulet 2001;
Landman et al. 2003; Lukeneder 2004). During the last
decade, numerous papers have investigated the deep-water
squid S. spirula with regard to the challenging species
enigma. It remains unresolved whether there is only a
single species (monospecific; Chun 1910; see only 1 spe-
cies in WoRMS register, accessed 2015) or several distinct
species (poly-specific). On one hand, analyses of genetic
material (Bonnaud et al. 1994; Carlini and Graves 1999;
Carlini et al. 2000; Nishiguchi et al. 2004; Lindgren et al.
2005; Akasaki et al. 2006; Warnke 2007; Haring et al.
2012) and on the other hand morphometric analyses (Neige
and Warnke 2010) were performed to tackle this issue.
Haring et al. (2012) concluded that the molecular data do
not suggest species differentiation and hence no split of
Spirula into two species (see also WoRMS register,
accessed 2015), as supposed by Warnke (2007). The pro-
posed split by Warnke (2007) is therefore most probably
based on artefacts.

The morphometric results presented herein can help
understand these enigmatic deep-water squids. The distri-
bution of size classes and maximum size ranges agree with
data given in Neige and Warnke (2010). The morphometric
analysis of Neige and Warnke (2010) pointed to a poly-

specific status of Spirula, but emphasized the need for more
molecular investigations. Their paper on morphological
variations in geographically separated specimens states that
morphological differences within different populations
would indicate the existence of more than one species. The
authors also noted that certain shell parameters (e.g. size)
vary with different geographic origin. Neige and Warnke
(2010) concluded based on their morphometric data on S.
spirula that specimens from Madagascar, New Zealand and
Brazil are larger than those from north-western Africa and
Australia. Data presented herein confirm this conclusion
and add more details to the datasets known so far. A highly
variable spire morphology, size and style of whorls (coil-
ing, expansion rate etc.) within distinct populations are
observable.

Maximum size classes from catches and beach finding
dates (January to December) are the same all over the year.
No size dependence on geographic latitude, hence to water
temperature variations and ranges, could be detected in the
present analyses. The distance and the geographic position
to the equator apparently have no direct influence to shell
sizes. Note, however, that ocean surface temperatures are
not the crucial parameters for the life of Spirula (Lukene-
der et al. 2008; for oceanic temperatures see Mehra and
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Rivin 2010; GRTOFS 2015). As also shown by stable
isotope studies (Lukeneder et al. 2008; Price et al. 2009,
and Warnke et al. 2010) on S. spirula shells, the life cycle
takes place within a water depth range from 1000 m up to
200 m (Bruun 1955; Clarke 1970; Reid 2005; Haimovici
et al. 2007; Hoffmann and Warnke 2014). Reid (2005) and
Warnke and Keupp (2005) concluded a distribution of S.
spirula in subtropical and tropical oceanic waters where the
water temperature is 10 °C or warmer at a depth of 400 m
(Lu 1998; Reid 2005), 800 m (Hoffmann and Warnke
2014) and 1000 m (Warnke and Keupp 2005; for oceanic
temperatures see Mehra and Rivin 2010; GRTOFS 2015).
Isotope data, and hence the resulting water temperatures for
the corresponding areas during ontogeny, are almost
identical for all analysed Atlantic Ocean, Indian Ocean and
Pacific Ocean specimens (Lukeneder et al. 2008). Size
class ranges and maximum diameters within the distinct
populations presented herein show no dependence or cor-
respondence to any route following oceanic deep-sea cur-
rents such as the great ocean conveyor belt; none of the
known deep ocean currents fit the observed “patchy” dis-
tribution of S. spirula.

Recent findings on the distribution of S. spirula favour
an explanation involving the global distribution of a single
species (Haring et al. 2012). Accordingly, an undetected
(so far) huge panmictic population with continuous gene
flow exists, what needs to be tested. Live catch data
accompanied with reported drift shells washed on beaches
(Bruun 1943; Clarke 1986; Goud 1985; Lukeneder et al.
2008; Norman 2007; Okutani 1995; Schmidt 1922; Reid
2005) yielded various different distribution maps. New
data from Brazil gained by trawling and bycatch (Perez
et al. 2004; Haimovici et al. 2007) and by investigating
stomach contents of fishes and other squids (e.g. diverse
teleosts and Illex argentinus; Santos and Haimovici 2002)
showed that the distribution of this deep-water squid could
be much wider than expected based on previous data. This
might be explained by connections in mid- and deep-water
areas around the worlds oceans. Nonetheless, even in this
case, the low genetic distances shown in Haring et al.
(2012) over such a broad geographic range are surprising
(note dashed lines in Fig. 1).

A further interesting but complicated issue is the pos-
sible existence of sexual dimorphism, visible not only in
soft bodies (see Chun 1910; Clarke 1970; Warnke 2007,
Hoffmann and Warnke 2014) but notably also on hard parts
(i.e. internal shell). The material from the Maldives
(n = 70, with indicated coefficient of determination R?,
Fig. 8) was used to test for a visible difference in S. spirula
shells. The subjective first impression of two distinct
morphotypes within the Maldives population seems to be
mirrored in the graphic bivariate plot of whorl height
versus diameter. “Delicate” (smaller wh at same d) forms
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Fig. 8 Bivariate diagrams of conch parameters of S. spirula from the
Maldives with indicated coefficient of determination (R?). R* values
are valid for the combined linear regression of both morphotype
groups. a Bivariate plot of whorl height (wh) versus diameter (d).
b Bivariate plot of whorl width (ww) versus d. ¢ Bivariate plot of wh/
ww versus d. Note the dashed line between morphotype 1 (robust
specimens, grey circles) and morphotype 2 (delicate specimens, black
triangles; see text for explanation)

plot below a defined borderline, whereas more “robust”
(larger wh at same d) plot above that line. This trend
encompassed both juvenile (smaller) and adult (bigger)
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specimens (Fig. 8). The ww/d plot, as in wh/d, again shows
a separation of 2 main morphogroups. The subjective
delicate specimens plot below an imaginary dashed line
(drawn after plotting). More robust specimens from mor-
photype 1 plot above the area of morphotype 2 specimens.
This separation is not visible in the wh/ww versus d plot
(Fig. 8c). Two distinct morphotypes of shells within the
Maldives population seem to mirror sexual dimorphism,
visible on the hardparts. The preliminary findings on the
existence of two sexual dimorphs will benefit from more
material from other localities. As noted by Neige and
Warnke (2010), a morphometric approach based on spec-
imens from which the sexes are known (soft parts with
internal shells) would be required to control the presence of
sexual dimorphism by morphometric analyses.

In summary, genetic data, even though scarce, suggest
continuous genetic exchange among S. spirula populations
and/or quite recent long distance dispersal, although the
latter assumption still requires a conclusive explanation for
the mediating mechanisms. More data from deep-water live
catches and additional molecular results will help solidify
these interpretations.
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