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off Kueishan Island, Taiwan: a combined morphological, gut
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Abstract This study used morphological, gut content
analysis and carbon- and nitrogen-stable isotope analysis
to investigate the trophic structure of upper sublittoral (15—
30 m deep) and upper bathyal (200-300 m deep) hydro-
thermal vents and the adjacent non-vent upper bathyal
environment off Kueishan Island. The sublittoral vents host
no chemosynthetic fauna, but green and red algae, epibiotic
biofilm on crustacean surfaces, and zooplankton form the
base of the trophic system. Suspension-feeding sea anemo-
nes and the generalist omnivorous vent crab Xenograpsus
testudinatus occupy higher trophic levels. The upper bath-
yal hydrothermal vent is a chemoautotrophic-based system.
The vent mussel Bathymodiolus taiwanensis forms a che-
mosynthetic component of this trophic system. Bacterial
biofilm, surface plankton, and algae form the other dietary
fractions of the upper bathyal fauna. The vent hermit crab
Paragiopagurus ventilatus and the vent crab X. festudina-
tus are generalist omnivores. The vent-endemic tonguefish
Symphurus multimaculatus occupies the top level of the
trophic system. The adjacent non-vent upper bathyal region
contains decapod crustaceans, which function as either
predators or scavengers. The assemblages of X. testudinatus
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from sublittoral and upper bathyal vents exhibited distinct
stable isotope values, suggesting that they feed on different
food sources. The upper bathyal Xenograpsus assemblages
displayed large variations in their stable isotope values and
exhibited an ontogenetic shift in their 8'*C and 3'°N sta-
ble isotope signatures. Some individuals of Xenograpsus
exhibited 8'°N values close to those of non-vent species,
suggesting that the highly mobile Xenograpsus may trans-
fer energy between the upper bathyal hydrothermal vents
and the adjacent non-vent upper bathyal environment.

Introduction

The deep-sea is an environment that does not receive
solar radiation. Energy sources in the deep-sea are prin-
cipal inputs from marine snow (i.e. organic matter and
plankton) sinking from the euphotic zone (Gage and Tyler
1991). However, in deep-sea hydrothermal vents, chemo-
autotrophic microorganisms are one of the major primary
producers. These microorganisms live in various habitats
and vent environments (Rau and Hedges 1979; Tunnicliffe
1991; Van Dover and Fry 1994; Karl 1995; Van Dover
2000). Many species of vent-endemic fauna (e.g. poly-
chaetes, molluscs, and crustaceans) and chemoautotrophic
bacteria (methanotrophic and thiotrophic) form symbi-
otic relationships in which the bacteria produce food and
energy sources for their hosts (Childress and Fisher 1992;
Van Dover 2000; Desbruyeres et al. 2006). Carbon fixation
pathways at the base of the hydrothermal vent food webs
include Calvin—Benson—Bassham (CBB) and reductive tri-
carboxylic acid (tfTCA) cycles (Campbell and Cary 2004;
Hugler and Sievert 2011). Organisms situated at higher
trophic levels in vent sites include non-symbiotic vent-
endemic invertebrates (e.g. polychaetes, gastropods, and
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crustaceans), which feed on the organic matter produced
from free-living chemoautotrophic bacteria or bacteria-
bearing fauna (Van Dover and Fry 1989; Tunnicliffe 1991;
Fisher et al. 1994; Van Dover 2002; Bergquist et al. 2007).
Particulate and detrital organic matter derived from subsur-
face waters and from above the seabed is also important
food source for protists and benthic invertebrates (Lev-
esque et al. 2005; Govenar 2012). In some vents, there
have been reports of background predators and large preda-
tors (e.g. the deep-sea octopus Graneledone boreopacifica
and the spider crab Macroregonia macrochira), which are
not vent-endemic but are present in high densities around
vent margins and predate around the vents (Tunnicliffe
and Jensen 1987; Voight 2000; Micheli et al. 2002, but see
exceptions in Sweetman et al. 2013). Hydrothermal vents
also exhibit a great diversity of parasites, which may func-
tion as major energy transporters (De Buron and Morand
2002; Govenar 2012). Although most hydrothermal vents
are chemosynthetic-based systems, the primary production
of certain vents (e.g. at the southern Mohns Ridge in the
Arctic Ocean) is derived from epipelagic photosynthetic
primary production, which supports part of the trophic sys-
tem (Sweetman et al. 2013).

The upper sublittoral hydrothermal vent biota was
described at a similar time as biota from deep-sea hydro-
thermal vents (Vidal et al. 1978). Unlike their deep-sea
counterparts, sublittoral vents receive solar radiation, and
consequently, photosynthetic organisms (e.g. algae and
phytoplankton) can act as primary producers. Some upper
sublittoral vents have a mixed photosynthetic-chemosyn-
thetic system (Comeault et al. 2010), allowing energy to be
transferred among fauna. For example, the upper sublitto-
ral vents in Kagoshima Bay, Japan (82 m deep), host the
symbiotic vestimentiferan Lamellibrachia satsuma, which
depends on chemosynthetic bacteria as its primary energy
source (Hashimoto et al. 1993; Tarasov et al. 2005). In gen-
eral, vent-endemic species rarely appear in upper sublitto-
ral vents (Dando et al. 1995; Tarasov et al. 2005; Desbru-
yeres et al. 2006). However, at upper bathyal depths, there
are also vents that do not host vent-endemic species (see
Sweetman et al. 2013).

Most trophic studies on hydrothermal vents have been
conducted in the lower bathyal zones, at depths of more
than 1,000 m (e.g. Galapagos Rifts, Mid-Atlantic Ridges,
and East Scotia Ridge; Fisher et al. 1994; Colaco et al.
2002; Reid et al. 2013). Compared with studies on lower
bathyal vents, relatively fewer studies have investigated the
trophic ecology of upper sublittoral vents (10-30 m deep)
and upper bathyal vents in the upper bathyal zone (200-
500 m deep) (but see upper bathyal vents in Colago et al.
2002; Sweetman et al. 2013). The communities formed in
sublittoral to upper bathyal hydrothermal vents can differ
from the patterns observed from lower bathyal vents. The
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Menez Gwen vents (800 m deep) are a chemosynthetic
system containing many vent-endemic fauna (Colago et al.
2002). However, the upper bathyal vents (600-700 m deep)
in the southern Mohns Ridge (Arctic Ocean) only contain
the vent- and seep-associated gastropod Pseudosetia griegi
(Pedersen et al. 2010), and photosynthetic organic matter is
one of the food sources (Sweetman et al. 2013). Thus, the
height of the food chain of these shallow and upper bathyal
vents, as well as the pathway of energy transfer between
vent and non-vent ecosystem, is likely to differ from the
patterns observed in vents at deep bathyal depths.

Kueishan Island (also called Gueishandao or Turtle
Mountain Island), located in northeastern Taiwan, is known
worldwide for its relatively shallow (upper sublittoral to
upper bathyal) hydrothermal vents, which are located off
the eastern side of the island at depths of 10-400 m (Jeng
et al. 2004; Wang et al. 2013; Fig. 1a, b). The temperature
of the venting water can reach between 65 and 112 °C,
and it is highly acidic (pH 1.75-4.60) and contains high-
purity elemental sulphur (Jeng et al. 2004). Bubbles from
the gas discharge consist of carbon dioxide, nitrogen, oxy-
gen, sulphur dioxide, and hydrogen sulphide (Kuo 2001).
In upper sublittoral vents off the northern part of Kueishan
Island, all waters are coloured white and smell strongly of
sulphur (Fig. 1b). This indicates that strong surface cur-
rents (including the Kuroshio Current) enhance the export
of chemosynthetic carbon from upper sublittoral vents and
may provide an alternative food source for consumers in the
ecosystem. Several upper bathyal vent sites have been iden-
tified in the waters around the Kueishan Island (Yang et al.
2005), and the gases emitted from these vents include high
concentrations of carbon dioxide and hydrogen sulphide
(Yang et al. 2005). Sulphur blocks were collected from
trawl samples conducted in these vent sites (unpublished
data), supporting the presence of the hydrothermal vents
at the upper bathyal depths. We have previously examined
upper bathyal vents and their associated fauna from a depth
of 200—400 m in the waters around Kueishan Island (Wang
et al. 2013). Eight upper bathyal vent-endemic species have
been reported near Kueishan Island, including five spe-
cies of decapod crustaceans (Xenograpsus testudinatus,
Paragiopagurus ventilatus, Nihonotrypaea thermophila,
Alvinocaris chelys, and Alvinocaridinides formosa; see
Ng et al. 2000; Lemaitre 2004; Lin et al. 2007; Komai and
Chan 2010) and three species of bivalves (B. taiwanensis,
Lucinoma taiwanensis, and Meganodontia acetabulum; see
Bouchet and Cosel 2004; Cosel and Bouchet 2008; Cosel
2008). The vent crab X. testudinatus is abundant at both
upper sublittoral (Jeng et al. 2004) and upper bathyal vents
(Komai and Chan 2010). This species is probably highly
mobile (Lin 2011) and occasionally appears in upper sub-
littoral non-vent habitats (Ng et al. 2000). X. testudinatus in
the upper sublittoral vents feed mainly on the zooplankton
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Fig.1 a Location of the sampling sites in Kueishan Island waters,
where black arrow indicate the location of Kueishan Island in Tai-
wan. Square represents sampling stations of upper sublittoral vents,
triangle represents sampling stations in upper bathyal hydrothermal
vents, and circle represents sampling stations in non-vent fishing
ground. b Waters around the upper sublittoral vent region in Kueis-
han Island; note large area of the sea surface becomes white because
of the sulphurous particles produced by the vents. ¢ An undescribed
red sea anemone present in high abundance in the upper sublittoral

vent region. Note red algae are also present in the spaces among the
red sea anemones. d The vent crab Xenograpsus testudinatus in the
upper sublittoral vent. Note the surface of the vent crabs is covered
by a thin white biofilm. e Seafloor topography of vent sites revealed
from underwater sonar screening, showing the upwelled topography
and the gas bubbles in the water column (indicated by white arrow).
f Underwater sonar screening reveals seafloor topography of non-vent
sites are flat and without any upwelled topography
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killed by the vent plumes and are highly mobile (Jeng et al.
2004).

Most biological studies of the hydrothermal vents off
Kueishan Island are taxonomically based, and no study has
examined the trophic structure of the upper sublittoral and
upper bathyal vent fauna. Whether energy and nutrients are
transferred between the upper bathyal vents and the adja-
cent environment remains unclear. Because vent crabs are
abundant in upper bathyal vents and are highly mobile in
the Kueishan Island waters, they may contribute to the
energy transfer between the vents and the adjacent non-
vent environment. We investigated the trophic structure of
the upper sublittoral and upper bathyal vents off Kueishan
Island using a combined morphological, gut content analy-
sis and stable isotope approach. Specifically, the aims were
to: (1) investigate whether the upper sublittoral and upper
bathyal hydrothermal vents rely on chemosynthetic, photo-
synthetic or both energetic pathways, (2) examine evidence
for ontogenetic dietary variation in the vent crab X. festu-
dinatus from sublittoral and upper bathyal vents, and (3)
investigate whether the vent crabs aid exportation of che-
mosynthetic energy from the upper bathyal vents into non-
vent systems.

Materials and methods
Study sites, timing, and assemblage structures

Faunal sampling was carried out at the upper sublittoral
vents, upper bathyal vents and adjacent non-vent upper
bathyal regions off Kueishan Island in 2008 and 2010
(Table 2). Figure la shows the locations of the vent and
non-vent sampling stations, and certain fauna from upper
sublittoral vents (Fig. 1c, d). The upper sublittoral vent sta-
tions were located at a depth of 15-30 m off the eastern
side of Kueishan Island (Fig. 1a, b). Upper bathyal vents
were mainly located at the eastern and northeastern sides
of Kueishan Island, at depths of 206-323 m (Fig. 1a). Non-
vent stations were located at least one nautical mile from
the vent sites in traditional upper bathyal fishing grounds
(201417 m deep) (Fig. 1a; also see Wang et al. 2013).

The red algae Gelidiopsis sp. and green algae Clad-
ophora catenata are common on rock surfaces in upper sub-
littoral vents. The vent crab X. testudinatus is the dominant
species in the upper sublittoral vents, in which the crab sur-
face is fouled by a thin biofilm (Fig. 1c). Two undescribed
sea anemones were also observed at the upper sublittoral
vents (hereafter called red and black anemones; Fig. 1d).

In the upper bathyal vents, common fauna include the
bivalve B. taiwanensis (which we suggest harbour chem-
osynthetic bacteria in their gills), the callianassid shrimp
N. thermophila, the shrimp A. chelys, and the hermit crab
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P, ventilatus. The vent crab, X. testudinatus, is also com-
mon in upper bathyal vents. In addition to bivalves and
decapod crustaceans, the tonguefish Symphurus multimacu-
latus is observed regularly from upper bathyal vent habi-
tats. The nearby non-vent upper bathyal region supports a
high diversity of crustaceans with various feeding modes,
including predators, scavengers, plankton feeders, and
deposit feeders (for details of the nearby non-vent assem-
blage, see Wang et al. 2013).

Sampling methods

Faunal assemblages in upper sublittoral vents (10-30 m
deep) were collected from several SCUBA diving trips in
October 2010. More than 30 specimens of the vent crab X.
testudinatus and more than ten specimens of each of the
two undescribed sea anemone species were collected in
the active vent sites. The red algae Gelidiopsis sp. and the
green algae C. catenata (potential food sources for grazers)
were also sampled from rock surfaces in the vent region.

In addition to benthic communities, zooplankton samples
(potential food sources for suspension feeders or vent crabs)
were collected in the pelagic zone above the upper sublitto-
ral and upper bathyal hydrothermal vents and adjacent upper
bathyal regions. At each of the sampling sites (Fig. 1a), five
trawls were conducted using a plankton net with a mouth
diameter of 45 cm (mesh size, 200 um) at a depth of 15—
20 m for 5 min at a speed of 1 knot. Zooplankton samples
were frozen immediately after they were collected.

Upper bathyal hydrothermal vent fauna was collected
off the coast of Kueishan Island from 2008 to 2010, using
commercial trawlers that departed from the Dasi fishing
port (Fig. la). Upper bathyal vent sites were identified
using high-frequency underwater sonar (Fig. le, f), which
can detect the upwelled seafloor topography of vent sites
and the gas bubbles produced by the vents (Fig. 1f). Suc-
cessful detection of hydrothermal vents using high-fre-
quency underwater sonar has been demonstrated in Hwang
and Lee (2003). For the non-vent stations, underwater
sonar screening revealed a flat smooth seafloor, without gas
bubbles, and an upwelled topography (Fig. 1e). The benthic
community was trawled using a 2.5-m French beam trawl,
with a stretched mesh width of 13, and 7 mm at the cod
end (Tsai et al. 2009). The fauna was trawled for 30 min
(speed, 1.5 knots) after the trawl net reached the seabed.
A 2.5 m x 925 m area was trawled for each station. All
specimens collected were frozen at —20 °C on board the
trawler immediately after they were collected. Trawling
has limitations for accurate selective sampling (cf., using
ROV5s); therefore, the fauna sampled from the vent sta-
tions contained fauna from both vent and non-vent areas.
Certain species collected in trawl samples from the vent
stations were vent-associated species (as supported by the
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literature), which were absent from all of the non-vent sta-
tions. Hereafter, we refer to upper bathyal vent stations as
upper bathyal vents and surrounding non-vent regions. We
confirmed that the fauna collected from non-vent stations
did not contain any vent species. Hereafter, we refer to non-
vent stations as exclusive non-vent stations.

Qualitative gut content analysis, functional morphology
of chelae, and feeding modes of crustacean species
collected

We dissected five specimens of each crustacean collected
and the tonguefish Symphurus (list of species shown in
Table 1) to perform gut content analysis. We did not dissect
the vent species (except for X. testudinatus) for gut content
analysis because of low catches. We dissected the foreguts
and gastric mills of the crustacean species and the stomach
of the tonguefish, and rinsed out the contents using distilled
water, following the methods described by Sahlmann et al.
(2011). We divided the gut content into six categories: sedi-
ment, crustacean parts, fish tissue, fine organic matter, uni-
dentified organic matter, and polychaete tissues (Table 1).
We recorded the absence and presence of each category for
each specimen. We did not score the relative abundance
of each category of gut content, because the objective was
to deduce the feeding modes of these species from their
gut contents, but not the detailed feeding ecology of the
species.

We examined various aspects of the chelae and pereo-
pods of the collected crustacean species under stereomicro-
scopes to determine their functional morphology, includ-
ing the shape and form of the cutting edges of the chelae
(e.g. strong or weak chelae, and chelae cutting edges with
sharp denticles, fine setae, or a smooth surface) and the
setal types on the tips of the pereopods (Sahlmann et al.
2011). These structural differences reflect the feeding
modes of crustaceans. Based on a literature review of the
gut contents and morphology of the feeding appendages of
crustaceans, we classified the specimens according to their
feeding modes as bacteria-symbiont fauna, scavengers,
deposit feeders, detritivores, predators, and plankton feed-
ers (Tables 1, 2). Scavengers and predators often have simi-
lar gut contents because they both feed on animal tissues.
However, the morphologies of their feeding appendages
differ; predators often have sharper and stronger chelae or
sharper chelae cutting edges compared with scavengers.
Omnivores do not have sharp and strong chelae but exhibit
diverse gut contents.

Laboratory 3'°C and 8'°N stable isotope analyses

We examined all samples to determine 8'°C and 8'°N stable
isotope values (Table 2). We extracted soft tissue from the

claws of the decapod crustaceans and extracted tissue from
the caudal fin muscle of the fish. All tissues were dried at
60 °C. Zooplankton samples were also dried at 60 °C. The
carapace surface of the vent crab X. festudinatus collected
from upper sublittoral vents was covered with dense white
epibiotic biofilm (Fig. 1c). Bacteria-like filaments were
observed when investigating these biofilm under scanning
electron microscopes (unpublished data, also see Tsuchida
et al. 2011). This biofilm was scraped off, dried at 60 °C, and
analysed to determine 8'>C and 3'°N values. All samples were
homogenized prior to stable isotope analysis. The samples
used for stable isotope analysis were not acidified to remove
carbonates as our preliminary studies showed no effect of
acidification treatment on 8'3C (see also Mateo et al. 2008).

Stable 5'C and §!°N isotope analyses were conducted
by the National Isotope Centre, GNS Science, New Zea-
land. The analyses were performed using a Europa Geo
20-20 continuous flow Isotope ratio mass spectrometer
coupled with an elemental analyser (EA). The international
standards for carbon and nitrogen were the Vienna Pee Dee
Belemnite and atmospheric N,, respectively. Stable isotope
ratios are presented in standard notation (Fry 2000):

81X = [(R sample/R standard — 1)] x 1000 (%),

where X denotes the heavier isotope (either 8'°C or §!°N),
and R represents the ratio (either *C/'2C or N/MN).
Standards were Pee Dee Belemnite for 813C (£0.1 %o),
and N, gas (atmospheric) for 8N + 0.3 %o).

Data analysis

Kruskal-Wallis test was conducted to compare §'°C and
8!°N stable isotope values of fauna in the upper bathyal
hydrothermal vent and surrounding non-vent regions and
the exclusively non-vent stations. To examine whether there
is an ontogenetic shift in 8'°C and 8'°N values in the vent
crab X. festudinatus, Pearson’s correlation analysis was
conducted to test for significant correlations between §'°C
and 3'>N values and carapace length of upper bathyal and
upper sublittoral vent crabs. Mann—Whitney rank-sum tests
were conducted to examine the evidence for differences in
8!3C and 3N values between vent crabs from upper bath-
yal and upper sublittoral habitats.

Results

Qualitative analysis of gut contents and the functional
morphology of feeding appendages

The vent crab X. festudinatus was the dominant species in
both upper sublittoral and upper bathyal vents. The cutting
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Table 2 Range (min and max) and mean (+SD) of 33C and 3'°N values for the species collected off the Kueishan Island shallow and upper

bathyal hydrothermal vents, and nearby upper bathyal fishing grounds

Species or samples Site n Inferred primary  3'3C 8N
feeding mode - - -
Min Mean + ISD Min  Max Mean = SD Collection date
Munida japonica G 3 P/IS -172 —-16.7 —-17.0£03 109 11 11.0 £ 0.1  Sept. 2008
Carcinoplax longimana G 6 P —-17.7 —-158 —-166+0.7 115 12 11.8 £0.2  Sept. 2008
Metanephrops formosanus G 3 PIS —-17.3 —-169 —-17.0+03 94 104 9.8+05 Sept. 2008
Pasiphaea japonica G 3 PF —174 —-173 —-173+0.1 89 9.6 93+04 Sept. 2008
Hymenopenaeus equalis G 3 D/S —17.6 —172 —-174+02 103 10.8 10.54+0.3  Sept. 2008
Portunus gladiator G 3 P —-16.6 —159 —-16.1£04 11.1 121 11.8+£0.6 Sept. 2008
Ibacus novemdentatus G 3 P -17.0 —-16.7 —-169+0.2 11.8 125 12.1+£04 Sept. 2008
Heterocarpus sibogae G 3 DIS —-17.8 —-175 —-17.6+02 9.7 10.8 10.2£0.6  Sept. 2008
Xenograpsus testudinatus vV 23 GE —-21.1 —-147 —-177£15 -34 85 26+42 Sept. 2008/Aug 2010
Bathymodiolus taiwanensis V5 H —26.5 —259 -26.1+02 —-104 —-79 —-92+1.2 Sept.2008
Paragiopargus ventilatus vV 5 GE —19.7 —-173 —18.6+1.2 58 10.1 79+19 Aug. 2010
Alvinocaris chelys V 6 S/DE —245 -20.8 —-221+£14 -26 43 12427 Aug. 2010
Nihonotrypaea thermophila V5  S/DE —-35.7 —-17.8 -26.0+80 -7.5 62 —24+52 Sept.2008/Aug 2010
Puerulus angulatus G 5 P —-163 —-159 —-160£0.2 11.1 11.6 11.4+£02 Sept. 2008
Xenograpsus testudinatus S 22 S —17.2 —-127 —159+12 —-09 96 64+£2 Oct. 2010
(upper sublittoral)
Surface plankton above upper S 5 Not applicable —196 —-191 —-193+£02 69 8 74+£04 Aug. 2010
sublittoral vents
Surface plankton abovenon- G 5  Not applicable —-192 —-189 —19.1£0.1 7 76 74+02 Aug. 2010
vent region
Surface plankton above upper V. 5  Not applicable —19.7 —19.1 —194+02 5 73 6.6+1.0 Aug. 2010
bathyal vents
Symphurus multimaculatus vV 3 P/S —18.6 —179 —-1824+04 8.8 11.7 105+15 Aug. 2010
Red anemone S 5 PF —-19.7 —188 —-19.1+£04 84 94 87+04 Oct. 2010
Black anemone S 5 PF —-192 —189 —-19.0+£0.1 9 94 92+02 Oct. 2010
Bacterial biofilm on upper S 1 BA NIL —21.4 NIL NIL -—1.2 Oct. 2010
sublittoral vent crabs
Cladophora catenata S Algae —263 —233 -254+13 45 58 53+£05 Oct. 2010
Gelidiopsis sp. S Algae —-327 =315 -323+£0.7 2.7 32 3402 Oct. 2010

G non-vent areas, V upper bathyal hydrothermal vents, S upper sublittoral hydrothermal vents. In the feeding mode, P predator, S scavenger, DE
detritivore, PF plankton feeder, H symbiont-bearing host, BA bacterial biofilm, D deposits feeder. n number of individuals used. Note the biofilm
collected from vent crabs surface only has one pooled sample; there are no max and min ranges (NIL)

edges of the fingers of its chelaec had small conical teeth
without any strong crushing cusps, and the fingertips bore
fine setae (Fig. 2). The guts of X. testudinatus from upper
sublittoral and upper bathyal vents contained both fine uni-
dentified organic substances and crustacean parts (Table 1).
The red and black sea anemones from upper sublitto-
ral vents had tentacles and were believed to be plankton
feeders.

Nihonotrypaea thermophila exhibited unequal first
chelipeds (Fig. 2). The major cheliped was heavy and mas-
sive, whereas the minor cheliped was slender and weak.
Although the fingers of both chelae were hooked and ter-
minated in a subacute tip, the cutting edges of the major
chela were unarmed in the fixed finger, but bore one or two
blunt, molar-like teeth in the movable finger (Fig. 2). The

cutting edges of the minor chela exhibited a row of small
corneous teeth interspaced with weak tubercles. Both che-
lae had tufts of long and short setae. Mouthparts (including
the mandible, maxillules, and maxillipeds) were densely
setose.

The first chelipeds of P. ventilatus were greatly dissimi-
lar, with the right cheliped being much longer in large males
than juvenile hermit crabs (Fig. 2). However, the cutting
edges of the fingers of both chelipeds bore a row of small
calcareous teeth of dissimilar sizes, in addition to 1-2 cor-
neous teeth (Fig. 2). The chelipeds and mouthparts were cov-
ered with dense bacteriophore setae (i.e. densely packed long
plumose setae; see Segonzac et al. 1993; Lemaitre 2004).

The first chelipeds of the vent shrimp A. chelys were
sexually dimorphic, being larger in females than in males.
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The fingers of the first cheliped were curved, with the tip
slightly spooned. The cutting edges of the fingers bore a
fine row of closely set teeth and closed without a gap. The
second chelipeds were shorter and more slender than the
first chelipeds, with fingers terminating in small corneous
unguises that crossed each other when closed (Fig. 2). The
cutting edges of the second cheliped bore a row of pecti-
nate minute corneous teeth. The mouthparts were covered
with tufts of short or long setae.

Tonguefish (S. multimaculatus >20 samples) were cap-
tured through upper bathyal vent sampling. The gut con-
tents of these specimens contained a considerable amount
of polychaete tissue and crustacean parts, suggesting that
they were predators (Table 1).

We examined nine crustacean species, namely Munida
Jjaponica, C. longimana, Metanephros formosanus, P.
Japonica, H. sibogae, H. equalis, P. gladiator, I. novemden-
tatus, and P. angulatus, collected from exclusive non-vent

a Alvinocaris chelys b Carcinoplax longimana

Metanephrops formosanus ~1mm
,""ﬂ %%
72/%
ot i
Left chela

j Munida japonica

1 Hymenopenaeus equalis

Fig. 2 Functional morphology of upper bathyal vent and non-vent
crustacean species used for stable isotope analysis. a Vent-associated
species, A. chelys. b Non-vent species, C. longimana. ¢ Non-vent spe-
cies, H. sibogae. d Non-vent species, I. novemdentatus. e Non-vent
species, Metanephrops formosanus. f Vent-associated species, P. ven-
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stations for analyses of gut contents and to examine the
functional morphology of feeding appendages (Table 1;
Fig. 2). We classified these exclusive non-vent species as
predators, scavengers, or deposit feeders based on their gut
contents and the functional morphology of their mouthparts
and feeding appendages.

Macrofauna stable isotope values
Upper sublittoral vents

In upper sublittoral vents, both the green algae C. cat-
enata and the red algae Gelidiopsis sp. exhibited low
813C values, but had high 3'°N values (Table 2; Fig. 3a).
The epibiotic biofilm on the carapace of the vent crab X.
testudinatus from upper sublittoral vents exhibited low
mean 8'3C (=21.4 %) and 8'°N (—1.2 %) values. The
surface zooplankton collected above the upper sublittoral

d ibacus novemdentauts

C Heterocarpus sibogae

pﬁz st pereapod
WZ Second pereopod

—
—tom 1 mm

tilatus. g Vent-associated species, X. testudinatus. h Vent-associated
species, Nihontrypaea thermophila. i non-vent species, H. equalis. j
Non-vent species, Munida japonica. k Non-vent species, P. gladiator,
1 Non-vent species, P. japonica
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vents had mean §'3C values of —19.3 and 7.4 %o for
8!5N. In upper sublittoral vents, both red and black sea
anemones displayed §!°C values of ca. —19.0 %o and
3°N values between 8.7 and 9.2 %o (Table 2; Fig. 3a).
Upper sublittoral Xenograpsus exhibited considerable
variation in both 8'C and 8'°N values (Fig. 3). The cara-
pace length of Xenograpsus from upper sublittoral vents
had no significant correlation with 313¢C (n = 22; Pear-
son’s correlation coefficient = 0.2, P > 0.05) or 3!°N
values (n = 22; Pearson’s correlation coefficient = 0.27,
P > 0.05) (Fig. 4).

The §'3C and 3'°N values of the vent crab X. testudina-
tus from upper sublittoral and upper bathyal vents were sig-
nificantly different (Mann—Whitney rank-sum test: 5'°C :
U=75,P<0.05;8°N: U=116.5, P <0.05). X. testudina-
tus collected from upper sublittoral vents exhibited higher
813C and 3N values (mean 8'3C of —15.9 %0 and mean

815N of 6.4 %o) than their upper bathyal counterparts (mean
$13C of —17.7 %o and mean §'°N of 2 %o).

Upper bathyal vents and non-vent regions

Among the species of the upper bathyal vent and surround-
ing non-vent region, the upper bathyal vent mussel B. tai-
wanensis was the symbiont-bearing host displaying the
lowest 3'3C and 8N values (8°C of —26.1 %o and 8"°N
of —9.2 %o; Fig. 3b). The callianassid shrimp N. ther-
mophila displayed a mean 8'°C value (—26.0 %) similar
to that of B. taiwanensis (—26.1 %o), but exhibited more
variation than did the latter (this was also true for the 3'°N
value, Fig. 3b; Table 2). The vent shrimp A. chelys exhib-
ited higher 8'°C and §!°N values (mean §'°C of —22.1 %o
and 3N of 1.2 %o) than did B. taiwanensis and N. ther-
mophila (Fig. 3b). The hermit crab P. ventilatus and the

Fig. 3 Mean + standard CBB cycle Mixed carbon sources
deviation of 3'C and 8"°N for (RuBisCO 1)
species from a upper sublit- 10
toral vents and b upper bathyal a Upper sublittoral vents
vent and surrounding non-vent g‘
region and exclusive non-vent 8 1
stations near Kueishan Island. é
Note vertical lines highlight
31C derived from CBB 61
cycles ranged between —30 §
and —22 %o, and 3'°C ranged .
between —22 and —14 %o is
derived from mixed carbon HEH '
. O Xenograpsus testudinatus
sources (see Reid et al. 2013) 2 A @ Surface plankton above vents
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[d Black anemones
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& @ Gelidiopsis sp.
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Upper sublittoral assemblage

Upper bathyal assemblage
-14

-12
° Pearson's correlation coefficient 0.479, P < 0.03
-15
al 16 s
) o ° . [
[ ] [ ] [ ] @
o ©0 0 ,¢° 17 [
-16 .o o ® ° [ ] o
[ ] ® L]
O . : ] . Foo
o -~
-18 4 19 4 [ ] °
-20 4 [ ] °
204 ®
-21 4 °
-22 T - T T : : -22 T T T T T T T T T
12 14 16 18 20 22 24 26 4 6 8 10 12 14 16 18 20 22 24
12 10
8 - d S L
10 A
[ ] 6 ]
[ ] [ ]
[ ] [ ]
81 °® . ° o 41 e °e
° e o o*® .
6 - LI . . — 21
noZ ° 0 04 [ ] e ® L]
- PY < [
2] 4 w -2 o ®
[ ] [ ]
2 ° -4
-6
0 <
° -8 .
-2 T T T T T T -10 T T T T T T T T T

20 22 24

26

4 6 22 24

Carapace length (mm)

Fig. 4 Correlation plot of carapace length of Xenograpsus and carbon (3"3C) and nitrogen (3'°N) stable isotope values. Note only that the upper
bathyal assemblage has significant Pearson correlation between the carapace length and 8'3C values

tonguefish S. multimaculatus exhibited much higher 8'°C
and 3"°N values than A. chelys; these values were close
to those of exclusive non-vent fauna (Fig. 3b). The upper
bathyal vent crab Xenograpsus exhibited large variation in
§!3C and 8'°N values, with ranges covering the clusters of
vent and exclusive non-vent-endemic fauna. The carapace
length of upper bathyal X. testudinatus was significantly
correlated with 3'3C values (n = 22; Pearson’s correlation
coefficient 0.479, P < 0.05; Fig. 4), but was not correlated
with the 8" N signature (n = 22; Pearson’s correlation
coefficient = 0.3, P > 0.05; Fig. 4). Surface zooplankton
collected from the upper bathyal vents had a mean 8'°C of
—19.4 %o and "N of 6.6 %eo.

The species collected from the exclusive non-vent sta-
tions are generally predators and scavengers (Table 1), and
their mean 8'°C and 3'>N values were higher and had nar-
rower ranges than vent fauna (Fig. 3b), ranging from —16.0
to —17.0 and 9.0 to 12.0 %o, respectively (Table 2). Four
species of predators (Carcinoplax longimana, Portunus
gladiator, Ibacus novemdentatus, and Puerulus angulatus)
exhibited high 8'°C and §'°N values (Fig. 3b). Pasiphaea
Jjaponica is a pelagic plankton-feeding shrimp with a mean
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813C value similar to that of Hymenopenaeus equalis, which
is also pelagic but exhibited different 5'°N values (Table 2).
The upper bathyal shrimp Heterocarpus sibogae, which
is a scavenger in general upper bathyal habitats, exhibited
the lowest 8'°C value (—17.6 %o). Surface zooplankton col-
lected from the exclusive non-vent regions had mean §'°C
value of —19.1 %o and a mean 8'°N value of 7.4 %o.

Comparing the §'°C and 8!°N values of the fauna from
the upper bathyal vent and the surrounding non-vent
regions and the exclusive non-vent station, fauna at the
vent and surrounding non-vent region exhibited lower §!C
(—25.0 to —20.0 %o) and 8N (=3.0 to +5.0 %o) values
and higher intraspecific variation (Fig. 3b) than the exclu-
sive non-vent fauna (813C from —18.0 to —14.0 %o, 5"°N
from +9.0 to +14.0 %c). The mean 8'*C and 8'°N values of
the fauna from the vent and surrounding non-vent region,
as well as those of the exclusive non-vent fauna, formed
two distinct clusters (Fig. 3b). The 3'°C and §!°N values
of fauna from vent and surrounding non-vent regions were
significantly different from those of the exclusive non-vent
assemblages (Kruskal-Wallis test for both 8°C and 8N
signatures, P < 0.05).
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Discussion

We investigated three trophic systems in Kueishan Island
waters: namely upper sublittoral vents, upper bathyal vents
and the surrounding non-vent region, and the exclusive
non-vent upper bathyal environment. The major groups in
these trophic systems exhibited distinct stable isotope val-
ues, with little isotopic overlap apparent in the assemblages
from the three trophic systems (Fig. 4).

Trophic structure according to §'>C- and 8'°N-stable
isotope analysis

Upper sublittoral vent fauna

Carbon fixed by enzymatic reactions catalysed by the
ribulose-1, 5, biphosphate carboxylase/oxygenase form I
(RuBisCo form I) of the CBB cycle will result in 8'*C rang-
ing between —30.0 and —22.0 %o (Robinson et al. 2003;
Roeske and O’Leary 1984), while carbon fixed by rTCA
cycles will result in 8'*C ranging from —14.0 to —2.0 %o
(House et al. 2003). In upper sublittoral vents, the epibi-
otic biofilm on the vent crab carapace exhibited low §'°C
(—21.4 %0) and 8'°N (—1.0 %0) values (Fig. 2), indicating
that biofilm is one of the primary components at the base of
the trophic system in upper sublittoral vents. At the hydro-
thermal vents at the East Scotia Ridge, Southern Ocean,
8!3C and §'°N values of epibionts sampled on the ventral
setac of the decapod Kiwa sp. (Reid et al. 2013) varied
from —18.9 to —9.9 and 3.3 to 5.2 %o, respectively. In a
hydrothermal vent at the Okinawa Trough, the 3'C and
8N values of bacterial biofilm on the ventral setae of the
galatheid crab Shinkaia crosnieri ranged between —21.1
and —21.4, and 2.1 and 2.3 %o, respectively (Tsuchida
et al. 2011). The 3'3C value of the epibiont on Kiwa sp. in
East Scotia Ridge suggests that the carbon is fixed from
the rTCA cycle. In the present study and in work from the
Okinawa Trough (Tsuchida et al. 2011), the biofilm on the
vent crab Xenograpsus and the galatheid crab Shinkaia had
313C values of ~—21.0 %o, indicating the carbon is fixed
from the CBB cycle.

Abundant beds of green and red algae (C. catenata and
Gelidiopsis sp.) were observed adjacent to the upper sub-
littoral vents, and these algae exhibited low 313C values
(—35.0 to —25.0 %o), but high §!°N values. Seaweeds often
show large variation in 8'°C values (—11.0 to —39.0 %o),
and such variation remains difficult to explain (Farquhar
et al. 1989; Carvalho and Eyre 2011). Some studies (Far-
quhar et al. 1989; Carvalho et al. 2009; Carvalho and Eyre
2011) have suggested that physiological reactions (e.g.
photosynthesis and respiration) and environmental factors
(e.g. water velocity) may cause the variations in algal car-
bon-stable isotope values.

Tarasov et al. (2005) suggested that primary production
in upper sublittoral vents is mainly supported by photosyn-
thetic primary producers, whereas chemosynthetic com-
ponents often play a secondary role. In this study, the red
and green algae in the upper sublittoral hydrothermal vents
exhibited low carbon and nitrogen values (Table 2), indicat-
ing that they are located at the bottom of the trophic system
and are the primary producers in upper sublittoral vents.
No dominant grazer has been identified in the upper sublit-
toral vent region. The §'°C values of the algae and organ-
isms collected in upper sublittoral vents did not overlap,
suggesting that these organisms do not feed on algae. No
gastropod grazers were seen and collected from frequent
intensive diving in the upper sublittoral vents. The trophic
relationships between algae and higher-level fauna in upper
sublittoral vents require further investigation using mixing
model analysis, based on adequate potential food sources
sampled. Further sampling is needed to identify any poten-
tial grazers in these upper sublittoral vents.

Red and black anemones are suspension feeders that
use their tentacles to prey on plankton in the surround-
ing water or plankton killed by the hot water emitted from
upper sublittoral vents. In the present study, the mean §'°C
(—19.3 %0) and 8'°N (7.4 %o) values of zooplankton were
close to the black and red sea anemones (3°C —19.0 to
—19.1 %o, 8'°N 8.7-9.2 %0), suggesting a close trophic rela-
tionship between zooplankton and the sea anemones. In
the present study, we have no data on temporal variation
on zooplankton stable isotope values. Tropical zooplankton
can exhibit seasonal variation in §'*C (—29.0 to —18.0 %o)
(Bouillon et al. 2000). Further temporal samplings of zoo-
plankton in the sublittoral vent regions can reveal a bet-
ter trophic relationship between the zooplankton and sea
anemones.

The 8'3C and 8'°N values of X. testudinatus in the upper
sublittoral and upper bathyal vents and the surrounding
non-vent region displayed the greatest variation (Table 2;
Fig. 3). This suggests that X. testudinatus is a generalist
omnivore (probably including carcasses of non-vent organ-
isms) that feeds on more than the plankton killed by vent
plumes, as previously suggested (Jeng et al. 2004). Another
vent crab of the same genus (X. nagatama), from the upper
sublittoral vents of the Tonga Arc, exploits a wide range of
food resources from photosynthetic and chemosynthetic
systems (Comeault et al. 2010). The gut contents of X. fes-
tudinatus from both upper sublittoral and upper bathyal
vents contained fine organic matter and large crustacean
parts, confirming that vent crabs do not feed solely on dead
plankton, but may also feed on dead crustacean bodies and
detritus as well. The guts of X. festudinatus have high activ-
ity of the digestive proteolytic enzymes, which are believed
to be an adaptation to digest irregular food supplies (Hu
et al. 2012).
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Laboratory observations of X. testudinatus kept in an
aquarium demonstrated that these crabs can feed on and
effectively dissemble dead fish using their chelae, suggest-
ing that vent crabs are able to feed on carrion in the natural
environment. Comparing the mean §°C and 8"°N values
of the zooplankton with those of X. testudinatus, the mean
8!3C and 85N values of crabs were distinctly separated far
from the zooplankton cluster. Therefore, upper sublittoral
vent crabs and zooplankton did not show a strong direct
trophic relationship.

Fauna from upper bathyal hydrothermal vents, the
surrounding non-vent region, and the exclusive non-vent
stations

In the present study, we support that at the basal trophic
level of the upper bathyal hydrothermal vent off Kueis-
han Island is a chemo-autotrophic-based system, which
energy of the trophic system is produced by chemosyn-
thetic bacteria associated with the mussel B. faiwanensis.
The hermit crab P. ventilatus and the vent crab X. testudi-
natus are generalist omnivores that occupy higher trophic
levels compared with vent shrimps and mud shrimps. The
tonguefish S. multimaculatus is probably located at the top
level of the trophic system in upper bathyal vents (Fig. 3b).
Particulate organic matter and phytodetritus can be impor-
tant energy sources at the basal of the food chain in upper
bathyal vents. In the present study, we did not collect phy-
todetritus and particulate organic matter due to the limita-
tion of sampling using trawls. In the waters of NE Taiwan
and the South China Sea, Lin et al. (2014) suggested that
phytodetritus and particulate organic matter are important
food sources for consumers in the continental slope and
deep-sea basin, respectively. The role of phytodetritus and
particulate organic matter in the trophic structure of upper
bathyal vents in Kueishan Island deserves further research.

Bathymodiolus taiwanensis

The genus Bathymodiolus (Mytilidae, Bathymodiolinae)
comprises large mussels that are endemic to deep-sea
hydrothermal vents and seep environments ranging from
200 to 3,000 m in depth (Desbruyeres et al. 2006; Cosel
2008). The Bathymodiolinae subfamily is widely known
as a host of chemoautotrophic bacteria. Two types of che-
moautotrophic bacteria are symbiotic with Bathymodio-
linae mussels, namely thiotrophic bacteria (Cavanaugh
et al. 1992; Nelson et al. 1995; Mckiness et al. 2005) and
methanotrophic bacteria (Childress et al. 1983; Streams
et al. 1997; Barry et al. 2002). Dual symbiosis involv-
ing both thiotrophic and methanotrophic bacteria has also
been observed (Fisher et al. 1993; Pond et al. 1998; Fiala-
Médioni et al. 2002; Duperron et al. 2006). The 8'3C values
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of Bathymodiolinae mussels range between —37.3 and
—20.0 %o in hydrothermal vent assemblages, whereas those
of cold seep (i.e. methanotropic) assemblages range from
—68.1 to —37.5 %o (McKiness et al. 2005; Duperron 2010).
Bathymodiolus taiwanesis is currently found only near the
Kueishan Island upper bathyal vents and is the smallest and
shallowest-dwelling Bathymodiolinae (Cosel 2008). The
lowest 8'3C value of B. taiwanensis was —26.1 %o, confirm-
ing that these mussels are endosymbiotic hosts (involving
the CBB cycle for carbon fixation) that occupy the basal
region of the trophic system in the upper bathyal hydrother-
mal vents off Kueishan Island. The mussels may also be
able to carry out filter feeding (see Page et al. 1991). The
exact species of symbiotic bacteria associated with B. fai-
wanensis remains unknown, and this topic requires further
investigation.

Nihonotrypaea thermophila

Eight species of burrowing mud shrimp (thalassinideans,
recently classified as Axiidea and Gebiidea) have been
reported in reducing environments such as hydrother-
mal vents, cold seeps, and whale falls (Komai and Fuji-
wara 2012). However, their roles in these reducing envi-
ronments remain unclear. N. thermophila was the first
vent-endemic mud shrimp reported (Lin et al. 2007). The
unequal first chelae of this species bear either molar-like
or weak teeth, indicating that it is not an efficient preda-
tor (Fig. 2). Mud shrimps are obligate burrowers in soft
substratum and depend on assorted detritus as their main
food source (Shimoda et al. 2007). Their food sources
are species specific and depend on the specificity of each
habitat (Griffis and Suchanek 1991; Abed-Navandi and
Dworschak 2005; Shimoda et al. 2007). Hydrothermal
vents exhibit a high diversity of free-living microorgan-
isms including bacteria (attached on the surface and in the
subsurface). These microorganisms are an essential food
resource for many organisms and bacterivores, and usually
display a wide range of 8'°C and 3'>N values (Tunnicliffe
1991; Van Dover and Fry 1994; Van Dover 2000; Bergquist
et al. 2007). The large variation in 8'*C and 3'°N values of
N. thermophila suggest that they are generalist omnivores,
consuming a wide range of food resources and likely feed
on various bacteria with different metabolic and carbon-
fixing pathways.

Alvinocaris chelys

Vent shrimp often aggregates on the vent chimney wall
(Desbruyeres et al. 2006). These shrimps display a great
diversity of feeding modes and include bacterial grazers,
episymbiotic bacteria bearers, and scavengers. 5'°C and
85N values can be highly variable among different vent
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shrimp species (Van Dover et al. 1988; Polz et al. 1998;
Gebruk et al. 2000; Colago et al. 2002). For example, Miro-
caris fortunate is a detritivore that feeds on detritus (8'°C:
—23.9 to —9.4 %0; 3"°N: 0-8.4 %o; Gebruk et al. 2000;
Colago et al. 2002). Alvinocaris markensis (313C: 0212 to
—14.2 %o; 8°N: 3.7-9.2 %0) and Chorocaris chacei (3'>C:
—18.0 to —11.7 %o; 8"N: 4.1-8.0 %o0) are scavengers or
predators (Gebruk et al. 2000; Colago et al. 2002). Rimi-
caris exoculata is a bacterial grazer or episymbiotic bac-
teria bearer (3"°C: —18.1 to —10.0 %o; 8"°N: 3.9-8.2 %q;
Van Dover et al. 1988; Polz et al. 1998; Gebruk et al. 2000;
Colacgo et al. 2002).

The vent shrimp A. chelys of Kueishan Island had
the third lowest 8'3C (mean: —22.1 %o) and 3N (mean:
1.2 %0c) values of the upper bathyal hydrothermal vent
assemblage. The mean 313C value of A. chelys, which was
less than —20 %o, was similar to that of A. markensis and
M. fortunate. The first and second pereopods of A. chelys
bear small chelae with cutting edges that provide a fine row
of closely set teeth or minute corneous teeth. These weak
feeding appendages suggest that this shrimp is not a preda-
tor, but more likely a scavenger or deposit feeder. The low
813C value of A. chelys suggests that they feed on free-liv-
ing microorganisms or meiofauna on the substratum. The
difference in §'°C value between A. chelys and B. taiwan-
ensis was greater than 4.0 %o, implying that these two spe-
cies have no direct relationship and that the symbiotic bac-
teria in B. taiwanensis is not a food source of A. chelys.

Paragiopagurus ventilatus

Paragiopagurus ventilatus is currently the only hermit
crab reported to be endemic to hydrothermal vents. This
vent-endemic hermit crab was previously found only in
the Kueishan Island hydrothermal vents at a depth of 128—
281 m, but was recently observed in the Nikko seamount
of the Mariana Trough at a depth of 410 m (Komai et al.
2011). The P. ventilatus of the Nikko seamount inhabit
the empty tubes of the vent-endemic siboglinid tubeworm
L. satsuma. Laboratory observations have proven that P.
ventilatus can ingest various food sources, including bac-
terial mat, tuna meat, and euphausiids (Komai et al. 2011).
P. ventilatus has dense bacteriophore setae in its mouth-
parts and chelipeds (Lemaitre 2004). The bacteriophore
setae are long, plumose, feather-like setae that can gather
epibiotic bacteria on the surface (Segonzac et al. 1993).
However, the 3'°C (—18.6 %c) and §"°N (7.9 %) values
of P. ventilatus were the highest among the vent-endemic
assemblage, being close to those of non-vent fauna, sug-
gesting that this hermit crab is a generalist omnivore with
a mixed diet including microbial organisms and macro-
scopic food sources from both vent and surrounding non-
vent environments.

Xenograpsus testudinatus

Xenograpsus testudinatus has a wide vertical distribution
(15-300 m deep). The 3'3C and 5'°N values of X. testudi-
natus from upper sublittoral and upper bathyal vent habi-
tats were significantly different (also see Fig. 3), indicating
that the upper sublittoral and upper bathyal assemblages of
X. testudinatus have different food sources. Upper bathyal
X. testudinatus exhibited large variation in their 8'*C and
8!°N values, implying that their food sources varied. This
pattern is similar to the vent decapod Kiwa sp. in the East
Scotia Ridge of Antarctica waters (Reid et al. 2013). Kiwa
sp. exhibited great variation in 8'°C between sites, prob-
ably reflecting variation in the carbon fixation pathways at
the base of the food web (Reid et al. 2013). The carapace
length of Xenograpsus had a significant positive correlation
with 8'3C values, suggesting there was an ontogenetic shift
in their diet where smaller Xenograpsus crabs consumed
and assimilated food that was *C-depleted relative to their
larger conspecifics. However, upper sublittoral Xenograp-
sus did not exhibit an ontogenetic shift in 8'3N values. The
varying 8'°N values of individual X. testudinatus specimens
were scattered in almost all trophic levels (Fig. 4), suggest-
ing that their food sources likely included bacteria, phyto-
detritus, bivalves, and other decapod crustacean species.
Xenograpsus testudinatus displayed relatively high
mobility compared with other vent-endemic species near
Kueishan Island. The type specimen of X. testudina-
tus was collected from a trammel net at a depth of 15 m
at a non-vent site in northeastern Taiwan. Other research-
ers have observed X. testudinatus in great abundance near
the upper sublittoral vents near Kueishan Island (Ng et al.
2000). Although the occurrence of X. testudinatus in non-
vent areas is considered to be abnormal (Ng et al. 2000),
this demonstrated that X. testudinatus is highly mobile and
can live in non-vent environments. The 3'*C and 3'°N val-
ues observed in upper bathyal Xenograpsus samples var-
ied considerably, which may partly reflect wide area from
which samples were collected including both vents and the
surrounding non-vent region, through trawling. A recent
proteomic study demonstrated that the protein expression
profiles of X. festudinatus exhibit very high spatial varia-
tions among different sublittoral vents. The protein profile
of crabs changed from the profile in their original habitat
to new profile, after 12 h of culture in laboratory conditions
(Lin 2011). This rapid protein expression response sug-
gests that X. testudinatus is highly mobile and can quickly
acclimate to different environments (Lin 2011). The high
abundance of X. testudinatus near vents suggests that this
crab can tolerate toxic vent environments and, thus, escape
from predation (Hu et al. 2012). Because X. festudinatus is
able to move across upper bathyal vents and non-vent envi-
ronments, they may transfer energy and nutrients between
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upper bathyal hydrothermal vents and non-vent environ-
ments. Vent crabs may be an important food source for
non-vent predators; however, this needs further studies to
confirm the hypothesis. Such a trophic role has not been
reported for any other vent crab. In the East Pacific Rise,
the vent-endemic bythograeid crab has a movement range
of up to 600 m from the central vent regions (Lichtman
et al. 1984), but whether this crab can transfer chemosyn-
thetic carbon to nearby non-vent regions remains unclear
(Van Dover 2000).

Symphurus multimaculatus

The tonguefish S. multimaculatus was previously consid-
ered a rare species in Taiwan (Lee et al. 2009). However,
we collected more than 20 specimens of this tonguefish
from the upper bathyal vent sites near Kueishan Island.
Munroe et al. (2011) reported that the vent tonguefish S.
maculopinnis often lives within 30 m of vents, but their
food source remains unclear. This study showed that the gut
content of S. multimaculatus contained many polychaetes
and crustacean parts. Thus, the tonguefish S. multimacula-
tus is likely one of the top predators in active vent regions.

Comparisons of trophic structures among different upper
bathyal vent systems

Trophic structures of upper bathyal vents have been studied
at the Menez Gwen vents (800 m deep) in the Mid-Atlantic
Ridges (Colago et al. 2002) and at the Mohns Ridge vents
(556-720 m deep) in the Arctic Ocean (Sweetman et al.
2013). The trophic structure at the Menez Gwen vents is
dichotomic, with the chemosynthetic bacteria-associated
mussel Bathymodiolus azoricus and vent shrimps (bacterial
feeders) being the two major components of the basal part
of the food chain. The upper trophic levels include crabs
and whelks, which are scavengers or carnivores from non-
vent regions, and can enter the vents for foraging (Colago
et al. 2002). Such a trophic structure is similar to that of
the upper bathyal vent and surrounding non-vent regions
in Kueishan Island waters. In the upper bathyal vents near
Kueishan Island, the basal trophic structure consists of
symbiont-bearing Bathymodiolus mussels. The mud shrimp
N. thermophila is a key consumer that feeds on chemo-
autotrophic bacteria and other microorganisms. The vent
shrimp A. chelys is a deposit feeder that probably consumes
microorganisms from surrounding substrates.

In contrast to the Kueishan Island waters, the vents at
the Mohns Ridge do not include chemosynthetic mussels.
The high-temperature vent sites at the Mohns Ridge exhibit
a lower diversity compared with the upper bathyal vents in
the Kueishan Island waters. The vents at the Mohns Ridge
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are dominated by the bacterial-feeding gastropod P. griegi
(Sweetman et al. 2013).

The sampling methods used in this study were based on
trawling due to an absence of research submersibles in Tai-
wan. Most sampling methods used in studies of the trophic
ecology of other hydrothermal vents involved deep-sea
submersibles, and it was reported that a trophic complexity
of vent fauna existed in small spatial scales (Gaudron et al.
2012; Sweetman et al. 2013; Reid et al. 2013). Thus, in
the present study, samples from small spatial scales could
not be collected through trawling, causing a large variation
in the stable isotope values for some of the vent fauna. In
addition, all of the consumers of symbiotic bacteria cannot
be collected using trawling, resulting in the inconsistent
trophic levels observed in this study (Van Dover and Fry
1989; Van Dover 2000; Bergquist et al. 2007). Future stud-
ies should use ROVs for deep-water sampling in Taiwan to
collect adequate potential samples of consumers and their
putative prey, thus allowing isotope mixing models to be
used to further examine the trophic systems in the vent
ecosystems.
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