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Abstract
Atlantid heteropods are a family of holoplanktonic marine gastropods that occur primarily in tropical
and subtropical latitudes. Atlantids bear a delicate aragonitic shell (<14 mm) and live in the upper ocean,
where ocean acidification and ocean warming have a pronounced effect. Therefore, atlantids are likely to
be sensitive to these ocean changes. However, we lack sufficiently detailed information on atlantid taxonomy and biogeography, which is needed to gain a deeper understanding of the consequences of a changing ocean. To date, atlantid taxonomy has mainly relied on morphometrics and shell ornamentation,
but recent molecular work has highlighted hidden diversity. This study uses an integrated approach in a
global analysis of biogeography, variation in shell morphology and molecular phylogenies based on three
genes (CO1, 28S and 18S) to resolve the species boundaries within the Atlanta brunnea group. Results
identify a new species, Atlanta vanderspoeli, from the Equatorial and South Pacific Ocean, and suggest
that individuals of A. brunnea living in the Atlantic Ocean are an incipient species. Our results provide an
important advance in atlantid taxonomy and will enable identification of these species in future studies
of living and fossil plankton.
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Atlantidae, biogeography, phylogenetic analysis, shell morphology, South Pacific Ocean
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Introduction
The heteropods (Pterotracheoidea) are a superfamily of marine gastropods (Order Littorinimorpha) consisting of three families: Pterotracheidae, Carinariidae and Atlantidae (Lalli and Gilmer 1989; Bouchet et al. 2017). While most marine gastropods are
benthic in habitat, heteropods are holoplanktonic and live entirely in the upper water
column. This study focuses on the Atlantidae (atlantids), the most species-rich family
of heteropods, including more than 60 % of all heteropod species recognised so far
(Seapy 1990; Wall-Palmer et al. 2018b). Atlantids are widespread and occur primarily
in the epipelagic zone between the surface and 250 m, in tropical and subtropical latitudes (Wall-Palmer et al. 2018a). They are highly modified for life in the open ocean
with several striking morphological adaptions such as the development of complex image-forming eyes, a foot that has adapted into a single swimming fin, and the reduction
in size (< 14 mm) and weight of the laterally compressed, thin-walled (3–40 µm) shell
(Lalli and Gilmer 1989). The entire shell is moved back and forth rapidly during swimming, so that the swimming fin and shell work together as dissimilar paired swimming
appendages (Karakas et al. 2018). This locomotory design means that a structurally
sound shell is vital for the survival of atlantids because it is necessary for all swimming,
including capturing prey and evading predators. The shell of most atlantids is composed of aragonite, an unstable polymorph of calcium carbonate that is 50 % more
soluble in the oceans than calcite (Sun et al. 2015). The chemical composition of the
shell and persistent exposure to increasingly acidified waters in the upper water column
makes atlantids likely to be particularly sensitive to ocean acidification (Wall-Palmer
et al. 2016). However, sensitivity to ocean change is known to be species-specific in
holoplanktonic marine gastropods. Roberts et al. (2014) found that different forms
of the shelled pteropod Limacina helicina (Phipps, 1774) show contrasting trends in
shell weight when exposed to undersaturation of calcium carbonate. Therefore, to gain
deeper understanding of the consequences of a changing ocean, it is extremely important to resolve the species boundaries of holoplanktonic gastropods accurately, so that
species-resolved environmental sensitivities can be determined.
To date, the taxonomy of atlantid heteropods has mainly relied on morphometrics
and shell ornamentation, even though it is hard to tell some species apart only by use
of morphological characteristics (Richter 1973). In particular, identification within
the genus Atlanta Lesueur, 1817 is difficult, due to the similarities in body and shell
forms (Ossenbrügger 2010). Additionally, there can be variation in morphology and
ornamentation within a single species (e.g. Atlanta selvagensis de Vera & Seapy, 2006,
Wall-Palmer et al. 2018b). Consequently, Richter (1973) suggested that morphometrics alone were insufficient to describe a new species, and assumed that as a result the
number of heteropod species was largely underestimated. This underestimated diversity was confirmed in the first molecular phylogenetic study to include all atlantid
morphospecies which found 30 % more mitochondrial cytochrome c oxidase subunit
1 (CO1) clades than there are described morphospecies (Wall-Palmer et al. 2018b).
These authors found at least 10 additional atlantid clades that may represent new species in addition to the 23 currently described present-day species. This study, as well

Resolving species boundaries in the Atlanta brunnea species group

61

as many others (Goetze 2010; Burridge et al. 2015, 2019; Barco et al. 2016; Bode et
al. 2017; Cornils et al. 2017), highlights the importance of combining morphology
(morphometrics), biogeography and molecular analyses when exploring species diversity in the open ocean.
Based on morphological characters (shell, eye type, radula, operculum), atlantid
heteropods are divided into groups of closely related species (Tesch 1949). The Atlanta
brunnea group was first described as the Atlanta turriculata group by Tesch (1908),
and prior to this study contained two species: A. turriculata d’Orbigny, 1836 and
A. brunnea Gray, 1850 (= Atlanta fusca Souleyet, 1852). Additional diversity within
this group has been recognised in morphological studies (Souleyet 1852; Tesch 1906;
Richter 1961; van der Spoel 1972, 1976) and a single molecular study (Wall-Palmer et
al. 2018b); however, the taxonomy of this group has not been investigated in sufficient
detail. Here we use a combination of the morphological, biological/biogeographical
and phylogenetic species concepts (De Queiroz 2007) to investigate the species boundaries within the A. brunnea group. We formally describe the previously recognised A.
turriculata form B (van der Spoel 1972, 1976), also previously named A. brunnea form
B (Wall-Palmer et al. 2018b) as Atlanta vanderspoeli sp. nov. named after Professor
Siebrecht van der Spoel who first recognised A. vanderspoeli but did not describe it as a
new species (Van der Spoel 1972, 1976).

Materials and methods
Specimen collection
A total of 22 A. brunnea, 14 A. vanderspoeli (based on the descriptions of van der
Spoel 1976) and 55 A. turriculata were examined in this study. All specimens have
biogeographical data and have been analysed in at least one additional way (molecular,
morphological or both, Table 1, Figure 1). Specimens were collected during several
research cruises (Table 1) using various plankton nets. Collection methods have been
described for all research cruises (Schmidt 1932; Hirai et al. 2015; Burridge et al.
2017a; Wall-Palmer et al. 2018b; Wall-Palmer et al. in preparation). Specimens from
the DANA cruise of 1921 (two A. brunnea, two A. vanderspoeli, and two A. turriculata)
were kindly made available by the Natural History Museum of Denmark (NHMD).
All biogeographical data have been visualised using the software QGIS (QGIS Development Team 2016).

Imaging and morphological analysis
Specimens were identified based on the species keys of Richter and Seapy (1999),
Seapy et al. (2003) and van der Spoel (1976), and imaged using a Zeiss automated zstage light microscope at Naturalis Biodiversity Center, Leiden. Specimen shells were
destroyed during the process of DNA extraction, so archived images provide the op-
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Atlanta
vanderspoeli

Atlanta
helicinoidea
Atlanta
turriculata

Ocean

AGD001-17
ATCP003-19
ATCP008-19
ATCP009-19
ATCP010-19
ATCP004-19
ATCP006-19
ATCP007-19
ATCP011-19
AGD008-17
AGD009-17
AGD010-17
AGD011-17
AGD012-17
AGD013-17
–
AGD002-17
ATCP001-19
ATCP002-19
ATCP005-19
–
–
AGD003-17
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AGD007-17
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–
ATCP015-19
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–
–
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AGD371-17
AGD376-17
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RMNH.MOL.341312
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RMNH.MOL.341304
RMNH.MOL.341305
RMNH.MOL.341300
RMNH.MOL.341301
RMNH.MOL.341302
RMNH.MOL.341303
–
RMNH.MOL.341313
RMNH.MOL.341306
RMNH.MOL.341307
RMNH.MOL.341310
NHMD-232129
NHMD-232129
RMNH.MOL.341320
RMNH.MOL.341321
RMNH.MOL.341322
RMNH.MOL.341323
RMNH.MOL.341324
RMNH.MOL.341325
RMNH.MOL.341319
RMNH.MOL.341326
–
RMNH.MOL.341327
RMNH.MOL.341328
RMNH.MOL.341329
NHMD-232153
NHMD-232154
RMNH.MOL.341459
RMNH.MOL.341456
RMNH.MOL.341454
RMNH.MOL.341775
RMNH.MOL.341779
RMNH.MOL.341780
RMNH.MOL.341781
RMNH.MOL.341782
RMNH.MOL.341783
RMNH.MOL.341774

Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
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Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
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Indian
Indian
Indian
Indian
Indian
Indian
Indian

Cruise

Station

Biogeography
Latitude/
Longitude

AMT24
05
34.75, -26.62
AMT27
09
35.30, -26.28
AMT27
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32.87, -26.91
AMT27
11
32.87, -26.91
AMT27
11
32.87, -26.91
AMT27
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-6.87, -25.04
AMT27
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-12.63, -25.05
AMT27
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-24.01, -25.05
-24.01, -25.05
AMT27
47
SN105
04
8.02, 67.08
SN105
04
8.02, 67.08
SN105
08
4.38, 67.00
SN105
08
4.38, 67.00
SN105
08
4.38, 67.00
SN105
08
4.38, 67.00
SN105
08
4.38, 67.00
KH1110
05
-23.00, 180.01
KOK1703
07
23.62, -157.61
KOK1703
07
23.62, -157.61
SO255
100
-28.52, 179.59
DANA 3556 VIII
2.87, -87.63
DANA 3556 VIII
2.87, -87.63
KH1110
15
-23.00, -119.27
KH1110
15
-23.00, -119.27
KH1110
15
-23.00, -119.27
KH1110
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-23.00, -100.00
KH1110
21
-23.00, -100.00
KH1110
21
-23.00, -100.00
SO255
057
-29.95, -178.73
SO255
057
-29.95, -178.73
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073
-28.13, 179.02
SO255
073
-28.13, 179.02
SO255
080
-29.10, -179.72
SO255
080
-29.10, -179.72
DANA
3613 V
-22.72, 166.10
DANA
3620 IV -24.78, 170.31
KOK1703
06
23.52, -156.78
KOK1703
08
23.62, -157.61
KOK1703
08
23.62, -157.61
SN105
01
11.89, 66.97
SN105
01
11.89, 66.97
SN105
01
11.89, 66.97
SN105
01
11.89, 66.97
SN105
01
11.89, 66.97
SN105
01
11.89, 66.97
SN105
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8.02, 67.08
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✓
✓
✓
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analysis
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Species

Morphological
analysis

Table 1. Collection information for specimens examined in this study, with inclusion into each type
of analysis as indicated at right. Specimens used for the combined gene phylogeny are indicated with +.
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AGD375-17
AGD373-17
AGD374-17
AGD380-17
AGD378-17
AGD379-17
AGD377-17
ATCP123-19
AGD381-17
AGD382-17
AGD383-17
AGD384-17
AGD363-17
AGD361-17
AGD362-17
AGD365-17
AGD364-17
AGD366-17
ATCP103-19
ATCP112-19
ATCP102-19
ATCP116-19
ATCP118-19
ATCP120-19
ATCP122-19
ATCP124-19
ATCP104-19
ATCP125-19
ATCP127-19
ATCP129-19
ATCP113-19
ATCP117-19
ATCP119-19
ATCP115-19
ATCP121-19
ATCP105-19
ATCP106-19
ATCP114-19
–
ATCP126-19
ATCP128-19
ATCP107-19
ATCP108-19
ATCP109-19
ATCP110-19
ATCP111-19
–
–

RMNH.MOL.341776
RMNH.MOL.341784
RMNH.MOL.341785
RMNH.MOL.341769
RMNH.MOL.341777
RMNH.MOL.341778
RMNH.MOL.341786
RMNH.MOL.341814
RMNH.MOL.341770
RMNH.MOL.341771
RMNH.MOL.341772
RMNH.MOL.341773
RMNH.MOL.341797
RMNH.MOL.341801
RMNH.MOL.341802
RMNH.MOL.341798
RMNH.MOL.341799
RMNH.MOL.341800
RMNH.MOL.341788
RMNH.MOL.341803
RMNH.MOL.341787
RMNH.MOL.341807
RMNH.MOL.341809
RMNH.MOL.341811
RMNH.MOL.341813
RMNH.MOL.341815
RMNH.MOL.341789
RMNH.MOL.341816
RMNH.MOL.341818
RMNH.MOL.341820
RMNH.MOL.341804
RMNH.MOL.341808
RMNH.MOL.341810
RMNH.MOL.341806
RMNH.MOL.341812
RMNH.MOL.341790
RMNH.MOL.341791
RMNH.MOL.341805
–
RMNH.MOL.341817
RMNH.MOL.341819
RMNH.MOL.341792
RMNH.MOL.341793
RMNH.MOL.341794
RMNH.MOL.341795
RMNH.MOL.341796
NHMD-232140
NHMD-232145

Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
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Cruise

Station

SN105
04
SN105
04
SN105
04
SN105
08
SN105
08
SN105
08
SN105
08
SN105
08
19
SN105
SN105
19
SN105
19
SN105
19
KH1110
05
KH1110
05
KH1110
05
KH1110
08
KH1110
08
KH1110
08
KOK1703
01
KOK1703
01
KOK1703
03
KOK1703
03
KOK1703
03
KOK1703
03
KOK1703
03
KOK1703
03
KOK1703
05
KOK1703
05
KOK1703
05
KOK1703
05
KOK1703
06
KOK1703
06
KOK1703
07
KOK1703
08
KOK1703
08
SO255
057
SO255
073
SO255
073
SO255
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SO255
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SO255
073
SO255
080
SO255
080
SO255
080
SO255
080
SO255
100
DANA
3563 IV
DANA
3586 VII

Biogeography
Latitude/
Longitude

8.02, 67.08
8.02, 67.08
8.02, 67.08
4.38, 67.00
4.38, 67.00
4.38, 67.00
4.38, 67.00
4.38, 67.00
-2.95, 66.99
-2.95, 66.99
-2.95, 66.99
-2.95, 66.99
-23.00, 180.01
-23.00, 180.01
-23.00, 180.01
-22.79, -158.10
-22.79, -158.10
-22.79, -158.10
22.91, -157.72
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22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
22.65, -157.69
23.52, -156.78
23.52, -156.78
23.62, -157.61
23.62, -157.61
23.62, -157.61
-29.95, -178.73
-28.13, 179.02
-28.13, 179.02
-28.13, 179.02
-28.13, 179.02
-28.13, 179.02
-29.10, -179.72
-29.10, -179.72
-29.10, -179.72
-29.10, -179.72
-28.52, 179.59
-7.76, -131.37
-9.72, -170.67

✓

✓
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✓
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✓
✓
✓
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✓
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✓
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analysis
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Figure 1. Collection locations for A. brunnea group specimens analysed in this study. Members of this
species group are known to inhabit all oceans from 40N to 30S (Wall-Palmer et al. 2018b).

portunity to verify in cases of uncertainty between morphologically identified specimens and molecular results. All images are available through the Barcode of Life Data
System (BOLD; http://www.boldsystems.org) and are linked to physical DNA extracts
at Naturalis Biodiversity Center (Table 1).
Due to the small size of atlantid shells it is difficult to orientate them in a reproducible way for reliable morphometric measurements. Therefore, micro-computed
tomography (micro-CT) was used to generate 3D-models for a subset of specimens
in order to create 2D-slices through the larval shell for reproducible morphological
measurements. A total of five A. brunnea, seven A. vanderspoeli, and 19 A. turriculata
were imaged using a SkyScan 1172 high resolution micro-CT scanner. In total 958
images were collected per specimen using the following parameters: no filter, medium
resolution camera, an image pixel size of 1.31–2.23 µm, a source voltage of 57 kV, a
source current of 177 µA and an exposure time 600–800 ms. The rotation pitch was
0.2°, with averaging frames of 4, and random movement of 10. The software Avizo 9.0
was used to generate a 3D-surface of each shell, and to make 2D-slices perpendicularly
through the earliest part of the suture of the protoconch (Figure 2, protoconch pointing upwards) by setting landmarks on the larval shell. Morphological analysis of the
2D-slices was carried out using the software IMAGEJ (Schneider et al. 2012). The apical angle (Figure 2A), maximum larval shell height (Figure 2B), maximum larval shell
width measured perpendicular to the spire axis (Figure 2C) and adult shell diameter
excluding the keel (Figure 2D) were measured from the 2D-slice three times and the
means were calculated. Additionally, the number of whorls in the larval shell and the
total number of whorls in the shell were counted using the method of Seapy (1990).
For statistical analyses of the morphological data, the software PAST v3.12 was used
(Hammer et al. 2001). Normal distributions were tested using the Shapiro-Wilk test
(Shapiro 1965). To determine the most important variables, a Principal Component
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D

B
E

C

Figure 2. Examples of shell parameters measured from 2D slices of micro-CT scans. Measurements
include A apical angle B larval shell height C maximum larval shell width, and D maximum adult shell
diameter. The position of the slice through the 3D model to create a 2D image is shown in E relative to
the suture.

Analysis (PCA) was carried out. T-tests were used to detect significant differences between the clades with regards to those informative variables.
Scanning Electron Microscopy (SEM) images were also made on a subset of specimens to investigate the surface shell morphology and ornamentation for each clade.
Two specimens of A. vanderspoeli and three specimens of A. turriculata were scanned
using a JEOL JSM-7600F Field Emission SEM. For A. brunnea, images of two specimens from Wall-Palmer et al. (2018b) were used.

Molecular methods
DNA extraction was carried out on whole specimens using the NucleoMag 96 Tissue
kit on a Thermo Scientific KingFisher Flex magnetic particle processor with a final
elution volume of 75 µl. A ~920 bp fragment of the nuclear 18S rRNA gene was amplified using primers 18S-KP-F (Burridge et al. 2017b) and 1800R (Vonnemann et al.
2005). A ~868 bp fragment of the nuclear 28S rRNA gene was amplified using primers
C1-F (Dayrat et al. 2001) and D3-R (Vonnemann et al. 2005). Additionally, a ~658
bp fragment of the mitochondrial cytochrome c oxidase subunit 1 gene (mtCO1) (Hebert et al. 2003) was amplified using primers jgLCO1490 and jgHCO2198 (Geller et
al. 2013). All primers were tailed with M13F and M13R for Sanger sequencing (Messing 1983). PCR reactions contained 17.3 µl ultrapure water (milliQ), 2.5 µl Qiagen
10× PCR buffer CL, 0.5 µl 25 mM MgCl2, 1 µl 10 mg/ml Life BSA, 1.0 µl 10 pMol/
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µl of each primer, 0.5 µl 2.5 mM dNTPs, 0.25 µl 5U/µl Qiagen Taq and 1 µl of DNA
extract (diluted either 5 or 10 times). For all three genes, PCR was carried out using
a BIO-RAD Thermal Cycler and starting with an initial denaturation step of 3 min
at 96 °C, followed by 40 cycles of denaturation of 15 s at 96 °C, annealing of 30 s at
50 °C, extension of 40 s at 72 °C and a final extension step of 5 min at 72 °C. PCR
products were sequenced by BaseClear (Leiden). All sequences are publicly available
through BOLD (see Table 1 for accession numbers). Molecular results have been previously published for some of the specimens (Wall-Palmer et al. 2018b, in preparation).

Phylogenetic analyses
Sequences (forward and reverse strands) were assembled, aligned and verified in Geneious R8 and multiple sequence alignment was performed using MEGA-X (Kumar et
al. 2016a). The resulting length of sequence alignments for CO1, 28S and 18S were 658
bp, 868 bp and 920 bp respectively. Phylogenetic relationships were estimated based
on single-gene Maximum Likelihood analyses performed in RAxML 8.2.9 (Stamatakis
2014) using the General Time Reversible (GTRCAT) model followed by bootstrap
analyses of 1000 replicates (CO1) or 1500 replicates (18S, 28S). Phylogenetic analysis of the three genes combined (2447 bp, GTRCAT, partitioned, 3000 replicates)
included) included a subset of 14 specimens (plus three specimens of A. helicinoidea),
with two specimens per clade per region (in regions where clades are present). All three
genes were available for all of the specimens (Table 1). CO1 Genetic distances between
and within clades/species were calculated using a Kimura-2-parameter (KP2) substitution model with uniform rates in MEGA-X (Kumar et al. 2016b). Three specimens of
Atlanta helicinoidea were used as an outgroup in all phylogenetic analyses.

Results
The phylogenetic, morphological and biogeographical analyses produced a congruent
result, distinguishing three species within the A. brunnea species group. This includes
the two previously known species, A. brunnea and A. turriculata. In addition, the previously described A. brunnea form B, (Wall-Palmer et al. 2018b) also known as A.
turriculata form B (van der Spoel 1972, 1976) is a valid new species and is formally
named here A. vanderspoeli sp. nov.

Phylogenetic analyses
Phylogenetic analyses of CO1 (Figure 3) and combined genes (Figure 4) recover these
three species with moderate to high bootstrap support. The single gene phylogenies
of 18S and 28S resolve deeper relationships, but do not resolve the more recent divergences at the species level within the A. brunnea species group (Suppl. material 1:
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Figure 3. A Distribution maps showing the collection locations for each clade identified in B. The collection location of specimens of A. turriculata forma B identified by van der Spoel (1976) from offshore of Ternate Island is marked with a white triangle B maximum likelihood phylogeny based on the mitochondrial
cytochrome c oxidase subunit 1 gene, with strong bootstrap support for four clades within the A. brunnea
group. Atlanta vanderspoeli is supported as a valid species, and A. brunnea is formed of two geographically
isolated clades. Bootstrap support (%) for nodes is displayed and branch lengths are proportional to the
amount of inferred change, as indicated by the scale bar (mean number of nucleotide substitutions per site).
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Figure 4. Maximum likelihood phylogeny of the A. brunnea species group based on analysis of the
combined genes CO1, 28S and 18S with a total alignment of 2447 bp. All four clades within the A. brunnea species group are monophyletic with strong bootstrap support. Bootstrap support (%) for nodes is
displayed and branch lengths are proportional to the amount of inferred change, as indicated by the scale
bar (mean number of nucleotide substitutions per site).

Figures S1–S2). All of the single and combined gene phylogenetic analyses support
the A. brunnea species group as being monophyletic with 100 % node support. In the
combined gene phylogeny (Figure 4), A. vanderspoeli forms a monophyletic group with
97% node support, supporting inference that this is a valid species. Atlanta brunnea
also forms a well-supported (80 % for the combined genes) monophyletic group, but
this is further split into two clades. Atlanta turriculata forms a monophyletic group (Indian and Pacific Oceans), but this is only moderately supported (68% node support).
Genetic distances for CO1 support the position of A. vanderspoeli as a valid new
species. Atlanta brunnea and A. vanderspoeli are separated by a CO1 genetic distance
of 13–16% (Table 2). These genetic distances are comparable to the CO1 genetic distances between the previously described species within this species group, A. brunnea
and A. turriculata (18–20 %). CO1 genetic distances between A. brunnea, A. vanderspoeli, A. turriculata and the outgroup species A. helicinoidea are 22–25%, 23–24% and
21–22%, respectively (Table 2).
Within A. brunnea, the molecular data identify a further separation into two well
supported geographic clades, one containing the Indian and Pacific Ocean population
and one containing the Atlantic Ocean population (Figure 4, node support of 75%
and 99% respectively for the combined genes). There is a CO1 genetic distance of
6–7% between specimens from the Atlantic Ocean and specimens from the Indian and
Pacific oceans. This genetic distance is less than distances between other species within
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Table 2. Mean values (in bold) and ranges for genetic distances among members of the A. brunnea species
group, based on a 658 bp fragment of the mitochondrial cytochrome c oxidase subunit 1 gene calculated
using a Kimura 2-parameter substitution model with uniform rates.
CO1
A. brunnea Atlantic
A. brunnea Indian & Pacific
A. vanderspoeli Pacific
A. turriculata Indian & Pacific
A. helicinoidea Pacific

A. brunnea
Atlantic
0
0
6
6–7
16
15 –16
2
19–20
24
24–25

A. brunnea Indian
& Pacific

A. vanderspoeli
Pacific

A. turriculata Indian
& Pacific

A. helicinoidea
Pacific

1
0–1
14
13–15
19
18–20
23
22–24

0
0–1
19
18–20
24
23–24

0
0–1
21
21–22

0
0

the A. brunnea group, and therefore, one of these two populations is likely to be an incipient species. However, the type locality of A. brunnea is not known for certain, Gray
(1850) having written only ‘A. brunnea, Eydoux’ to accompany his drawing of this species. Here we accept the lectotype locality because we assume that Gray illustrated the
same specimens that Souleyet (1852) named A. fusca (originally given the vernacular
name “Atlanta brune”), as they both originated from specimens collected by Eydoux on
the “Bonite” expedition and the illustrations are almost identical (Suppl. material 1:
Figure S3). The type locality for A. fusca is the Indian Ocean and so we assume here
that the type locality of A. brunnea is also the Indian Ocean. Therefore, the newly detected Atlantic Ocean population should be considered as the incipient species.

Shell morphology
Principal Component Analysis (PCA) identifies the apical angle of the protoconch and
the number of whorls in the larval shell as the most informative morphological characters to distinguish between A. brunnea, A. vanderspoeli, and A. turriculata (Figure 5).
The apical angle of A. brunnea is the widest (58.7°–71.0°), followed by A. vanderspoeli
(35.9°–45.8°) and A. turriculata (17.4°–32.2°, Suppl. material 2: Table S1, Figure 6).
The difference in apical angle between A. brunnea and A. vanderspoeli, and between
A. turriculata and A. vanderspoeli is significant (t-test, p=<0.001 for both; Figure 6).
Differences in the number of whorls in the larval shell are also identified by the data.
Atlanta brunnea has 3.75–4.25 whorls, A. vanderspoeli has 3.25–4.00 whorls and A.
turriculata has 4.00–4.50 whorls in the larval shell (Suppl. material 2: Table S1). The
height to width ratio of the larval shell, maximum number of whorls (in the whole
shell) and adult shell diameter overlap for the three clades and cannot be used as reliable identifying features (Suppl. material 2: Table S1). The low number of specimens
does not allow an assessment of morphological differences between the Atlantic Ocean
and the Pacific and Indian Ocean specimens of A. brunnea.
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Figure 5. Principal Component Analysis (PCA) performed on apical angle, height: width ratio and the
number of whorls in the larval shell. Species identity confirmed for most specimens (N = 25) using DNA
barcoding (CO1). Two specimens of each species (total N = 6) derive from the DANA collection, and could
not be DNA barcoded (formalin-fixed). Morphometric data are reported in Suppl. material 2:Table S1.
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Figure 6. Shell apical angles of A. brunnea (Atlantic, Pacific and Indian oceans), A. vanderspoeli (Pacific
Ocean) and A. turriculata (Pacific and Indian oceans) are significantly different and do not overlap.
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Ornamentation is limited in its use as an identifying feature for this species group,
and the fine micro-ornamentation is only really visible with the use of SEM. All three
species have a prominent ridge, or carina that runs slightly above mid-whorl height of
the larval shell. The larval shell of A. brunnea is easily identified by the heavy zig-zag,
and in places, net-like reticulate spiral lines covering the surface (Figure 7B). However,
the ornamentation of A. vanderspoeli is more difficult to tell apart from A. turriculata.
In both, the larval shell is more sparsely ornamented than in A. brunnea. In A. vanderspoeli, interrupted spiral lines and small projections roughly arranged in lines are
found above the carina of each whorl, and zig-zag ornamentation is found below the
carina of each whorl (Figure 7E, Figure 8). In A. turriculata, there is generally little or
no ornamentation above the carina of each whorl, but in common with the other two
species, zig-zag ornamentation is found below it (Figure 7H).

Biogeography
Data gathered in this study expand the known distribution of the A. brunnea group
(Wall-Palmer et al. 2016, 2018b). Atlanta brunnea was found to have the broadest distribution, in the Atlantic Ocean (north and south subtropical gyres), in the Indian Ocean
and in the Pacific Ocean (Figure 3). Atlanta brunnea was not found in the central southern Pacific Ocean, although this is based upon limited sampling coverage in this region.
Conversely, A. vanderspoeli was only found in the equatorial and southern Pacific Ocean
(0.80N–29.95S, 127.28E–100.00W). The two species only overlap in the south west
and the east Pacific Ocean (Figure 3). The molecular results presented here show that the
Atlantic Ocean population of A. brunnea is a geographically divergent species. Atlanta
turriculata was found throughout the Pacific and Indian oceans, overlapping with the
distribution of A. vanderspoeli in the equatorial and South Pacific Ocean. In agreement
with previous studies, A. turriculata was not found in the Atlantic Ocean (Figure 3).

Discussion
A note on Atlanta turriculata d’Orbigny, 1836
Atlanta turriculata was described by d’Orbigny (1836) from the South Pacific Ocean.
This is the region in which the distributions of A. turriculata and A. vanderspoeli overlap and so it is necessary to check that d’Orbigny described and illustrated specimens of
A. turriculata and not the morphologically similar A. vanderspoeli. Unfortunately, type
material of A. turriculata could not be found at either the Natural History Museum,
London (NHMUK), or the Muséum National d’Histoire Naturelle, Paris (MNHN),
where it should be present (syntype material located at NHMUK was discovered to be
mislabeled specimens of Oxygyrus). In addition, the illustrations of A. turriculata made
by d’Orbigny are not sufficiently detailed to determine which species he actually drew.
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Although the more widely geographically distributed, narrow-turreted spired species is
now well known as A. turriculata, we find it necessary to solve this potential confusion
by depositing a neotype specimen of (what is now widely known as) A. turriculata (see
Systematics section for details, Figure 9).

The validity of A. vanderspoeli sp. nov.
Additional diversity within the A. brunnea species group has long been recognised,
but, until now, this has not been thoroughly investigated. Van der Spoel (1972) first
noticed A. vanderspoeli when he remarked on an atlantid form similar to A. turriculata, calling it A. turriculata forma B. Initially recognised from the soft tissues, van der
Spoel described A. turriculata forma B as generally having a lack of tubercules on the
operculum, which were present in A. turriculata. Later, van der Spoel (1976: 146–147)
described the shell as having ‘whorls in the spire [that] increase more rapidly in width
so that the spire in relation to the body whorl is larger than in [A. turriculata]’. Van
der Spoel deposited specimens of this forma, which are now in the collection of the
Naturalis Biodiversity Center, Leiden (Figure 10). More recently, Wall-Palmer et al.
(2018b) detected an additional clade within the A. brunnea group using a CO1 phylogeny of a global collection of specimens. This clade was more closely related to A.
brunnea, and was referred to as A. brunnea form B. Here we considered three species
concepts to determine whether this new clade, referred to in this study as A. vanderspoeli, was a valid species; the morphological species concept, the biological isolation
(biogeographical) species concept and the phylogenetic species concept (De Queiroz
2007). Under each of these concepts, our results verify that A. vanderspoeli is different
from the two most closely related species, A. brunnea and A. turriculata. Although
there were only a relatively small number of specimens available for morphological
analysis, A. vanderspoeli shells were found to be morphologically distinct, having an
apical angle that does not overlap with its two closest relatives. The combined three
gene phylogeny supports A. vanderspoeli to be genetically distinct from A. brunnea and
A. turriculata, with genetic distances comparable to other species within the group.
Atlanta vanderspoeli also appears to have a relatively restricted distribution, only being
found (thus far) in the equatorial and South Pacific Ocean. The pteropod species Cuvierina tsudai Burridge, Janssen & Peijnenburg, 2016 has a very similar geographical
distribution (Burridge et al. 2015, 2016). The known distribution of A. vanderspoeli
only overlaps with A. brunnea and A. turriculata at the very edges of their populations.
Relatively poor spatial resolution of molecular data in the Pacific Ocean means it is
possible that the distribution of A. vanderspoeli is also wider (e.g. in the north Pacific).
The species is therefore not strongly geographically isolated from its two most closely
related species. However, these results are compatible with the phylogenetic species
concept, because even though the species overlap geographically and likely do meet in
nature, there must be no interbreeding as evidenced by the combined gene phylogeny
(and 28S, Suppl. material 1: Figure S1).
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An Atlantic Ocean incipient species
Results of the phylogenetic analysis also highlight a probable incipient species. The
morphospecies A. brunnea was found to have two genetically different populations,
one in the Indian and Pacific Oceans, and one in the Atlantic Ocean. The genetic
distance between the two populations is relatively small, but suggests that the populations of A. brunnea in the Atlantic Ocean must be isolated and becoming a new
species. This result agrees with Wall-Palmer et al. (2018b) who suggested the existence of an additional genetic lineage but due to insufficient data this could not be
confirmed as a distinct species. Richter (1961) also noted differences in the Atlantic
population of A. fusca (= A. brunnea), describing them as having smaller, more
pigmented shells when compared to specimens in the Indian Ocean. Differences
in the operculum and radula were also reported by Richter (1961). We did not
detect any morphological differences between the two populations of A. brunnea,
however, only shell ornamentation and the measurements of the larval shell have
been analysed here.

Systematics
Phylum Mollusca
Class Gastropoda Cuvier, 1797
Subclass Caenogastropoda Cox, 1960
Order Littorinimorpha Golikov & Starobogatov, 1975
Superfamily Pterotracheoidea Rafinesque, 1814
Family Atlantidae Rang, 1829
Genus Atlanta Lesueur, 1817
Atlanta vanderspoeli Wall-Palmer, Hegmann & Peijnenburg, sp. nov.
http://zoobank.org/10CC5F39-3E0A-4A53-B7D3-74F4DA5BA966
Figures 7, 8
Atlanta turriculata forma B – van der Spoel 1972: 550
Atlanta turriculata forma B – van der Spoel 1976: 146–147
Atlanta brunnea – Quesquén Liza 2017: 265
Atlanta brunnea form B – Wall-Palmer et al. 2018b: 10, Fig. 3
Type locality. DANA expedition (1928–1930) station 3558VII, South Pacific 0.30S,
99.12W. Specimen collected on the 18h September 1928 at 19:00 from 200–300 m
water depth.
Holotype. Figure 7D–E, NHMD-232132, Housed at the Natural History Museum of Denmark, Copenhagen.
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Figure 7. Scanning Electron Microscopy (SEM) and stacked light microscopy images of representative
specimens of A. brunnea: A, B DANA_3929VIII C SN105_08, A. vanderspoeli: D–E DANA_3558VII
(Holotype, NHMD-232132) F KH1110_15 and A. turriculata: G, H DANA_3929VIII I SN105_19.
Apical angle is the most useful morphological feature for distinguishing between the species (B–
C, E–F, H–I). The shell of A. brunnea is always brown (C); however, the colour of A. vanderspoeli and A.
turriculata shell and soft tissues (F, I) can vary and these are not reliable features for identification.
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Figure 8. SEM images of the A. vanderspoeli holotype from station DANA_3558VII (NHMD-232132)
A apical view of the entire shell showing the rapid inflation of the shell B magnified view of the microornamentation C magnified apical view showing the extent of the carina.
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Paratypes. NHMD-232153. DANA_3613V, South Pacific 22.72S, 166.10E.
Specimen collected on 28 April 1928 at 03:15 from 100–200 m water depth. Housed
at the Natural History Museum of Denmark, Copenhagen. RMNH.MOL.342212.
Type material of A. turriculata forma B (Figure 10) was deposited by van der Spoel in
the collections of the Zoological Museum of Amsterdam (now housed at the Naturalis
Biodiversity Center, Leiden, RMNH). We designate these specimens as paratypes of A.
vanderspoeli. They were collected during the “Siboga” Expedition at station 136 in the
equatorial Pacific 0.80N, 127.28E.
Diagnosis. Atlanta species with a larval shell of 3 ¼ to 4 whorls. The larval shell
is much higher than wide, conical with an apical angle of 35–46°. The larval shell has
a prominent carina slightly above mid-whorl height. The whorls of the larval shell are
further covered in a micro-ornamentation of interrupted spiral lines and small projections roughly arranged in spiral lines (approximately five lines in total) above this
carina, and zig-zagged ornamentation below it (Figs 7D–F, 8).
Description. The shell is small and fresh specimens vary in colour from brown
to pink-purple. The adult shell is on average 1000 μm in diameter without the keel
(Suppl. material 2: Table S1). The shell begins to inflate on the boundary of teleoconch
and protoconch at 3¼ to 4 whorls and has a total of 4¾ to 5 whorls in adults. The keel
begins after 3¾ to 4 whorls and inserts between the final whorl and the preceding in
larger specimens (filling the space between the whorls). The keel is tall (~400 μm), thin
and transparent, and gradually truncates towards the aperture (after ca. ¾ of a whorl).
The soft tissues of the foot/fin and sucker can be mottled black (see Suppl. material 3:
video clip). The last whorl of the larval shell is ca. 262 to 372 μm in diameter (Suppl.
material 2: Table S1). The larval shell is high and conical, with heavy ornamentation
covering the surface. A prominent carina is situated slightly above mid-whorl height
and is visible with light microscopy. The spiral lines and zig-zag ornamentation is more
clearly visible using SEM. The operculum is type a (macro-oligogyre) and the eyes are
of type a, with no transverse slit (Seapy et al. 2003).
Discussion. The shape of the larval shell, shell size, colouration, operculum and
eye type demonstrate that A. vanderspoeli belongs within the A. brunnea species group.
This is supported by the molecular analysis presented within this study and by WallPalmer et al. (2018b). Molecular data finds A. vanderspoeli to be most closely related
to A. brunnea, followed by A. turriculata. These are also morphologically the most
similar species. Atlanta vanderspoeli can be distinguished from these two species using
the apical angle, which is more narrow than in A. brunnea, but wider than in A. turriculata. Van der Spoel (1972) noted that the operculum of (A. turriculata forma B) A.
vanderspoeli generally does not have tubercles/spines, or that these are less developed
(van der Spoel 1976) compared to the operculum of A. turriculata. Due to a lack of
adult specimens, we were unable to extract an operculum to confirm this.
Distribution. All specimens were found in the equatorial and south Pacific Ocean
from 0.80N to 29.95S, and from 127.28E to 100.00W (Figure 3). Specimens were
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collected from the upper 600 m using oblique and vertical plankton tows. During this
study we only found specimens of A. vanderspoeli in the south Pacific Ocean. However,
specimens identified as A. turriculata forma B by van der Spoel (1976) were collected
at ‘Ternate Anchorage’ in the Indomalayan Archipelago (“Siboga” Expedition station
136, equatorial Pacific 0.80N, 127.28E. Figure 10).
Etymology. Named after Professor emeritus Siebrecht van der Spoel, who first
noticed A. vanderspoeli, but described it only as A. turriculata forma B due to a lack of
specimens (van der Spoel 1976). Professor van der Spoel spent many years working on
holoplanktonic gastropods and made important contributions to our understanding of
their taxonomy and distributions.
Atlanta turriculata d’Orbigny, 1836
Figure 9
Original type locality. The great Austral Ocean between 30 and 34S.
Holotype. We have been unable to locate any type material for A. turriculata
(thought to have been deposited in NHMUK or MNHN).
Neotype. RMNH.MOL.342213. SN105_08, Indian Ocean 4.38N, 67.00E.
Specimen collected during the SN105 expedition of the ORV Sagar Nidhi, on the 10th
December 2015 at 04:40 from 67 m water depth. Housed at the Naturalis Biodiversity
Center, Leiden.
Two additional specimens have been deposited at the Natural History Museum,
London. NHMUK20191155 and NHMUK20191156, from station KOK1703_06,
Pacific Ocean 23.52N, 156.77W. Specimens collected during the KOK1703 expedition of the RV “Ka’Imikai-O-Kanaloa” on the 3rd September 2017 at 03:59 from
0–250 m water depth.

Figure 9. Atlanta turriculata neotype RMNH.MOL.342213, housed at the Naturalis Biodiversity Center.
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Figure 10. Five specimens of Atlanta turriculata forma B identified by van der Spoel and held in the collection at the Naturalis Biodiversity Center. These specimens are now designated as paratypes of Atlanta
vanderspoeli RMNH.MOL.342212.

The holotype of Atlanta vanderspoeli is the property of the Natural History Museum of Denmark, Copenhagen. The neotype of Atlanta turriculata is the property of
the Naturalis Biodiversity Center, Leiden. Both institutes maintain a research collection with proper facilities for preserving name-bearing types and these types are made
accessible for study.

Conclusions
Using an integrated species concept, this study demonstrates that the A. brunnea group
contains three valid species, A. brunnea, A. turriculata, and A. vanderspoeli sp. nov. A
further incipient species that is restricted to the Atlantic Ocean should also be considered in future research, in particular during ecological or experimental studies. We
hope that the integrated approach to species validation reported here will facilitate
other workers in identifying A. vanderspoeli in their studies. Increased spatial coverage
is now needed to fully understand the current distributions and environmental toler-
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ances of this new species. Only with a larger and more complete dataset, including
collection depths and concurrently collected environmental data, will it be possible to
understand the responses of these atlantids to a changing ocean.

Acknowledgements
We are grateful to Atsushi Tsuda (University of Tokyo), Alice K. Burridge and Lisette
Mekkes (Naturalis Biodiversity Center) for providing specimens and/or helping with
specimen collection. We thank Arie W. Janssen and María Moreno-Alcántara for comments and suggestions on our manuscript, and particularly for help with the systematic section. We would also like to thank Yamell Kuen (University of Amsterdam) for
sorting specimens from AMT27 material, Dirk van der Marel and Rob Langelaan for
assistance with SEM and micro-CT and Tom Schiøtte and Martin Vinther Sørensen
(Natural History Museum of Denmark, Copenhagen), Jeroen Goud and Bram van
der Bijl (Naturalis Biodiversity Center, Leiden) and Andreia Salvador and Jon Todd
(Natural History Museum, London) for facilitating access to collections in their care
and for making specimens available to us. We would like to acknowledge the scientists
and crew who took part in cruises AMT24, AMT27, DANA 1928–1930, KH1110,
SN105, SO255, and KOK1703, and the Atlantic Meridional Transect (AMT) programme. The Atlantic Meridional Transect is funded by the UK Natural Environment
Research Council through its National Capability Long-term Single Centre Science
Programme, Climate Linked Atlantic Sector Science (grant number NE/R015953/1).
This study contributes to the international IMBeR project and is contribution number
334 of the AMT programme. The SN105 expedition is part of IIOE-2 and was funded
by the Indian National Centre for Ocean Information Services (INCOIS), Ministry
of Earth Sciences, Govt. of India. The RV “Sonne”’ cruise SO255 was funded by
the German Federal Ministry of Education and Research (BMBF; grant 03G0255A).
This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under the Marie Skłodowska-Curie grant agreement No.
746186 (POSEIDoN, D.W-P.).

References
Barco A, Raupach MJ, Laakmann S, Neumann H, Knebelsberger T (2016) Identification of
North Sea molluscs with DNA barcoding. Molecular Ecology Resources 16: 288–297.
https://doi.org/10.1111/1755-0998.12440
Bode M, Laakmann S, Kaiser P, Hagen W, Auel H, Cornils A (2017) Unravelling diversity of
deep-sea copepods using integrated morphological and molecular techniques. Journal of
Plankton Research 39: 600–617. https://doi.org/10.1093/plankt/fbx031
Bouchet P, Rocroi J-P, Hausdorf B, Kaim A, Kano Y, Nützel A, Parkhaev P, Schrödl M, Strong
EE (2017) Revised Classification, Nomenclator and Typification of Gastropod and Monoplacophoran Families. Malacologia 61: 1–526. https://doi.org/10.4002/040.061.0201

80

Deborah Wall-Palmer et al. / ZooKeys 899: 59–84 (2019)

Burridge AK, Janssen AW, Peijnenburg KTCA (2016) Revision of the genus Cuvierina Boas,
1886 based on integrative taxonomic data, including the description of a new species
from the Pacific Ocean (Gastropoda, Thecosomata). ZooKeys 619: 1–12. https://doi.
org/10.3897/zookeys.619.10043
Burridge AK, Van Der Hulst R, Goetze E, Peijnenburg KTCA (2019) Assessing species boundaries
in the open sea: an integrative taxonomic approach to the pteropod genus Diacavolinia. Zoological Journal of the Linnean Society 20: 1–25. https://doi.org/10.1093/zoolinnean/zlz049
Burridge AK, Goetze E, Raes N, Huisman J, Peijnenburg KTCA (2015) Global biogeography
and evolution of Cuvierina pteropods. BMC Evolutionary Biology 15(39): 1–16. https://
doi.org/10.1186/s12862-015-0310-8
Burridge AK, Goetze E, Wall-Palmer D, Le Double SL, Huisman J, Peijnenburg KTCA (2017a)
Diversity and abundance of pteropods and heteropods along a latitudinal gradient across
the Atlantic Ocean. Progress in Oceanography 158: 213–223. https://doi.org/10.1016/j.
pocean.2016.10.001
Burridge AK, Hörnlein C, Janssen AW, Hughes M, Bush SL, Marlétaz F, Gasca R, Pierrot-Bults
AC, Michel E, Todd JA, Young JR, Osborn KJ, Menken SBJ, Peijnenburg KTCA (2017b)
Time-calibrated molecular phylogeny of pteropods. PLoS ONE 12(6): e0177325. https://
doi.org/10.1371/journal.pone.0177325
Cornils A, Wend-Heckmann B, Held C (2017) Global phylogeography of Oithona similis
s.l. (Crustacea, Copepoda, Oithonidae) – A cosmopolitan plankton species or a complex
of cryptic lineages? Molecular Phylogenetics and Evolution 107: 473–485. https://doi.
org/10.1016/j.ympev.2016.12.019
Cox LR (1960) Thoughts on the classifi cation of the Gastropoda. Proceedings of the Malacological Society of London 33: 239–261.
Cuvier G (1797) Tableau Elementaire de L’histoire Naturelle des Animaux. Baudouin, Paris,
710 pp. https://doi.org/10.5962/bhl.title.45918
Dayrat B, Tillier A, Lecointre G, Tillier S (2001) New Clades of Euthyneuran Gastropods
(Mollusca) from 28S rRNA Sequences. Molecular Phylogenetics and Evolution 19: 225–
235. https://doi.org/10.1006/mpev.2001.0926
De Queiroz K (2007) Species Concepts and Species Delimitation. Systematic Biology 56: 879–
886. https://doi.org/10.1080/10635150701701083
Eydoux JTF, Souleyet LFA (1841) Voyage autour du monde: exécuté pendant les années 1836
et 1837 sur la corvette « La Bonite », commandée par M. Vaillant, capitaine de vaisseau,
publié par ordre du Gouvernement sous les auspices du Département de la marine. Histoire Naturelle, Zoologie. Atlas. A. Bertrand, Paris: 8 pp, mammifères pls 1–12, oiseaux pls
1–10, reptiles pls 1–10, poissons pls 1–10, crustacés pls 1–5, insectes pls 1–2, mollusques
pls 1–15, 15bis, 16–23, 23bis, 24, 24bis, 24A-E, 25–45, zoophytes pls 1–2, vers pl. 1.
Geller J, Meyer C, Parker M, Hawk H (2013) Redesign of PCR primers for mitochondrial cytochrome c oxidase subunit I for marine invertebrates and application in all‐taxa biotic surveys. Molecular Ecology Resources 13: 851–861. https://doi.org/10.1111/1755-0998.12138
Goetze E (2010) Species discovery in marine planktonic invertebrates through global molecular screening. Molecular Ecology 19: 952–967. https://doi.org/10.1111/j.1365-294X.2009.04520.x
Golikov AN, Starobogatov YaI (1975) Systematics of prosobranch gastropods. Malacologia 15:
185–232.

Resolving species boundaries in the Atlanta brunnea species group

81

Gray JE (1850) Explanation of Plates. Figures of Molluscous Animals. Longman, Brown, Green
and Longmans, London, 124 pp.
Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics software package
for education and data analysis. Palaeontologia Electronica 4: 1–9.
Hebert PD, Cywinska A, Ball SL (2003) Biological identifications through DNA barcodes.
Proceedings of the Royal Society of London. Series B: Biological Sciences 270: 313–321.
https://doi.org/10.1098/rspb.2002.2218
Hirai J, Tsuda A, Goetze E (2015) Extensive genetic diversity and endemism across the global
range of the oceanic copepod Pleuromamma abdominalis. Progress in Oceanography 138:
77–90. https://doi.org/10.1016/j.pocean.2015.09.002
Karakas F, D’Oliveira D, Maas AE, Murphy DW (2018) Using a shell as a wing: pairing of dissimilar appendages in atlantiid heteropod swimming. The Journal of Experimental Biology
221: jeb192062. https://doi.org/10.1242/jeb.192062
Kumar S, Stecher G, Tamura K (2016a) MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 33: 1870–1874. https://
doi.org/10.1093/molbev/msw054
Lalli CM, Gilmer RW (1989) Pelagic snails: the biology of holoplanktonic mollusks. Stanford
University Press, California.
Lesueur JA (1817) Mémoire sur deux nouveaux genres de mollusques, Atlante et Atlas. Journal
de Physique, de Chimie, d’Histoire Naturelle et des Arts 85: 390–393.
Messing J (1983) New M13 vectors for cloning. Methods in Enzymology 101: 20–78. https://
doi.org/10.1016/0076-6879(83)01005-8
Orbigny A d’ (1836) Voyage dans l’Amérique méridionale (le Brésil, la république orientale
de l’Uruguay, la république Argentine, la Patagonie, la république du Chili, la république
de Bolivia, la république du Pérou), exécuté pendant les années 1826, 1827, 1828, 1829,
1830, 1831, 1832 et 1833, 5(3). Mollusques. Bertrand, Paris, 49–184 pp. [atlas (1846)]
https://doi.org/10.5962/bhl.title.85973
Ossenbrügger H (2010) Distribution Patterns of Pelagic Gastropods at the Cape Verde Islands.
Semester Thesis. Helmholtz Centre for Ocean Research, Kiel.
Phipps CJ (1774) A Voyage Towards the North Pole Undertaken by his Majesty’s Command
1773. W. Bowyer & J. Nichols, London, 275 pp.
QGIS Development Team (2016) QGIS Geographical Information System. Open Source Geospatial Foundation Project. http://qgis.osgeo.org
Quesquén Liza RC (2017) Holoplanktonic gastropod mollusks in the Peruvian Sea collected
between 1994 and 2005. Boletín Instituto del Mar del Perú 32: 260–308.
Rafinesque CS (1814) Précis des Découvertes et Travaux Somiologiques de Mr. C.S. RafinesqueSchmalz Entre 1800 et 1814. Palermo, 76 pp. https://doi.org/10.5962/bhl.title.6135
Rang S (1829) Manuel de L’histoire Naturelle des Mollusques et de Leurs Coquilles, Ayant
Pour Base de Classification Celle de M. le Baron Cuvier. Roret, Paris, 390 pp. https://doi.
org/10.5962/bhl.title.77502
Richter G (1961) Die Radula der Atlantiden (Heteropoda, Prosobranchia) und ihre Bedeutung
für die Systematik und Evolution der Familie. Zeitschrift für Morphologie und Ökologie
der Tiere 50: 163–238. https://doi.org/10.1007/BF00408284
Richter G (1973) Zur Stammesgeschichte pelagischer Gastropoden. Natur und Museum: 265–275.

82

Deborah Wall-Palmer et al. / ZooKeys 899: 59–84 (2019)

Richter G, Seapy RR (1999) Heteropoda. South Atlantic Zooplankton. Backhuys, Leiden,
621–647.
Roberts D, Howard WR, Roberts JL, Bray SG, Moy AD, Trull TW, Hopcroft RR (2014)
Diverse trends in shell weight of three Southern Ocean pteropod taxa collected with Polar
Frontal Zone sediment traps from 1997 to 2007. Polar Biology 37: 1445–1458. https://
doi.org/10.1007/s00300-014-1534-6
Schmidt J (1932) The Carlsberg foundation’s oceanographical expedition round the world
1928–30 and previous “Dana”-expeditions, under the leadership of Professor Johannes
Schmidt. Dana Report 1.
Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image
analysis. Nature Methods 9: 1–671. https://doi.org/10.1038/nmeth.2089
Seapy RR (1990) The pelagic family Atlantidae (Gastropoda: Heteropoda) from Hawaiian waters: a faunistic survey. Malacologia 32: 107–130.
Seapy RR, Lalli CM, Wells F (2003) Heteropoda from Western Australian waters. In: Wells FE,
Walker DI, Jones DS (Eds) The marine Flora and Fauna of Dampier, Western Australia.
Western Australian Museum, Perth, 513–546.
Shapiro SS (1965) Shapiro-Wilk W test. Biometrika 52: 591–611. https://doi.org/10.1093/
biomet/52.3-4.591
Souleyet FLA (1852) Hétéropodes. In: Eydoux F, Souleyet FLA, (Eds) Voyage Autour du
Monde Exécuté Pendant les Années 1836 et 1837 sur la Corvette “‘La Bonite” (Vol. 2)
Zoologie. Bertrand, Paris, 289–392.
van der Spoel S (1972) Notes on the identification and speciation of Heteropoda (Gastropoda).
Zoologische mededelingen 47: 545–560.
van der Spoel S (1976) Pseudothecosomata. Gymnosomata and Heteropoda. Bohn, Scheltema
& Holkema, Utrecht, 484 pp.
Stamatakis A (2014) RAxML version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies. Bioinformatics 30: 1312–1313. https://doi.org/10.1093/bioinformatics/btu033
Sun W, Jayaraman S, Chen W, Persson KA, Ceder G (2015) Nucleation of metastable aragonite
CaCO 3 in seawater. Proceedings of the National Academy of Sciences 112: 3199–3204.
https://doi.org/10.1073/pnas.1423898112
Tesch JJ (1906) Die Heteropoden der “Siboga”-expedition. Siboga Reports: 1–112. https://doi.
org/10.5962/bhl.title.11221
Tesch JJ (1908) Systematic Monograph of the Atlantidae (Heteropoda) with enumeration of
the species in the Leyden Museum. Notes from the Leyden Museum 30: 1–30.
Tesch JJ (1949) Heteropoda. Dana Report 34.
de Vera A, Seapy RR (2006) Atlanta selvagensis, a new species of heteropod mollusc from the
Northeastern Atlantic Ocean (Gastropoda: Carinarioidea). Vieraea 34: 45–54.
Vonnemann V, Schrödl M, Klussmann-Kolb A, Wägele H (2005) Reconstruction of the phylogeny of the Opisthobranchia (Mollusca: Gastropoda) by means of 18S and 28S rRNA gene sequences. Journal of Molluscan Studies 71: 113–125. https://doi.org/10.1093/mollus/eyi014
Wall-Palmer D, Janssen AW, Goetze E, Choo LQ, Mekkes L, Peijnenburg KTCA (in preparation) Time-calibrated molecular phylogeny of atlantid heteropods.

Resolving species boundaries in the Atlanta brunnea species group

83

Wall-Palmer D, Smart CW, Kirby R, Hart MB, Peijnenburg KTCA, Janssen AW (2016) A
review of the ecology, palaeontology and distribution of atlantid heteropods (Caenogastropoda: Pterotracheoidea: Atlantidae). Journal of Molluscan Studies 82: 221–234. https://
doi.org/10.1093/mollus/eyv063
Wall-Palmer D, Metcalfe B, Leng M, Sloane H, Ganssen G, Vinayachandran P, Smart C
(2018a) Vertical distribution and diurnal migration of atlantid heteropods. Marine Ecology Progress Series 587: 1–15. https://doi.org/10.3354/meps12464
Wall-Palmer D, Burridge AK, Goetze E, Stokvis FR, Janssen AW, Mekkes L, Moreno-Alcántara
M, Bednaršek N, Schiøtte T, Sørensen MV, Smart CW, Peijnenburg KTCA (2018b) Biogeography and genetic diversity of the atlantid heteropods. Progress in Oceanography 160:
1–25. https://doi.org/10.1016/j.pocean.2017.11.004

Supplementary material 1
Figures S1–S3
Authors: Deborah Wall-Palmer, Mona Hegmann, Erica Goetze3 Katja T.C.A. Peijnenburg
Data type: multimedia
Explanation note: Figure S1. Maximum likelihood phylogeny of the A. brunnea
group based on 28S. Figure S2. Maximum likelihood phylogeny of the A. brunnea group based on 18S. Figure S3. The original illustration of (A) Atlanta brunnea by Gray (1850) is clearly copied from the original illustration by Eydoux and
Souleyet (1841) of (B) Atlanta brune (vernacular name) later formally named A.
fusca (Souleyet, 1852).
Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
Link: https://doi.org/10.3897/zookeys.899.38892.suppl1

Supplementary material 2
Table S1. Morphometric data for A. brunnea, A. vanderspoeli and A. turriculata
Authors: Deborah Wall-Palmer, Mona Hegmann, Erica Goetze3 Katja T.C.A. Peijnenburg
Data type: measurement
Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
Link: https://doi.org/10.3897/zookeys.899.38892.suppl2

84

Deborah Wall-Palmer et al. / ZooKeys 899: 59–84 (2019)

Supplementary material 3
Atlanta vanderspoeli video clip
Authors: Deborah Wall-Palmer, Mona Hegmann, Erica Goetze3 Katja T.C.A. Peijnenburg
Data type: multimedia
Explanation note: Atlanta vanderspoeli specimen (male) collected during cruise SO255
station 80 at 29.10S, 179.72W.
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