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Abstract

Geothermal energy provides an important resource in Antarctic marine ecosystems, exemplified by the recent discovery of
large-sized chemosymbiotic vesicomyid bivalves (subfamily Pliocardiinae) in the Southern Ocean. These clams, which we
identified as Archivesica s.1. puertodeseadoi, have been reported as dead shells in areas previously covered by Larsen A and
B ice shelves (eastern Antarctic Peninsula) and as live animals from active hydrothermal sites in the Kemp Caldera (South
Sandwich Arc) at depths of 852—-1487 m. Before, A. puertodeseadoi was known only from its type locality in the Argentine
Sea, so we considerably extend the range of the species. Observations taken by remotely operated vehicle (ROV) footage show
that the clams can live buried in sediment, or epilithically on the surface of rocks in diffuse geothermal flow. Experimental
respirometry was conducted at surface pressure on individual bivalves acclimated to either their habitat temperature (4 °C) or
elevated temperature (10 °C). The range of standard metabolic rates, from 3.13 to 6.59 (MO,, pmol O, h™! g~! dry tissue mass),
is similar to rates measured ex situ for other species in this clade, and rates did not differ significantly between temperature
groups. Taken together, these data indicate a range of ecophysiological flexibility for A. puertodeseadoi. Although adapted
to a specialist mode of life, this bivalve exploits a relatively broad range of habitats in the Southern Ocean: within sulphidic
sediments, epilithically in the presence of diffuse sulphidic flow, or in deep methane-enriched seawater trapped under ice.
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Introduction

Deep-sea chemosynthetic ecosystems were first discovered
in 1977 around hydrothermal vents on the Galapagos Rift,
starting with a surprising observation of dense assemblages
of giant vesicomyid bivalves (Corliss et al. 1979). A few
years after the discovery of hydrothermal vents, similar lush
communities including vesicomyid beds were also found at
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deep-sea hydrocarbon seeps (Paull et al. 1984; Hecker 1985)
and from organic falls (Baco et al. 1999; Cosel and Olu
2009). These chemosynthesis-based habitats were unlike
anything then known from the deep sea, complementing
the idea of an empty abyss with a network of self-sustaining
oases drawing energy from reduced chemical compounds.
Chemosynthesis-based ecosystems are now known from all
oceans, including the Southern Ocean, and chemosymbiotic
vesicomyid bivalves dominate many of these communities
(Giere et al. 2003; Levin 2005).

The family Vesicomyidae is distributed worldwide at
100-10,730 m deep (Krylova et al. 2018) and contains two
subfamilies: Pliocardiinae and Vesicomyinae (Krylova and

@ Springer


http://orcid.org/0000-0003-3477-3047
http://orcid.org/0000-0002-3005-6246
http://orcid.org/0000-0002-5035-4021
http://orcid.org/0000-0003-1341-1709
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-020-02717-z&domain=pdf
https://doi.org/10.1007/s00300-020-02717-z

Polar Biology

Sahling 2010; Johnson et al. 2017). The pliocardiines occur
only in sulphide-rich environments and form an evolution-
ary radiation dependent on chemosymbiotic microbes (Kry-
lova and Sahling 2010; Johnson et al. 2017). All species in
this subfamily harbour chemoautotrophic sulphur-oxidizing
symbiotic bacteria in their gills, transmitted vertically from
parent to offspring (Ikuta et al. 2016), and apparently derive
most or all of their nutrition from this association (e.g.
Fisher et al. 1988; Dubilier et al. 2008). Pliocardiines include
medium- and large-sized molluscs, the largest of which can
reach nearly 30 cm in length (Krylova and Sahling 2010).
In contrast, members of the sister-group Vesicomyinae are
characteristically small, with shell lengths generally under
10 mm, live in a broad range of deep-sea settings preferring
biotopes with high amounts of organic matter and are appar-
ently exclusively filter-feeders (Krylova et al. 2015, 2018).
Data on stable carbon and nitrogen isotopic composition of
four vesicomyine species do not suggest chemotrophic origin
of carbon in their nutrition (Krylova et al. 2018). The con-
trasting body size in the two subfamilies follows a trend seen
in other groups of molluscs where the evolution of chemo-
autotrophic bacterial symbiosis is associated with increasing
body size (Taylor and Glover 2010; Vermeij 2016).

Despite the wide distribution of the family, it was repre-
sented in the Southern Ocean only by two described non-
chemosymbiotic vesicomyine species, Vesicomya siren-
koi (Egorova 1998) reported from 1121 to 6348 m in the
Amundsen, Scotia, and Weddell Seas (Linse 2004, 2014)
and Vesicomya laevis (Pelseneer 1903) distributed east and
west of the Antarctic Peninsula at the depths of 378—4572 m
(Allen 2001). There is also another as yet undescribed spe-
cies Vesicomya sp. from the abyssal Weddell Sea (Krylova
and Sahling 2010). The chemosymbiotic subfamily Plio-
cardiinae has been observed several times in the Southern
Ocean but usually without clear records of live animals that
would illuminate the local ecological setting. Dead valves
were reported from the Ross Sea without species-level iden-
tification (Marshall and Tracey 2015). Evidence of pliocar-
diine clams had also been observed at cold seep areas in the
Weddell Sea, from sites previously covered by the collapsed
ice shelves Larsen A & B at about 850 m (Gutt 2008). These
Weddell Sea sites were characterised by extensive bacterial
mats and patches of shells (Domack et al. 2005), later attrib-
uted to Calyptogena sp. (Niemann et al. 2009). Although
found several times in the same area, it was not clear whether
any of the earlier records actually included live bivalves,
and later only dead valves were collected by dredging (Gutt
2008; Knust 2012).

Diverse geofluid-associated habitats have now been
described from the Southern Ocean including active hydro-
thermal vents at the East Scotia Ridge (ESR), which repre-
sent a separate vent biogeographic province distinct from
other known vents (Rogers et al. 2012). Furthermore, the
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Kemp Caldera (59°42'S 28°20'W) located west of the Kemp
Seamount on the South Sandwich Arc (Leat et al. 2013,
2016) also hosts an additional hydrothermal vent fauna
closely connected to the ESR vents (Roterman et al. 2016;
Linse et al. 2019a). The sill depth is at 900 m, while the
inner caldera floor depth is~ 1600 m and has a resurgent
cone in its centre. Hydrothermal activity was reported on
the eastern side of the resurgent cone, originating from a
white smoking vent field and with recognisable signatures
in the water column (Cole et al. 2014; Hawkes et al. 2014).
In the vicinity of the resurgent cone, nine different small-
scale hydrothermally active sites are present and four were
dominated by large pliocardiine clams, including the first
live records of the group for the Antarctic region (Rogers
2010; Linse et al. 2019a), and these sites are the focus of
the present study.

Responses of animals to temperature may be a key factor
to their small and broader scale distributions. This is par-
ticularly true in the context of polar deep-sea environments
where geothermal sites are characterised by extremely steep
temperature gradients. For example, the ability to maintain a
consistent standard metabolic rate in differing temperatures
would be evidence of an ecophysiological flexibility in a
relatively broad tolerance for thermal variability. In the pre-
sent study, we provide new in situ live observations of plio-
cardiine clams from the Kemp Caldera, and ex situ measure-
ments of its oxygen metabolism at the habitat temperature
(4 °C) and in elevated temperature conditions (10 °C), in
order to understand its potential habitat occupation across
the Antarctic region. A combination of ecological obser-
vations, based on well-resolved taxonomy, and evidence
from experimental physiology can indicate how small-scale
environmental variations influence habitat usage and species
distribution.

Material and methods
Seafloor imagery and specimen collection

Pliocardiine bivalves were discovered in the Kemp Cal-
dera in 2010 during expedition JC42 of RRS James Cook
using ROV Isis (Fig. 1, Table 1) (Rogers 2010). For seafloor
imagery, ROV Isis (Marsh et al. 2013) was equipped with a
video camera (Insite Pacific Atlas), a 1080i high-definition
video camera (Insite Pacific Mini Zeus), and a 3.3-megapixel
stills camera (Insite Scorpio). Two lasers, 10 cm apart, were
mounted parallel to the focal axis of the video cameras to
provide a size reference. A second expedition to the area in
2019, PS119 on RV Polarstern with ROV MARUM-QUEST
provided follow up observations, collections, and additional
experimental manipulations (Table 1).



Polar Biology

Fig. 1 Map showing the loca- (a) ]
tion of a Kemp Caldera and 50'S = eIt St S y
collapsed ice shelves Larsen . Falkland
A & B, and b hydrothermally ‘” !Sflands ol el SOUtHu ---------------
active sites where vesicomyid e e AR SRS N Ceoraia
clams were sampled, sites with il i"*"';;— ks i X "’"f‘::]”"\'ﬁg
epilithic clams are indicated P &
by open circles and sites with e - South
infaunal clams indicated by Polar T * Sandwich
closed circles Front Scotia Sea Islands

60’S =} e

o Weddell Sea

1 L] 1 1 1 1 1
70'W 65’'W 60'W 55W 50'W 45W 40'W  35'W 30°'wW 25°'W 20'W
(b)

5!

28°25°'W

On JC42, specimens were collected by a scoop or the
suction sampler and stored in a biobox or suction sampler
jar. Live bivalves were fixed in pre-cooled 96% ethanol or
4% formaldehyde solution (formalin) and dead shells were
washed and dried. On PS119, specimens were collected in
a net stored in a biobox and recovered to the surface alive.
Animals were collected on two dives: MARUM QUEST
dive 447, n=16, and dive 448, n=50. A high temperature
lance probe and a CTD sensor on the bottom surface of the
ROV were used to measure sediment and water tempera-
tures, within and adjacent to (within 2 m) the sites where
the clams lived. On recovery to the surface, live animals
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were washed with surface seawater to remove sediment, and
transferred immediately to seawater aquaria chilled to 4 °C.

Morphology and genetics

In addition to specimens collected in the Kemp Caldera,
we studied dead valves obtained in the Larsen B area, Wed-
dell Sea, by RV Polarstern, ANT XXIII/8. For comparative
purposes we additionally examined specimens of Laubieri-
concha myriamae Cosel and Olu, 2008 and Archivesica s.1.
chuni (Thiele and Jaeckel, 1931). Shell morphology and soft
part anatomy were examined visually and with an Olympus
SZ40 stereo zoom microscope. Shell length and height of
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Table 1 Collection data, museum voucher numbers, and GenBank numbers of Archivesica s.l. puertodeseadoi collected from the Kemp Caldera

Lifestyle ROV dive Date Depth Latitude

(m)

Longitude n

GenBank accession no.

live/dead COI 18S 28S

Epilithic ISIS 147
Epilithic ISIS 149

06 February 2010 1422
09 February 2010 1462

59°41.659'S  28°21.027W  1/1 - - -
59°42.065'S  28°21.237'W  0/12 - - -

Epilithic ISIS 149 09 February 2010 1487  59°42.023'S 28°21.224'W  26/24 MN523631-3 MNS523639-41 MN523647-8
Epilithic ISIS 150 09 February 2010 1435 59°41.666'S 28°21.018'W  0/50 - - -

Epilithic ISIS 151 10 February 2010 1487  59°42.024'S 28°21.233'W  78/0 - - -

Infaunal ISIS 149 09 February 2010 1425 59°41.714'S 28°21.052'W  50/43 MN523634-5 MN523642-3 MN523649-50
Infaunal ISIS 149 09 February 2010 1431  59°41.597'S 28°21.211'W  1/0 - - -

Infaunal ISIS 149 09 February 2010 1320 59°41.713'S  28°21.069'W  0/3 - - -

Infaunal ISIS 151 10 February 2010 1423  59°41.703'S 28°21.061'W  12/50 MN523628-30 MNS523636-8 MN523644-6
Infaunal ISIS 153 12 February 2010 1433 59°41.709'S 28°21.029'W  11/0 - - -

Infaunal QUEST 447 07 May 2019 1420 59°41.664'S 28°21.055'W  22/0 - - -

Infaunal QUEST 448 11 May 2019 1427 59°41.669'S 28°21.057'W  70/0 - - -

Specimen numbers (n) indicate the number of individual animals collected, not the total observed in situ

Kemp Caldera clams were measured using digital Vernier
callipers accurate to 0.1 mm.

A total of eight specimens from the Kemp Caldera were
used for genetic analyses, including three epilithic speci-
mens from cobble and basalt bottoms and five infaunal
specimens from sedimented seafloor (Fig. 1b). DNA was
extracted from foot tissue with the DNeasy Tissue Extrac-
tion Kit (QIAGEN, Crawley, U.K.) following the directions
of the manufacturer. The primers used were LCO1490 and
HCO2198 for the COI gene (Folmer et al. 1994), SSU 1F
and SSU 82R for the 18S gene (Medlin et al. 1988), and
LSU 5 and LSU 3 for the 28S gene (Littlewood 1994).
Amplification of the mitochondrial COI gene was carried
out using polymerase chain reaction (PCR) with standard
reagents in 25 pL total volume (2.5 pL of 10 X buffer, 0.5
pL of 10 mM dNTPs, 2.5 pL of each 10 uM primer, 0.125
pL of 2.5U Taq DNA Polymerase, 5 uL of ‘Q’ solution,
10.875 pL double-distilled water, 1 uL. genomic DNA)
and PCR for 18S and 28S genes were performed in 40 uL.
volumes (containing final concentrations of 1 X PCR buffer
(Bioline), 5% bovine serum albumin 10 mg-mL_1 (Sigma),
200 puM each dANTP, 0.5 pM of each primer, 0.5 units of
Taq DNA Polymerase (Bioline), and 1 pL template DNA).

The following cycling conditions were used for COI:
94 °C for 2 min, [94 °C for 20 secs, 50 °C for 20 secs and
72 °C for 1-2 min] for 35 cycles and a final extension at
72 °C for 7 min. For 18S the following conditions were
used: 94 °C for 2 min, [94 °C for 1 min, 60 °C for 30 secs,
72 °C for 1 min] for 35 cycles; 72 °C for 4 min. For 28S
the same conditions were used except that the annealing
temperature was set to 45 °C.

PCR purification and DNA sequencing of both forward
and reverse strands were carried out by LGC Genomics.
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Sequences obtained were assembled, checked by eye,
and aligned using Geneious R11 (https://www.geneious.
com/). Uncorrelated p-distances were calculated among
resulting haplotypes in the software MEGA X (Kumar
et al. 2018). Sequences generated for the present study
were deposited in GenBank under accession numbers
MN523628-MN523650.

Experimental physiology

Animals were maintained in plastic aquaria in temperature-
controlled laboratory rooms on board RV Polarstern. Two dif-
ferent constant temperature rooms were used, set to 4 °C and
10 °C. All animals were initially held in the 4 °C room for 24 h,
and subsequently a subset of approximately half of the avail-
able animals were moved in a 50 L volume of 4 °C water into
the 10 °C environmental room (air temperature), and experi-
ments at elevated temperature commenced after the aquarium
temperature had equilibrated to the higher air temperature (this
took approximately 24 h). Temperature measurements in situ
taken in 2019 indicated that sediment temperature of an area
densely populated by clams was 4.4 °C above the 0.3 °C ambi-
ent temperature, which was the main basis for using 4 °C as a
‘habitat’ temperature treatment for physiology experiments.
Individual closed chamber respirometry experiments
were used to measure routine oxygen uptake rates, following
established methods (Carey et al. 2013; Sigwart and Chen
2018). Each animal was placed inside a sealed, oxygen-
and water-tight cylindrical Perspex chamber fitted with a
fibre optic oxygen probe (Ocean Optics, Dunedin, Florida).
Oxygen concentrations were measured continuously and
recorded at 1 s intervals as a percentage of fully saturated
oxygen concentration. Probes were calibrated to 100% (fully
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saturated) concentrations based on aquarium conditions
(with aeration from a standard aquarium air pump and mixed
with circulating pump), and to 0% in a zero-oxygen solution
of sodium nitrate in seawater (1 g 1 L.

Available equipment allowed for six simultaneous trials,
held in a common waterbath to maintain temperature, and
these simultaneous trials always included at least one chamber
filled with seawater and no experimental animal to measure
background uptake rates as a control. Control consumption
per volume were subtracted from measured animal uptake to
obtain metabolic rates. A magnetic stir bar was added to each
chamber to aid mixing and the whole waterbath was elevated
on rockers such that the ship’s motion caused continuous gen-
tle agitation. The experimental volume was measured at the
end of the trial by removing the probe, drying the outside of
the chamber, emptying the contents into a measuring beaker
and then removing the water with a graduated syringe.

Data from each trial were then processed to extract a
smooth part of the experiment where oxygen was decreas-
ing steadily. Smooth declining trends in the oxygen values
in this type of experiment indicate normal behaviour by the
subject and a well mixed water mass inside the chamber.
The rate was interpolated from an OLS regression fitted to
the extracted portion of the trace and then calculated based
on the starting and ending concentrations on the fitted line.
These oxygen concentrations were then converted to molar
oxygen based on the volume, salinity, and temperature of the
individual experiment following Benson and Krause (1984).
Changes in molar oxygen over time (consumption rate, VO,,
mmol O, h‘l), were then standardised to animal dry mass,
to provide standard metabolic rate (MO,, mmol O, g~! h™1).

We completed experiments on 27 individual clams, rang-
ing from 18.3 to 104.6 mm shell length (Table 2). Animals
were divided into two experimental groups, and measured at
temperatures close to the habitat conditions at 4 °C (n=16,
at 3.89 °C+1.14 s.d.) or elevated temperature at 10 °C
(n=11,at 10.14 °C+0.19 s.d.).

Institutional abbreviations

BAS, British Antarctic Survey, Cambridge.

IORAS, Shirshov Institute of Oceanology, Moscow.
MNHN, Muséum National d’Histoire Naturelle, Paris.
MARUM, Center for Marine Environment Sciences and
Faculty of Geosciences, University of Bremen, Bremen.
Results

Habitat conditions of pliocardiines in Kemp Caldera

Living pliocardiine clams were definitively observed for the
first time in the Southern Ocean in 2010 at the study sites

for the present paper, in two areas and different sites around
the resurgent cone in the Kemp Caldera at depths ranging
from 1320 to 1487 m (Fig. 1); large quantities of dead shells
were also observed. The southern area was characterised
by basalt cobbles and rough-edged basalt boulders with no
visible sediment-covered areas, and the pliocardiines were
living epifaunally on the hard rock (Fig. 2a; Table 1). In
2019, the sites with epifaunal clams were surveyed again
but only dead shells were found.

In the northern area of the Kemp Caldera, multiple sites
were characterised by sediment-covered areas, in the form
of either small areas between basalt cobbles and boulders or
wide-ranging sediment coverage. In both 2010 and 2019, pli-
ocardiines were observed at some of these sites either fully
buried with the siphons visible, sticking out of the sediment,
or half-buried with shell and siphons visible (Fig. 2b,c;
Table 1). Temperature measurements taken in 2019 found
that one area densely populated by clams had a sediment
temperature 4.4 °C above the 0.3 °C ambient temperature,
compared to 0.25 °C above ambient in the sediment outside
the clam bed. Another measurement found a thermal anom-
aly 0.3 °C above ambient temperature in the water immedi-
ately above a dense aggregation of clams (< 1 m altitude).

The overall allometry of shell length and height followed
a consistent pattern across clams living epilithically and
infaunally, indicating that there is no overall difference in the
change of shape over growth that is characteristic to these
habitat types (Fig. 3). Of the three epilithic and five infaunal
individuals used for molecular sequencing, partial sequences
of COlI, 188, and 28S genes were successfully obtained with
the exception of 28S from one infaunal individual. For COI
(638 bp), a dominant haplotype was shared across six indi-
viduals from both ecotypes, and the other two individuals
(one epifaunal and one infaunal) exhibited singleton haplo-
types that differed from the dominant haplotype by a single
base. The uncorrected p-distances among the haplotypes
ranged between 0.0016 and 0.0032. For both 18S (517 bp)
and 28S (757 bp), all individuals shared the same haplotype
regardless of their ecotype. These results suggest that the
two ecotypes are genetically indistinguishable.

Experimental physiology

Although a range of animal sizes was used in experi-
ments, there was only a weak positive correlation of size
and metabolic rate (VO,: pmol O, h™!) in either group
(4 °C: R?=0.004, p=0.78; 10 °C: R°=0.39, p=0.02)
insufficient to determine a robust estimate of a metabolic
scaling exponent. The mean metabolic rate (VO,) did not
significantly differ between the 4 °C and 10 °C treatment
groups (Mann—Whitney U test, W=129, p=0.99). The
mean mass-specific metabolic rate (MO,: pmol O, h™! g~!
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Table 2 Data for metabolic rates of Archivesica s.1. puertodeseadoi determined by closed chamber respirometry in two experimental groups, at

habitat (~4 °C) and elevated (10 °C) temperatures

Temperature Collection dive Experiment date Trial Temperature +s.d Shell Length Tissue Dry VO, (pmol MO, (pmol
group (mm) Mass (g) 0,h7™h 0,h™ g™
4°C 448 13 May 2019 335 + 0.03 41.7 0.43 20.54 47.76
4°C 448 13 May 2019 3.50 + 0.02 47.0 0.87 13.16 15.13
4°C 448 13 May 2019 3.36 + 0.04 52.2 0.87 13.49 15.50
4°C 448 13 May 2019 3.52 + 0.00 60.8 1.31 13.36 10.20
4°C 448 13 May 2019 3.37 + 0.05 81.6 5.65 1.39 0.25
4°C 447 08 May 2019 247 + 0.01 88.7 4.82 30.62 6.35
4°C 447 09 May 2019 4.82 + 0.06 90.3 6.34 14.34 2.26
4°C 447 08 May 2019 2.47 + 0.01 90.3 6.34 35.87 5.66
4°C 448 13 May 2019 3.34 + 0.03 81.1 5.59 32.53 5.82
4°C 447 09 May 2019 4.79 + 0.08 924 5.57 17.41 3.12
4°C 447 09 May 2019 4.82 + 0.06 94.6 6.41 5.57 0.87
4°C 447 08 May 2019 2.47 + 0.01 94.6 6.41 12.05 1.88
4°C 447 09 May 2019 4.84 + 0.08 90.9 5.65 19.63 3.47
4°C 448 13 May 2019 3.57 + 0.02 89.5 6.89 4.97 0.72
4°C 447 08 May 2019 3.06 + 0.01 100.7 6.00 2.68 0.45
4°C 448 15 May 2019 5.58 + 0.11 95.8 8.50 14.32 1.68
4°C 447 09 May 2019 4.82 + 0.06 104.6 9.51 11.87 1.25
4°C 447 08 May 2019 247 + 0.01 104.6 9.51 57.17 6.01
4°C 448 15 May 2019 5.60 + 0.12 91.5 8.13 10.78 1.33
4°C 447 09 May 2019 4.91 + 0.06 99.1 7.59 16.53 2.18
Mean 3.86 + 1.06 84.60 5.62 17.41 6.59
10 °C 448 12 May 2019 10.43 + 0.04 49.8 1.03 0.93 0.90
10 °C 448 12 May 2019 10.18 + 0.08 51.0 1.36 7.35 5.40
10 °C 448 12 May 2019 10.41 + 0.02 78.6 4.12 12.40 3.01
10 °C 447 09 May 2019 9.94 + 0.05 83.3 3.18 10.35 3.25
10 °C 448 12 May 2019 10.20 + 0.08 76.9 4.97 5.24 1.05
10 °C 447 09 May 2019 9.94 + 0.05 87.4 5.70 49.06 8.61
10 °C 447 09 May 2019 9.92 + 0.04 91.4 6.36 27.94 4.39
10 °C 448 12 May 2019 10.25 + 0.04 81.5 6.26 31.32 5.00
10 °C 447 09 May 2019 9.84 + 0.05 92.1 7.14 21.89 3.07
10 °C 448 12 May 2019 10.44 + 0.04 85.9 7.97 3.58 0.45
10 °C 448 12 May 2019 10.28 + 0.07 94.9 8.34 17.62 2.11
10 °C 448 12 May 2019 10.20 + 0.08 102.3 10.67 15.01 1.41
10 °C 448 12 May 2019 10.33 + 0.05 102.3 9.43 19.70 2.09
Mean 10.18 + 0.21 82.87 5.89 17.11 3.13

Bold value indicates mean values of the temperature groups

Trial temperature represents the measured temperature (and variation) during the time window used in the analysis of individual oxygen con-

sumption. See Table 1 for specimen collection details

dry tissue mass) was much higher in the 4 °C group
(6.59 pmol O, h™! g7! dry tissue mass) than in the 10 °C
group (3.13 pmol O, h™! g=! dry tissue mass); however
this difference was attributable to higher metabolic rates
in the smallest individuals sampled in the 4 °C group and
the rates across the two treatments were not statistically
significantly different (W=115, p=0.60; Fig. 4).
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Animals kept in shipboard aquaria remained active
and responsive for several days (video provided in Online
Resource 1), but after 2-3 days began to deteriorate, the
foot and siphons were less frequently extended and the foot
appeared paler in colour. Animals remained alive for up to
5 days, and would respond to handling by rapidly clamping
shut and ejecting water from the siphon.
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Fig. 2 In-situ habitats of Archivesica s.l. puertodeseadoi in the Kemp Caldera: a epilithically living, b partially burrowed, ¢ fully infaunal. White

arrows indicate siphons of live clams

Species identification

We identified the pliocardiine species from Kemp Caldera
and Larson B as conspecifics of a species previously known
only from the South Atlantic on the Argentinian continental
slope off Buenos Aires in 877-2204 m depth and originally
described as Laubiericoncha puertodeseadoi (Signorelli and
Pastorino 2015) based on the Argentinian material (Signo-
relli and Pastorino 2015). This is also supported by similar
shell length to height ratios across sizes between the type
series and clams collected from the Southern Ocean (Fig. 3).
The Southern Ocean records considerably extend the known
geographic range of this species. While the depths of the
Kemp Caldera records were within the known bathymetric
range, additional Larsen B specimens were collected at a
shallower depth of 852 m. Morphological comparisons with
closely related species indicated that this species should be
assigned to Archivesica sensu lato, with more details pre-
sented in the following section.

Systematics

Class BIVALVIA Linnaeus 1758.
Subclass HETERODONTA Neumayr 1884.
Order VENERIDA Gray 1854.
Superfamily GLOSSOIDEA Gray, 1847.
Family VESICOMYIDAE Dall et Simpson, 1901.

Subfamily PLIOCARDIINAE Woodring, 1925.

Archivesica Dall, 1908 sensu lato.

Archivesica s.l. puertodeseadoi (Signorelli et Pastorino,
2015).

Laubiericoncha puertodeseadoi Signorelli and Pastorino
2015: 352, Figs. 1-28.

Archivesica puertodeseadoi — Hansen et al. 2017: 272.

Type locality

Southwestern Atlantic Ocean, off Buenos Aires province
coast (37°54.206'S, 54°2.616'W), 2419.59 m; RV “Puerto
Deseado”, station 24, bottom trawl, 14 Aug 2012 (Signorelli
and Pastorino 2015).

Distribution

Off Buenos Aires province coast, Argentina, southwest-
ern Atlantic Ocean in 877-2,204 m depth (Signorelli and
Pastorino 2015); Kemp Caldera, South Sandwich Arc in
1320-1487 m depth; Larsen B area, Weddell Sea, 852 m
depth.

Material examined

Archivesica s.1. puertodeseadoi: RRS James Cook cruise 42,
ROV Isis, Scotia Sea, South Sandwich Arc, Kemp Caldera,

@ Springer
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Fig.3 a Scatterplot comparing shell length and shell height of
Archivesica s.l. puertodeseadoi collected from the Kemp Cal-
dera, as well as the type series collected off Argentina (Signorelli
and Pastorino 2015). b Archivesica s.l. puertodeseadoi from the

59°41.677 S, 28°21.086 W, 1320-1487 m, 2010, many
specimens with soft parts (BAS, IORAN); RV Polarstern
cruise ANT XXIII/8, western Weddell Sea, Larsen B area,
65°26'S, 61°26.5'W, 852 m, 15 January 2007, 2 dry valves
and fragments (MARUM).

Other species

Laubiericoncha myriamae: DIAPISUB stn PL DS 03/1,
Barbados accretionary prism, site Orénoque A, 10°20.27'N,

@ Springer

Kemp Caldera, infaunal specimen collected 2010, cruise JC42,
length=111.12 cm; right inner valve, with pallial scars highlighted
(photo by Heiko Sahling)

58°53.73'W, 1730 m, paratype, 1 specimen with soft parts
(MNHN 20,551); R/V Ronald H. Brown, ROV Jason 11
dive 283, Gulf of Mexico, 21°N, 91° W, 2276-2530 m, 2
July 2007, 3 specimens with soft bodies IORAN); DSV
Alvin dive 3917, Gulf of Mexico, 27°14.02 N, 85°36.66 W,
3234 m, 13 October 2003, 50 articulated dry shells
(IORAN).

Archivesica s.1. chuni: BIOZAIRE 3 cruise, RV Atal-
ante, REGAB site, West of Congo river mouth, 5°46.89S,
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9°44.65E, 3113-3159 m, 2 January 2004, 2 dry valves
(IORAN).

Remarks Specimens from the Kemp Caldera were consist-
ent with the type material of A. s.l. puertodeseadoi (Signo-
relli & Pastorino 2015) in the following diagnostic features:
oval-elongated valves with slightly tapering posterior mar-
gins and 1-2 shallow sulci in dorsal-posterior area, a similar
hinge margin with subumbonal pit, the strongest tooth being
1 on the right valve and 2b on the left valve, a pallial line
originating from the postero-ventral margin of the anterior
adductor scar with nearly triangular pallial sinus and going
slightly behind the anterior margin of the posterior adductor
scar.

Comparison of the Kemp Caldera material with the
type species of Laubiericoncha, Laubiericoncha myriamae
Cosel and Olu 2008, based on a paratype specimen as well
as additional material, revealed that in spite of the obvious
similarity in the general shell outline and the hinge margin
configuration, the newly collected specimens differed from
L. myriamae in several important characters. These include
exhibiting a subumbonal pit in the hinge margin, pallial line
lacking in ventral prolongation posteriorly at the end of pal-
lial sinus, and the interlamellar septae in the gills lacking
in tubular structure. Furthermore, the inhalant siphon valve
only carry short papillae along its margin, in sharp contrast
with L. myriamae where the entire surface of valve is cov-
ered by conspicuous papillae, a unique feature among known
pliocardiines. The inner surface of the inhalant siphon of L.
myriamae is also covered by rather large papillae, which
were absent in the Southern Ocean clams. On the basis of

Tissue dry mass (g)

these differences, we consider that A. s.1. puertodeseadoi and
L. myriamae are not congeneric species.

We further compared the Kemp Caldera clams with
Archivesica s.1. chuni and Archivesica gigas, the type species
of the genus Archivesica s.s.. We found that A. s.l. chuni and
A. s.1. puertodeseadoi share morphological features in the
abovementioned key characters that differentiate them from
L. myriamae, including the same structure of gill interlamel-
lar septae lacking tubes, having similar vulve on the inhal-
ant siphon, and a pallilal line lacking posterior extension.
Additionally, both species, A. s.1. chuni and A. s.1. puertode-
seadoi, differ from A. gigas by longer syphons and triangular
pallial sinuses. According to the molecular results, A. s.1.
chuni was nested in a well-defined unnamed subclade, sister
to a subclade Archivesica s.s. containing A. gigas (Johnson
et al. 2017). So, here for A. s.1. chuni and A. s.1. puertode-
seadoi we provisionally use the genus name Archivesica in
the wide sense (sensu lato).

In the Kemp Caldera A. s.1. puertodeseadoi was reported
in several hard rock and soft sediment habitats (Linse et al.
2019a) which dominant or visually distinct fauna comprised
the seastar Paulasterias tyleri, the limpets Cocculina enig-
madonta and Lepetodrilus concentricus, the pyconogonids
Sericosura bamberi, S. curva, and S. dimorpha, and actino-
solid anemones (Mah et al. 2015; Linse et al. 2019b; Chen
and Linse 2020).

Notes on Laubiericoncha Taxonomy of Pliocardiinae is
still far from being stabilised, with shell characters used
in early taxonomic accounts often failing to provide suffi-
cient discrimination among genera. Including soft anatomi-
cal traits has considerably improved the understanding of
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the taxonomy at the generic level (Cosel and Salas 2001;
Krylova and Sahling 2006; Krylova et al. 2014) and recent
studies combining soft part morphology and multi-gene
molecular analyses have clarified some genus-level charac-
teristics (Johnson et al. 2017). Nevertheless, there are still
unresolved problems at both genus- and species-levels due
to a high degree of morphological variability, with a number
of cryptic and synonymous species revealed in the group
by molecular approaches (Audzijonyte et al. 2012; Decker
et al. 2012). In these respects, the pliocardiine species from
the Kemp Caldera is of particular interest, as it demonstrates
a wide range of morphological variability and ecological
plasticity.

Laubiericoncha myriamae and A. s.1 chuni were initially
both placed in Laubiericoncha (Cosel and Olu 2008; Signo-
relli and Pastorino 2015), but molecular phylogeny indicated
that they were divergent at genus level (Decker et al. 2012;
Johnson et al. 2017). At present, Laubiericoncha is best con-
sidered as a monotypic genus with the only species L. myri-
amae distributed in the West Atlantic near off Barbados and
in the Gulf of Mexico (1170-3234 m).

Discussion

The Pliocardiinae are found world-wide, primarily from cold
seep environments, but also from hydrothermal vents and
other sulphide-rich habitats that support their chemosym-
biotic microbes (Johnson et al. 2017). The Southern Ocean
populations of A. s.l. puertodeseadoi reported herein is the
first record of live pliocardiines in subantarctic waters that
definitively extends the range of the subfamily to the South-
ern Ocean.

Described, living taxa in Archivesica s.1. most closely
related to A. s.l. puertodeseadoi on the basis of morphol-
ogy and the topology of recent phylogenetic reconstructions
(Johnson et al. 2017) include A. chuni, Archivesica angu-
lata, Archivesica suavis, Archivesica laubieri, Archivesica
laubieri kurilensis, Archivesica fortunata, and Archivesica
nanshaensis. Of these species, A. angulata, A. suavis and A.
fortunata are morphologically similar and future molecular
evidence may show them to be synonyms. The distribution
range of this group of pliocardiines is global and include
East Pacific (A. suavis, A. angulata), West Pacific (A. nan-
shaensis, A. fortunata, A. laubieri, A. laubieri kurilensis),
Atlantic (A. chuni), South Atlantic, and Southern Ocean (A.
s.l. puertodeseadoi) (Krylova and Sahling 2010; Signorelli
and Pastorino 2015; Johnson et al. 2017; Chen et al. 2018).

There are also fossil records of pliocardiines resembling
A. s.l. puertodeseadoi. One was described from Svalbard (16
kyr, at 78°N, 1200 m depth) as Archivesica arctica Hansen
et al. 2017, and another was reported from the Rainbow vent
field (25.5 kyr, approximately 2.5 km east of Mid-Atlantic
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Ridge, 36°13'N, 1980 m depth) on the Mid-Atlantic Ridge
and tentatively referred to as Phreagena s.1. sp. (Lartaud
et al. 2010). Specimens from the Rainbow vent field are
morphologically very close to A. s.l. puertodeseadoi and
may actually be conspecific, indicating a possible wide
distribution of this lineage in hydrothermal vents along the
Mid-Atlantic Ridge in the Pleistocene. This would suggest
migrations of the lineage between more northern Atlantic
vent habitats and vents and seeps in the South Atlantic and
Southern Ocean.

These systematic issues, and the potential for broad dis-
persal and ecological plasticity, are also relevant to interpret-
ing the ecophysiology of pliocardiine species. Experimental
physiology studies have been conducted on several species
in the group, in multiple oceans, with differing results. The
metabolic rates that we recorded are broadly in line with
expectations from similar species, including the epilithic
Turneroconcha magnifica (formerly called Calyptogena
magnifica) with rates approximately 1.6-6.3 (MO,: pmol
0, g7' h™!, calculated using dry mass) (Arp et al. 1984;
Khripounoff et al. 2017; Krylova and Sahling 2020), and
two other smaller species of Calyptogena had lower rates of
MO, (Childress and Mickel 1985).

Recent work using in situ measurements of oxygen con-
sumption by pliocardiine clam assemblages have found
widely separated rates even using the same species and the
same equipment, including MO, rate estimates for two other
pliocardiine species of 16-26 (umol O, g~! h™!, calculated
with dry mass), considerably higher than previous experi-
mental results (Khripounoff et al. 2017). The advantage
of in situ respirometry, compared to the ex situ shipboard
experiments used here, is that animals are not subjected to
the stress of capture and consequent changes in temperature
and pressure. The disadvantage is that in situ experiments
of clams in sediment include additional respiration of other
sediment organisms and biological processes, and there may
be substantial group effects impacting total respiration even
among the target species (e.g. Paterson 1983). Experiments
on single individuals held in consistent conditions, such as
in the present study, allow comparisons of the effects of
discrete factors including body size and temperature.

The Metabolic Level Boundaries hypothesis predicts that
polar marine animals may typically have very high metabolic
scaling exponents, meaning that metabolic rate increases
rapidly with increasing body size (Glazier 2010; Verberk
and Atkinson 2013). Size-dependent variation in rates, cou-
pled with the high variability seen in our experiments, would
explain the deviations in rates recorded in multiple in situ
experiments on other pliocardiine species. Metabolic rates
that we observed in larger animals were highly variable, the
scaling exponent could not be determined with confidence
for these data; however, among the smallest individuals VO,
was substantially lower in those in the elevated temperature
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(a) Sulphidic sediments

(b) Sulphidic diffuse flow

(d) calved ice shelf
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Fig.5 Schematic showing types of known habitats and assemblages
of Archivesica s.l. puertodeseadoi in the Southern Ocean: a sul-
phidic sediments in hydrothermally active areas, b near sulphidic dif-
fuse flow vents, ¢ under ice shelf among bacterial mats, and d dead
assemblages under calved ice shelf. The key at bottom indicates the
major organism types found co-occuring with pliocardiine clams in

group. This is evidence for potential metabolic suppression
at elevated temperatures in A. s.l. puertodeseadoi, which
is a typical response to environmental stress in temperate
cold-water molluscs (e.g. Carey and Sigwart 2014; Carey
et al. 2016) and one other vent obligate mollusc (Sigwart
and Chen 2018).

Thermal stress in the vent holobiont snail Alviniconcha
marisindica prompted apparent symbiont bleaching, where

these habitats, including actinostolid anemones, seastars in the genus
Paulasterias, limpets in the genera Cocculinia and Lepetodrilus,
pyconogonids in the genus Sericosura, and bacterial mats as well as
geological features; not all organisms or features are present in all
habitats

material resembling bacterial mats was shed from the mantle
cavity (Sigwart and Chen 2018); this was not observed in
A. s.l. puertodeseadoi. Alviniconcha hosts symbionts in a
network of vacuoles within its cells that open to the mantle
cavity (Endow and Ohta 1989), whereas A. s.l. puertode-
seadoi has true intracellular symbionts in its gill tissue and
likely uses vertical trans-generational transfer of the symbi-
otic bacteria on the eggs, as reported for the closely related
pliocardiine Phreagena okutanii (Ikuta et al. 2016). It is
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not wholly clear how chemosymbiosis may influence oxy-
gen consumption compared to heterotrophic molluscs, and
chemosymbiosis is prerequisite for these animals to occupy
their niche.

Prior to examining experimental responses of metabo-
lism in controlled conditions, our initial observations of the
ecology of A. s.1. puertodeseadoi led us to speculate that the
animals may be highly sensitive to temperature. The animals
are seen living both buried within the sediment, which had
substantial temperature elevation above ambient seawater,
and epilithically where elevated temperatures could not
be maintained. We would have expected that increases in
sediment temperatures would prompt the bivalves to escape
elevated temperatures by crawling to hard substrata (see
video in Online Resource 1), as long as appropriate chemi-
cal conditions were available to support their symbiotic bac-
teria. Although experiments measuring oxygen consump-
tion in response to temperature have certain limitations in
understanding whole-animal physiology, the high variance
in metabolic rates, and the lack of any clear change in VO,
or MO, in our different temperature treatments, indicates
that this species may be more tolerant to thermal fluctuations
than expected.

Pliocardiines live at cold temperatures at the seabed-water
interface (Arp et al. 1984; Decker et al. 2017). The bivalve’s
siphons extended into the cold water for respiration, but the
foot extends into warmer, anoxic, sulphide- or hydrocar-
bon-rich sediments to take up inorganic compounds such as
hydrogen sulphide to supply endosymbiont microbes (e.g.
Childress and Mickel 1985; Niemann et al. 2009). Most plio-
cardiines occur in patches, from one to several square metres
in suitable sediments (e.g. Sahling et al. 2008). The single,
long-dead specimen of vesicomyid collected from Ross Sea
has a very large (28 cm shell length) and elongate shell and
is clearly not conspecific with A. s.l. puertodeseadoi (Mar-
shall and Tracey 2015), but it has not been sighted in its
natural assemblage. Assemblages in Larsen A and Larsen B
were around one to several metres wide (Domack et al. 2005;
Niemann et al. 2009), which is within the normal range of
pliocardiine patches (Johnson et al. 2017). By this standard
the observations in Kemp Caldera are particularly wide-
spread, with extensive coverage of live clams in patches with
diameters from 5—-10 m or even larger. The Kemp Caldera
is also characterised by a widespread seafloor temperature
anomaly which may be critical to support A. s.l. puertode-
seadoi as well as other species that are associated but not
obligate to hydrothermal activity.

Our observations indicate that pliocardiines, are able to
adapt to living in a variety of habitats and biotopes, both
epifaunally and infaunally (Fig. 5). Conditions appropriate
to maintain symbiotic microbes are available in sulphur
from active hydrothermal sites (Fig. 5a,b), like the Kemp
Caldera (Cole et al. 2014; Hawkes et al. 2014), or from
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methane trapped under extended Antarctic ice shelves
(Fig. 5¢). Under these extended, hundreds of meters thick
ice shelves with a restricted water column, geothermally
originating methane seepage may provide sufficiently high
density to support specialist communities. This idea was
originally proposed by Domack et al. (2005) after the col-
lapse of Larsen B in 2002. The 2005 discovery of dead
pliocardiine assemblages in an area previously covered
by the ice shelf, and the idea of under-ice-shelf seepage
was further discussed by Ingels et al. (2018). The methane
source for the Larsen B seep is thermogenic (and possi-
bly hydrothermal), based on the hydrocarbon composition
(Niemann et al. 2009), and recent evidence from the west-
ern Antarctic Peninsula (Larsen A-E areas) also showed
positive geothermal anomalies (Jordan et al. 2017; Martos
et al. 2017). The sediment conditions in a patch of dead A.
s.l. puertodeseadoi in the Larsen B area led Niemann et al.
(2009) to propose that methanotrophic bacteria related to
ANME-3 (anaerobic methanotrophic archaea) most likely
enable anaerobic methane oxidation in the Larsen B seep
when the ice shelf was still present. Pliocardiine metabo-
lism is indirectly based on anaerobic methane oxidation,
which produces sulphide that in turn can be used as an
energy source by the sulphur-oxidising symbionts that
provide nutrition to the bivalve host (Boetius et al. 2000).
The collapse or calving of extended ice shelves, like the
recent break-up of the gigantic iceberg A68 from Larsen
C (Hogg and Gudmundsson 2017), could release previ-
ously trapped geothermally originating methane seepage
through the water column, remove the food source for the
chemoautotrophic bacteria and lead to the local extinction
of pliocardiine assemblages.

The nature of Antarctic habitats, and the dynamics
of ice shelf growth and destruction may have prompted
a new type of ephemeral habitat with geothermal meth-
ane trapped under ice, colonised by a single, ecologically
flexible pliocardiine species. Our experimental evidence
supports an inference of thermal tolerance. The mor-
phological similarity of this species with pliocardiines
broadly distributed through the deep Atlantic, including
fossils, indicates potentially long-term dispersion over a
large geographic area, despite the specialist habitat of this
species. This follows a longer-term pattern in this diverse
symbiotrophic bivalve radiation, which contains lineages
adapted to organic falls, seeps, and vents. In the Antarctic,
this pliocardiine bivalve can find its habitat and achieve
large biomasses equally in sulphidic sediments, diffuse
geothermal flow, or methane seepage amplified in under-
ice water masses.
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Dedication

This publication is dedicated to our colleague and friend
Heiko Sahling, who passed away on 23 April 2018. He ini-
tiated the collaboration between Katrin Linse and Elena
Krylova on this topic and hosted them in his office at the
initial stage of this study. The area of Heiko’s scientific
activity included both marine geochemistry and biology,
and his deep understanding of geochemical processes
together with his biological knowledge resulted in studies
that have become great contribution to research of deep-sea
oceanology.
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