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Abstract As part of an ongoing effort to monitor the fish
diversity in Greenland waters using morphological and mo-
lecular taxonomy, and construct pragmatic identification keys,
we here update distributions of all known halosaurs
(Halosauridae) and notacanthids (Notacanthidae) in the sub-
arctic Atlantic Ocean. New distributions are included for
Aldrovandia oleosa, Halosauropsis macrochir, and
Notacanthus bonaparte, all caught once in the Denmark
Strait off SE Greenland. We also present the first observation
of luminous tissues in halosaurs. Photo, illustrative and text
identification keys are included for pragmatic identification
corroborated by molecular barcoding data, produced as part
of the Greenland Fishes Barcoding Project (GLF) introduced
in this study. Barcoding data revealed five operational taxo-
nomic units (OTUs) of Notacanthus cf. chemnitzii present,
including three distinct haplotypes observed off SE
Greenland alone, within this species complex currently de-
scribed as one circumglobal species.

Keywords Greenland fishes barcoding project . GLF .

Taxonomy . Subarctic . Pragmatic identification . Greenland

Abbreviations
SE Southeast
SW Southwest
NW Northwest
NE Northeast
OTU Operational Taxonomic Unit
MAR Mid-Atlantic Ridge
SPF Subpolar Front

Introduction

Subarctic Atlantic fishes

At present, the true species diversity of the fish fauna in the
deeper parts of the pelagic North Atlantic is underestimated
(e.g., Poulsen 2015a). Nevertheless, the benthic composition
of fishes is believed to be more established due to extensive
bottom-trawling over the last 20 years by both research-
oriented and commercial fleets (Møller et al. 2010).
However, extended species distributions into the subarctic
province of also benthic-associated fishes are regularly ob-
served, and the separation of habitat regarding sampling and
known biodiversity is by no means as straightforward as often
regarded. Large areas of the subarctic Atlantic are inaccessible
to trawling due to bottom topography, and taxa showing clan-
destine or hiding behaviours may remain unknown at present.
The large deep-sea pelagic realm and extensive areas of steep
slopes in and around the Labrador Sea (SW Greenland) and
the Irminger Sea (SEGreenland) lead tomultiple unknowns in
terms of distribution ranges, as little sampling has been carried
out (Fig. 1). In addition, the Subpolar Front (SPF) is an im-
portant transition area concerning temperate and subarctic
species distributions (Vecchione et al. 2010, 2015; Sutton
et al. 2013), although probably having a different effect on
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benthic, epipelagic and pelagic species migration on a tempo-
ral scale. However, due to continuous findings of new benthic
fish distributions around Greenland in recent years (J.Y.
Poulsen, personal observation), it must be recognized that
even distribution of the benthic deep-sea fish fauna in deep
subarctic waters is incomplete at present, making predictions

and monitoring of subarctic fish species somewhat trivial at
present (Izzo et al. 2016). Furthermore, new species are still
being described from subarctic Atlantic waters that are not
correlated with increased water temperatures; however, being
the result of an increased taxonomic effort (Knudsen and
Møller 2008; Chernova 2014; Poulsen 2015a). New subarctic

Fig. 1 Sea floor topology of the Greenland subarctic zone and the North
temperate zones. The four Greenland EEZ areas noted corresponding to
NW, SW, SE, and NE regions. Note the bottom-topological restricted
boundaries (Canadian–Greenlandic submarine ridge and Greenland–
Iceland submarine ridge) separating the Greenland northern parts from
the warmer southern areas. Northern Atlantic range extensions in fishes
are often observed in the areas SW and SE Greenland, SW Iceland, and
the Rockall Trough, all showing bottom topological features affecting

depth and ocean currents. The six yearly legs surveyed with R/V
Pâmiut (GINR) from June to September are noted, constituting a large
continuous monitoring effort (maximum fishing depths 1,500 m). Note
how the three new distributions observed — Halosauropsis macrochir
(*), Notacanthus bonaparte (**) and Aldrovandia oleosa (***) — were
caught on the deeper usually inaccessible slopes of the Irminger Sea off
SE Greenland. Map modified after Ryan et al. (2009) and ocean currents
after Masson-Delmotte et al. (2012)
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distributions based on single or few specimens are possibly
associated with expatriate specimens extending to the north
(e.g., Poulsen 2015b), possibly along the Mid-Atlantic Ridge
(MAR) or transferred via the Gulf Stream and subsequent
polar gyres (Fig. 1). General information on particular water
masses and currents relating to biodiversity in the subarctic
Atlantic, as observed in the southern Atlantic by Olivar et al.
(2017), is scarce and speculative. Therefore, incomplete
knowledge of taxonomy and real fish distributions are proba-
bly the primary factors determining both pelagic and benthic-
associated fishes in large parts of the subarctic Atlantic, not
changes in ocean temperature as often noted by intuition. It is
important to recognize distributional limitations when estab-
lishing baselines for temporal changes in species diversity,
especially considering the emphasis on global warming asso-
ciated with species diversity in this region (Rose 2005;
Fossheim et al. 2015; Wisz et al. 2015), and the intuitive
assumption that new northern distributions are due to in-
creased water temperatures. Therefore, new species distribu-
tions in subarctic waters are difficult to establish owing to
multiple reasons (Byrkjedal et al. 2004; Møller et al. 2010;
Vecchione et al. 2010). The three new notacanthiform distri-
butions presented in this study are testaments to this fact, as
taxonomic and sampling errors are associated with all three
records (discussed later). Fluctuating ocean temperatures are
also complicating the assessment of species distributions, as
the fluctuations observed affect surface temperatures on a
short temporal scale (MacKenzie et al., 2014; Palsson and
Astthorsson 2016), making continuous yearly onboard moni-
toring of species diversity necessary to establish any trends or
changes related to true distributional shifts. Finally, oceanic
habitats for open-ocean species, versus coastal habitats that
are more frequently sampled, are also an important caveat
concerning the true biodiversity in subarctic waters (Poulsen
2015a).

Notacanthiformes

The fish order Notacanthiformes consists of two families:
The halosaurs (Halosauridae) and the deep-sea spiny eels
(Notacanthidae). Worldwide, the two families are deemed
species-poor, with Halosauridae containing 16 species and
Notacanthidae containing 11 species (Eschmeyer et al.
2017). Prior to this study, only three notacanthiforms were
registered from the subarctic western Atlantic (Møller et al.
2010); one halosaur Hawaiian halosaurid fish, Aldrovandia
phalacra (Vail lant 1888), and two notacanthids,
Chemnitz’s spiny eel Notacanthus chemnitzii (Bloch
1788) and the Smallmouth spiny eel Polyacanthonotus
rissoanus (De Filippi and Verany 1857). The notacanthid
Shortfin spiny eel Notacanthus bonaparte (Risso 1840)
was included by Sulak (1986) as distributed off SE
Greenland, although omitted by Møller et al. (2010) who

noted that it could not be confirmed; therefore, it was ex-
cluded in an annotated checklist of Greenland fishes. In the
eas te rn subarc t i c At lan t i c , on ly N. bonapar te ,
N. chemnitzii, P. rissoanus, and the Longnose tapirfish
Polyacanthontus challengeri (Vaillant 1888) have been
registered, the latter from only one 590 mm specimen
caught off SE Iceland in 1995 at 2,265 m (Jónsson and
Pálsson 2013) . The phylogenet ic associat ion of
Halosauridae and Notacanthidae is unambiguously sup-
ported from morphological and molecular characters.
Both families possess unique long-filament type lepto-
cephali larvae, BTiluropsis^ and BTilurus^ sensu Smith
(1970), distinguishing the notacanthiforms from other
elompomorph taxa (Inoue et al. 2004). However, the larvae
of notacanthiform fishes are poorly known at present, and
identification to species level practically impossible (Smith
1970; Miller and Tsukamoto 2004; Figueroa et al. 2008). It
is of note that recent nuclear and mitochondrial combined
data removed the albuliform fishes from a long-standing
phy l o g e n e t i c p o s i t i o n a s s i s t e r c l a d e t o t h e
notacanthiforms, resulting in monophyletic notacanthiform
and albuliform clades corresponding to the different types
of leptocephali larvae found within the Elopomorpha
(Chen et al. 2014).

This study is part of a larger effort to monitor fish dis-
tributions in Greenland waters, including the construction
of pragmatic materials for onboard species identification. It
includes: 1) new species distributions of notacanthiform
fishes, 2) the first observation of luminescent tissue in
halosaurs, 3) pragmatic materials for identification of
notacanthiforms including taxonomic keys, photos and il-
lustrations, 4) reference for the Greenland Fishes
Barcoding Project (GLF), a publicly open Barcode of
Life (BOLD) project, that aims to barcode all present and
future fish species in Greenland waters, and 5) molecular
evidence showing multiple OTUs in the species complex
Notacanthus cf. chemnitzii, including several sympatric
units in the subarctic North Atlantic.

Materials and methods

New species records

Three new notacanthiform observations caught in Greenland
waters provide new data presented in this study: Oily
halosaurid fish Aldrovandia oleosa (Sulak 1977), Abyssal
halosaur Halosauropsis macrochir (Günther 1878), and
Notacanthus bonaparte. They all provide new records and
range extensions in the North Atlantic, and were all collected
onboard R/V Pâmiut, Greenland Institute of Natural
Resources (GINR). The specimens were digitally X-rayed at
the Australian Museum (AMS) and examined using a
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stereomicroscope. The morphological measurements were ob-
tained using a digital calliper to the nearest 0.1 mm and com-
pared to previous specimens (Table 1).

Greenland Fishes (GLF) barcoding project

The GINR is barcoding all Greenland fishes, as a service to
the taxonomic community, albeit many deep-sea taxa are rare
and only known from single specimens. The ongoing project
is here introduced as the BOLD project BGreenland Fishes^.
Voucher specimens are usually deposited at the Zoological
Museum University of Bergen (ZMUB) in Norway or alter-
natively at the Zoological MuseumUniversity of Copenhagen
(ZMUC) in Denmark. Metadata and collection/field/tissue
numbers are provided in BOLD or may be obtained by
contacting the corresponding author.

Molecular work was carried out at the Biodiversity
Laboratories (BDL, DNA Section) at the University
Museum of Bergen/Department of Biology, University of
Bergen, Norway. Total DNA extraction was performed on
muscle tissue using standard extraction kit protocols such
as the DNeasy Blood & Tissue kit (Qiagen GmbH, Hilden,
Germany). Primers used for the Cox1 barcode are forward
FishF2 (5′-TCGACTAATCATAAAGATATCGGCAC-3′)
and reverse FishR2 (5′-ACTTCAGGGTGACCGAAGAA
TCAGAA-3′) (Ward et al. 2005). PCR was performed ac-
cording to standard thermal cycle protocols (e.g., Ward
et al. 2005) with the protocol as follows: total reaction
mixture volume was 25 ml, including 18.75 ml of ultrapure
water, 2.25 ml buffer, 1.25 ml of MgCl2 (50 mM), 0.25 ml
of each primer (0.01 mM), 0.125 ml dNTP (0.05 mM),
0.625 U Taq polymerase, and 1 ml of DNA template.

Table 1 Meristic and
morphometric (mm) data of the
three new subarctic Atlantic fish
records presented in this study.
Previously noted ranges shown in
parentheses. Halosaur morpho-
metrics presented relative to the
snout-vent (SV) length, as the tail
is often missing in these fishes

Species N. bonaparte A. oleosa H. macrochir

Specimen ZMUB 22985 ZMUB 21435 ZMUC P3369

Sex Male Male Female

BOLD GLF266 GLF135 GLF137

Total length 399.0 443.0 605.0

Standard length (SL) 388.0 570.0

Snout-vent length (SV) 148.0 152.1 265.0

% SL % SV % SV

Head length 14.3 39.1 (34.0–39.5) 37.5

Upper jaw length 2.7 18.7 12.8

Predorsal length 35.8 76.3 69.1

Preanal length 39.4 102.8 105.7

Prepelvic length 16.2 69.6 66.8

Dorsal base length 16.8 10.5 13.2

Snout length 4.3 17.5 (15.8–17.7) 15.5

Pre-oral snout length 1.9 5.5 (5.1–6.4) 4.8

Eye diameter 1.9 5.8 4.4

Interorbital distance 3.1 9.9 7.7

Depth pectoral fin 9.5 18.3 14.1

Gill rakers 10 5 + 1 + 16 (19–23) 3 + 1 + 12c

Dorsal fin rays 7 (5–9) 10 (10–11) 12 (11–13)

Anal fin rays 17 + 110 (11–14 + 100–140)

Pectoral fin raysa 1 + 11 (1 + 8–12) 1 + 9 (1 + 9–11) 1 + 11 (1 + 11–12)

Pelvic fin raysb 1 + 3 + 6 (1 + 2–4 + 7) 1 + 8 (1 + 8–9) 1 + 9 (1 + 9)

Branchiostegals 10 (9–11) 14

Pyloric caeca 4 (3–4) 7 (5–9) 9 (10–12)

Premaxillary teeth 38 (14–22 × 2)

Counts anterior to vent

Lateral line scales 19 (16–21) 35 (26–32)

Mid-lateral scales 47 55

Vertebrae 56 57

a Pectoral fulcral spine + fin rays
b Pelvic fulcral spine + fin rays
c Patches of minute teeth present between gill rakers (not included in counts)
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Thermal cycling consists of an initial step of 2 min at 95 °C
followed by 35 cycles of 30 s at 94 °C, 30 s at 50 °C, and
60 s at 72 °C, followed by 10 min at 72 °C, and then held at
4 °C. PCR products were UV-visualized on 1% agarose
gels stained with either Gel Red or ethidium bromide.
Successful PCR products were purified using the EXO-
SAP method with Exonuclease 1 (EXO 10 units/μl) and
Shrimp Alkaline Phosphatase (SAP 1 unit/μl, USB©) in
10-μl reactions. Reactions were carried out on a thermal
cycler at 37 °C (incubation) for 30 min followed by 15 min
at 80 °C (enzyme inactivation). Subsequently, 25 rounds of
direct cycle-sequencing with dye-labelled terminators
BigDye terminator 3.1 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) were performed following the man-
ufacturer’s protocol. Sequence reads were performed with
an automated ABI 3730XL DNA Analyser (Thermo Fisher
Scientific, Inc.) in the Department of Molecular Biology at
the University of Bergen (UIB). All Cox1 DNA sequences
for the GLF project were meticulously examined for am-
biguities and trimmed for primer attachment sites in order
to upload unambiguous base pairs to BOLD.

Little molecular data on subarctic notacanthiforms was
available prior to this study, and in order to compare the
new records molecularly, we have included CoxI barcodes
for all notacanthiform taxa in the Atlantic Ocean except
Polyacanthonotus merre t t i (Sulak et a l . 1984) ,
Aldrovandia rostrata (Günther 1878), and Aldrovandia
gracilis (Goode and Bean 1896), as no tissue or barcodes
were available for these taxa. Polyacanthonotus africanus
(Gilchrist and von Bonde 1924) is presently treated as a
junior synonym of P. challengeri according to Sulak et al.
(1984), although see findings by Barros-García et al.
(2015).

A distance-based Kimura-2-parameter (K2P) substitution
model (Kimura 1980) was used in order to obtain a Cox1
molecular taxonomic cladogram. We have not included sup-
port values as analyses in a molecular taxonomy context, as
the present use of few single-locus base pairs, such as the
barcoding Cox1 fragment, should not be confused with phy-
logeny reconstruction (phylogenetic systematics), which on
the contrary, should be corroborated with support values.
However, we recognize that the K2P is not necessarily an
appropriate model choice for barcoding data (Srivathsan and
Meier 2012).

Newly determined notacanthiform barcodes were de-
posited in the BOLD database (prefix GLF) and in the
DNA Databank of Japan, European Molecular Biology
Laboratory and GenBank repositories with the accession
numbers LC163599–606. In addition, the complete mito-
chondrial genome DNA sequence (mitogenome) was de-
termined for H. macrochir (ZMUC P3369) according to
laboratory works presented in Poulsen et al. (2016) and
deposited in the same repositories with the accession

number AP018130. Specimens newly barcoded or
downloaded for this study are listed in Table 2, including
the associated metadata.

Results

New species records

Three subarctic notacanthiform observations; Aldrovandia
oleosa, Halosauropsis macrochir and Notacanthus
bonaparte provide new records for the Greenland fish fauna
and novel range extensions in the North Atlantic. The new
records are shown in Figs. 1 and 2. Photo and illustration
material are included for all subarctic Atlantic species of
notacanthiforms in Figs. 3 and 4, corresponding to a taxonom-
ic key presented below. Each species present in the subarctic
Atlantic is discussed below, with notes on morphology, distri-
bution, and/or observations relevant to taxonomy, develop-
ment or abundance.

Greenland Fishes (GLF) barcoding project

All barcodes are made publicly available at www.
barcodinglife.org (Ratnasingham and Hebert 2007), updated
annually, with records having the prefix GLF. The Greenland
fish taxa barcoded up to now are ~200 species out of ~300
currently known in this region (J.Y. Poulsen, personal obser-
vation), and can easily be identified using Cox1 barcodes with
respect to known Greenland fish biodiversity. This provides
for easy identification of, for example, stomach content, or
similar studies that require a reference library for the
Greenland fish fauna. The few taxa showing possible prob-
lematic identification using the Cox1 barcode are currently
being examined, and require additional materials covering
larger geographic regions.

The molecular taxonomic cladogram based on Cox1
barcodes is presented in Fig. 5, including colour-codes corre-
sponding to geographic regions for the samples used. All
notacanthiform genera included with more than one taxon
were found to be monophyletic. The monotypic Lipogenys
gillii (Goode and Bean 1895) was found to be a sister taxon
to the remaining notacanthids, and the monotypic
H. macrochir a sister taxon to the remaining halosaurs. Little
intraspecific variation was found within taxa (except for
N. chemnitzii) and no structure in the context of geographic
sampling could be detected, although sample sizes are small.
The mitogenome DNA sequence of H. macrochir is 16,655
base pairs long, and shows the two rRNAs, the 22 tRNAs, and
the 13 protein coding genes in the canonical mitochondrial
gene order as in other notacanthiform fishes (e.g., Inoue
et al. 2004).
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Distributions

Notacanthiformes in Greenland waters and the subarctic
Atlantic

Family Notacanthidae

Polyacanthonotus rissoanus (Figs. 3a and 4a) Known
range: Atlantic Ocean including the Mediterranean (Sulak
et al. 1984; Crabtree et al. 1985; Porteiro et al. 2017).
Subarctic Atlantic range: known from the Northern MAR
(Porteiro et al. 2017), off Iceland (Jónsson and Pálsson
2013), off Greenland (Møller et al. 2010), and from
Davis St ra i t Eas tern Canada (ARC specimens) .
Greenland: the distribution of this species is extended from
this study to encompass SE Greenland, in addition to al-
ready established records off SW Greenland (Table 2;
Møller et al. 2010). However, the missing distribution off
SE Greenland in the latter study is an error, as it was ob-
served from multiple specimens caught annually onboard
R/V Pâmiut (J.Y. Poulsen, personal observation). This is in
agreement with material from 1973 (ZMH 111395) that
shows this taxon present off SE Greenland (K. Sulak, per-
sonal observation). Relative to other notacanthiforms, it is
second in abundance only to Notacanthus cf. chemnitzii,
and is common throughout the subarctic Atlantic.
Morphological variations in P. rissoanus from different
geographic regions were noted by Sulak et al. (1984), al-
though not explored further. However, personal observa-
tions by K. Sulak show that number of vertebrae, dorsal fin
spines, and temperature affinity varies between North
Atlantic and Mediterranean material. The limited sampling
(four specimens) included in this study shows little molec-
ular variation (Fig. 5).

Dorsal fin origin anterior to pectoral with 26–36 sepa-
rated dorsal spines; pelvics 1 + 7–11; pectorals 1 + 10–16;
gill rakers 23–28; pyloric caeca 3, short and whitish-light
grey: benthopelagic at depths 650–1,800 m; maximum size
unknown, although preanal length no more than 400 mm;
sexually dimorphic, mature males with black nostrils;
opercular distal flap black including parts of mouth
(Sulak 1986).

Polyacanthonotus challengeri (Figs. 3b and 4b) Known
range: cosmopolitan and anti-tropical species in all major
oceans (Sulak et al. 1984; Crabtree et al. 1985). Subarctic
Atlantic range: known from the Northern MAR (Porteiro
et al. 2017) and off Iceland (Jónsson and Pálsson 2013).
Greenland: not known. This species is rarely observed, likely
due to depth preferences deeper than usually surveyed.
Barros-García et al. (2015) indicated at least two molecular
OTUs within this taxon.T
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Dorsal origin posterior to pectoral with 32–46 strong sep-
arated dorsal spines; pelvic fins with fulcral spines + 8–10
spines (the last double); pectoral fins with fulcral spines +
10–14 spines; gill rakers 11–21; pyloric caeca 3 (short); body
colour as P. rissoanus, although lateral line very distinct and
darker; benthopelagic at depths 1,300–3,700 m; maximum
size 590 mm; sexually dimorphic, mature males with dark-
ened nostrils; females outnumber males (Sulak 1986).

Notacanthus bonaparte (Figs. 2a, 3c and 4c) Known range:
Mediterranean Ocean and the North Atlantic (Hartel et al.
2008). Subarctic Atlantic range: known from the Northern
MAR (Porteiro et al. 2017), the Bill Bailey and Lousy
Banks (ZMH specimens), and off Iceland (Jónsson and
Pálsson 2013). New distribution (Greenland): known from
one specimen off Denmark Strait SE Greenland (62.11°N,
40.11°W), deposited as ZMUB 22985 (tissue JYP#1600),
sampled onboard R/V Pâmiut August 27, 2014, 3.07 °C bot-
tom temperature with fishing depth 1,401–1,428 m using the
Alfredo III trawl probing Greenland halibut abundances.
Coll./ID J.Y. Poulsen. This record verifies the presence of
N. bonaparte in Greenland waters, as noted by Sulak (1986),
although erroneously left out byMøller et al. (2010) (personal
observation, K. Sulak). The most northern record from public
databases and/or Zoological collections (excluding the
Greenland and Iceland specimens) is ZMH 112216 from ap-
proximately 60.16°N, 10.16°W. A personal observation by K.
Sulak list ISH 3329/79 from 59.58°N, 12.07°W as
N. bonaparte, verified with radiographs, with both specimens
being from a Walter Herwig (WH 237/79) cruise.
Observations of N. bonaparte are similar to P. challengeri,

as they are probably rare due to the depth preferences of this
species being below the usually fished depths in this region.
Little molecular variation was found within this taxon (Fig. 5).

Origin of first dorsal posterior to pelvic fins with 5–9 dorsal
spines; anal fin with 11–14 spines + 100–140 soft rays; pelvic
fins with fulcral spine + 2–4 + 7; pectorals 9–12; pyloric caeca
3–4; palatine and dentary teeth in single rows; premaxillary
teeth 14–22 on each side; orbit length approximately 2/3
snout; inter-orbital distance less than eye diameter; lateral line
inconspicuous; benthopelagic at depths 700–2,000 m; howev-
er, not caught above 1,400 m off Greenland; maximum size
400mmwith preanal lengths 150–200 mm; body colour pink-
ish or magenta, separating it clearly from N. chemnitzii, edge
of gill cover and mouth darker; sexual dimorphism unknown
except that females apparently grow larger than males; prob-
ably a gregarious taxon; size differences present between
Mediterranean and Atlantic populations, although have not
been explored further (Sulak 1986). Morphometric and meris-
tic data presented in Table 1.

Notacanthus chemnitzii (Figs. 3d and 4d) Known range:
cosmopolitan and anti-tropical species in all major oceans
(Moore et al. 2003). Subarctic Atlantic range: Known from
the Northern MAR (Porteiro et al. 2017), off Iceland (Jónsson
and Pálsson 2013), off Greenland (Møller et al. 2010), in
Davis Strait Eastern Canada (ARC specimens), and off
Norway at approximately 63°N, 6°E (ZMUB 08869), the
most northern record registered in the NE Atlantic off
Bjørnsund, Norway (I. Byrkjedal, personal observation).
Greenland: known from multiple specimens off SW and SE
Greenland, and is by far the most common notacanthid in the

Fig. 2 New notacanthiform distributions in the subarctic Atlantic, newly
caught. a Notacanthus bonaparte. b Halosauropsis macrochir. c
Aldrovandia oleosa. Note the newly discovered bioluminescent

structures on the head of A. oleosa. Morphometrics and meristics for all
specimens presented in Table 1. Photos, ID, and sampling by J.Y. Poulsen
(GINR)>
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region. Molecular data of N. chemnitzii indicate multiple
OTUs present, with three found off SE Greenland alone
(Fig. 5). These results are discussed later.

Dorsal origin approximately above pelvics; premaxil-
lary teeth 19–37 on each side; palatine and dentary teeth
in multiple rows; eye approximately half snout length;

Fig. 3 Photo identification keys for subarctic Atlantic halosaurs and
notacanthids. Drawings included correspond to the characters listed in
the taxonomic key showing defining characters for species separation.
Photo credit: A. phalacra by T. Wenneck (IMR), H. macrochir,

N. bonaparte, P. rissoanus and P. challengeri by A. Orlov (VNIRO),
A. oleosa and N. chemnitzii by J. Nielsen (GINR), P. rissoanus (insert),
N. bonaparte (insert), N. chemnitzii (insert) and H. macrochir (insert) by
J.Y. Poulsen (GINR)
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inter-orbital distance approximately 2 times the eye diam-
eter; dorsal fin origin above pelvics, with 8–12 dorsal fin
spines; anal fin with 20–21 spines + more than 110 soft

rays; pelvics with fulcral spine + 2–4 + 6–9; pectorals 10–
17; pyloric caeca 4–8; maximum 1,200 mm TL with
preanal length 440 mm; large depth distribution, from

Fig. 4 Illustrations of all notacanthiform taxa presently registered in the
subarctic Atlantic Ocean. Illustrations correspondwith the taxonomic key
presented in the text and with the photo key in Fig. 3. Aldrovandia oleosa

shows luminous tissues present in the head (insert) and the two
Aldrovandia taxa are illustrated with and without the fragile scales
being easily lost
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125 to probably 2,500 m although apparently distributed in
shallower waters in subarctic regions; common throughout
the subarctic Atlantic; body colour brownish or greyish
depending on life stage (Sulak 1986; Smith 2002). Sexual
dimorphism concerning maximum size has been assumed
for this taxon, although see Discussion later. Peculiarly,
loss of caudal fin, plausible to have occurred in the larval
or juvenile stage, with subsequent scar tissue regrowth into
a truncated caudal fin is more often observed in this species
than any other taxa occurring in the region (Fig. 3 insert,
J.Y. Poulsen, personal observation).

Family Halosauridae

Halosauropsis macrochir (Figs. 2b, 3e and 4e) Known
range: circumglobal/cosmopolitan distribution, although re-
cords are relatively scattered (e.g., Moore et al. 2003).
Subarctic Atlantic range: known from the Northern MAR only
(Bergstad et al. 2012; Porteiro et al. 2017). New distribution
(Greenland): known from one specimen off Denmark Strait SE
Greenland (62.09°N, 40.33°W), deposited as ZMUC P3369
(tissue/field JYP#9783), sampled on board R/V Pâmiut
August 5, 2011, 4.45 °C bottom temperature with fishing depth
986–1,053 m using the Alfredo III trawl probing Greenland
halibut abundances. Coll./ID unknown/J.Y. Poulsen.

Dorsal origin approximately opposite pelvics; top of
snout and head scaleless, opercle scaled; ventro-lateral sit-
uated lateral line distinct with 26–32 preanal enlarged
tubed scales; pectorals situated dorso-posterior to the head;
dorsal fin rays 11–13, the first long and segmented;

pectorals 1 + 11–12; pelvics 1 + 9; pyloric caeca 10–12,
relatively large, unpigmented and in double rows; body
colour bluish-black with snout, top of head, isthmus, and
branchiostegal membranes black; maximum TL approxi-
mately 900 mm (preanal length 320 mm) (Sulak 1986;
Smith 2002). Sex ratio skewed (Bergstad et al. 2012), al-
though no previously reported sexual dimorphism;
benthopelagic in depths between 1,100 and 3,300 m
(Bañón et al. 2016). Morphometric and meristic data pre-
sented in Table 1.

Aldrovandia oleosa (Figs. 2c, 3f and 4f) Known range:
circumglobal/cosmopolitan species (Moore et al. 2003).
Subarctic Atlantic range: None. New distribution
(Greenland): Known from one specimen off Denmark
Strait SE Greenland (61.56°N, 39.53°W), deposited as
ZMUB 21435 (tissue JYP#10030), sampled on board R/V
Pâmiut August 2012, 3.12 °C bottom temperature with
fishing depth 1366–1374 m using the Alfredo III trawl
probing Greenland halibut abundances. Coll./ID J.Y.
Poulsen. The newly recorded specimen from off
Greenland is unambiguously identified as A. oleosa from
both morphological (Table 1) and molecular data (Fig. 5).
This brings the status of A. phalacra off Greenland into
question, and is discussed later.

Dorsal origin posterior to pelvics; palatine and ptery-
goid bones widely separated (Fig. 3 insert); dorsals 1 +
9–11; pectorals 1 + 8–11: pelvics 1 + 8–9; gill rakers 17–
23; pyloric caeca 5–9, unpigmented (black); lateral line
situated ventro-lateral, indistinct with 16–21 pre-vent

Fig. 5 K2P-distance analysis of
Cox1 barcodes including all
notacanthiform taxa present in the
Atlantic Ocean except
Polyacanthonotus merretti,
Aldrovandia rostrata, and
A. gracilis. GLF indicates
specimens sampled off
Greenland. Note the five possible
OTUs within the species complex
N. cf. chemnitzii, including the
three present off SE Greenland
alone
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modified tubed scales; vent colour white, surrounded by a
ring of pigmented skin; luminescent tissues present in
ZMUB 21435, observed in the newly caught and preserved
specimen as particular whitish tissue on the head, jaws, and
in the oral cavity (Figs. 2c and 4f), although absent on the
most posterior opercular and most ventral branchiostegal
regions. The following luminous organs were observed:
snout organ (SO), a premaxillary organ (PO), a mental
organ (MO), a dentary organ (DO), a gular organ (GO)
and luminous tissues in the oral cavity (OC). The luminous
tissues are illustrated in Fig. 4f, except the GO and OC.
Some of the luminous tissues can be observed in the photo
of the fresh specimen (Fig. 2c), and the luminescence at
time of capture was considerable (J.Y. Poulsen, personal
observation). Sexual dimorphism present, with males
showing a fleshy black tube associated with the anterior
nostril (Sulak 1977). Benthopelagic in depths between
1,100 and 3,300 m (Bañón et al. 2016). Morphometric
and meristic data presented in Table 1.

Aldrovandia phalacra (Figs. 3g and 4g) Known range:
circumglobal/cosmopolitan species in all major oceans
(Porteiro et al. 2017). Subarctic Atlantic range: known
from the Northern MAR (Porteiro et al. 2017) and off
SW Greenland (Okamura and Takahashi 1995; Møller
et al. 2010). Greenland: known from one specimen
(HUMZ 113685) off SW Greenland (Okamura and
Takahashi 1995), although misspelled as A. phalacura by
the latter. Confirmation of this species was not possible,
however, as the specimen could not be located by HUMZ
collection managers for re-identification (May 2014). It
was retained as a Greenland taxon, although with some
reservations. Taxonomy discussed later.

Dorsal origin posterior to pelvics; dorsals 10–12, pelvics
1 + 8, pectorals 1 + 11–13, pectorals reach pelvic origin;
palatines separate; gill-rakers 19–23, lateral line situated
ventro-lateral, indistinct with 24–28 pre-vent modified tubed
scales; pyloric caeca 5–8, pigmented (black), in single row;
body colour light grey, head bluish, with dark margins on gill
cover and ventral on head; maximum length 400–500 mm
(preanal length 180 mm). Sexually dimorphic, males have
enlarged nostrils with anterior one tubed and darkly
pigmented; females outnumber males; benthopelagic in
depths between 500 and 2,300 m (Sulak 1986; Smith 2002;
Bañón et al. 2016).

Key to adults of the Notacanthiformes in Atlantic
subarctic waters (corresponds with Figs. 3 and 4)

1a. Relatively round snout, snout length 2× or less the eye
length; dorsal fin spines robust and separated
(Notacanthidae) ...............................................................2

1b. Relatively pointed snout, snout length more than 3×
the eye length; one relatively short dorsal fin with 10–13
fin rays (Halosauridae) ....................................................5
2a. 26–40 separated dorsal fin spines ..............................3
2b. 6–15 separated dorsal fin spines ................................4
3a. Mouth not extending to posterior of anterior of eye;
first dorsal fin spine in advance of pectorals
.............................................Polyacanthonotus rissoanus
3b. Mouth extending to posterior of anterior part of eye;
f i r s t dorsa l f in sp ine pos te r io r to pec tora l s
..........................................Polyacanthonotus challengeri
4a. Body colour pale-purplish, possibly magenta; one
teeth row in lower jaw; maximum 400 mm SL
....................................................Notacanthus bonaparte
4b. Body colour tan to dark brown; at least two teeth rows
i n l o w e r j a w ; m a x i m u m 1 2 0 0 mm S L
....................................................Notacanthus chemnitzii
5a. One row of relatively large and distinct lateral line
scales ventro-laterally on body; double row of
unpigmented pyloric caeca; first dorsal-fin ray as long
as second and segmented; scales on opercle
.................................................Halosauropsis macrochir
5b. One row of relatively small and indistinct lateral line
scales ventro-laterally on body; pyloric caeca pigmented
(black) in single row; first dorsal-fin ray much shorter
than second and unsegmented; no scales on opercle ......6
6a. Length of palatine (variable in length) 1–4 times the
distance between palatine and pterygoid bones in upper
jaw; 16–21 lateral line scales before vent, relatively
d a r k body co l ou r ; p e c t o r a l - f i n r a y s 9–11
...........................................................Aldrovandia oleosa
6b. Length of palatine less than half the distance
between palatine and pterygoid bones in upper jaw; 24–
28 lateral line scales before vent; relatively pale
b o d y c o l o u r ; p e c t o r a l - f i n r a y s 1 1 – 1 3
.......................................................Aldrovandia phalacra

Discussion

Taxonomy and distributions of subarctic Atlantic
Halosauridae

With the new finding of A. oleosa, the status of A. phalacra
in the NW subarctic Atlantic has become problematic, as it
has only been observed by Okamura and Takahashi (1995)
from one specimen caught off SW Greenland. However,
this observation could not be confirmed. Aldrovandia
phalacra was, peculiar, compared to only the deep-water
tropical distributed A. rostrata by Okamura and Takahashi
(1995), despite being more similar to the NWAtlantic dis-
tributed A. oleosa described by Sulak in 1977. Distance
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between the palatine and pterygoid bones and number of
lateral line scales, separating the two taxa, were not
included by the latter study. A smaller distance between
the palatine and pterygoid bones was found by Bañón
et al. (2016) in eastern Atlantic specimens caught off
Spain, although allometry was noted and distances com-
pared should be from similarly sized fishes. Barcoding
Cox1 DNA sequences show unambiguous species separa-
tion of these taxa (Fig. 5), corroborated by dentition and
lateral line-scale counts that separate the two species. Both
A. oleosa and A. phalacra are considered circumglobal,
with wide distributions (Kamikawa and Stevenson 2010).
Comparison of A. oleosa (ZMUB 21435, Fig. 2) off SE
Greenland, including information of A. phalacra by
Okamura and Takahashi (1995), revealed no certain differ-
ences in the morphometric characters. Both Aldrovandia
species have been reported from the Bear Seamount in
the NW Atlantic at approximately 40°N (Moore et al.
2003).

The finding of H. macrochir off SE Greenland in 2010,
a first record for this region and the most northern speci-
men observed to date, is not surprising, as this species is a
common component in the MAR system (Bergstad et al.
2012; Porteiro et al. 2017). It is present south and north of
the Charlie Gibbs fracture zone, an important transition
area related to species distribution into subarctic waters
(Vecchione et al. 2010; Sutton et al. 2013). In fact, it is
peculiar that it has not been observed previously, off
Greenland or in Iceland waters (Jónsson and Pálsson
2013), although it is probably associated with depths that
are infrequently surveyed. H. macrochir is a common spe-
cies in the MAR system, previously caught in large num-
bers as far north as 53.27°N, 35.53°W during the MAR-
ECO cruise in 2004 (Porteiro et al. 2017). Aldrovandia
oleosa has never been reported from the MAR, whereas
the most northern specimen of A. phalacra (ZMUB
15971) is present from 49.52°N, 29.38°W (I. Byrkjedal,
personal observation). The Greenland H. macrochir speci-
men shows a few more lateral line scales and pyloric caeca
compared to reported specimens, therefore slightly
expanding the meristic ranges of these characters
(Table 1). Barcoding data of North Atlantic H. macrochir
specimens show OTUs with little variation, i.e., only one
silent base substitution (amino acid Methionine) between
the Greenland specimen and MAR materials (Fig. 5). One
or two silent base substitutions in the widely used
barcoding gene fragment of Cox1 (approximately 600 base
pairs of a total of Cox1 1551 base pairs) are often observed
between populations, or even between individuals from the
same geographic region (Fig. 5 and J.Y. Poulsen, personal
observation). The new record of H. macrochir off
Greenland is a female, although males apparently outnum-
ber females in this species (Bergstad et al. 2012).

It is of note that either A. oleosa orH. macrochir have been
registered off SW Iceland (Jónsson and Pálsson 2013). This
area is in many ways a proxy for subsequent Greenland range
expansions, as the area shows highly similar abiotic environ-
ments to SE Greenland and connected by the same warmer
currents, slightly higher temperatures, as well as being con-
nected to the MAR system for a possible gateway of
seamount-associated taxa (Fig. 1). Taxa extension ranges con-
nected to bottom topological features such as the MAR and
the New England seamount chain (Moore et al. 2004) are
relatively poorly known. A 1 °C temperature increase has
been witnessed during the last 20 years in surface layers off
SWGreenland (Masson-Delmotte et al. 2012), including short
temporal bursts of warmer waters affecting species distribu-
tion in surface layers (MacKenzie et al. 2014; Palsson and
Astthorsson 2016), although deeper layers remain unknown
if affected by these temporal variable changes. Ocean temper-
ature change in relation to depth is vital knowledge for mon-
itoring species distributions, as latitude is second to depth with
regard to delimitation of species diversity (Sutton et al. 2008;
Vecchione et al. 2010). Several notacanthiform taxa are occu-
pying habitats inaccessible to regular bottom-trawls, as for
example continental margins (Nelson 2006). The latter expla-
nation is probably also an important factor as to why few shark
species/specimens are caught in the areas surveyed (J.Y.
Poulsen, personal observation). However, this must be con-
sidered in a context of habitat adaptations, as teleosts and
chondrichthyans have evolved differently with regard to
deep-sea trophic guilds (Musick and Cotton 2015).

Aldrovandia rostrata was depicted by Sulak (1977) to be
caught in the MAR at 50°N, although this is an error (verified
with K. Sulak), as it is not recorded in the species description
by Günther (1878), the species account (Günther 1887), in
McDowell (1973), in Sulak (1986), or in Porteiro et al.
(2017). Aldrovandia affinis (Günther 1887) and Halosaurus
guentheri (Goode and Bean 1896) are figured as present in
subarctic Atlantic waters in online databases, although no val-
id records of these distributions are present (e.g., Moore et al.
2003).

Taxonomy and distributions of subarctic Atlantic
Notacanthidae

Jónsson and Pálsson (2013) reported the presence of
P. challengeri off Iceland, a taxon not yet confirmed off
Greenland (Møller et al. 2010), as it inhabits depths not regu-
larly surveyed. This indicates that incidental catches of
halosaurs in the Irminger Sea are probably related to inacces-
sible fishing habitats and/or depths infrequently surveyed.
Similarly to halosaurs, isolated observations of rare subarctic
notacanthids below 1,000 m mostly reveal what we do not
know at this time (Crabtree et al. 1985). On the contrary,
P. rissoanus is a common observation off Greenland and
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appears to be the bathyal sister taxon to the rarely caught
abyssal P. challengeri (Fig. 5). Notacanthus bonaparte was
noted off Greenland by Sulak (1986), and Nielsen and
Bertelsen (1992). However, it was excluded in an annotated
checklist by Møller et al. (2010), as it could not be confirmed
at that time. Notacanthus bonaparte is confirmed by the pres-
ent study off Greenland including both meristic, morphomet-
ric, and molecular data (Tables 1 and 2). The presence of
N. bonaparte in SE Greenland waters is unsurprising, as this
species is also found off SE Iceland (Jónsson and Pálsson
2013), and a few specimens have been caught at the Bear
Seamount in the western Atlantic (Hartel et al. 2008).
Similarly to other notacanthids, N. bonaparte habitats are
much deeper than N. chemnitzii, which is probably the reason
of its absence in regular trawl catches in the area. The new
record presented in this study of N. bonaparte was caught
below 1,400 m, and considering the extensive fishing efforts
carried out in the region during the last 20 years (Fig. 1), it is
likely that 1,400 m is close to the upper depth limit for this
taxon in this region.

Luminescent tissues in Aldrovandia oleosa

The A. oleosa specimen caught off SE Greenland has lumines-
cent tissues present that have not been noted before in this
species, nor in any other halosaurs for that matter. The obser-
vation of luminescent tissues present in A. oleosa is noteworthy
and is possibly associated with a benthopelagic habitat (K.
Sulak, personal observation). Several luminescent tissues are
present on the head in positions known from a variety of other
deep-sea fishes (e.g., Sazonov 1996), including the SO, PO,
MO, DO, GO, and luminous tissues in the oral cavity (OC)
(Fig. 4f). A thorough examination of luminous tissues in
halosaurs is beyond the scope of this study and to be discussed
elsewhere. The A. oleosa specimen was caught at 1,370 m
depth, and therefore no penetrating sunlight may be expected
at depth of capture. Bioluminescent tissues in deep-sea fishes
are poorly known at present (e.g., Claes et al. 2013; Poulsen
2015a; Paitio et al. 2016), and morphological studies address-
ing such observations are required across deep-sea fish groups.

Initiating molecular taxonomy of fish in the subarctic
Atlantic Ocean

In this study, we present a publicly available barcoding initia-
tive named the BGreenland Fishes^ barcoding program. The
program was initiated in 2010 by the GINR in order to facil-
itate molecular taxonomy of known and new fish species re-
corded in Greenland waters— past and future. Several studies
have already used the results of this program (e.g., Orlov et al.
2015; Barros-García et al. 2016; Poulsen 2015a, b) to resolve
taxonomic or extended species range issues, and we encour-
age the use of the results located on BOLD in molecular

taxonomy projects, if useful. We also encourage contacting
the authors concerning specific taxonomic groups of interest,
in order to focus the sampling on taxonomic issues needing
data from this region. All data is indexed to BOLD and up-
dated annually to establish biodiversity baselines and predic-
tions in this important region, considering ocean temperature
change and the prevalent taxonomic issues, which are rampant
in deeper waters, that constitute the large parts of the
Greenland Exclusive Economic Zone (EEZ) water bodies.
Approximately 30 new species records are present off
Greenland alone that have not been published as of
June 2017 (J.Y. Poulsen, personal observation). However, all
records are to be found in BOLD as part of the Greenland
Fishes Barcoding Project (this study, GLF records).

C o n c e r n i n g m o l e c u l a r t a x o n o m y o f t h e
Notacanthiformes from this study, no noteworthy results
are present, except N. cf. chemnitzii, which requires further
validation or sampling per se (Fig. 5). Little intraspecific
variation in the Cox1 barcode is observed for all taxa in-
cluded, considering the geographic regions of samples.
Although morphological studies are evidently necessary
to validate the taxonomic status of species, molecular tax-
onomy is useful as an indicator of potential taxonomic
issues. An example of this to follow is presented for the
Mediterranean codling Lepidion lepidion (Risso 1810). It
was previously considered a different species to the North
Atlantic codling Lepidion eques (Günther 1887) that is
now a synonym of the former, as Barros-García et al.
(2016) found that no molecular structure in the Cox1
barcodes from the North Atlantic, including the
Mediterranean and GLF samples of SE Greenland, was
present in the Lepidion samples. This indicated one North
Atlantic species only. This result consolidated a
morphological study by Bañón et al. (2013) that similarly
showed no structure in the morphological characters usu-
ally employed for species separation. Only in the case of
N. chemnitzii is the molecular taxonomy observed (Fig. 5)
noteworthy and therefore discussed below. Taxonomy of
N. chemnitzii constitutes an old ichthyological conundrum
which is far from resolved (McDowell 1973).

Species complex Notacanthus cf. chemnitzii

The taxon currently valid as Notacanthus chemnitziimay be a
taxonomic conundrum at present, and comprises a complicat-
ed example in the grey zone of classification considering dis-
tinct populations, subspecies, or species. At present,
N. chemnitzii is considered circumglobal although morpho-
logical variation is known, especially along the latitudinal
cline (McDowell 1973). No studies since McDowell (1973)
have examined morphometrics and meristics of N. cf.
chemnitzii, whereas Cox1 barcoding data, on the contrary,
have repeatedly shown several OTUs present within the
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taxonomic unit N. chemnitzii, both from the Pacific and from
the Atlantic (Steinke et al. 2009; Ward et al. 2008; McCusker
et al. 2012; Barros-García et al. 2015). The results presented in
this study, including new data of specimens sampled off SE
Greenland, take the issue one step further and show three
OTUs present in the NW Atlantic. In fact, three haplotypes
are found off SE Greenland alone (Fig. 5).

Considering the molecular delimitation of multiple OTUs,
N. chemnitzii presents an interesting case of either problematic
delimitation from morphological characters available, or a
special case of developmental migration from southern to
northern latitudes (McDowell 1973). The latter study notes
that adult sizes are considerably longer at northern latitudes
off NewEngland as compared to the Gulf ofMexico. In fact, it
was noted that not a single northern specimen caught showed
a length approaching the southern population, consequently
indicating an association between northward migration and
size. An absence of large ripe females in the southern popula-
tion was noted. However, gill raker counts were observed to
be different, as the northern population showed 16–17 gill
rakers on the first arch whereas 12–15 gill rakers were found
in the southern population. The molecular results from this
study support the presence of multiple Atlantic Ocean OTUs
(Fig. 5) and not migration with age. Knowledge of
N. chemnitzii (and notacanthiforms in general) eggs and lep-
tocephali larvae is scarce and often non-existent on the species
level (Smith 1979; Castle 1984). Although one step closer
from this study, the taxonomy of the Notacanthus cf.
chemnitzii species complex remains an outstanding ichthyo-
logical conundrum. We note that variations have already been
established within N. cf. chemnitzii otoliths (Campana 2004;
Vedishcheva et al. 2016), indicating that a thorough taxonom-
ic study on adults could potentially resolve some of the prev-
alent taxonomic issues at this stage.
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