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ABSTRACT: Deep-sea hydrothermal vents host unique marine ecosystems that rely on organic
matter produced by chemoautotrophic microbes together with phytodetritus. Although meiofauna
can be abundant at such vents, the small size of meiofauna limits studies on nutritional sources.
Here we investigated dietary sources of meio- and macrofauna at hydrothermal vent fields in the
western North Pacific using stable carbon and nitrogen isotope ratios (δ13C, δ15N) and natural-abundance radiocarbon (Δ14C). Bacterial mats and Paralvinella spp. (polychaetes) collected from hydrothermal vent chimneys were enriched in 13C (up to −10 ‰) and depleted in 14C (−700 to −580 ‰).
The δ13C and Δ14C values of dirivultid copepods, endemic to hydrothermal vent chimneys, were
−11 ‰ and −661 ‰, respectively, and were similar to the values in the bacterial mats and Paralvinella spp. but distinct from those of nearby non-vent sediments (δ13C: ~−24 ‰) and water-column
plankton (Δ14C: ~40 ‰). In contrast, δ13C values of nematodes from vent chimneys were similar to
those of non-vent sites (ca. −25 ‰). Results suggest that dirivultids relied on vent chimney bacterial
mats as their nutritional source, whereas vent nematodes did not obtain significant nutrient
amounts from the chemolithoautotrophic microbes. The Δ14C values of Neoverruca intermedia (vent
barnacle) suggest they gain nutrition from chemoautotrophic microbes, but the source of inorganic
carbon was diluted with bottom water much more than those of the Paralvinella habitat, reflecting
Neoverruca’s more distant distribution from active venting. The combination of stable and radioisotope analyses on hydrothermal vent organisms provides valuable information on their nutritional
sources and, hence, their adaptive ecology to chemosynthesis-based ecosystems.
KEY WORDS: Meiofauna · Dirivultid copepods · Nematodes · Paralvinella · Neoverruca · Nutrition ·
Natural-abundance radiocarbon · Stable carbon and nitrogen isotope ratios

1. INTRODUCTION
Deep-sea hydrothermal vent ecosystems utilize
organic matter (OM) produced by chemoautotrophic
*Corresponding author: nomakih@jamstec.go.jp

microbes. Many studies on megafauna, e.g. Riftia
tubeworms, Bathymodiolus mussels, and Shinkaia
squat lobster, have addressed their nutritional ecologies and symbiotic relationships between host mega© The authors 2019. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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benthos and microbes (e.g. Cavanaugh et al. 1981,
Felbeck 1985, Belkin et al. 1986, Duperron et al.
2006, Watsuji et al. 2014). Those megafauna gain
nutrition from the chemoautotrophic microbes that
produce OM using energy from the reduction of
chemicals contained in hydrothermal vent fluid (e.g.
Fisher et al. 1989, Markert et al. 2007). Additionally,
some megafauna feed on microbial mats or other
organisms living around hydrothermal vents. In general, these megafauna do not possess symbiotic
microbes, but gain nutrition from the vent ecosystem,
which has an extraordinarily high biomass that can
reach 100s to 1000s of individuals per m2 (Gebruk et
al. 2000, Nakajima et al. 2015). OM originating from
phytoplankton also plays a significant role in hydrothermal vent ecosystems (Levin et al. 2016), particularly for filter-feeding species. Hydrothermal vent
fluids in the upper bathyal zone may enhance photosynthesis by providing inorganic nutrients such as
iron to the photic zone, and resultant photosynthetic
carbon inputs to vent ecosystems are proportionally
more important than those at deep-sea hydrothermal
vents (Sweetman et al. 2013). The production of OM
by both chemoautotrophic and photosynthetic pathways makes hydrothermal vents one of the most
productive marine habitats which have a further significant influence on surrounding ‘background’ (nonvent) ecosystems (Levin et al. 2016). Vent megafauna
utilize OM either from chemosynthesis or photosynthesis, depending on their feeding habits and mode of
symbiosis, if present. Knowledge about the relative
contribution of chemoautotrophic vs. photosynthetic
carbon to hydrothermal vent and adjacent ‘normal’
seafloor organisms is crucial because the nutritional
sources determine elemental and energy flows
through these deep-sea environments.
In contrast to the intensive amount of studies on
hydrothermal vent megafauna, vent meiofauna have
received less attention, especially regarding their
nutrition. ‘Meiofauna’ refers to a size class rather
than taxonomic grouping where meiofaunal organisms typically include those that pass through a 1 mm
mesh sieve but are retained on a 63 µm mesh sieve
(Giere 2009), noting that deep-sea studies have typically adapted a 32 µm mesh as a lower limit (e.g.
Gollner et al. 2015b, Schmidt et al. 2018). This abundant deep-sea benthos contributes substantially to
deep-sea benthic biomass (e.g. Rex et al. 2006).
Among the most abundant deep-sea metazoans, nematodes typically dominate the meiofauna, followed
by harpacticoid copepods. Most studies of meiofaunal assemblages at deep-sea hydrothermal vent
fields have focused on the East Pacific Rise (e.g.

Dinet et al. 1988, Copley et al. 2007). Vanreusel et al.
(2010) reviewed biogeographic data on nematodes
associated with chemosynthetic environments in the
deep-sea and showed high similarity between vents
and adjacent typical, non-vent sediment communities. Similar conclusions were reported from studies
on vent meiofaunal communities at the East Pacific
Rise (Gollner et al. 2010b) and on nematode communities at the hydrothermal vent field and adjacent
non-vent seafloor at the Izu-Ogasawara Arc, western
North Pacific (Setoguchi et al. 2014). These faunal
similarities suggest low endemism in deep-sea vent
meiofaunal species (cf. Gollner et al. 2010b), and that
current vent meiofauna invaded from adjacent sediments, presumably related to the absence of a planktonic life stage (cf. Vanreusel et al. 1997). The low
endemism of nematodes at hydrothermal vents suggests that most taxa do not solely rely on chemoautotrophic microbial production at vent chimneys.
The family Dirivultidae (Copepoda), an exceptionally abundant meiofaunal taxon at deep-sea hydrothermal vents, are free-living on hard substrate and
often co-occur with aggregations of various sessile
vent megafauna (Gollner et al. 2010a). Their distribution patterns, their mouthpart morphologies, and observations of partly digested bacteria in their foregut
suggest tolerance of a wide range of hydrothermal
fluid flux regimes and strong nutritional relationships
with chemoautotrophic microbes inhabiting hydrothermal vent chimneys (Dinet et al. 1988, Heptner &
Ivanenko 2002, Gollner et al. 2010a).
Studies of nutritional sources in hydrothermal vent
ecosystems (e.g. Rau 1981, Bergquist et al. 2007,
Levin et al. 2009, Soto 2009) have utilized stable isotope ratios of carbon (δ13C) and nitrogen (δ15N), which
indicate both carbon source and trophic position
(Minagawa & Wada 1984). Isotopic studies including
dirivultid copepods (Limen et al. 2006, 2007, 2008,
Gollner et al. 2010a) showed that dirivultid species
collected from a high-flow site on active chimneys
exhibited distinct carbon isotopic compositions, suggesting utilization of OM produced by chemoautotrophic microbes, while the δ13C values of nematodes
from a low-flow site at the base of the same chimney
did not use such OM (Limen et al. 2007). However,
isotopic composition data were obtained from dirivultids and nematodes collected from different habitats,
raising questions about whether isotopic differences
resulted from different feeding habits or different
food availability between habitats. This confusion
points to a need for quantitative trophic information
regarding co-existing taxon-specific meiofauna from
different vent-associated habitats.
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The multiple carbon sources available at hydrothermal vent ecosystems create a need for careful
sampling of all possible food sources for appropriate
mixing models (Riekenberg et al. 2016). Furthermore,
the δ13C values of chemoautotrophic microbiota vary
as a result of different carbon fixation pathways, such
as the reductive tricarboxylic acid cycle (TCA), the
Calvin-Benson-Bassham (CBB) cycle, and the reductive pentose phosphate cycle (House et al. 2003,
Robinson et al. 2003). These pathways complicate
efforts to identify carbon sources of organisms with
intermediate δ13C values (i.e. ~–25 to −15 ‰), which
lie between chemosynthetic organisms with 13Cdepeleted values such as Bathymodiolus septemdierum (−35 ‰ on average) and organisms with 13Cenriched values such as Paralvinella spp. (−10 ‰ on
average) (Yorisue et al. 2012). Intermediate values
may result from either a mixed diet of these 2 endmembers or from a phytodetritus diet.
Analysis of natural-abundance radiocarbon (Δ14C)
offers a powerful tool for investigating feeding habits
of hydrothermal vent organisms in that it can discriminate between carbon sources such as photosynthetic
and chemosynthetic OM (Williams et al. 1981). On the
one hand, phytodetritus originating from marine
phytoplankton exhibits 14C concentrations reflecting
those of surface-water dissolved inorganic carbon
(DIC). Chemoautotrophic microbes at deep-sea hydrothermal vents, on the other hand, typically exhibit
depleted 14C concentrations because they utilize either 14C-depleted bottom-water (Stuiver et al. 1983) or
14
C-depleted CO2 or CH4 from the venting fluid as
their inorganic carbon source (Williams et al. 1981).
Thus, the Δ14C values provide clear evidence of utilization of chemosynthetic OM using carbon derived
from hydrothermal fluid or deep-sea bottom water
and can discriminate from utilization of phytoplankton. Historically, measurement of Δ14C in organisms required considerable sample mass, resulting in few
Δ14C measurements on hydrothermal vent organisms
(clam shells, Turekian et al. 1979; hydrothermal vent
bivalves and tubeworms, Williams et al. 1981) and
none on small organisms such as meiofauna. However,
improvements in sample preparation and measurement procedures during the last 2 decades (Pearson et
al. 1998, Yokoyama et al. 2010) now enable application of this method to selected microbial lipid compounds (Pearson et al. 2005) and certain meiofauna
that densely colonize hydrothermal vent fields.
In this study, we collected benthic meiofauna (copepods, nematodes, and other taxa) and macrofauna
(Neoverruca intermedia and Paralvinella spp.) from a
variety of habitats at 3 active hydrothermal vent fields
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in the western Pacific. The habitats included bacterial
mats and detritus on active chimneys, the surface of
basal sediments at vent chimneys, surface sediments
of non-vent sites inside the calderas, and surface sediments outside calderas. Stable carbon and nitrogen
isotopic compositions were measured on isolated organisms and compared with isotopic data of comparable environmental samples. We analysed naturalabundance radiocarbon content in selected organisms
and substrates to discriminate the carbon sources between water-column derived photosynthesis and
chemosynthesis originating from hydrothermal vent
fluids or ambient deep-sea bottom waters.

2. MATERIALS AND METHODS
2.1. Sampling sites
We sampled 3 submarine volcanos: Myojin Knoll,
Myojin-sho submarine caldera, and Bayonnaise
Knoll, all located in the Izu-Ogasawara Arc of the
western North Pacific (Fig. 1), during a series of R/V
‘Natsushima’ cruises using the ROV ‘Hyper-Dolphin’
(Table 1, Uejima et al. 2017, Senokuchi et al. 2018).
The Izu-Ogasawara Arc is a ~1200 km long volcanic
arc attributed to the subduction of the Pacific plate
beneath the Philippine Sea plate (Honsho et al.
2016). Hydrothermal vent activities were recorded at
water depths around 700 to 900 m at Myojin-sho and
Bayonnaise Knoll, while those of Myojin Knoll ranged
from 1250 to 1350 m water depth (Fig. 1, Table 1).
Thin volcaniclastic sediments (Iizasa 1993) cover the
submarine calderas and differ from the sedimentcovered hydrothermal vent system found in the Okinawa Trough (Kawagucci 2015). As a result, methane
and ammonium ion concentrations in the venting
fluid at the Izu-Ogasawara Arc area are significantly
lower than those of the Okinawa Trough (Kawagucci
et al. 2013, Kawagucci 2015). Hydrothermal vent
macro- and megafaunal communities in the Izu-Ogasawara Arc area were previously reported in Watanabe et al. (2010).

2.2. Sampling
Sediment and detritus sampling was conducted
at 4 different types of benthic habitats: outside
the caldera as a reference site, in a non-vent field
in caldera, at the base of the vent chimney where
sediments were deposited, and where OM was attached to the exterior of an active chimney (Table 1,
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Fig. 1. Bathymetric maps of the sampling area
south of Japan. Circles: sampling area for
hydrothermal vent chimneys, vent-base sediments, and non-vent sediments at the inside of
caldera; triangles: sampling sites for sediments
outside the calderas

Table 1. Sampling locations, cruise and dive IDs, sampling date, and collected sample types
Seamounts
Habitat
Myojin-sho caldera
Hydrothermal vent area

Non-vent site in caldera
Outside of caldera
Water column
Myojin Knoll
Hydrothermal vent area

Non-vent site in caldera

Outside of caldera
Bayonnaise Knoll
Hydrothermal vent area

Non-vent site in caldera

Cruise ID

Dive #

Date

Lat. (N)

Long. (E)

Depth (m)

Sediment

NT07-17
NT12-10
NT13-09
NT14-06
NT12-10
NT13-09
NT13-09

HPD#749
HPD#1374
HPD#1518
HPD#1652
HPD#1374
HPD#1517
HPD#1516

Sep 1, 2007
Apr 24, 2012
Apr 23, 2013
Apr 17, 2014
Apr 24, 2012
Apr 23, 2013
Apr 22, 2013

31° 53.0
31° 53.0
31° 53.0
31° 53.0
31° 53.0
31° 56.8
31° 53.0

139° 58.2
139° 58.2
139° 58.2
139° 58.2
139° 58.0
139° 57.6
139° 58.0

883
809−851
795−842
791−853
994
1000−1002
300

NT12-10
NT13-09
NT13-09
KM16-07
NT12-10
NT13-09
KM16-07
NT12-10

HPD#1377
HPD#1519
HPD#1520
KM-ROV#20
HPD#1377
HPD#1520
KM-ROV#20
HPD#1378

Apr 28, 2012
Apr 25, 2013
Apr 27, 2013
Sep 3, 2016
Apr 28, 2012
Apr 27, 2013
Sep 3, 2016
Apr 29, 2012

32° 06.2
32° 06.2
32° 06.2
32° 06.3
32° 06.3
32° 06.3
32° 06.3
32° 03.4

139° 52.1
139° 52.1
139° 52.1
139° 52.1
139° 52.0
139° 52.1
139° 58.2
139° 52.0

1249−1324
1251−1307
1250−1268
1325
1399
1354
1334
998

+

NT14-06
NT14-06
NT14-06
NT14-06
NT14-06
NT14-06

HPD#1647
HPD#1648
HPD#1649
HPD#1647
HPD#1648
HPD#1649

Apr 12, 2014
Apr 15, 2014
Apr 15, 2014
Apr 12, 2014
Apr 15, 2014
Apr 15, 2014

31° 57.4
31° 57.4
31° 57.4
31° 57.5
31° 57.5
31° 57.5

139° 44.7
139° 44.7
139° 44.7
139° 44.6
139° 44.6
139° 44.6

742−778
777−781
772−779
831
832
831

+
+
+
+
+
+

+
+
+
+
+

De- Organ- Water
tritus isms

+
+
+

+
+
+

+
+
+
+

+
+
+

+

+
+
+
+
+
+
+
+

+
+

+
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Table S1 in the Supplement at www.int-res.com/
articles/suppl/m622p049_supp.xlsx). Meio- and macrofauna for the isotope measurements were isolated
from these sediment and detritus samples (Tables S2
& S3). Water-column zooplankton, bottom water and
hydrothermal vent fluids were also collected at Myojin-sho and Myojin Knoll for natural-abundance
radiocarbon analyses (Table 1, Table S4).
Two different types of push corers were used to
obtain quantitative sediment samples (H-type: inner
diameter 82 mm; S-type: inner diameter 50 mm;
Table S1). In cases where sediment layers were too
thin or too coarse for collection with push corers, we
used an M-type sediment sampler to collect the surface ~3 cm of sediments via scooping. On board, core
samples were sliced horizontally into 4 layers (0−1,
1−2, 2−3, and 3−5 cm). A small amount (ca. 2 ml) of
sediment or bacterial mat was collected from each
sediment slice or suction sample for determination of
total organic carbon (TOC), total nitrogen (TN) concentration, and isotopic compositions. These aliquots
were placed into pre-combusted 20 ml glass bottles
and kept frozen at −20°C. The remaining sediment
slices or suction samples were split in half using a
plankton splitter (RIGO). One half of each sample
was immediately fixed and preserved in 5% formalin
buffered with seawater for taxonomic study. After
removing excess seawater, the other half was preserved with 99.5% EtOH for molecular phylogenetic
study and isotopic composition measurements. Previous studies report that ethanol preservation sometimes causes a shift in δ13C values, typically within a
few ‰ (e.g. Enge et al. 2018). However, these isotopic
shifts are relatively small compared to δ13C variation
in hydrothermal vent ecosystems (typically ~30 ‰)
(Bell et al. 2016). Visible large agglutinated foraminifera (presumably Pelosina sp,, hereafter Pelosina)
on surface sediments at the base of the 20 m high
chimney at Myojin Knoll were isolated before sediment slicing and preserved at −80°C.
Bacterial mats, detritus, and meiofauna from the
vent chimney were collected with a suction
sampler (Fig. 2) with exchangeable sample containers
equipped with a 30 µm mesh at the outlet. Detritus
was collected from colonies of Paralvinella spp.,
which include Paralvinella hessleri and Paralvinella
sp. (N. Jimi pers. comm.), on the surfaces of active
chimneys of Myojin Knoll and Myojin-sho. These
colonies typically occurred in close proximity to venting locations with high water temperatures (Watanabe & Kojima 2015). One of the Paralvinella colonies
(sample ID S4a in Table S2) was considerably smaller
(~15 cm in diameter) than the others (typically larger

53

than 30 cm in diameter) and suction sampling may
have included some surrounding detritus as a result
of difficulties manipulating the suction sampler.
Other Paralvinella colonies were sufficiently large to
avoid potential contamination (Fig. 2D). At some
chimneys, we took suction samples from colonies of
Neoverruca intermedia, a vent barnacle that occurs
10s of cm away from active venting. We found no obvious macrofaunal colonies at Bayonnaise Knoll,
therefore, we collected white bacterial mats around
the active vent of some chimneys (Table S2).
We also conducted suction sampling in the water
column (depth 300 m) to collect plankton and nekton
that rely solely on photosynthetic OM. We filtered
seawater through a 30 µm mesh and fixed the material retained on the mesh with 99.9% EtOH. Among
these water-column samples, we removed Decapoda (shrimp) and Chaetognatha for Δ14C analyses
(Table S4).
In the laboratory on land (Kumamoto University),
we isolated metazoan meio-macrofaunal specimens
from EtOH-fixed detritus samples and from 0−1 cm
layer sediments, then transferred them to flat-bottomed petri dishes. We then picked them at random
using tweezers or an Irwin loop under a binocular
stereoscopic microscope until we obtained enough
biomass for isotopic analyses (Tables S3 & S4). We
identified specimens to higher taxonomic levels (i.e.
nematodes, isopods, small polychaetes) for this analysis according to Higgins & Thiel (1988) and Giere
(2009). We subdivided copepods to Dirivultidae
(Siphonostomatoida), a typical vent group of relatively large size and characteristic morphology, and
the other small copepods (mainly harpacticoids) using
taxonomic keys prepared by Boxshall & Halsey
(2004) and Gollner et al. (2010a). Very recently, the
most abundant species of Dirivultidae in this area
was discovered to be new to science and was
described as Stygiopontius senokuchiae (Uyeno et al.
2018); adult females of this species were sorted for
14
C analysis (Table S3). Most of the dirivultid samples
utilized for our stable isotope analyses included this
dominant species, although we conservatively describe those samples as ‘Dirivultidae’. Specimens of
Paralvinella spp. were also sorted based on Rouse &
Pleijel (2001), although we report them as Paralvinella spp. here as mentioned above.
Bottom seawater and hydrothermal vent fluid were
collected using a Perista pump sampler at Myojin
Knoll for Δ14C analyses of DIC (Table 1). We collected
bottom seawater ~20 m away from the closest venting field with a 5 l Niskin bottle attached to the
Kaimei-ROV. We also collected hydrothermal vent
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A

B

C

D

Fig. 2. Photographs showing (A,B) push core and (C,D) suction samplings using the ROV ‘Hyper-Dolphin’. (A) Coring outside
Myojin-sho caldera, (B) coring the base of a Myojin Knoll hydrothermal vent chimney, and suction sampling in a (C) Neoverruca intermedia colony and (D) Paralvinella colony

fluid via pumping through titanium and silicon tubing into a polyethylene container. On board, we gently subsampled approximately 100 ml of the bottom
seawater and vent fluid into gas-tight bottles and
preserved them by adding saturated HgCl2 solution.
We measured the stable carbon isotopic composition
of DIC with a stable isotope mass spectrometer (IsoPrime, GV Instruments) based on the method described by Nomaki et al. (2011).

2.3. Analyses of TOC, TN,
and their isotopic compositions
The sediment, bacterial mat, detritus, and agglutinated foraminiferal samples used for TOC concentrations, TN concentrations, and their carbon and
nitrogen isotopic compositions (δ13C, δ15N) were
freeze-dried, powdered, and weighed into precleaned silver capsules (Nomaki et al. 2008, Ogawa

et al. 2010). We decalcified the samples with 2 M
HCl, followed by drying on a hotplate at 60°C. We
sealed dried silver capsules containing decalcified
samples into pre-cleaned tin capsules prior to isotopic analysis. We placed metazoan meiofaunal and
macrofaunal (Paralvinella spp. and Neoverruca intermedia) samples directly into pre-cleaned tin capsules
and dried at 60°C to remove water and EtOH to determine their dry weight. After weighing, they were
decalcified with 0.1 M HCl and completely dried
again, and then sealed with pre-cleaned forceps.
We determined carbon and nitrogen isotopic compositions along with TOC and TN content of sediment and detritus samples using an isotope ratio
mass spectrometer coupled to an elemental analyzer
(Flash EA1112-DELTA V Advantage ConFloIV System, Thermo Fisher Scientific). The isotope ratios
were expressed by delta-notation as δX = [(Rsample/
(Rstandard) − 1] × 1000, where X is 13C or 15N and (R is
the ratio of 13C:12C or 15N:14N. Vienna Pee Dee
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Belemnite (VPDB) for carbon and atmospheric N2
(AIR) for nitrogen were used as standards. We measured working standards with known carbon and
nitrogen concentrations and their isotopic compositions every 10 to 15 samples. For quantification of
TOC and TN, we used acetanilide as the working
standard. The analytical errors (SE) for the standard
TOC and TN concentrations were ± 0.3%. For the
δ13C measurements, we used alanine (δ13C: −19.6 ±
0.2 ‰), histidine (δ13C: −10.7 ± 0.2 ‰), and glycine
(δ13C: −33.8 ± 0.2 ‰) as working standards. For δ15N
analyses, we used 2 different alanine working standards with different nitrogen isotopic compositions
(δ15N = 1.6 ± 0.2 ‰ and 10.1 ± 0.2 ‰). Analytical errors
for the δ13C and δ15N standards were both < ± 0.15 ‰.
Analyses of meio- and macrofaunal samples were
determined using an isotope ratio monitoring mass
spectrometer (Delta plus XP, Thermo Finnigan) connected to an elemental analyzer (FlashEA1112, Thermo
Finnigan) through a continuous flow interface (ConFloIII, Thermo Finnigan). We used an organic standard of tyrosine (BG-T; δ13C: −20.83 ‰, δ15N: 8.74 ‰;
Tayasu et al. 2011) as a working standard. Analytical
errors for the standards of δ13C and δ15N were ±
0.12 ‰ (SD, 1σ) and ± 0.33 ‰ (SD, 1σ), respectively.
Here, we cite the isotopic compositions of sediment
data obtained from Myojin Knoll collected in 2008
(cruise ID NT08-07) for comparison (Setoguchi et al.
2014).

2.4.

14

C analysis of organisms, bacterial mats,
and seawater

In order to discriminate the contribution of carbon
derived from hydrothermal vents versus sinking OM
from the surface ocean, we examined the naturalabundance radiocarbon of Stygiopontius senokuchiae (Dirivultidae), Neoverruca intermedia, Paralvinella spp., bacterial mats of Paralvinella spp. from
active chimneys, and zooplankton samples (Decapoda and Chaetognatha) collected from the water
column.
We placed samples in pre-combusted glass cups
and dried them on a hotplate to remove water and
EtOH, decalcified with 0.1M HCl, and completely
dried them again. The samples were further graphitised according to the modified methods of Yokoyama
et al. (2010). Briefly, dried samples (90 to 617 µg)
were combusted in an evacuated quartz tube with
copper oxide at 500°C for 30 min and at 850°C for 2 h.
The CO2 gas was cryogenically purified in a vacuum
line and reduced to graphite with hydrogen and an
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iron catalyst at 550°C for 10 h. We measured the Δ14C
values with an accelerator mass spectrometer (AMS)
at the Atmosphere and Ocean Research Institute
(AMS lab code YAUT). The Δ14C (‰) value was defined as follows (Stuiver & Polach 1977):
Δ14C (‰) = δ14C − 2(δ13C + 25)(1 + δ14C /1000) (1)
The Δ14C value of the international standard (oxalic
acid) takes into account radioactive decay since 1950
(Stuiver & Polach 1977). The 1 sigma analytical precision of the Δ14C measurements was within 6 ‰
(Table S4).

3. RESULTS
3.1. TOC, TN, δ13C, and δ15N profiles in sediments
TOC and TN concentration profiles differed between sediment collected from the active hydrothermal vent and non-vent areas (Fig. 3, Table S1). Two
cores collected at the base of the chimney showed
obvious surface peaks in TOC and TN concentrations, which were roughly 3 to 4 times higher in the
surface layer (0 to 1 cm) than in deeper layers
(Table S1, Fig. 3C,E). Below 1 cm depth in sediments,
TOC concentrations were largely comparable between non-vent and vent-base sediments at Myojin
Knoll, but vent sediment TOC values were nonetheless higher than non-vent sediments TOC at Bayonnaise Knoll, though these numbers represent single
core results at both sites. C/N ratios showed no obvious vertical trends both in non-vent and vent-base
sediments, however, vent-base sediments at Myojin
Knoll exhibited lower C/N ratios than non-vent sediments through the analyzed depth intervals (Fig. 3D).
We found no obvious vertical trend in δ13C and
δ15N in either non-vent and chimney-base samples
(Table S1), except for in cores showing obvious surface TOC peaks (Fig. 3). These cores exhibited 13Cdepleted values (−27.2 and –25.8 ‰) in the surface
cm compared to deeper layers (−24.7 to –21.4 ‰).

3.2. Meiofaunal, macrofaunal, and habitat
δ13C and δ15N values
We plotted the meio- and macrofaunal δ13C and
δ15N values against those from the surface 0−1 cm or
bulk surface sediment values, where we obtained
meiofaunal samples, and excluded values below the
surface layer (Table S1) from dual isotope plots
(Fig. 4).
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3.2.1. Non-vent outside caldera: reference sites
Sediments and meiofaunal samples from outside
the calderas were collected only from Myojin Knoll
and the Myojin-sho caldera. The δ13C values of surface sediments ranged from −24.4 to −21.1 ‰, and
δ15N values ranged between 0.9 and 3.2 ‰ (Table S1,

Fig. 4A,B; Setoguchi et al. 2014). All meiofauna,
namely nematodes, copepods (mainly harpacticoid
copepods), and isopods from Myojin Knoll, exhibited
similar δ13C values (−23.4 to −19.3 ‰) which are
closer to surface sediments. The δ15N values ranged
between 8.3 and 10.8 ‰, which were enriched in 15N
by roughly 7 ‰ compared to surface sediments.
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3.2.2. Non-vent sediment inside caldera
There was little variation in δ13C values in sediments from the non-vent area inside the calderas
(−24.9 to −21.9 ‰) but more variation in δ15N values
(−3.8 to 11.8 ‰; Fig. 4). Despite generally similar δ15N
values in non-vent sediment sampled from inside
calderas at the Bayonnaise Knoll and Myojin-sho (4.8
to 8.0 ‰ and 5.9 ‰, respectively), Myojin-Knoll values were mostly low (−3.8 to −0.1 ‰) in contrast to
substantially high δ15N values of up to 11.8 ‰ in 2 surface sediment samples (Table S1, Fig. 4). Meiofauna
from this habitat at Bayonnaise Knoll exhibited a
slightly wider range in δ13C values (−24.3‰ to −20.1‰)

than those of sediments (−22.5 ‰ to −21.9 ‰). Nematode and copepod δ15N values of 10.0 and 12.0 ‰,
respectively, were ~5 and ~7 ‰ higher than those of
isolated sediments, in contrast to δ15N values being
< 2% higher in polychaetes compared to isolated sediment (Fig. 4C).

3.2.3. Basal sediment of hydrothermal
vent chimneys
The δ13C values in basal sediment of vent chimneys
varied greatly (−28.8 to −18.3 ‰) relative to outsidecaldera and non-vent sediments (Fig. 4). Nitrogen
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isotopic composition also varied greatly, ranging
from –4.9 to 9.4 ‰. Acknowledging limited numbers
of replicates for meiofaunal samples, δ13C values
from copepods (−28.6 and −27.1 ‰) and polychaetes
(−27.3 ‰) were more depleted in 13C than in meiofauna from outside the caldera and non-vent sites
inside calderas. The δ13C value from nematodes was
almost identical to those from nematodes outside the
caldera and from non-vent sediments (Fig. 4). The
δ15N values of chimney-base meiofauna ranged between 3.4 to 9.6 ‰, which were slightly lower than in
other habitats. Exceptionally high δ15N values (16.4
and 19.0 ‰) in large agglutinated foraminifera, presumably Pelosina spp., were distinct from those of
metazoan meiofauna (Fig. 4B).

3.2.4. Hydrothermal vent chimney

study at all 4 habitats, sharply contrasting the relatively large scatter in copepod and polychaete data.
Benthic copepods (mainly harpacticoid copepods
excluding Dirivultidae) exhibited δ13C values intermediate between those of Dirivultidae and nematodes (Fig. 4C), although we examined only a single
sample from this habitat. An unidentified polychaete
species exhibited δ13C values similar to nematodes,
but individuals were more depleted in 15N (−3.0 to
1.7 ‰) than any other organism (Fig. 4A).

3.3. Natural-abundance radiocarbon
Natural-abundance radiocarbon content clearly
differed between water-column plankton and ventchimney mats or organisms (Fig. 5). Chaetognatha
and Decapoda collected from a depth of 300 m, which
were ~500 m above the Myojin-sho hydrothermal
vent field, exhibited Δ14C values of 35 and 47 ‰,
respectively, which were close to the DIC of the surface water of the adjacent area (57 ‰, WOCE P02line, site 23; https://cchdo.ucsd.edu/search?q=p02).
In contrast, vent chimney detritus and organisms
where characterized by substantially depleted 14C
concentrations compared to those from photosynthesis-based ecosystems. The Δ14C values of detritus
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from Paralvinella colonies varied from −636 to
−584 ‰. Paralvinella spp. and female Stygiopontius
senokuchiae (Dirivultidae), which occurred on the
detritus, yielded values of −695 to −661 ‰, and
−661 ‰, respectively, and were slightly more depleted in 14C than the detritus (Fig. 5). These values
were intermediate between the DIC of bottom water
in the area (−168 ‰) and venting fluid (−851 and
−842 ‰), but tended toward the venting fluid values.
Neoverruca intermedia collected from the vent
chimneys at a lower-temperature habitat (6.5−7°C)
than the Paralvinella spp.-habitat temperature (Senokuchi et al. 2018) exhibited Δ14C values from −298 to
−236 ‰. Again, these values fell between bottom-water DIC and venting-fluid DIC, but were much closer
to bottom-water DIC or water-column zooplankton
values than to those of other hydrothermal vent organisms, i.e. Paralvinella and Stygiopontius (Table S4,
Fig. 5). Among the 5 individuals which were examined
for isotopic analyses, specimens exhibiting low Δ14C
values tended to be enriched in 13C (Table S4).

4. DISCUSSION
4.1. Nutritional sources of vent organisms
Paralvinella spp. and Neoverruca intermedia
We examined C and N isotopic compositions of 2
hydrothermal vent-specific macrofauna: the polychaete Paralvinella spp. and the gastropod Neoverruca intermedia. Genus Paralvinella, abundant macrofaunal polychaetes living on the hydrothermal vent
chimneys of both Myojin-sho and Myojin Knoll, are
the most thermotolerant marine metazoans known
(Girguis & Lee 2006), surviving in close proximity to
venting fluid and feeding on detritus on chimneys or
the surface of their tubes (Grelon et al. 2006). Neoverruca intermedia likely obtain nutrition from OM
produced by chemoautotrophic ectosymbionts on
their exterior (Yorisue et al. 2012).
The δ13C values of these 2 macrofauna in our study
were nearly identical to previously reports for this
area (Yorisue et al. 2012). We attribute difference in
δ13C values between these 2 species to differences in
their associated microbes, which differ in carbon
fixation pathways and, thus, in carbon isotopic fractionation (House et al. 2003). The δ13C values of N.
intermedia, −34.9 to −18.3 ‰, overlap the range of
thioautotrophic microbes that fix either bottom water
or venting fluid DIC through the CBB cycle involving
RubisCO (House et al. 2003, Robinson et al. 2003),
together with the δ13C values of bottom water and
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venting fluid at this site (TableS4). Methanotrophic
microbes can also produce organic carbon with low
δ13C values of about −40 ‰. However, the substantially lower methane concentration in the present study
field (41.2 µM) reported by Tsunogai et al. (2000)
compared to typical sediment-associated hydrothermal vent systems (Kawagucci 2015), suggests that
methane is not a major C source for chemoautotrophic microbes in our sites. Further, the δ13C values
of vent-fluid methane at Myojin Knoll (−17.1 to
−15.5 ‰, Tsunogai et al. 2000) were enriched in 13C in
comparison to Iheya North Knoll (−54.0 to –52.8 ‰)
and Hatoma Knoll (−51.3 to −44.3 ‰) in Okinawa
Trough (Naraoka et −al. 2008, Kawagucci et al.
2011). Because the δ13C values of OM produced by
methanotrophic microbes reflect a CH4 source, we
cannot attribute the depleted δ13C values of N. intermedia to methanotrophic microbes, but rather to
thioautotrophic microbial production and subsequent
assimilation. Conversely, the δ13C values of Paralvinella spp. (−14.2 to −8.2 ‰) fall within the range
of rTCA-mediated carbon fixation (House et al.
2003). Similar or slightly 13C-enriched δ13C values of
Paralvinella spp. compared to detritus collected from
Paralvinella colonies (Fig. 4A), suggest that Paralvinella spp. utilize C produced by chemoautotrophic microbes.
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The Δ14C values of Paralvinella spp. and N. intermedia clearly demonstrated acquisition of nutrition
from chemoautotrophic microbes, especially in Paralvinella spp. Also, Δ14C data indicate different DIC
sources for these 2 taxa (Fig. 6). Paralvinella spp.
Δ14C values from −695 to −661 ‰ more closely resemble venting fluid values (−851 and −842 ‰) than bottom water DIC (−168 ‰) and clearly differ from
water-column zooplankton, Chaetognatha (35‰) and
Decapoda (47 ‰), which utilize OM originating from
photosynthesis (Table S4, Fig. 6). Chemoautotrophic
microbes of Paralvinella colonies synthesize OM
using DIC mainly originating from venting fluid, and
Paralvinella spp. feed on such microbes in their habitat (Fig. 6). The Δ14C values of ~−600 ‰ in Paralvinella colony detritus containing chemoautotrophic
microbes was slightly higher than in Paralvinella
spp., suggesting Paralvinella spp. selectively ingests
chemoautotrophic microbes from the detritus, as suggested by δ13C values (Fig. 4).
Natural-abundance radiocarbon values in N. intermedia of ~−300 ‰ to −230 ‰ were relatively closer to
bottom water DIC (−168 ‰) than to Paralvinella spp.
(−661 and −695 ‰). The Δ14C values of N. intermedia
are similar to those previously reported for hydrothermal vent organisms; Riftia pachyptila (−270 ‰)
and Bathymodiolus thermophilus (270 to −228 ‰)
from Galapagos hydrothermal vents (Williams et al.
1981). Slightly depleted 14C values compared to in situ
bottom water (−233 ‰) suggest a modest contribution
(4.4%) of magmatic DIC to bottom-water DIC. Distance from the vent explained differences in Δ14C values of B. thermophilus: examples collected 1 m from the
vent had values ranging from −270 to −254‰, whereas
the value of −228 ‰ for B. thermophilus collected 8 m
from the vent resembled the bottom-water value. In
our study, colonies of N. intermedia were located
some 10s of cm further away from the active vent than
Paralvinella colonies. Further distance equates to
lower water temperature (Senokuchi et al. 2018), suggesting that ambient seawater at N. intermedia colonies
contained less hydrothermal vent fluid (which contains less 14C) than that in Paralvinella colony detritus
(Fig. 6). Because chemoautotrophic microbes synthetize
OM using DIC in surrounding seawater, a mixture of
venting fluid and bottom water, chemoautotrophic
biomass in the N. intermedia colony detritus exhibited
higher Δ14C values than those of Paralvinella spp.
with values closer to bottom-water Δ14C. Our findings
suggest that the Δ14C values of symbiotic hydrothermal vent organisms reflect the differences in mixing
of bottom-water DIC and hydrothermal vent fluid DIC
at the decimeter to meter scale.

Another potential explanation for higher Δ14C values of N. intermedia compared to dirivultid copepods
and Paralvinella spp. is that N. intermedia partly utilizes photosynthetic OM via filter feeding, in addition
to acquiring OM from epibionts (Fig. 6). However,
among N. intermedia, δ13C values of −34.0 to −32.7 ‰
characterized specimens with Δ14C values closest to
phytoplankton ecosystems (Table S4), which are
indicative of a chemoautotrophic carbon contribution
rather than exclusive photosynthetic OM (typically,
−25 to −20 ‰).
Several scenarios could explain depleted 14C concentrations in deep-sea organisms: food-web transfer
effects, heterotrophic DIC uptake (i.e. anaplerotic
pathway), and autotrophic C-fixation using bottomwater DIC (Rau et al. 1986). None of these processes,
however, can explain our very low 14C concentrations
(<−600 ‰). A Δ14C value <−600 ‰ sometimes characterizes refractory DOC in seawater as a result of long
turnover rates (millennial scale; Follett et al. 2014).
Deep-sea benthic archaea reportedly recycle specific
organic compounds such as isoprenoid (Takano et al.
2010), suggesting those compounds consist of 14Cdepleted carbon. However, considering (1) the difficulty in utilizing refractory organic matter, (2) the
minor fraction of total archaeal biomass comprised of
recycled organic compounds, and (3) the sustaining
of hydrothermal-vent ecosystems by chemoautotrophic C production, we attribute depleted Δ14C values in our study to the production of OM by chemoautotrophic prokaryotes using DIC in venting fluids.

4.2. Ecology of Dirivultidae and other copepods
The copepod family Dirivultidae may be the most
successful hydrothermal vent meiofaunal taxon (Gollner et al. 2010a, 2015a). Although some hydrothermal
vent macro- and megafauna also inhabit cold-seep or
organic-fall habitats, Dirivultidae occur only at hydrothermal vents and their adjacent hard-rock substrates.
Such distributions may relate to the strong nutritional
relationships between Dirivultidae and chemoautotrophic microbial mats on the vent chimneys. Dirivultid copepods are thought to ingest bacterial mats and
other detritus based on their mouthpart morphology
and gut contents (Dinet et al. 1988, Heptner & Ivanenko 2002). Lipid biomarkers and stable carbon isotopic composition further suggests that dirivultids
utilize vent-chimney bacteria (Limen et al. 2008).
Similar δ13C and δ15N values in Dirivultidae and
Paralvinella spp. in our study (Fig. 4A) strongly suggest a similar nutritional source, i.e. OM produced by
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chemoautotrophic microbes. Similar Δ14C values in
Dirivultidae (−661 ‰) and Paralvinella spp. (−695 to
−661‰), which resembled vent fluid values (Table S4,
Fig. 6), further support this possibility. These nutritional strategies are consistent with mouth-part morphology and gut content observations, which suggest
they feed on vent-chimney microbes (Dinet et al.
1988, Heptner & Ivanenko 2002). At Northeast Pacific vents, Limen et al. (2008) suggested dirivultids
as a potential food source for Paralvinella based on
differences in δ15N values of the 2 taxa. In our study,
comparable δ15N values in dirivultids and Paralvinella
do not support a predator−prey relationship.
Among the Dirivultidae, some vent specialist species occur solely on vent chimneys, in contrast to
other hard-substrate generalists that colonize both
vent chimneys and basalt around Mid-Ocean Ridge
hydrothermal vents (Gollner et al. 2010b). Vent specialists likely gain nutritional benefit from the chemoautotrophs, whereas generalists living on hard substrates likely rely on different OM. Understanding
distributional patterns of vent specialists and their
dispersal processes requires further nutritional investigations.
Copepods other than dirivultids were mainly harpacticoids with site-specific δ13C signatures (Figs. 4
& 7). Copepod δ13C values at the outside caldera and
caldera non-vent sites (−21.6 ‰ and −21.3 ‰, respectively) were similar to other meiofaunal groups and
bulk sediments. The δ13C values in copepods from
vent-chimney basal sediments (−28.6 and −27.1 ‰)
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were 2 to 4 ‰ depleted in 13C relative to ambient sediments. Considering the mixture of different food
sources in bulk sediment and low δ13C values in some
vent-base sediments likely resulting from contributions of vent-produced OM (Fig. 3), copepods in
vent-base sediments may selectively feed on 13Cdepleted OM produced through chemoautotrophic
carbon production with Form I RubisCO (House et al.
2003). The lower δ13C values (−17.4 ‰) in ventchimney copepods than in dirivultids from the same
habitat suggest both photosynthesis- and chemosynthesis-derived carbon contributions (Fig. 7). Although
we did not speciate those copepods, diverse feeding
traits likely exist where at least some use both photosynthetic and chemosynthetic OM.

4.3. Nutritional sources of nematodes
While our copepods apparently used a variety of
nutritional sources in the various habitats, similar
ranges of δ13C values (−26.6 to −23.2 ‰) characterized nematodes, regardless of their habitat, even for
OM δ13C values of ~−10‰ at the vent chimney (Figs. 4
& 7). Nematodes in our sites likely lacked strong
nutritional dependence on OM produced by chemoautotrophic microbes. Previous studies on nematodes
from other hydrothermal vent areas and serpentinitehosted ecosystems report δ13C values similar to photosynthetic OM (Bergquist et al. 2007, Limen et al.
2007, Onishi et al. 2018).
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In contrast, δ13C values (~−40 ‰) sometimes characterize nematodes from methane-seep sites, suggesting reliance on chemoautotrophic microbes or
associated degraded OM in seeps (Van Gaever et al.
2006, Pape et al. 2011). These reports indicate that
certain nematodes can actually obtain nutrition from
chemoautotrophic microbes, at least at methaneseep sites. Differences between methane-seep and
hydrothermal-vent microbial communities may explain these contrasting feeding habits in nematodes.
The high temperatures of vent fluids may preclude
ingestion of chemoautotrophic microbes at hydrothermal vents by nematodes. Gollner et al. (2015a)
suggest that typically slower locomotion rates in
nematodes than copepods make them more vulnerable to the extreme spatial and temporal variation in
temperature and chemistry around vents.
Given the difficulty of suction-sampling hard substrata, our vent-chimney samples encompassed areas
as long as 30 cm. Thus, our vent-chimney nematodes
might come from a ‘relatively’ low temperature site
with depauperate chemosynthetic OM (Sweetman et
al. 2013). Nematodes with δ13C values of ~−20 ‰,
which are within the range of photosynthetic OM,
potentially included a mixture of multiple chemoautotrophic microbes with δ13C values of −30 ‰ and
−10 ‰, for example (Fig. 4A). A recent study on large
(macrofaunal-sized) nematodes from a Mid-Ocean
Ridge hydrothermal vent revealed the presence of
sulfur-oxidizing epibionts that may be symbionts
(Bellec et al. 2018). Future measurements of naturalabundance radiocarbon of nematodes should clarify
whether they actually gain photosynthesis-originated carbon or a mixture of OM sources.

4.4. Contribution of vent-detritus
to the vent-base sediments
At the base of the vent-chimney, we observed
lower δ13C values in some cores than in outside
caldera or non-vent caldera sites as low as −27.2 ‰
(Table S1) or −28.5 ‰ (Setoguchi et al. 2014). Copepod and polychaete δ13C values of −28.6 to −27.1 ‰
were ~1.5 to 4 ‰ lower than in adjacent sediments
(Tables S1 & S2, Fig. 4). Contributions of chemoautotrophic organic carbon, such as Bathymodiolus septemdierum (−35 ‰; Yorisue et al. 2012) or N. intermedia biomass (on average −30 ‰, Fig. 4) may explain
these depleted δ13C values. The δ13C values of chimney-base meiofauna suggest that these organisms
selectively ingest chemosynthetic OM from the sediments they inhabit (Fig. 7). High TOC and TN con-

centrations and low δ13C values in the surface centimeter of several vent-base sediments also suggest a
contribution from chemosynthetic OM (Fig. 3C,E,
Table S1). Thus, chemoautotrophic carbon production at the hydrothermal vent chimney supports not
only chimney-attached fauna, but also fauna living in
surrounding sediments, although the effect of such
OM was limited (at most several 100 m, Uejima et al.
2017) based on the geochemistry of our non-vent
sediments (Table S1, Fig. 3). Also, not all the ventbase sediments showed these surface TOC peaks,
implying local and/or episodic delivery of chemosynthetic OM relating to the intricate chimney structure
and base bathymetry, along with temporal changes
in hydrothermal-vent activity.
In basal sediments with high surface TOC concentrations (Sample ID K-BV5a in Table S1), large
agglutinated foraminifera, presumably Pelosina sp.,
occurred in surface sediments. These protists can
extend their reticulopods through and from the sediment into the overlying water column, thus potentially utilizing OM deposited from the overhanging
chimney surface. However, the Pelosina sp. δ13C values of ~−25 ‰, did not substantially differ from those
of non-vent sediments (Table S3, Fig. 4B). A notably
high δ15N (almost 19.0 ‰) isotopic signature characterized this organism (Table S4, Fig. 4B). The differences in δ15N values between Pelosina sp. and ambient sediments (14.2 and 16.8 ‰; Fig. 4B) roughly
correspond to a 4 to 5 trophic-level increase, assuming a typical trophic-enrichment factor of 3.4 ‰ per
trophic level (Minagawa & Wada 1984). Foraminifera
from the Pakistan Margin oxygen minimum zone
reportedly exhibited broad ranges of cytoplasmic
δ15N values; a maximum value of 27.3 ‰ was ~20 ‰
heavier than those of co-occurring bulk sediments
(Jeffreys et al. 2015). Those authors speculated that
the high δ15N values reflected the 15N-enriched intracellular nitrate pool where, perhaps, 14NO3 was preferentially used for denitrification (e.g. Bernhard et al.
2012). Nomaki et al. (2015) further suggested that
15
N-enriched amino acids produced from their 15Nenriched nitrate pool may explain these high δ15N
values of foraminiferal cells. A more complete explanation of observed high δ15N values requires further
data on nitrate contents and denitrification capabilities of Pelosina sp.

5. CONCLUSIONS
The Δ14C values of Paralvinella spp., dirivultid
copepods and Neoverruca intermedia clearly de-
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monstrate utilization of chemoautotrophic OM produced at the hydrothermal vents. The Δ14C values
also provide quantitative information on the DIC
source of chemoautotrophs in each habitat, from
highly-depleted 14C concentrations in pure venting
fluid DIC, to pure bottom-water DIC, and mixtures of
thereof (Fig. 6). Several factors control mixing of
hydrothermal vent fluid and surrounding bottom
water, such as vent-fluid flux, bottom-water flow intensity, micro-topography, and distance from the vent.
Close proximity of Paralvinella colonies to active
venting allows Paralvinella and dirivultid copepods
to obtain nutrition from chemoautotrophic bacteria
that produce organic carbon using ‘pure’ hydrothermal vent fluids. Our δ13C values suggest spatial variations in food sources of harpacticoid copepods,
whereas nematodes may utilize similar food sources
across different habitats (Fig. 7). The combination of
stable and radioisotope analyses of hydrothermal
vent organisms provides valuable information regarding nutritional sources and, hence, adaptive ecology
within chemosynthesis-based ecosystems.
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