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The biocomplexity of sediment communities along a 120 m transect near an arsenic-rich,
shallow marine hydrothermal vent at Tutum Bay, Papua New Guinea was thoroughly
examined. A count of macro- and meiofaunal organisms was combined with bacterial
and eukaryotic SSU rRNA gene surveys to assess biodiversity. Each site along the
transect had distinct microbial communities. Near-vent sites were more similar to each
other than sites further from the vent. Some species, such asIgnavibacterium, Caldilinea,
and Capitellawere only found near-vent. Biodiversity generally increased with distance
from the vent. The community composition responded to the presence of hydrothermal
�uids with a clear correlation between temperature and thermophilic organisms. Primary
production appeared to be a mix of chemo- and phototrophy. Association analyses
suggest many potential interactions between organisms occur at certain sites, and
that species distributions and interactions occur in the context of complex spatial
relationships related to the geochemistry of the hydrothermal vent �uids. While Tutum
Bay is heavily in�uenced by arsenic, no speci�c correlationbetween bacteria that
metabolize arsenic and the concentration of different oxidation states of arsenic ions
was observed, perhaps because very little of the arsenic present was bioavailable.
The observed homogeneous distribution of arsenic reducersalong the transect could
be due to background arsenic metabolism. This study represents a holistic study of
biocomplexity on a broad phylogenetic range across a 120 m transect associated with a
marine shallow-water hydrothermal vent.

Subject Category: Microbial ecology and functional diversity of natural habitats.

Keywords: microbial community structure and function, benthic communities, invertebrates, hydrothermal vents,
arsenic

INTRODUCTION

Deep-sea hydrothermal systems are light restricted and relyon chemosynthesis for energy input,
using both inorganic forms of carbon and organic detritus asthe carbon source in the synthesis
of biomolecules. Oxidation reactions of reduced chemical species (H2S, H2, CH4, etc.) provide
electron donors necessary for chemotrophic growth. In seawater, where sulfur species are readily
available, the oxidation of reduced sulfur can provide energy to synthesize organic carbon,
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highlighting the importance of the sulfur cycle in sustaining these
communities (Tsutsumi et al., 2001).

In contrast, shallow-sea hydrothermal systems are not as
light limited and are not characterized by an abundance
of vent-speci�c taxa. Here, chemosynthesis runs parallel to
photosynthesis as a means of primary production. Many shallow-
sea hydrothermal vent systems are characterized by bacterial
mats, similar to deep-sea vents, and chemosynthesis occurs near
the vent itself and in the super�cial layer of water above the vents
(Tarasov et al., 2005). Diatoms, cyanobacterial mats, and other
algae aid in this primary production.

The shallow-sea hydrothermal system of Tutum Bay, Ambitle
Island, Papua New Guinea serves as a natural laboratory to
study the biocomplexity of prokaryotic and eukaryotic species
in an arsenic-rich environment. The metabolic repertoire and
subsequent biodiversity of species found at the site di�ers from
other commonly studied shallow hydrothermal-sea vent systems.

FIGURE 1 | Maps showing Ambitle Island and Tutum Bay with transect and sample sites. From the vent, the transect extended southwest to avoid reef outcroppings
before extending 300 m west.

As an arsenic-rich system, the potentially toxic qualities ofarsenic
represent a hurdle for sustaining communities at Tutum Bay's
hydrothermal systems (Pichler and Dix, 1996; Price and Pichler,
2005; Pichler et al., 2006). Not only is arsenate a structural
analog of phosphate that can inhibit oxidative phosphorylation,
but arsenite binds to sulfhydryl groups and vicinal thiols of
many proteins, disrupting the function of numerous proteins.
Arsenic has 4 oxidation states: As (� III), As (0), As (III), and As
(V)—the latter two being most prevalent in nature (Oremland
and Stolz, 2003). Arsenate readily adsorbs onto aluminum and
iron hydroxides, forming inorganic compounds that reduce
their bioavailability. Arsenite does this less readily, leaving it
mobile, with more potential for toxicity in hydrological systems.
Further complicating arsenic mobility, Fe (III) reducing bacteria
are able to reduce ferric oxyhydroxides, and subsequently
release arsenate back into the hydrological system (Konhauser,
2007).
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Both prokaryotes and eukaryotes have developed methods
to deal with the toxic nature of arsenic. The discovery
that microorganisms synthesized and excreted trimethylarsine
suggested that other methylated forms of arsenic exist (Cullen
and Reimer, 1989; Michalke et al., 2000). Further studies showed
that some animals have the enzymes (Lin et al., 2002) to
convert inorganic forms of arsenic into both methyl arsenic
and dimethyl arsenic (Doak and Freedman, 1970) which are
excreted in the urine (Thomas et al., 2007). In addition to
methylation, prokaryotes have evolved enzymes that allow both
the oxidation and reduction of arsenic. Dissimilatory arsenate-
respiring prokaryotes reduce arsenic (V) to arsenic (III) when
other more favorable terminal electron acceptors are not present
and couple the reaction to the oxidation of organic compounds.
Heterotrophic arsenite oxidizers convert As (III) found on the
cell membrane to less toxic As (V). This process is seen as
a defense mechanism against the more toxic arsenite, which
easily enters the cell. Lastly, chemoautotrophic arsenite oxidizers
reduce oxygen or nitrate during the oxidation of arsenite and use
the energy to �x CO2 (Oremland and Stolz, 2003).

Extensive chemical analysis has been performed along
transects at Tutum Bay, speci�cally at hydrothermal Vent 4 (Price
and Pichler, 2005; Akerman et al., 2011). Mechanisms have been
proposed for the biogeochemical cycling of arsenic and other
inorganic metabolites based on Gibbs free energy calculations

at this vent (Akerman et al., 2011), and the distribution and
speciation of arsenic has been well-characterized with particular
attention to the element's bioavailability (Price and Pichler, 2005).
Our study focuses on the biocomplexity along a speci�c transect
at hydrothermal Vent 4, V4-B, (Figure 1) with attention to the
phylogenetic biodiversity and functional repertoire present in
pore samples at particular sites along the transect. Bacterial 16S
rRNA genes and eukaryote 18S rRNA gene were sequenced
from clone libraries and distributed into functional guildsand
trophic groups. This data was combined with morphological
data scored from the same sites. These ecological patches were
linked to the physical parameters previously described and
particular attention was given to the evidence of arsenic andiron
metabolizing organisms throughout the transect. It was thought
that in areas of the transect with high concentrations of arsenic,
the overall biodiversity would be lower while the richness and
diversity of organisms capable of metabolizing arsenic would be
higher.

MATERIALS AND METHODS

Sampling Site and Collection
The Tutum Bay site has a number of focused vents surrounded
by areas of di�use venting. Transect 4B extends 30 m southwest
from Vent 4 along soft-bottom and then directly westward

FIGURE 2 | Abiotic factors across the transect at Tutum Bay. Sampling sites are labeled in meters away from vent. Values between sample sites were interpolated
within the Surfer program. Contour maps from left to right: Top, Temperature (pH); Arsenic (V) inmg L� 1, Percent organic carbon; Middle: pH, Arsenic (III) inmg L� 1,
Oxidation Reduction Potential (mV); Bottom: Ammonia (aq) in mg L� 1, Fe (II) inmg L� 1, Sulfate in mg L� 1.
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FIGURE 3 | Cluster analysis of abiotic and biotic data. Biotic sampleswere standardized by total, transformed by square root and had resemblance calculated using
Bray-Curtis similarity. Abiotic factors were normalized and clustered based on Euclidean distance.(A) Macrofauna and Meiofauna dendogram showing similarity
among transect sites.(B) Dendogram of abiotic factors showing similarity along transect sites. (C) Eukaryotic sequence dendogram, showing similarity among
transect sites. (D) Bacterial sequence dendogram, showing similarity among transect sites.

FIGURE 4 | Eukaryotic and bacterial rarefaction curves. Chao 1 indexes were calculated for both eukaryotic and bacterial sequence data. (A) The eukaryotic
near-vent community consisted only of OTUs obtained from the 0 m site. OTUs from 30, 60, 90, and 120 m were used in the eukaryotic far-vent community analysis.
(B) The near-vent bacterial community consisted of OTUs from 7.5 to 12 m while the far-vent community consisted of OTUs from 20 to 120 m.
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FIGURE 5 | Bacterial phylogenetic network showing richness, abundance and distribution of phyla at each site. Transect nodes (square) designate sample sites
(right). Edges connect transect nodes to phyla nodes (circles). Phyla nodes are connected to individual species nodes (triangles). This connection is colored in
Proteobacteria to designate class (a–red, b–gray,d–yellow,+–pink,g–blue, � –teal). Phyla and species node sizes are proportional to relative abundance. Species nodes
are connected by dotted edges if they are found at more than one site. These distribution edges are orange (near vent), blue (away from vent), green (near and away
from vent), or yellow (all sites) to show any homogeneity across the transect. Phyla nodes are color coded to facilitate differentiation.
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to 120 m (Pichler and Dix, 1996; Price and Pichler, 2005;
Pichler et al., 2006; Akerman et al., 2011). The transect and
location for this study is shown inFigure 1. Sediment samples
for macrofaunal and meiofaunal analyses were collected in
replicates of 5 as described byKarlen et al. (2010). Samples were
sieved through a 500mm mesh screen to collect macrofauna
and then onto a 50mm screen to collect meiofauna. Core
samples for bacterial DNA were collected from 5 to 10 cm
as described byMeyer-Dombard et al. (2012). Five samples
for eukaryotic DNA analyses were collected at each site along
the transect with a 60 ml syringe corer to a depth of 5
cm and the replicates pooled. Sediment was passed through
a 4 mm sieve to eliminate large macrofauna. Samples for
sequencing eukaryote DNA were collected at sites 0, 30, 60,
90, 120 m from the vent and frozen until used. Samples
for sequencing bacterial DNA were collected at sites 7.5, 12,
20, 30, 60, 90, and 120 m, from the vent and frozen until
used.

Porewater and Sediment Analysis
Porewater samples were collected 5 cm beneath the sediment
surface using a 60 ml plastic syringe connected to a plastic probe.
Temperature was measuredin situ using a digital thermometer.
Oxidation-reduction potential and pH were measured using
a Myron-L pH meter on site. Fe2C , NH4C , and SO4

2� were
measured on site using a spectrophotometer (HACH, Colorado).
Arsenic species were measured using analytical instrumentation
and methods o� site described in detail inPrice et al. (2007)and
again byAkerman et al. (2011). The geochemical data used in
the analyses here is from Table 1 ofAkerman et al. (2011). The
organic carbon content of the sediment was determined o�-site
by loss on ignition from 2 g of sample at 550� C for 4 h (Heiri et al.,
2001).

Macrofaunal and Meiofaunal Identi�cation
Macrofaunal samples were rinsed onto a 500mm mesh sieve and
identi�ed to the lowest practical taxonomic level (Karlen et al.,
2010). Each specimen was archived and voucher specimens were
photographed.

Meiofaunal samples were decanted from sieved sediment onto
a 50mm mesh plankton net placed in a funnel. The remaining
sediment was resuspended, and meiofauna again decanted onto
the plankton net. This process was repeated 5 times and the
meiofaunal specimens sorted to the lowest practical taxonomic
level. The specimens were archived and photographed.

Eukaryote and Bacterial Sequencing and
Identi�cation
Sediment DNA was extracted from 0.5 g sediment using a MoBio
UltraClean Soil DNA extraction kit (Mo Bio Laboratories,
Carlsbad, CA, USA). PCR was performed using ID Labs
IDProofTM Polymerase Enzyme (ID Labs, London, ON,
Canada) optimized for 50mL reactions. Primers used for
the 18s rRNA gene PCR were 18S4 (50-CCGGAATTCAAG
CTTGCTTGCTTGTCTCAAAGATTAAGCC-30) and 18S5
(50-CCGGAATTCAAGCTTACCATACTCCCCCCGGAAC
C-30) (Mackey et al., 1996). Primers used for the 16s rRNA

gene PCR were 27F (50-AGAGTTTGATCCTGGCTCAG-30)
and 1492R (50-GGTTACCTTCTTACGACTT-30) (DeLong,
1992). The 18s PCR consisted of an initial 2 min 95� C
denaturation, 45 cycles of 15 s at 95� C, 1 min at 50� C, 1
min at 72� C, followed by a 72� C extension for 7 min. The
protocol for 16s PCR di�ered in that 40 cycles with a 45� C
annealing temperature and a 2 min extension step was
used.

Cloning was done with a PCR4-TOPO-TA Cloning Kit
(Invitrogen, Carlsbad, CA, USA). Clones were isolated into
96-well-culture plates, cultured and DNA extracted using the
Eppendorf Perfectprep Plasmid 96 Vac miniprep kit (Eppendorf,
Hamburg, Germany). The resulting plasmid DNAs were
sequenced by Polymorphic DNA Technologies, Inc. (Alameda,
CA, USA). Sequences were �ltered for quality (Wu et al.,
2009) and submitted to Genbank (bacterial accession numbers
JN837712–JN839729, eukaryotic accession numbers JQ241793–
JQ244768).

Sequences were clustered into Operational Taxonomic Units
(OTUs) using SEQUENCHER (Gene Codes, Ann Arbor, MI,
USA). Eukaryote OTUs were established according to a 99%
similarity (Wu et al., 2009). Prokaryotic OTUs were established
using 97% similarity. OTUs and singletons were identi�ed to
the nearest identi�able match using NCBI's database and BLAST

FIGURE 6 | Distribution of the most abundant bacterial genera across each
site. The shading is determined by relative abundance wherelighter colors
represent a lower abundance in respect to the given site. Non-boxed regions
represent an absence of the genus at that site.
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algorithm (uncultured organism matches were not considered).
This identi�cation was used to provisionally identify the genus of
each OTU (Supplemental Materials 1, 2) in further analyses (Wu
et al., 2011).

Classi�cation of Prokaryotic Functional
Guilds
Potential metabolic capabilities of each provisional bacterial
genus were assessed from the literature (Supplemental
Material 3). In some cases, a genus would fall into more than one
functional guild (e.g., sulfur reducing, iron reducing, and arsenic
oxidizing), and was scored more than once. Facultative aerobes
or anaerobes were similarly considered in both categories.
Further categorization of arsenic metabolism was performed
by searching genomes of genera found for arsenic reducing or
oxidizing genes within the Joint Genome Institute's Integrated
Microbial Genome database (Supplemental Material 4).

Biodiversity Calculations, Association
Analyses, and Networks
Primer-E (Clarke and Gorley, 2006) was used to calculate
Shannon diversity at each site. Chao 1 indexes was calculated

and rarefaction analysis was accomplished using Estimate-S
(Colwell and Elsensohn, 2014). Cluster analysis was performed
in Primer-E for abiotic factors, macro- and meiofauna, and
at the phylum level, genus level, and sequence level for
bacteria and eukaryotes across all sites. The abundance data
were square root transformed and clustered by Bray-Curtis
similarity. Abiotic data were normalized and clustered
according to Euclidean distance. Association analyses
were performed on species found at more than one site
together and dendograms were made using the Primer-E
software.

Phylogenetic networks were created using the clustered
OTUs and singletons for both prokaryotes and eukaryotes
with the Cytoscape software package (Shannon et al.,
2003). A functional guild network of prokaryotes and a
trophic food web were also created using the Cytoscape
software.

The Surfer software package (Golden Software Inc., Golden,
CO, USA) was used to interpolate a gradient of abiotic
factors using an x,y coordinate system corresponding to the
transect V4-B according to chemical analyses done at each
site.

FIGURE 7 | Eukaryote phylogenetic network showing richness, abundance and distribution of phyla at each site. Transect nodes (square) designate sample sites
(left). Edges connect transect nodes to phyla nodes (circles). Phyla nodes are connected to individual species nodes. Species nodes are either triangles or octagons
to describe the method of identi�cation as either sequencingor scoring, respectively. Phyla and species node sizes are proportional to relative abundance. Species
nodes are connected by dotted distribution edges if they arefound at more than one site. These distribution edges are blue if found far from vent (30–120 m), green if
found both near-vent (0 m) and any other site or black (all sites) to show any homogeneity across the transect.
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RESULTS AND DISCUSSION

Abiotic Factors
Abiotic factors across the transect (Figure 2) show a distribution
that re�ects the hydrothermal venting found at the site. Sites
from 0 to 12 m are heavily in�uenced by hydrothermal �uids,
while sites further out are more closely related to that of normal
sea water. Although di�use venting is present and may be seen
in the pH and oxidation-reduction potential di�erences found
from site to site and a small temperature rise at 60 m, the abiotic
factors generally formed a gradient along the transect toward that
of normal seawater away from the vent. Arsenic concentrations
remained higher than normal seawater at all sites.

The temperature ranged from 99� C at the vent to 29� C
300 m from the vent. Arsenic (V) and Iron (II) (Figure 2)
show an inverse correlation at near-vent sites, with Arsenic (V)
concentrations peaking at 7.5 m and Iron (II) concentrations
below detection levels. Arsenic (III) has the highest concentration
at the vent (944mg L� 1) which gradually diminishes away from
the vent. Lastly, the concentration of sulfate increases with
increased distance from the vent.

Similarity clustering of biotic and abiotic factors (Figure 3)
shows the general trend visualized inFigure 2. Near-vent sites
cluster together more closely than sites distant from the vent.
While not all data was available for each factor at every site,
90 and 120 m exclusively cluster together, showing the same
dendogram topology for all biotic data. With the exception of
eukaryotic sequence data, contiguous sites appear more similar
in biota than noncontiguous sites. The abiotic data shows the
incongruity of the 7.5 m site with the rest of the near-vent sites,
which can also be seen inFigure 2primarily due to Arsenic (V)
and Iron (II) concentrations. However, because there are biotic
similarities among them, the 0, 7.5, and 12 m sites will be referred
to as near-vent while sites 20 m and greater from the vent will be
considered far-vent.

Biodiversity
A total of 1,692 bacterial sequences (720 nucleotides each)
were obtained averaging 240 sequences per site while 1,481
eukaryotic sequences (576 nucleotides each) were obtainedwith
an average of 296 sequences per site along the transect. The
BLAST results for Eukaryotic and Bacterial sequences with
match percentages and accession numbers are provided as
Supplemental Materials 1, 2. Given the limited number of
sequences from each site, rarefaction curves were carried out
for the combined near-vent and combined far-vent communities
using the Chao1 index (Figure 4). A lower number of OTUs
was estimated at near-vent communities with upper-bound
estimates reaching just above 200 for eukaryotes and around
1,000 for bacteria. At the far vent sites the number of
OTUs are estimated with upper bounds of approximately
1,000 eukaryote and 4,000 bacterial OTUs. In comparison,
studies of other shallow hydrothermal vent systems using
conventional sequencing (Giovannelli et al., 2013) show much
lower Chao1 estimates of bacterial diversity while next gen
sequencing methods show comparable estimates (Wang et al.,
2015).

FIGURE 8 | Distribution of the most abundant eukaryote genera across each
site. The shading is determined by relative abundance wherelighter colors
represent a lower abundance in respect to the given site. Non-boxed regions
represent an absence of the genus at that site.

Bacterial species found along the transect are represented
in Figure 5. The patch assemblages found at 7.5 m and 12 m
are easily distinguishable from the sites found further away
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from the vent. The phylumChlorobi is found only at the
two near-vent sites andProteobacteriadiversity is greatly
reduced compared to the 20–120 m sites.Actinobacteriawas
the most abundant phylum found at 7.5 m from the vent
(68 individuals representing 37 species) withProteobacteria
following with 64 individuals representing 49 species. At
12 m from the vent,Chlorobi, predominantly found as the

genus Ignavibacterium, and Chloro�exi are more abundant
than anywhere else along the transect. The diversity and
relative abundance ofProteobacteriadominates the 20–
120 m sites, withGammaproteobacteriahaving the highest
abundance (348 individuals) followed byDeltaproteobacteria
(287 individuals). Distribution lines show species similarity
between sites, showing the greatest sharing of species at sites

FIGURE 9 | Bacterial functional guild network showing richness, abundance and distribution at each site. Red edges represent oxidizers within metabolic guilds.
Transect nodes (square) designate sample sites (right). Edges connect transect nodes to guild nodes (circles). Guild nodes are connected to individual species nodes
(triangles). Species nodes are connected by dotted edges ifthey are found at more than one site. These distribution edges are orange (near vent), blue (away from
vent), green (near and away from vent) or yellow (all sites) to show any homogeneity across the transect.
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away from the vent (20–120 m). Only one OTU was found
at all sites (black distribution line) and matched most closely
to Acidomicrobium ferrooxidans(87% similarity). Figure 6
shows the distribution of the most common genera along the
transect.Ignavibacteriumand Caldilineaare exclusively found
at the near-vent sites, whileSteroidobacter, Thiohalomonas,
Pelagibius, and Thiohalospira are exclusive to the 20–
120 m sites. Many genera are represented throughout the
whole transect but tend to be in low abundance at the 12 m
site.

Bacterial diversity (Shannon's diversity indexD 4.76) at 7.5 m
is dominated by thermophilicActinobacteriaandProteobacteria
(Figure 6). Members ofAcidimicrobiacea(including the genus
Aciditerrimonas) within Actinobacteriahave the highest relative
abundance within the community at 7.5 m. These bacteria
are commonly found in areas of extreme acidity and high
sulfur concentration. They are either mesophilic or moderately
thermophilic and capable of iron oxidation (Itoh et al.,
2011). The 7.5 m site is slightly acidic (Figure 2) with sul�de
concentrations roughly 3 ppm. The 12 m site has the lowest
bacterial diversity of all sites (Shannon's diversity index D 4.07),
where members ofActinobacteriadecrease signi�cantly.Chlorobi
andChloro�exi, particularly the genusIgnavibacterium,become
dominant. Members ofIgnavibacterium, while belonging to
the genus Chlorobi, are obligate chemoheterotrophs, grow
anaerobically, and are moderate thermophiles (Iino et al., 2010).
At both near-vent sites, members of the genusCaldilinea
are relatively abundant, similar to sediments of the nearby
transect 4-A (Meyer-Dombard et al., 2012). Type species for
Caldilinea were isolated from a deep-hot aquifer in France
and from a hot-spring in Japan. WhileCaldilinea belongs to
Chloro�exi (green non-sulfur bacteria), neither type species
can grow under phototrophic conditions (Sekiguchi et al.,
2003; Gregoire et al., 2011). The biodiversity of bacteria 20–
120 m from the vent is greater than near-vent (Shannon's
diversity index D 4.78–5.23).Proteobacteriadominate while
members ofChlorobi are absent. TheActinobacteriafamily
Acidimicrobiacea,and ProteobacteriageneraDesulfacinumand
Thioalkalivibrio are found in greatest relative abundance. A
type species of the genusDesulfacinumwas isolated from
a shallow-water hydrothermal vent in Greece (Sievert and
Kuever, 2000). It is thermophilic, anaerobic, mixotrophic, and
can reduce sulfate (Rees et al., 1995). Thioalkalivibrio species
are tolerant to hypersaline and alkaline environments. Their
metabolic capabilities include sulfur oxidation and reduction,
denitri�cation, and thiocyanate metabolism (Muyzer et al.,
2011). They tend to be mesophilic, explaining why they
are found in greatest relative abundance away from the
vent.

Eukaryotic organisms, both sequenced from environmental
DNA and scored by morphological identi�cation, show an
abundance of nematodes and arthropods throughout the transect
(Figure 7). The vent site has the highest abundance of annelids,
primarily due to the abundance of one species ofCapitella.
Playthelminthes, fungi, and heterokonts are found throughout,
with fungi and heterokonts showing extreme heterogeneity from
site to site.

FIGURE 10 | Geochemical measurements and functional guild relative
abundance values. Temperature (� C), oxidation-reduction potential (mV),
nitrogen (ppm), sulfur (ppm), arsenic (mgL� 1), easily extracted arsenic (ppm),
and iron concentrations (ppm) are plotted against related functional guilds.
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The dominant eukaryotic genera from sequence data
shows many vent speci�c (0 m) genera:Capitella, Linuche,
Schlerochilius, Cladophora, Neochromadora, Oblongichytrium,
and Thoracostomopsidae(Figure 8). Other genera such as
Pauliella, Penicillium,andStauroneisare found at all sites along
the transect.

Eukaryotic diversity along the transect varies greatly
(Shannon's diversity indexD 2.7–4.47) with the highest diversity
furthest from the vent (120 m site) (Figure 7). At the 0 m site
(Shannon's diversity indexD 3.47), members of the genera
Capitella and Viscosiahave the highest relative abundance
(Figure 8). Capitella species are opportunistic polychaete
annelids present in unstable habitats. Certain capitellids inhabit
shallow-hydrothermal areas in Greece and have adapted to
survive sul�dic, low organic environments (Gamenick et al.,
1998). Viscosia,an r-strategist nematode, exploits low diversity
niches (Semprucci et al., 2013) and are often found in disturbed
environments. The genusCladosporium, a cosmopolitan
fungus, has the third highest relative abundance at the 0 m
site. Members of the genus are typically plant pathogens,
but also decompose decaying organic material (Bensch et al.,
2012). The molecular data showed that 30 m from the vent
(Shannon's diversity indexD 4.22), the fungusSarocladium
had the highest relative abundance followed by the diatom,
Lemnicola(Figure 8). Sarocladiumdominates the sequence data
at 30, 60, and 120 m.Sarocladiumis a fungus found in soda
lakes and closely related to the genusAcremoniumwhich is
found in marine environments (Grum-Grzhimaylo et al., 2013).
Our most prevalentSarocladium18S gene sequence is a 100%
match to Sarocladium kiliense(HQ232198) and a 96% match
to Acremonium brevis(HQ232183). Eukaryote diversity was
lowest 60 m from the vent (Shannon's diversity indexD 2.7).
Sequencing data at 90 m shows that nematodes of the genus
Chromadoritawere in highest relative abundance, followed by
the diatomNavicula. Data from the hand-sorted meiofauna and
macrofauna did not always agree with the molecular data (Wu
et al., 2009). For example, only a few nematode sequences were
found at the 30 m site while the bulk of hand-sorted specimens
from the 30 m site were nematodes. This is most likely due to the
fact that hand-sorting of macrofauna and meiofauna excludes
organisms such as �lamentous fungi and heterokonts, abundant
in the molecular analysis but absent from the hand-sorted
data set.

Overall, the geochemistry of the shallow hydrothermal system
at Vent 4-B in Tutum Bay appears to strongly in�uence the
biodiversity found throughout the transect. BIOENV analysis
suggests temperature and alkalinity best explain the patternsof
bacterial communities while arsenic (V) is a strong in�uence
on eukaryotic communities. These factors establish a distinct
near-vent community consisting of sites< 20 m from the vent
(Figures 3, 5, 7) and a far-vent community consisting of sites
� 20 m. While these communities are unique at every site, some
similarity is evident. Network distribution lines linkingspecies
found at more than one site show more similarity among either
the near-vent or far-vent community while having little or no
similarly between the two. The bacterial communities near the
vent (7.5 and 12 m) reveal increased heterogeneity compared to

sites further from the vent. This is also indicated by abioticfactors
suggesting that there are more microhabitats within the near-vent
community at Vent 4-B than revealed within this study.

Functional Analyses
The functions of bacteria along the transect show several trends
(Figure 9). Thermophilic bacteria are found at near-vent sites
in high abundance and decrease at 20 m and outward. The
abundance and diversity of mesophiles peaks at 20 and 30 m and
generally are higher away from the vent. Nitrogen, sulfur, and
arsenic metabolizers are abundant at near-vent sites, although
not as diverse as at sites 20 m outwards. Iron metabolizers, while
present throughout the transect, show the lowest abundance and
diversity at the 12 m site.

Analyzing the functional guilds along with the abiotic
factors at each site reveals additional trends (Figure 10). The
temperature of the pore water remains high until after 12 m
where it sharply decreases. A small rise in temperature around
60 m can be attributed to observed di�use venting. The relative
abundance of thermophiles also follows this trend with a minor
peak at 60 m that matches a local rise in temperature. The
relative abundance of mesophiles follows an inverse trend,
increasing as the temperature decreases. Oxidation-reduction
potential increases with distance from the vent and corresponds
to an increase in relative abundance of aerobically-respiring
organisms. An exception at 7.5 m was observed, where the
relative abundance of aerobic organisms was higher than at 12
m, perhaps because facultative organisms were scored into both
guilds. A low relative abundance of nitrogen oxidizers was found,
while nitrogen reducers increased with distance from the vent
(Figure 10). Nitrite concentrations were low (< 1 ppm) at all sites
and nitrate concentrations generally increased with distance from
the vent following a trend similar to nitrogen-reducing bacteria.
The relative abundance of sulfur-reducing bacteria variedgreatly

FIGURE 11 | Proposed arsenic cycle of Tutum Bay. Abiotic processes are
shown as black arrows. Biotic processes are shown with blue arrows. The
sizes of the arrows propose a relative rate at which the processes occur.
Percentages represent the number of individuals scored outof the total
number of organisms used in the functional classi�cation analysis. Blue
percentages are bacterial while red are eukaryotic.
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while sulfur-oxidizing bacteria increased further from the vent
(Figure 10). While sulfur-reducing bacteria did not correspond
to concentrations of either sul�de or sulfate, sulfur-oxidizers

appeared to increase as the concentration of sulfate increased
at least for the �rst 60 m of the transect. Arsenic (III) and
arsenic (V) species, primarily found as arsenite and arsenate,

FIGURE 12 | Association Meta Analysis between bacteria and eukaryotes. Six nodes (correlation values> 0.5) represent species with similar distribution patterns.
Taxa highlighted in yellow are eukaryotic. Only species found together at more than one site were used in this analysis. Node 1 represents organisms found together
primarily at sites 30 and 90: nodes 2 primarily 30 and 120 m; node 3, primarily 30 and 60 m; node 4, 60 and 120 m; node 5, 60 and 90m; node 6, 90 and 120 m.
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respectively, did not follow a clear trend along the transect.
Arsenic (V) was found at higher concentration than arsenic (III)
at the 7.5 m site while arsenic (III) was highest at the 12 m site
(Figure 10). Arsenic-reducing bacteria were more abundant than
arsenic-oxidizing bacteria, which were nearly absent alongthe
transect. There did not appear to be a relationship with arsenic
(III) or arsenic (V) to arsenic-oxidizing, arsenic-reducing or
arsenic-methylating bacteria, although this could be due to the
limitations of our method of inferring function. Previous studies
have measured the amount of bioavailable arsenic along the 4B
transect (Price and Pichler, 2005). The amount of bioavailable
arsenic represents only a small amount of the total arsenic
present in the samples and appears to correspond to changes in
the relative abundance of arsenic reducers along the �rst 60m
of the transect (Figure 10). Iron reduction, which introduces
arsenate back into the system through the reduction of iron (III)
oxyhydroxides, was similarly examined. The relative abundance
of iron reducers and oxidizers increases and decreases together
along the transect, generally corresponding to the amount ofIron
(II) in the system (Figure 10). No data was available for Iron (III).

Arsenic Cycling at Tutum Bay
A schematic of arsenic cycling at Tutum Bay may be seen in
Figure 11. It re�ects the �nding that most arsenic at Tutum
Bay is adsorbed onto iron oxyhydroxides (Price and Pichler,
2005). Biological data from this study are depicted as blue
arrows and suggest a mechanism by which biota may interact
with arsenic compounds at Tutum Bay. The largest arrow
(black) points to the abiotic process of As (V) adsorbing onto
iron (III) oxyhydroxides. The reverse process can happen both
abiotically (smaller black arrows) and biotically (blue arrows).
This is facilitated by iron-reducing bacteria, which reduce
ferric oxyhydroxides, remobilizing arsenate. Orpiment (As2S3)
formation can occur during the mineralization of sul�de in
the presence of arsenite. This is usually indirectly relatedto
the presence of sulfur-reducing bacteria. Members of the genus
Desulfotomaculum(found at Tutum Bay) have been shown to
reduce both As (V) and S (VI) to produce orpiment (Newman
et al., 1997). The methylation of arsenic species by a range of
organisms is shown as blue arrows. Although we found biological
support for this model, neither aluminum oxyhydroxides nor
orpiment were assayed at Tutum Bay. Microbes known to
produce DMA and MMA were detected, but these compounds
were not found in Tutum Bay porewater samples (Price and
Pichler, 2005). It is possible that volatile forms of arsenic or other
forms of organic arsenic were produced or that organisms we
identi�ed capable of forming DMA and MMA were inactive.

Association Analysis
An association analysis was carried out with combined bacterial
and eukaryotic species found at more than one site together
(Figure 12). This analysis was limited to the 30, 60, 90, and 120 m
sites where both bacterial and eukaryotic data were available.
There were a total of 130 OTUs that were found at more than one
site together. These OTUs can be seen clustered into a similarity
dendogram representing their relative distribution along the
transect. Six clades formed with correlation values> 0.5. Node

1 contains species found mostly at both the 30 and 90 m sites.
Node 2 contains the least number of taxa which are found mainly
at the 30 and 120 m site. Node 3 represents taxa found both
at 30 and 60 m while node 4 represents taxa found both at
60 and 120 m. Node 5 contains taxa primarily found at sites
60 and 90 m. Lastly, node 6 is the largest and contains taxa
found mainly at the 90 and 120 m sites. The association analysis
shows that relatively few taxa were found associated together at
discontiguous sites. Most associations are either contiguous at 30
and 60 m (node 3) or contiguous away from vent at 90 and 120 m
(node 6). These associations demonstrate that there are likely
many interactions among phylogenetically diverse organisms
at these sites, possibly including predator-prey relationships,
commensalism, parasitism, and symbiotic relationships. For
example, Capitella sp. are found in a similar distribution
pattern to many chemolithoautotrophs, such asThioalkivibriosp.
Capatellids have been shown to have a symbiotic association with
chemoautotrophic bacteria, even suggesting the burrows created
by capatellids increase bacterial activity around the burrows
(Tsutsumi et al., 2001).

Comparison to Other Studies
Similarities exist between the Tutum Bay communities and those
of vent areas from other studies, but most studies do not sample
as far from the vent as ours. One example of similar �ndings
involves theCapitellagenus described above. In addition,Sievert
et al. (1999)found a high relative abundance of dissimilatory
iron-reducing bacteria in the transition zone of a shallow-water
hydrothermal vent near Milos Island, Greece. At the Tutum
Bay transect, an increased relative abundance of dissimilatory
iron-reducing bacteria is also seen in the transition zone from
near-vent to far-vent (Figure 9). DNA analysis at the transect
of Milos Island revealed the �rst report ofAcidobacterium
at a hydrothermal site (Sievert et al., 2000). At Tutum Bay,
DNA analyses foundAcidobacteriumat near-vent sites but also
throughout the transect. In a shallow-water hydrothermal system
in Japan, sulfur-oxidizingChlorobi appeared to dominate the
near-vent microbial mats (Hirayama et al., 2007). While the
Chlorobispecies found in Japan are photoautotrophic, our study
�nds all but 1 of 106 sequences at Tutum Bay belong to the
genusIgnavibacteriumwhich grows heterotrophically. A recent
shallow-water pyrosquencing study in the Okinawa Trough
found bacterial communities dominated by sulfur-metabolizing
organisms. They found members of the genusNautilia and
Thiomicrospiraas the major component of the two hydrothermal
vents sampled (Zhang et al., 2012). Neither genus was found
in our study. Members ofThiohalomonasand Thioprofundum
were the most abundant representatives of sulfur oxidizers at
our Tutum Bay transect. Our study yielded 1930 bacterial 16s
rRNA gene sequences across the Tutum Bay transect, but only
158 represented sulfur oxidizers with the majority (n D 85) found
at the 90 and 120 m sites, suggesting that sulfur oxidation isnot
a major metabolic process in Tutum Bay. The samples in the
Taiwan study were taken from the water column of a vent heavily
colored with sulfur precipitants, while our samples were from
sediment pore water.
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Conclusions
This study is one of the �rst to assess biocomplexity across
a broad phylogenetic range including bacteria, microbial
eukaryotes, meiofauna and macrofauna from a shallow-water
hydrothermal vent using both molecular and morphological data.
Biodiversity generally increased with distance from the vent,
with an exception where mid-transect di�use venting was found.
Hydrothermal in�uences were found across the entire 120 m
transect, suggesting that hydrothermal vents can in�uencea
larger region than previously thought. While abiotic data show
higher similarity among the near-vent sites, the larger changes in
biodiversity in the near vent area compared to the far vent area
suggests that there are smaller scale changes that we have not
detected. Overall, the biodiversity of the communities responded
to the presence of hydrothermal �uids with a clear correlation
between temperature and thermophilic organisms. Functional
guilds display heterogeneity between the 7.5 and 12 m sites,
again suggesting more community diversity than we observed
with our limited number of near-vent sample sites. However,
compared to far-vent sites, near-vent sites have less functional
redundancy. No speci�c correlation between bacteria that
metabolize arsenic and the concentration of di�erent oxidation
states of arsenic ions was observed, perhaps because very little
of the arsenic present was bioavailable. The homogeneous
distribution of arsenic reducers may represent background
arsenic metabolism. Eukaryote biodiversity appeared to be
more a�ected by arsenic and temperature than bacteria.
Association analysis of organisms at the site coupled with the
varied geochemical environment across the transect suggest
many potential interactions between phylogenetically diverse
organisms occur at certain sites, and that species distributions
and interactions occur in the context of complex spatial

relationships. Most biodiversity studies at hydrothermal sites
focus on e�uent or communities growing in the immediate
vicinity of the vents. This study shows that hydrothermal vents
may in�uence greater distances, with distinct micro communities
in this case ranging up to 20 m from the vent with in�uences as
far as 120 m.
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