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Abstract

Ammonium was injected from the subseafloor hydrothermal system at the Endeavour Segment, Juan de Fuca Ridge, into
the deep-sea water column resulting in an NH4

þ-rich (6177 nM) neutrally buoyant hydrothermal plume. This NH4
þ was

quickly removed by both autotrophic ammonia oxidation and assimilation. The former accounted for at least 93% of total
net NH4

þ removal, with its maximum rate in the neutrally buoyant plume (653 nM d�1) up to 10-fold that in background
deep water. Ammonia oxidation in this plume potentially added 26–130 mg NO3

�m�2 d�1 into the deep-sea water column.
This oxidation process was heavily influenced by the presence of organic-rich particles, with which ammonia-oxidizing bac-
teria (AOB) were often associated (40–68%). AOB contributed up to 10.8% of the total microbial communities within the
plume, and might constitute a novel lineage of b-proteobacterial AOB based on 16S rRNA and amoA phylogenetic analyses.
Meanwhile, NH4

þ assimilation rates were also substantially enhanced within the neutrally buoyant plume (626.4 nM d�1)
and accounted for at least 47% of total net NH4

þ removal rates. The combined NH4
þ oxidation and assimilation rates always

exceeded total net removal rates, suggesting active in situ NH4
þregeneration rates of at least an order of magnitude greater

than the particulate nitrogen flux from the euphotic zone. Ammonia oxidation is responsible for NH4
þ turnover of 0.7–

13 days and is probably the predominant in situ organic carbon production process (0.6–13 mg C m�2 d�1) at early stages
of Endeavour neutrally buoyant plumes.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Unusual ammonium enrichment (0.6–1.0 mM) has been
reported in the end-member fluids of the Endeavour deep-
sea hydrothermal system, Juan de Fuca Ridge (Lilley
et al., 1993), in spite of the absence of a substantial sedi-
ment cover. Even after a P104 dilution of the hydrothermal
fluids by ambient deep water (Lupton et al., 1985), up to
400 nM of NH4

þ still remains in the overlying neutrally
buoyant plume, compared to 650 nM in background deep

waters and hydrothermal plumes over other unsedimented
ridges (Cowen et al., 1998). Direct evidence has shown that
at least part of this elevated NH4

þ in the Endeavour neu-
trally buoyant plume is used in ammonia oxidation, and
the maximum rate measured in the plume core (91 nM d�1)
was the highest rate ever reported in a deep-sea water col-
umn (Lam et al., 2004). Ammonia oxidation is the first
and rate-limiting step of nitrification. It is responsible for
the eventual formation of the deep-sea nitrate reservoir,
and it connects the remineralization of organic matter to
the ultimate loss of nitrogen from the marine system. How-
ever, little is known about its occurrence in the deep-sea
(Lipschultz et al., 1996). As a chemolithoautotrophic pro-
cess, ammonia oxidation in the Endeavour plume core
may yield de novo organic carbon as high as 3.9–
26 mg C m�2 d�1 (Lam et al., 2004), which is fourfold
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greater than the flux of photosynthetic carbon reaching
plume depths (Cowen et al., 2001). Therefore, the fate of
this hydrothermally discharged NH4

þ is not only important
to the deep-sea nitrogen cycle, but also to the deep-sea car-
bon cycle, since labile organic carbon is scarce at such
depths.

NH4
þ enrichment and autotrophic ammonia oxidation

vary spatially and temporally as the plume is advected away
from hydrothermal vent sources and ‘ages’. As chemicals
are discharged from hydrothermal vent sources, various
biogeo- and physico-chemical reactions occur within the
hydrothermal plume over different time-scales: Sulfide and
iron are removed the fastest close to vent sources, narrowly
followed by hydrogen, radon-222, methane and manganese
(Kadko et al., 1990). Due to ammonia oxidation alone,
NH4

þ is removed almost as fast as methane in the young
plume core (Lam et al., 2004). However, because metabol-
ically active biological communities are often associated
with organic-rich plumes (Roth and Dymond, 1989; Winn
et al., 1995; Cowen and German, 2001), the co-occurrence
of NH4

þ assimilation and regeneration in addition to
ammonia oxidation is highly probable, which would result
in even faster NH4

þ turnover.
The objectives of this study were to investigate the distri-

bution and fate of the hydrothermally injected NH4
þ in the

aging Endeavour neutrally buoyant plumes. Using a
combination of rate measurements and molecular biological

analyses, the partitioning between autotrophic ammonia
oxidation and assimilation in various parts of the plumes
was examined, along with the likely controlling factors and
implications of enhanced nitrogen cycling in the deep-sea
water column. The potential significance of ammonia oxida-
tion as a form of in situ chemolithoautotrophy is compared
with methane oxidation, a major in situ chemotrophic pro-
cess previously observed in the neutrally buoyant plume
(De Angelis et al., 1993).

2. MATERIALS AND METHODS

2.1. Site description

The Endeavour Segment of Juan de Fuca Ridge is lo-
cated approximately 300 km west of British Columbia in
the northeast Pacific Ocean. It is an intermediate-rate
spreading center, with hydrothermal venting concentrated
within a 1 km wide, 10 km long and 100–150 m deep axial
rift valley situated along the ridge crest. There are five
known active vent fields spaced about 2–3 km apart
(Fig. 1) (Kelley et al., 2001a), with high-temperature
(317–400 �C) focused venting and extensive areas of dif-
fuse flow (Delaney et al., 1984; Robigou et al., 1993; But-
terfield et al., 1995; Lilley et al., 1995; Veirs et al., 1999;
Kelley et al., 2001b). Multiple buoyant hydrothermal
plumes rise to their respective depths of neutral buoyancy

Fig. 1. A bathymetry map showing the locations of the five known active vent fields (gray stars) (SQ, Sasquatch; SD, Salty Dawg; HR, High
Rise; MEF, Main Endeavour Field; MO, Mothra), tow-yo tracks (Tows A to F; dark blue) and vertical cast stations (black circles). Stations A
and B are located at MEF and HR, respectively. ‘Sta.’ stands for ‘Station’. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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�50–350 m above the sea floor. The deeper portions of
the plumes may remain trapped within the valley for a
period of time (days to months) and are steered by slow
along-axis oscillatory currents, while those rising above
the ridge crest may drift away with the ambient cross-axis
flow (Thomson et al., 2003). Endeavour plumes can be
traced to >100’s km away from the axial valley and are
characterized by distinct temperature and particle anoma-
lies (Thomson et al., 1992), elevated concentrations of vol-
atiles (H2, CH4 and NH4

þ) (De Angelis et al., 1993;
Cowen et al., 1998; McLaughlin, 1998), dissolved and
particulate trace metals and organic matter (Dymond
and Roth, 1988; Roth and Dymond, 1989; Cowen
et al., 2001).

2.2. Water sampling

The Endeavour neutrally buoyant plume was mapped
with six tow-yo surveys (Baker et al., 1985) along and
across the ridge-axis with a CTD-transmissionmeter-Niskin
bottle rosette package from the R/V Atlantis in August
2002. Vertical profiling was conducted at six stations repre-
senting various plume ages (Fig. 1): Station A (Main
Endeavour Field or MEF; casts V1, V5, V8) and Station
B (High Rise vent field, casts V2, V3) were located directly
above active vent fields, representing young plumes.
Stations C (cast V6), D (cast V4) and E (cast V10) were
located within 2 km of known vent fields, representing
immediate-aged plumes. The most distal station (Station
F) was located 5.5 km to the southwest of MEF, away from
the axial valley (cast T7–13). Seawater samples were
collected from the plume core, below-plume deep water
and above-plume background whenever possible.
Hydrothermal plume signals were defined by anomalies in
potential temperature (Dh) and particle concentration
(Dc). Temperature anomalies (Dh) were calculated as,

DhðzÞ ¼ hðzÞ � ðkrhðzÞ þ bÞ ð1Þ

where h(z) is potential temperature at depth z, rh(z) is po-
tential density at depth z, and k and b are coefficients for
a regression of h as a function of rh immediately above
the neutrally buoyant plume (Baker, 1998). Dc is estimated
from Dn as

Dc ffi 0:5Dn ð2Þ

where Dn is the increase in light backscatter over ambient
water immediately above the hydrothermal plume (Baker,
1998).

Warm diffuse fluids (<30 �C), usually over beds of tube-
worms in the MEF, were concentrated with a dome-like in-
verted funnel and sampled with titanium major samplers,
operated by the submersible DSV ALVIN (Dives 3817-
3820). Hot vent fluids (>310 �C) discharged from black
smoker chimneys in the MEF (Cathedral and S&M struc-
tures) were collected directly with titanium major samplers.

2.3. Ammonium and methane analyses

Water samples for NH4
þ analyses were drawn through

acid-cleaned 202 lm Nitex screens into acid-cleaned

125 ml polyethylene bottles. Duplicate subsamples were
stored frozen (�20 �C) except when they were analyzed
immediately. All samples were analyzed within 24 h after
collection using the fluorescence method of Jones (1991).
NH4

þ concentrations are reported here as the mean ± stan-
dard deviation of duplicate subsamples. Samples for meth-
ane analyses were collected in 260 ml glass serum bottles
and preserved with 1 ml of saturated mercuric chloride
solution. In a shore-based laboratory, methane samples
were analyzed simultaneously for their concentration and
carbon stable isotopic compositions as previously described
(Sansone et al., 1997).

2.4. Ammonia oxidation experiments

2.4.1. Basic rate measurements

Total net NH4
þ removal and ammonia oxidation rates

were measured by single-end-point incubation experiments,
in which duplicate or triplicate water subsamples were incu-
bated at in situ temperature (2 �C) and 1 atm pressure in the
dark for approximately 48 h, in the presence or absence of
nitrapyrin (100 mg l�1 final concentration; stock solution
dissolved in dimethyl sulfoxide or DMSO), an inhibitor
to ammonia oxidation. The final concentration of DMSO
in each incubation was 1 ml l�1, which has been reported
to be innocuous to ammonia-oxidizing bacteria (Jones
and Morita, 1984). All incubations were terminated via
freezing at �20 �C.

Total net NH4
þ removal rates (Rtot) were calculated as

the total net NH4
þ loss divided by incubation time (t).

Ammonia oxidation rates (Roxid) were calculated as the dif-
ference between net NH4

þ removal rates with and without
the presence of nitrapyrin. Let No, Nt and NNS be the mea-
sured NH4

þ concentrations in time-zero subsamples, un-
treated incubated subsamples and nitrapyrin-treated
incubated subsamples, respectively, then

Roxid ¼
N o � N t

t
� N o � N NS

t
¼ N NS � N t

t
ð3Þ

In five selected samples, time-series incubations with
four intervals (approximately 0, 24, 48, 72 h) were con-
ducted with and without nitrapyrin, and the 48-h end-
point was confirmed to lie within the linear phase of
NH4

þ removal in all cases. Rtot in these time-series incuba-
tions was taken as the slope of the linear regression of
NH4

þ concentration versus time (in hours) during the lin-
ear phase of the incubations without nitrapyrin (mT). Roxid

was then calculated as the difference between the slope of
the regression without nitrapyrin (mT) and that with
nitrapyrin (mNS):

RoxidðnM d�1Þ ¼ ðmNS � mTÞ � 24 h d�1 ð4Þ

where mT and mNS have units in nM h�1. Assuming that
total net NH4

þ removal and ammonia oxidation are
first-order reactions (Ward, 2000), the corresponding spe-
cific rate constants (ktot and koxid) for both single end-
point and time-series experiments were computed by nor-
malizing Rtot and Roxid to the initial NH4

þ concentrations,
No, so that
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ktot ¼ Rtot=N o ð5Þ
koxid ¼ Roxid=N o ð6Þ

ktot and koxid have units of d�1 and NH4
þ turnover times

were the reciprocals of specific rate constants (units in days).

2.4.2. Effects of high pressure, substrate addition, particle

removal and abiotic factors

The potential enhancement effect of high pressure on
NH4

þ removal rates was tested by repressurizing parallel
duplicate subsamples for six selected experiments to
in situ pressure after treatments with or without nitrapyrin,
for a 48-h incubation at 2 �C. In addition, substrate limita-
tion was tested in seven seawater subsamples with low
NH4

þ from MEF and Stations C–F, representative of
various parts of an aging plume and the above-plume
background. Triplicate subsamples were amended with
68–109 nM (199–624%) NH4

þ, with or without the inhibi-
tor nitrapyrin, and incubated for approximately 48 h at
2 �C and 1 atm. Thirdly, ammonia oxidation rates with
and without removing particles larger than 3 and 10 lm
in diameter were determined in three experimental series
chosen from particle-rich plumes (MEF and High Rise).
Water samples were first filtered through 10 lm-pore-size
Nitex screens and subsampled for incubations. The remain-
ing filtrate was further filtered through 3 lm-pore-size poly-
carbonate membrane filters prior to incubations. All
incubations were done in triplicates with or without nitrap-
yrin and terminated via freezing at �20 �C. Moreover, to
evaluate abiotic uptake/release of NH4

þ, parallel incuba-
tions with 1-ml of saturated mercuric chloride (HgCl2)
added were performed for five selected samples at Stations
A–C, including samples with large particles removed or
repressurized to 200 atm. These incubations were con-
ducted as time-series experiments for Stations A and B,
and as single-end-point 48-h incubations for Station C.
The effect of NH4

þ enhancement (five- to sixfold) on abiotic
uptake/release was also tested on the Station C samples
from which subsamples were incubated with 1-ml saturated
HgCl2 along with NH4

þ amendments.

2.5. Particulate organic carbon and particulate nitrogen

Particulate organic carbon (POC) and particulate nitro-
gen (PN) samples were collected by filtering 8–10 L of sea-
water through 25-mm-diameter combusted glass fiber filters
(GF/F; Whatman, Inc.) under a positive pressure (�10 psi)
of 0.2-lm-filtered nitrogen gas and stored frozen (either
�20 or �70 �C). In a shore-based laboratory, the filters
were acidified with sulfurous acid (6%), and simultaneously
analyzed for POC and PN contents, as well as carbon
(d13C-POC) and nitrogen (d15N-PN) stable isotopic compo-
sitions, using a Carlo Erba NC2500 elemental analyzer cou-
pled with an on-line Finnigan MAT Delta S isotope ratio
mass spectrometer via a Finnigan ConFlo II interface.

2.6. Assimilation rate measurements

About 18 L of seawater, collected with two 10-L Niskin
bottles from the same depth, were pooled into an acid-

cleaned 18-L polyethylene cubitainer. Trace levels (�10%
of initial NH4

þ concentrations) of 0.2 lm-filtered 15N-
ammonium chloride (99 atom%, Isotec, Inc.) was added
and incubated at 2 �C and 1 atm for approximately 48 h.
For time-zero measurements, 18 L of seawater was filtered
immediately after tracer addition. At the end of each exper-
iment, the sample was filtered through a combusted GF/F
glass fiber filter and analyzed for POC, PN, d13C-POC
and d15N-PN, as described above. For time-zero measure-
ments, 18 L of seawater was filtered immediately after tra-
cer addition. Assimilation rates (Rasm) over incubation
time (t) can be calculated as:

Rasm ¼
nt � no

nNH4
� no

� C
t

ð7Þ

where no and nt are the atom % of 15N in the PN samples at
time-zero and at time t, respectively, C is the concentration
of PN and nNH4

is the estimated 15N atom% in initial NH4
þ

pool. Since there exists no measurements of deep-sea
d15N–NHþ4 and the uncertainty in the 15N content of the
initial NH4

þ produces little variation in our rate measure-
ments, a typical deep-sea average of d15N–NO3

�ð5&Þ was
used. Isotope dilution effects were corrected according to
the formulae derived by Kanda et al. (1987), resulting in
correction factors of 1.02–3.21 (median = 1.31).

2.7. Fluorescence in situ hybridization (FISH)

Eubacteria, b-proteobacterial ammonia-oxidizing bacte-
ria (b-AOB), c-proteobacterial ammonia-oxidizing bacteria
(c-AOB), Nitrosomonas spp. and Nitrosospira spp. (two ma-
jor b-AOB groups) and methanotrophs (Type I and Type
II) were enumerated by FISH with 16S rRNA-targeted oli-
gonucleotide probes (Table A1) following the protocol of
Glöckner et al. (1996). bAOB were detected using two oli-
gonucleotide probes, NSO190 and NSO1225 (Mobarry
et al., 1996), and bAOB abundance is reported henceforth
in text as a range between the two probe counts, but their
raw counts are shown separately in the figures. Total micro-
bial abundance was determined via DAPI counter-staining
after FISH processing on the same filter sections. At least
twenty microscopic fields and a minimum of one thousand
DAPI-stained cells were counted for hybridization with
each probe. In cases of NSO190 and NSO1225, the count-
ing of at least 20 fields resulted in counting at least 400
hybridized cells.

Size-fractionation sequential filtration through 10-lm-
pore-size Nitex screens, 3.0- and 0.2-lm-pore-size
membrane filters, was performed to differentiate between
particle-associated and free-living communities in five
selected samples as in Lam et al. (2004). They represent
the above-plume background and within-plume environ-
ments over the MEF and High Rise vent fields, as well as
the aging plume at Station C.

2.8. PCR detection and phylogenetic analyses of ammonia-

oxidizing bacteria

AOB were also detected according to their 16S rRNA
genes and the functional gene encoding ammonia monooxy-
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genase gene subunit A (amoA), by polymerase chain reaction
(PCR). Selected samples from the neutrally buoyant plume
and warm diffuse vent fluids were collected for DNA extrac-
tion. Each water sample was first gently gravity-filtered
through a 3.0 lm pore-size (47 mm diameter) polycarbonate
membrane filter (Osmonics, Inc.), followed by a 0.22 lm
pore-size cylindrical Sterivex-GS filter (Millipore, Inc.). Both
filters were immersed in 1.8 ml SET buffer (0.75 M sucrose,
40 mM EDTA, 50 mM Tris–HCl, pH 7.8, autoclaved and
0.2 lm-filtered) and stored frozen (�80 �C). The microbes
retained on the 3.0 lm-pore-size membrane filters operation-
ally define the particle-associated microbial communities
(P3.0 lm), while the microbes retained downstream on the
0.22 lm Sterivex filters represent the free-living microbial
communities (0.22–3.0 lm). Selected non-size-fractionated
subsamples were also collected by a single filtration through
a 0.22 lm pore-size Sterivex filter. DNA extraction was per-
formed in a shore-based laboratory with the AquaPure
Genomic DNA Kit (Bio-Rad Laboratories, Inc.) according
to the manufacturer’s instructions, except that cell lyses for
Sterivex filters were performed as in Somerville et al. (1989).

A nested PCR approach was used to amplify the 16S
rRNA genes—first with the Bacteria-specific primers
8F-1492R (Teske et al., 2002), followed by AOB-specific
primer pairs bAMOf-NSO1225 (McCaig et al., 1994;
Mobarry et al., 1996) and NOC1-NOC2 (Voytek et al.,
1998) which target b-AOB and c-AOB, respectively (Table
A2). Direct amplification with AOB-specific primers yielded
no detectable amplicons. For the functional gene amoA

from b- and c-AOB, partial sequences were amplified with
the primer pairs amoA1F-amoA2R (Rotthauwe et al.,
1997) and amoA3F-amoA4R (Purkhold et al., 2000),
respectively (Table A2). PCR amplicons from V1, V2, V5
and V6 free-living and particle-associated fractions were
pooled according to size-fractions and cloned (TOPO TA
Cloning Kits, vector pCR2.1, Invitrogen Corp.). Clone

libraries were screened and sequenced with the CEQTM

Dye Terminator Cycle Sequencing Kit (Beckman Coulter)
and analyzed on a CEQTM 2000 XL capillary sequencer
(Beckman Coulter, Inc.). Sequences were assembled with
the software ContigExpress (VectorNTI 9.0.0, Invitrogen
Corp.) and aligned in ARB (Ludwig et al., 2004). The amoA

nucleotide sequences were aligned in ARB based on their
amino acid alignment obtained in Clustal X 1.81 (Thomp-
son et al., 1997). Phylogenetic analyses were performed with
PAUP 4.0b (Swofford, 2000). The 16S rRNA and amoA

gene sequences from this study have been deposited in the
GenBank with Accession Numbers AY786280 to AY786294
(16S rRNA) and AY785989 to AY785996 (amoA).

3. RESULTS

3.1. Neutrally buoyant hydrothermal plume signals

Neutrally buoyant plumes along the Endeavour Seg-
ment extended from 50 to 350 m above the seafloor, with
the core (maximum Dh = 0.12 �C, Dc = 0.65) centered at
1900–2000 m within the axial valley. High Dh values indi-
cate intense plumes above the Main Endeavour Field
(MEF), High Rise and Mothra vent fields (Fig. 2). Neu-
trally buoyant plumes remained strong over the west valley
wall, and appeared to flow in a south to southwest direction
away from the axial valley due to local currents (Thomson
et al., 2003). Plume signals remained detectable 7 km to the
southwest of MEF (Dh = 0.08 �C, Dc = 0.043 at 1929 m).

3.2. Ammonium, methane and d13CH4 distributions

The distribution of NH4
þ within the neutrally buoyant

plume was significantly correlated with the plume signals
Dh and Dc (R = 0.64, p < 0.000001 and R = 0.79,
p < 0.000001, respectively, Spearman rank-order correla-

Fig. 2. Neutrally buoyant hydrothermal plume signals indicated by potential temperature anomalies (Dh). Negative values of longitude
indicate degrees West, and the units of latitude are in degrees North.
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tion). The highest NH4
þ level was recorded in the plume

above High Rise (177 ± 3 nM), followed by those above
Salty Dawg (117 ± 4.5 nM) and MEF (87 ± 2 nM)
(Fig. 3), whereas the plume above Mothra was only slightly
enriched in NH4

þ (28 ± 1.2 nM). The concentration of
NH4

þ in the plume above Sasquatch (10 ± 0.8 nM) was sim-
ilar to background levels. NH4

þ levels remained elevated
(up to 27 nM) over the west valley wall directly across from

vent fields, and at Station E (679 ± 2.8 nM) where a break
in the valley wall allowed the plume to escape to the south-
west, driven by local currents. NH4

þ enrichment was still
detectable (34 nM) in the aged plume core 6.5 km to the
southwest of MEF (Fig. 3). NH4

þ concentrations dropped
quickly to deep-sea background (6 �10 nM) above the neu-
trally buoyant plume and at increasing distance from the ax-
ial valley.

Fig. 3. (a) Distribution of ammonium concentrations (mean of duplicates) at the neutrally buoyant plume depths (1800–2150 m),
superimposed on a bathymetry map of the Endeavour Segment. Please note that the contour intervals are not always even—100 m intervals
are used for the depth range of 2300–2600 m, but 50 m intervals are used for the depth range of 2000–2300 m. This is done in order to reveal
the relief of the Endeavour axial valley. The bathymetry data are extracted from the CD-Rom of the RIDGE Multibeam Synthesis (Ryan
et al., 1996). (b) Vertical profiles of ammonium concentrations at Stations A to F. Symbols represent mean values; error bars represent
standard deviations which are often too small and hidden behind symbols. Different symbols within one profile indicate measurements made
during different sampling casts.
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The distribution of methane along the Endeavour Seg-
ment closely corresponded to that of NH4

þ (R = 0.824,
p < 0.000001, Spearman rank-order correlation), decreasing
with distance from vent sources and plume signals (Dh:
R = 0.56, p < 0.000005 and Dc: R = 0.76, p < 0.000001,
Spearman rank-order correlation). Methane concentrations
directly over most vent fields (6861 nM) were two orders of
magnitude higher than deep-sea background (Fig. A1a),
and remained elevated over the west valley wall across from
the MEF (78 nM) and further south (6217 nM). CH4 con-
centrations dropped to 2–4 nM at 7 km southwest of the
MEF (Fig. A1a).

The warm diffuse fluids (11–23 �C) collected in MEF
contained 1.1–8.1 lM of NH4

þ and 2.8–17.3 lM of CH4,
compared to 3.5–24.0 and 201–268 lM, respectively, in
the hot black smoker fluids (313–349 �C). However, tita-
nium major samplers are not gas-tight so the reported
CH4 and NH3 (the predominant form present in hot and
warm hydrothermal fluids instead of NH4

þ) concentrations
should be considered minimum concentrations.

The d13C–CH4 values were generally low in the hot vent
fluids (�47.4& to �46.9&) and warm diffuse fluids
(�47.3& to �36.0&), and remained below �30.0& in
the neutrally buoyant plume within the axial valley. The
lowest values were detected above Salty Dawg (�50.4&

to �48.9&), High Rise (�49.82& to �47.6&) and near
Station E (�73.0&). The d13C–CH4 values increased con-
siderably over the west valley wall, reaching +10.7& at Sta-
tion C and with increasing distance from the axial valley to
the southwest (6+5.5&) (Fig. A1b). The d13C–CH4 was
negatively correlated with Dc but not with Dh (R = �0.44,
p < 0.0005 and R = �0.17, p > 0.05, respectively, Spearman
rank-order correlation).

3.3. Total ammonium removal and oxidation rates

3.3.1. Basic rate measurements

Total net NH4
þ removal rates and ammonia oxidation

rates increased with plume signals Dh (R = 0.70, p < 0.01
and R = 0.62, p < 0.05, respectively, Spearman rank-order
correlation) and Dc (R = 0.68, p < 0.005 and R = 0.59,
p < 0.05, respectively, Spearman rank-order correlation).
They were significantly correlated with NH4

þ concentra-
tions (R = 0.75, p < 0.001 and R = 0.71, p < 0.005, respec-
tively; Spearman rank-order correlation). Ammonia
oxidation rates accounted for 93–280% of total net NH4

þ

removal rates. The maximum total net NH4
þ removal rate

(57 ± 7.5 nM d�1) and ammonia oxidation rate
(53 ± 8.7 nM d�1) were measured in the plume core over
High Rise, whereas rates in the plume core over MEF were
lower (25 ± 2.0 and 23 ± 2.4 nM d�1, respectively) (Fig. 4).
Both rates declined rapidly as the plume signals weakened
with increasing distance away from these two plume cores,
to <5 nM d�1 in the above-plume deep water (<1800 m)
and at other stations, except for some slight elevations at
Station E.

The specific rate constants calculated for total net re-
moval and ammonia oxidation generally lay within the
ranges of �0.20 to 0.43 d�1 and �0.24 to 0.52 d�1, respec-
tively, except for the considerably higher values of 1.63 d�1

(total net removal) and 1.53 d�1 (ammonia oxidation)
found in the MEF plume core. The latter two values corre-
spond to turnover times of 0.6 and 0.7 d, while the remain-
ing data suggest turnover times of up to 21 and 13 d with
respect to total net removal and ammonia oxidation,
respectively (Table 1). No systematic patterns in specific
rate constants can be discerned.

Fig. 4. Depth-profiles of total net ammonium removal rates (circles) and autotrophic ammonia oxidation rates (inverted triangles) at Stations
A to F. Shown are the mean values with standard deviations as error bars, whose values are often too small to be seen.
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3.3.2. Effects of high pressure, substrate addition, particle

removal and abiotic factors

The total net NH4
þ removal or ammonia oxidation rates

measured in the high-pressure incubations are not signifi-
cantly different from those measured in 1-atm incubations
(p > 0.05, two-tailed t-tests) (Table 2), suggesting an absence
of pressure-enhancement effects. Nevertheless, it cannot be
ruled out that the microbial communities did not fully re-
turn to their in situ activity levels after repressurization to
200 atm in the high-pressure incubations, or that certain mi-
crobes that were more resilient to pressure changes might be
selected for in the repressurized incubations.

NH4
þ additions significantly enhanced total net NH4

þ

removal and ammonia oxidation rates in the samples tested
(p < 0.05, one-tailed t-test) (Fig. A2). The highest increase
in ammonia oxidation (10-fold) was observed at Station

C (from 2 to 20 ± 8.1 nM d�1), while the ammonia oxida-
tion rate was doubled at Station E. At the upper plume
boundary over MEF (Station A) and at Station F, total
net NH4

þ removal and ammonia oxidation rates increased
from negative values to 7 ± 3.8 and 6 ± 2.7 nM d�1, respec-
tively. However, no enhancement was measured at the low-
er plume boundary and above-plume depths at Station D.

The effects of particle removal on total net NH4
þ re-

moval and ammonia oxidation rates varied among the three
samples tested (Fig. A3). A dramatic reduction (99%) in to-
tal net NH4

þ removal was observed in the plume core over
High Rise (Station B) after removing particles in the 3.0–
10-lm-size-fraction, yet removing particles larger than
10 lm-diameter did not induce any rate difference. Ammo-
nia oxidation rates in the same sample were reduced by
removing particles in both the 3.0–10- and 10-lm-size frac-
tions (by 69% and 49%, respectively). In contrast, removal
of the >10-lm-sized particles resulted in a 53% reduction in
the total net NH4

þ removal rates in the plume sample over
MEF (Station A), but no change was observed after remov-
ing the 3.0–10-lm-sized particles. There were also no
apparent effects of particle removal on ammonia oxidation
rates in this plume sample. Lastly, there was no noticeable
change in either total net removal or ammonia oxidation
rates after particle removal in either size classes in the upper
plume boundary sample at High Rise (Station B).

No significant change in NH4
þ concentration with time

(p > 0.05, ANOVA) was observed in HgCl2-poisoned sam-
ples, except for a slight increase (3.0 ± 1.1 nM d�1 at 1 atm;
7.0 ± 0.7 nM d�1 at 200 atm) in the plume sample at Sta-
tion A (Table A3). This confirmed that NH4

þ removal in
the Endeavour neutrally plume is primarily biologically
mediated, while the slight increase (10% in 24 h) might have
resulted from ion exchange or desorption from mineral sur-
faces in the young plume near vent sources. Intriguingly,
abiotic NH4

þ uptake was induced when the initial NH4
þ

concentration was increased by five- to sixfold, suggesting
a probable disequilibrium caused by NH4

þ addition of this
large a magnitude.

3.4. POC and PN

Particulate organic carbon (POC) and particulate nitro-
gen (PN) concentrations were elevated at plume depths
over MEF and High Rise (7.1–10.9 lg C l�1 and 1.6–
2.1 lg N l�1, respectively), relative to above-plume back-

Table 1
Specific rate constants (ktot and koxid) and turnover times (Ttot and
Toxid) with respect to total net ammonium removal and ammonia
oxidation, respectively

Station Casts Depth (m) Total net
removal

Ammonia
oxidation

ktot Ttot koxid Toxid

A V5 2010 1.63 0.6 1.53 0.7
V8 2006 0.19 5.2 0.23 4.3
V8 1929 �0.20 4.9 N/A N/A
V1 1924 0.29 3.4 0.28 3.6
V5 1901 0.17 5.8 0.28 3.6
V8 1802 �0.06 16.5 0.52 1.9

B V3 2151 0.05 18.6 0.13 7.4
V2 1950 0.43 2.3 0.40 2.5
V3 1849 0.05 20.5 0.08 12.8
V3 1693 �0.15 6.8 0.21 4.8

C V6 1905 0.05 18.3 0.15 6.5

D V4 2224 0.24 4.2 0.24 4.2
V4 1907 0.14 7.3 0.24 4.3
V4 1751 0.25 3.9 0.32 3.1

E V10 1974 0.11 9.0 0.15 6.8

F T7�13 2037 �0.03 37.5 N/A N/A

Negative values indicate net production instead of removal, such
turnover times derived are shown in italics. N/A stands of ‘not
applicable’. Units for ktot and koxid are d�1, and that for turnover
time is days (or d).

Table 2
Comparison of total net NH4

þ removal rates and ammonia oxidation rates obtained from incubations at 1 and 200 atm (repressurized)

Station Depth (m) 1 atm Incubations 200 atm Incubations

Total net removal
(nM d�1)

Ammonia oxidation
(nM d�1)

Total net removal
(nM d�1)

Ammonia oxidation
(nM d�1)

MEF (A) 1924 9 ± 4.0 9 ± 4.5 6 ± 3.6 ND
2006 �5 ± 1.2 �5 ± 0.3 10 ± 1.4 ND
2010 25 ± 2.0 23 ± 2.4 21 ± 1.9 22 ± 3.6

High Rise (B) 1950 57 ± 7.5 53 ± 8.7 56 ± 5.0 14 ± 11.0
C 1905 0.8 ± 2.6 2 ± 0 4.0 ± 2.1 ND
E 1974 6 ± 0.5 8 ± 1.0 14 ± 0.4 16 ± 1.0

Rates are shown as means ± standard deviation. ‘ND’ denotes ‘not determined’.
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ground values (3.3–6.2 lg C l�1 and 0.7–1.4 lg N l�1)
(Table 3). The POC and PN concentrations within the
plumes at Stations D and F (4.6–6.4 lg C l�1 and 0.8–
1.1 lg N l�1) were similar to above-plume values, yet higher
concentrations were measured at plume depths over the val-
ley wall at Station C (10.9 lg C l�1 and 2.1 lg N l�1). The
particulate C/N ratios ranged from 5.2 to 7.0 for most sam-
ples (Table 3). Five samples yielded ratios greater than 7.0,
with the maximum (8.4) obtained from above the plume.

Lower d13C-POC values (<�32.6&) were measured in
samples from within or below the plume compared to
above-plume background samples (�31.0& to �26.4&)
(Table 3). We were unable to measure the d15N of PN in
these samples. However, samples collected in 1999 and
2000 seemed to show lower d15N-PN values within or below
the MEF plume (3–5&) relative to background deep-sea
background (4.3–9.2&).

3.5. Assimilation rates

NH4
þ assimilation rates were significantly correlated

with NH4
þ concentrations (R = 0.61, p < 0.05, Spearman

rank-order correlation), but not with hydrothermal plume
Dh or Dc signals (p > 0.05, Spearman rank-order correla-
tion). Assimilation accounted for at least 47% of total
net NH4

þ removal. The biotic nature of the measured
assimilation was supported by the lack of NH4

þ uptake

in HgCl2-poisoned incubations versus parallel detectable
assimilation. Assimilation rates were elevated within the
neutrally buoyant plumes, reaching a maximum of
26.4 nM d�1 at High Rise (Station B), followed by
20.6 nM d�1 at MEF (Station A) and 16.3 nM d�1 at Station
E, relative to 1.5–5.0 nM d�1 in above-plume background
and at other stations (Table 3). The specific rate constants
for NH4

þ assimilation varied from 0.04 to 0.63 d�1 (mean
0.12 d�1), without any systematic changes with Dh or Dc

(p > 0.05, Spearman rank-order correlation). The resulting
turnover times of NH4

þ due to assimilation were 1.6–25 days.

3.6. Microbial community structure

3.6.1. Total microbial and bacterial abundance

Total microbial abundance, estimated by counts of
DAPI-stained cells, and bacterial abundance, estimated by
EUB338-hybridized cell counts, were significantly corre-
lated with the plume signals Dh (R = 0.58, p < 0.01 and
R = 0.66, p < 0.005, respectively, Spearman rank-order cor-
relation) and Dc (R = 0.66, p < 0.001 and R = 0.67,
p < 0.0005, Spearman rank-order correlation). Substantially
elevated total microbial abundance was observed within the
plume maxima at MEF (1.51 ± 0.05 � 105 cells ml�1) and
High Rise (1.45 ± 0.06 � 105 cells ml�1), as well as over
the west valley wall at Station C (1.67 ± 0.07 �
105 cells ml�1), relative to above-plume background

Table 3
Concentrations and carbon stable isotopic values (d13C) of particulate organic carbon (POC), concentrations of particulate nitrogen (PN),
particulate C/N ratios, as well as the corresponding total net removal rates, ammonia oxidation rates, 15N-ammonia assimilation rates
(mean ± standard deviation)

Station Cast Depth
(m)

POC conc.
(lg l�1)

d13C (&) PN conc.
(lg l�1)

C/N Total net NH4
þ

removal rates
(nM d�1)

Ammonia
oxidation
rates (nM d�1)

Assimilation
rates (nM d�1)

MEF (A) V1 2142 7.83 �33.50 1.71 5.34 ND ND ND
V5 2010 10.62 �34.75 2.04 6.07 24.5 ± 2.0 23.0 ± 2.4 20.6
V8 2006 10.12 �30.57 1.60 7.34 10.9 ± 1.4 13.4 ± 1.1 8.48
V1 1924 9.91 �38.17 2.05 5.64 9.5 ± 4.0 9.2 ± 4.5 ND
V5 1901 6.19 �35.64 1.35 5.35 4.1 ± 1.1 4.65 ± 1.4 ND
V8 1799 7.14 �26.37 0.99 8.41 �0.5 ± 0.0 4.1 ± 0.3 1.50
V1 1760 6.10 �30.98 1.07 6.65 ND ND ND

High Rise (B) V3 2150 8.80 �33.43 1.69 6.07 1.4 ± 0.8 3.5 ± 1.3 4.20
V2 2148 5.78 �33.10 1.30 5.19 ND ND ND
V2 2041 7.56 �35.28 1.64 5.38 ND ND ND
V2 1950 8.18 �34.44 1.64 5.82 56.7 ± 7.5 53.0 ± 8.7 ND
V3 1849 6.75 �34.50 1.50 5.25 5.4 ± 0.9 8.6 ± 2.0 26.39
V2 1802 3.34 �28.09 0.73 5.34 ND ND ND
V3 1693 7.07 �29.91 1.02 8.09 �1.2 ± 0.3 1.7 ± 5.1 5.02

C V6 1905 10.88 �32.67 2.07 6.13 0.8 ± 2.6 2.3 ± 0.0 0.92

D V4 2224 6.39 �28.86 1.07 6.97 3.7 ± 1.7 4.7 ± 1.1 1.49
V4 1907 5.68 �30.58 1.00 6.63 3.2 ± 2.4 3.2 ± 1.4 4.88
V4 1751 4.57 �27.36 0.88 6.06 1.7 ± 0.8 2.9 ± 2.5 ND

E V10 1974 14.05 �32.19 2.02 8.11 6.1 ± 0.5 8.1 ± 1.0 16.34
F T7�13 2036 5.27 �34.32 0.77 7.99 �0.4 ± 1.5 �3.7 ± 1.5a 0.63

‘ND’ indicates ‘not determined’.
a A negative value was calculated for this experiment, meaning that ammonia oxidation was not detected, and net ammonium loss in

nitrapyrin-treated incubations was greater than that in untreated incubations.
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60.7 � 105 cells ml�1 (Fig. 5). Microbial abundance
remained high in the far-field plume 5.5 km southwest of
MEF (1.14 ± 0.04 � 105 cells ml�1; Station F), but fell close
to above-plume levels at the southern end of the valley
(0.54 ± 0.04 � 105 cells ml�1; Station E). Bacteria usually
predominated the microbial communities (47–110% DAPI
cell counts).

3.6.2. Ammonia-oxidizing bacteria

The abundance of ammonia-oxidizing bacteria in the
b-proteobacterial subgroup (bAOB) was moderately corre-

lated with Dh (R = 0.52, p < 0.05, Spearman rank-order
correlation) and Dc (R = 0.56, p < 0.01, Spearman rank-or-
der correlation), but not with NH4

þ concentration or
ammonia oxidation rates (p > 0.05, Spearman rank-order
correlation). bAOB abundance increased from the above-
plume background of 0.6–1.3 � 103 cells ml�1 (1.2–3.2%
DAPI) to a maximum of 6.5–11.1 � 103 cells ml�1 (4.5–
7.6% DAPI) within the plume over High Rise (Fig. 6). A
large bAOB population was also present at MEF (6.0–
9.0 � 103 cells ml�1; 4.0–5.9% DAPI), but it was much
smaller across the west valley wall at Station C (1.4–

Fig. 5. Depth-distribution of total microbial abundance estimated by DAPI-cell counts (black circles), and eubacterial abundance estimated
by EUB338-hybridized cell counts (white inverted triangles) at Stations A, B, C, E and F. Symbols represent mean values from duplicate
subsamples (20-field counts per subsample), while error bars indicate standard errors.

Fig. 6. Abundance of b-proteobacterial ammonia-oxidizing bacteria estimated by NSO190- (black circles) and NSO1225- (red circles) cell
counts, and the abundance of c-proteobacterial ammonia-oxidizing bacteria estimated by Nscoc128 cell counts (green inverted triangles) at
Stations A, B, C, E and F. Symbols represent mean values from duplicate subsamples (20-field counts per subsample), while error bars
indicate standard errors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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2.1 � 103 cells ml�1; 0.9–1.2% DAPI), at Station E (0.1–
0.6 � 103 cells ml�1; 0.2–1.1% DAPI) and at the distal Sta-
tion F (0.5–1.3 � 103 cells ml�1; 0.4–1.1% DAPI). Among
the bAOB, Nitrosospira-like cells appeared more abundant
than the Nitrosomonas-like cells in most cases (Fig. A4).

The population of c-proteobacterial ammonia-oxidizing
bacteria (cAOB) was usually smaller than that of bAOB,

except for the plume core above MEF, where a similarly
large cAOB population was present (8.8 ± 0.6 �
103 cells ml�1; 5.8% DAPI) (Fig. 6). The depth distribution
of cAOB relative to plume Dh and Dc resembled that of
bAOB, but only moderate correlation was found with Dc

(R = 0.47, p < 0.05, Spearman rank-order correlation) and
no significant correlation with Dh, NH4

þ concentrations

Fig. 7. Distribution of microbial abundance in different size-fractions in five selected samples from Stations A, B and C: (a) DAPI-stained
cells, (b) eubacteria detected by EUB338, (c) bAOB detected by NSO190, (d) bAOB detected by NSO1225, (e) Nitrosopira-like cells detected
by Nsv443, (f) Nitrosomonas-like cells detected by Nsm156, (g) cAOB detected by Nscoc128, (h) Type I methanotrophs detected by Mc705
and (i) Type II methanotrophs by Ma450. Black solid bars represent the abundance of free-living microbes (0.2–3.0 lm), red represents the
smaller particle-associated size-fraction (3.0–10 lm) and green represents the bigger particle-associated size-fraction (10+ lm). The abundance
estimates for the corresponding non-size-fractionated whole samples are shown as triangles. All abundances were reported in 104 cells ml�1.
Please note the different scales in each plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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or ammonia oxidation rates (p > 0.05, Spearman rank-or-
der correlation).

3.6.3. Methanotrophs

Methanotroph abundance was significantly correlated
with plume signals Dh (Type I: R = 0.70, p < 0.001; Type
II: R = 0.57, p < 0.01, Spearman rank-order correlation)
and Dc (Type I: R = 0.70, p < 0.0005; Type II: R = 0.73,
p < 0.0001, Spearman rank-order correlation). Methano-
troph abundance was especially high close to the seafloor
in both MEF and High Rise vent fields (Fig. A5). There
was no correlation between methanotroph abundance and
CH4 concentrations or carbon stable isotopic compositions
of methane (p > 0.05, Spearman rank-order correlation).
Type I methanotrophs were more abundant than Type II
methanotrophs in all samples examined. Total methano-
troph abundance in the plume cores over MEF and High
Rise (Type I + Type II: 4.1–8.1 � 103 cells ml�1) was less
than total AOB abundance (bAOB + cAOB: 10.7–
16.3 � 103 cells ml�1). Conversely, the methanotrophs (to-
tal: 2.5–3.3 � 103 cells ml�1) were more abundant than
AOB (total: 0.4–1.6 � 103 cells ml�1) within the moderate
plumes at Stations E and F.

3.6.4. Particle-associated versus free-living communities

Most microbial cells (DAPI-stained cells) were found to
be free-living (0.2–3.0 lm size-class) in most size-fraction-
ation-sequential-filtration samples (Fig. 7a). Exceptions
were found at High Rise (Station B), where the above-
plume community was fairly evenly distributed among the
three size-fractions, and the in-plume free-living microbes
represented only 48% of the total community. Similarly,
Bacteria were more particle-associated in the High Rise
above-plume (i.e., background) and in-plume samples
(83% and 52%, respectively) (Fig. 7b). bAOB were primar-
ily particle-associated (46–98%) in most samples investi-
gated (Fig. 7c and d). Within the particle-associated
communities, bAOB showed greater association with the
>10 lm size-fraction (27–91%; median = 61.5%
(NSO190), 62.8% (NSO1225)) than with the 3.0–10 lm
fraction (0–67%; median = 31.8% (NSO190) and 17.8%
(NSO1225)). Both bAOB subgroups, Nitrosospira spp.
and Nitrosomonas spp., had a high affinity for particle-asso-
ciation, though the former also had a strong free-living
component within the two young plume cores (62% free-liv-
ing at MEF, 59% free-living at High Rise) (Fig. 7e and f).
When counts of all size-fractions are summed, the total cell
counts of these particle-association-prone microbes often
exceed non-size-fractioned cell counts. In contrast with
bAOB, cAOB were mostly free-living (31–99.7%)
(Fig. 7g), as were both types of methanotrophs (Fig. 7h
and i), that the total size-fractionated counts usually did
not differ much from non-size-fractionated counts.

3.6.5. Phylogenetic analyses of ammonia-oxidizing bacteria

The presence of bAOB was further verified by the ampli-
fication of bAOB-like 16S rRNA and amoA gene sequences
within the Endeavour hydrothermal plume, as well as in
above-plume background deep water free of direct hydro-
thermal influence. The bAOB-targeted sequences detected

from the Endeavour plume are 87–92% similar to the clos-
est known bAOB and fall into a separate large cluster.
Their closest relatives (93% sequence similarity) came from
the Weser Estuary (Selje and Simon, 2003) or from some
equine fecal contamination (AY145571) (Simpson et al.,
2004) where NH4

þ levels were high. The Endeavour plume
free-living clones and particle-associated clones form two
disparate clusters (>3% sequence divergence), except for
the free-living clone 248EnFL8, which is more related to
the particle-associated clone 274EnPA9 (Fig. A6). Simi-
larly, all but one of the bAOB-amoA gene sequences from
the particle-associated size-fractions form one cluster, to-
gether with one representative of the non-size-fractionated
background deep water subsample (Fig. A7). The closest
known relative to this cluster is a deep-sea methane seep
sediment clone SAG-Sed(AMO)-2 (P88% DNA similarity)
(Elsaied and Naganuma, 2002) and a Chesapeake Bay sed-
iment clone CB2-37 (P87% DNA similarity) (Francis et al.,
2003). The other representative (548Enb18) of the Endeav-
our background deep water clones appears more closely re-
lated to a Guaymas Basin clone (474GPA14) and some
other uncultured amoA sequences from the sediments of
Chesapeake Bay (CB3-27) (Francis et al., 2003) and Kysing
Fjord (K1) (Nicolaisen and Ramsing, 2002). All Endeavour
bAOB-amoA sequences are 76–77% similar to the closest
Nitrosospira cluster at the nucleotide level.

No cAOB-like 16S rRNA and amoA sequences could be
amplified in any samples. A possible explanation is that the
primer set NOC1–NOC2 is too specific for Nitrosococcus

oceani, while the oligonucleotide probe Nscoc128 used in
FISH matches with all AOB-like sequences found in the
Ribosomal Database Project according to Probe Match
(Cole et al., 2003).

4. DISCUSSION

The introduction of NH4
þ from seafloor hydrothermal

systems to the deep-sea water column clearly influences
the cycling of nitrogen in the vicinity of the Endeavour Seg-
ment. The observed elevated NH4

þ concentrations were
highly confined within the Endeavour neutrally buoyant
plume and were rapidly dissipated as the plume aged. The
major sinks for NH4

þ in this environment included both
microbial autotrophic ammonia oxidation and assimila-
tion, while abiotic uptake seemed minimal.

4.1. Ammonia oxidation and its regulation by NH4
þ

availability

Although the ammonia oxidation rates in the Endeav-
our plume in 2002 (3.5–53 nM d�1) were lower than those
reported in 1999 and 2000 (28–91 nM d�1) (Lam et al.,
2004), the former were still considerably higher than the
only other deep-sea rates ever reported for similar depths,
below the oxygen minimum zone in the Eastern Tropical
North Pacific (ETNP) (60.5 nM d�1) (Ward and Zafiriou,
1988). In fact, the rates within the Endeavour plume are
comparable to those measured in the euphotic zone of the
ETNP (5–20 nM d�1) (Ward and Zafiriou, 1988), some
coastal surface ocean regimes (<0.5–45 nM d�1) (Ward,
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1987b), part of the northwestern Mediterranean (10–
30 nM d�1) (Diaz and Raimbault, 2000), the subtropical
North Pacific (1–137 nM d�1) (Dore and Karl, 1996) and
parts of the Southern Ocean (6–84 nM d�1) (Bianchi
et al., 1997). Even at above-plume depths near vent fields,
ammonia oxidation was still detectable (1.7–4.7 nM d�1).
The turnover times with respect to ammonia oxidation
within the Endeavour plume were relatively short (0.7–
12.8 d; this study), suggesting a faster NH4

þ turnover via
ammonia oxidation than CH4 turnover via CH4 oxidation
(average turnover time of 17 d) (De Angelis et al., 1993).

Ammonia oxidation is commonly considered to show
first-order reaction kinetics (Ward, 2000), i.e. reaction rates
increase linearly with NH4

þ concentrations, based on stud-
ies with cultured AOB. If this is the case for hydrothermal
plume environments, ammonia oxidation should be suscep-
tible to the temporal and spatial variability of the NH4

þ

supply from hydrothermal discharges. Spatial variability
of the NH4

þ supply within the axial valley is a function
of local circulation patterns, proximity to the five known
vent fields, chemistry and discharge rates of vent fluids, as
well as the degree of mixing among the various NH4

þ

sources. The geologically younger vent fields, MEF and
High Rise, appear to have more vigorous venting than
the other three vent fields (Kelley et al., 2001a). Higher
venting together with perhaps greater depletion of organ-
ic-rich turbidites underneath, might explain the higher
NH4

þ levels and the corresponding higher ammonia oxida-
tion rates measured in the overlying plumes above the for-
mer two vent fields. Away from the axial valley, the
observed elevated NH4

þ is confined to the neutrally buoy-
ant plume.

Temporal variability of both hot focused and diffuse
fluid discharges may be introduced by tidal variations
(Schultz et al., 1992; Schultz and Elderfield, 1997; Tivey
et al., 2002), whereas episodic magmatic events could also
alter the hydrothermal circulation and fluid chemistry (Lil-
ley et al., 2003), including the NH4

þ concentrations in the
end-member hydrothermal fluids after the magmatic event
in 1999 (Seewald et al., 2003). Hence, the degree of NH4

þ

enrichment within the subsequent overlying plume in 1999
(and 2000) would likely be different from that in 2002.

Ammonia oxidation rates were undoubtedly influenced
by NH4

þ availability, yet first-order kinetics may not
always apply. A positive linear correlation between oxida-
tion rates and NH4

þ concentrations has been demonstrated
in some studies (Ward, 1985), but not in others (Olson,
1981; Ward and Kilpatrick, 1990). Ammonia oxidation
rates within the Endeavour plume were significantly and
linearly correlated with NH4

þ concentrations in 2002 (this
study) and in 2000, but not in 1999 (Lam et al., 2004). How-
ever, if the three data sets are combined, a sigmoidal rela-
tionship is revealed (r2 = 0.771, p < 0.0001) (Fig. 8). This
trend is not surprising because ammonia oxidation is a
microbially mediated process involving enzymes. Normally,
Michaelis–Menten kinetics would be expected for any enzy-
matic reactions. However, autotrophic ammonia-oxidizing
bacteria are known to enter a dormant state during low
NH4

þ conditions (Jones and Morita, 1985; Johnstone and
Jones, 1988). A certain substrate threshold is thus required

before these ammonia-oxidizing bacteria fully respond to
substrate stimulation. The substrate threshold was observed
to be �10 nM NH4

þ in 2002, if a least-square linear regres-
sion is fitted between ammonia oxidation rates and NH4

þ

concentrations despite the lack of normality in the data.
This threshold also closely matches the observed deep-sea
background NH4

þ concentrations. A substrate limitation
below this threshold is further supported by our substrate
limitation experiments (Fig. A2). Above the substrate
threshold, ammonia oxidation rates increase linearly with
increasing NH4

þ concentrations, as illustrated by data col-
lected in 2002 and 2000 (Fig. 8). It is only during this linear
phase that first-order reaction kinetics can be assumed.
When the NH4

þ level exceeds approximately 250–300 nM,
ammonia oxidation rates level off at a saturation oxidation
rate of 87 nM d�1.

A half-saturation constant (Ks) can be empirically deter-
mined as the NH4

þ concentration that corresponds to half
of the saturation oxidation rate, i.e. at 87 nM d�1 � 0.5 =
43.5 nM d�1 (Fig. 8). The resulting Ks (153 nM NH4

þ) is
essentially the same as the only other field-determined Ks

(150 nM) reported for the marine environment (Hashimoto
et al., 1983), but much lower than the micromolar level Ks’s
measured in studies with cultured AOB (Ward, 1987a; Frij-
link et al., 1992). Our lower field-determined Ks implies that
the assemblages of autotrophic ammonia-oxidizing organ-

Fig. 8. A sigmoidal relationship is shown between ammonia
oxidation rates and ammonium concentrations in the Endeavour
neutrally buoyant plume, combining data from 1999 (squares),
2000 (triangles) and 2002 (circles). The curve shows the best-fit
regression line. The regression equation is displayed with ‘Roxid’
which stands for ammonia oxidation rates and ‘N’ for NHþ4
concentrations. The horizontal dashed line refers to the empirical
half-saturation ammonia oxidation rates (43.5 nM d�1), while the
vertical dashed line marks the half-saturation NHþ4 concentration
(Ks) of �153 nM that corresponds to the half-saturation oxidation
rate. Data for 1999 and 2000 were from Lam et al. (2004).
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isms in natural oceanic environments have a much higher
affinity for NH4

þ than their cultured counterparts, and
their saturation phase may begin at as low as 250–
300 nM NH4

þ. It might also explain why some previous at-
tempts to detect first-order reaction kinetics in marine water
columns were unsuccessful, when at least hundreds of
nanomolars of NH4

þ were added (Olson, 1981; Ward and
Kilpatrick, 1990), which may have placed the NH4

þ levels
well into the saturation phase. However, it is also possible
that ammonia-oxidizing communities that inhabit consis-
tently more NH4

þ-enriched regimes (e.g. estuaries, sedi-
ments and cultures where NH4

þ is at micromolar levels)
may adapt to a higher Ks.

4.2. Ammonia-oxidizing bacteria (AOB)

Ammonia-oxidizing bacteria (both bAOB and cAOB)
are ubiquitous in the deep-sea, as they were detected in
all samples including those free of hydrothermal influence.
This in turn suggests a ubiquitous nitrification potential
in the deep-sea. Although the 16S rRNA genes amplified
from the Endeavour plume do not exactly cluster with rec-
ognized bAOB, their sequence similarity (87–93%) is com-
parable to the 91.6–96.1% between Nitrosospira and
Nitrosomonas clusters (Purkhold et al., 2000), and their
closest relatives are also found in NH4

þ-rich environments.
In addition, phylogenetic analyses of the functional gene
amoA suggest that Endeavour sequences may belong to a
novel lineage of AOB. The 76–77% sequence identity
shared between Endeavour amoA genes and known bAOB
amoA is comparable to the 65–79% shared between the
amoA genes of Nitrosospira spp. and Nitrosomonas spp.
(Purkhold et al., 2000). The closest relatives to the Endeav-
our sequences (87–92% sequence identity), those retrieved
from the NH4

þ-rich (4–10 lM) Chesapeake Bay sediments
(Francis et al., 2003), have been proposed to form a novel
lineage of AOB together with the Kysing Fjord sediment
clones (Nicolaisen and Ramsing, 2002). If so, the Endeav-
our sequences would also fall into this novel AOB cluster,
and are clearly distinct from the amoA of cAOB (44–53%
sequence identity) and crenarchaea (<30% sequence iden-
tity). On the other hand, it is interesting that despite the ab-
sence in the screened clones, some specific bAOB,
Nitrosospira and Nitrosomonas, were successfully detected
by FISH with specific probes. The difference between FISH
and PCR-based results likely arose from biases incurred in
various steps of the latter, e.g. DNA extraction, PCR
amplification, primer specificity, clone library construction
and clone screening (Suzuki and Giovannoni, 1996; Wintz-
ingerode et al., 1997; Webster et al., 2003; Kemp and Aller,
2004). In comparison, no such bias is involved with FISH,
which gives a positive signal as long as the sequence of the
18–25 bp long oligonucleotide probes match that of tar-
geted microbes, and might be thus more versatile in detect-
ing novel microbes. Because NSO1225 was used both as a
FISH probe and the reverse PCR primer to target bAOB,
the abundance of the potentially novel bAOB have already
been accounted for by the NSO1225-hybridized cell counts.
However, it would be interesting for future research to
design new primers and probes to specifically target this no-

vel group, in order to determine their quantitative contribu-
tion in the nitrifying community versus known bAOB’s.

Recent studies have suggested the potential importance
of autotrophic ammonia oxidation by crenarchaea in mar-
ine environments (Francis et al., 2005; Könneke et al., 2005;
Wuchter et al., 2006), and active expression of crenarchaeal
amoA genes was detected in the Black Sea nitrification zone
(Lam et al., 2007). Although crenarchaea were not quanti-
fied in the 2002 samples, they were enumerated by FISH
with an archaea-domain-specific probe (ARC915; Stahl
and Amann, 1991) in the 1999 and 2000 samples. These re-
sults showed that total archaea constituted only 0.1–3.7%
of total microbial populations within the Endeavour plume
core, and they were always less abundant than total AOB
(1.6–7.5% DAPI) in the same plume samples. Only in back-
ground deep water did the archaeal contribution rise to 6–
26% of total microbial abundance. Hence, while we cannot
exclude the potential contribution from crenarchaea in
ammonia oxidation within the hydrothermal plumes, at
least in 1999 and 2000 AOB were most likely the dominant
nitrifiers within the Endeavour neutrally buoyant plume
and we assume this was also the case in 2002.

The abundance of AOB was clearly elevated within the
Endeavour neutrally buoyant plume, but was poorly corre-
lated with either NH4

þ concentrations or ammonia oxida-
tion rates (p > 0.05, Spearman rank-order correlation).
The highest AOB abundance was found at intermediate
NH4

þ levels (70–90 nM) and intermediate oxidation rates
(20–30 nM d�1). Likewise, there was probably at most a
weak correlation between AOB abundance and ammonia
oxidation rates in 1999 (r = 0.70, p < 0.18) but not at all
in 2000 (r = 0.16, p > 0.5) (Lam et al., 2004), nor in the
Southern California Bight (Ward, 1987b) or the Eastern
Tropical South Pacific (Ward et al., 1989). One possible
explanation for such lack of correlation is that AOB popu-
lation growth and ammonia oxidation rates respond to
NH4

þ increase on different time-scales. AOB may start
increasing their cellular oxidation rates and other cellular
activities as initial or short-term responses to increased
NH4

þ availability. If the increase in NH4
þ availability is

sustained, cellular oxidation rates and yield of organic car-
bon continue to rise and pass their thresholds permitting
cell growth and then cell multiplication. For example, lar-
ger cell volumes without population growth have been
noted shortly after substrate addition (Tappe et al., 1999),
while higher cellular oxidation rates and organic carbon
yields during late exponential growth phase compared to
other growth phases have also been documented (Glover,
1985). Therefore, ammonia oxidation rates by ammonia-
oxidizers may be expected to show a fast response to
NH4

þ addition if NH4
þ concentration is the limiting or reg-

ulating factor (Johnstone and Jones, 1988; Tappe et al.,
1999), whereas a longer period may be required for AOB
abundance to increase. Another possible explanation for
the lack of correlation between AOB and rates were the
interference of particle-association on acquiring accurate
cell counts. It was difficult to discern all hybridized cells
on a three-dimensional particle and among the associated
gel-like matrices in non-size-fractionated particle-rich sam-
ples, that the subsequent cell counts were likely underesti-
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mates. Lastly, although few archaea were observed in sam-
ples collected in 1999 and 2000, it was still possible that
crenarchaea made a certain contribution to the ammonia-
oxidizing community in 2002.

4.3. Effects of particulate organic matter on ammonia

oxidation

The Endeavour neutrally buoyant plume was character-
ized by nearly double the particulate organic carbon and
nitrogen contents, lower C/N (by �1) and d13C-POC and
d15N-PN (by up to 6&) values relative to those in back-
ground deep water. These observations suggest the presence
of labile organic carbon and nitrogen produced chemosyn-
thetically at depth in association with hydrothermal plume
formation (Roth and Dymond, 1989). AOB have been ob-
served to actively produce exopolymeric substances for par-
ticle-attachment (Stehr et al., 1995; de Bie et al., 2002),
probably in order to take advantage of the NH4

þ freshly re-
leased from remineralization of organic particles. Indeed,
40–68% of total AOB (sum of bAOB and cAOB in all
size-fractions) were found to be associated with particles
greater than 3.0 lm in diameter in all samples examined
(Table 4). The degree of particle-association of total AOB
increased at above-plume depths, which is consistent with
the observations made in 2000 for bAOB (Lam et al.,
2004). As the NH4

þ concentrations decreased away from
the plume core, more NH4

þ might be available from the
decomposing organic-rich particles than from the ambient
seawater, providing particle-associated AOB with an
advantage. The importance of particles for ammonia oxida-
tion is also reflected in the significant reduction in oxidation
rates (49–69%) after particle-removal in the High Rise
plume core, though such reduction did not occur in the
MEF plume core. The different observations in these two
plumes might be attributed to their different AOB commu-
nity structures, as various AOB species have different phys-
iological responses to environmental factors, such as their
affinity for NH4

þ and cellular ammonia oxidation rates
(Koops and Pommerening-Roser, 2001). In the MEF plume
core, there were considerably larger percentages of cAOB
(5.8% of DAPI) in the total microbial community and
free-living component (60%) of total AOB, compared to
only 0–1.8% and 48%, respectively, in the High Rise plume
(Table 4). Hence, particle-removal in the former would
have less of an impact on ammonia oxidation rates than
the latter.

4.4. NH4
þ assimilation and enhanced nitrogen cycling in the

Endeavour plume

The assimilation rates in the Endeavour plume (1.5–
26 nM d�1) were comparable to those measured at the base
of the euphotic zone in the Southern California Bight and off
the Washington coast (<20 nM d�1) (Ward, 1985), in the
oxygen minimum zone of the Eastern Tropical South Pacific
(5–10 nM d�1) (Lipschultz et al., 1990), and in portions of
the Southern Ocean (0.75–1.4 nM d�1) (Bianchi et al.,
1997). Assimilation rates were also closely comparable with
ammonia oxidation rates where parallel measurements were T
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made. They were not significantly different from each other
(p > 0.05, Wilcoxon matched pairs test), suggesting that
both processes are equally important sinks for the elevated
ammonium within the Endeavour hydrothermal plume.

The combined rates of the two NH4
þ uptake pro-

cesses—ammonia oxidation and assimilation—always
exceeded total net NH4

þ removal rates measured in this
study. This implies the presence of an additional local
source of NH4

þ. Although abiotic NH4
þ release, either as

desorption from or ion exchange with in-plume mineral
particles, was only detected in a single young plume core
sample, the small or no increase in other tested samples
seemed insufficient to compensate for the total gross
NH4

þ uptake. In fact, as the neutrally buoyant plume
was �99% background deep-sea water by volume, when
equilibrium was disturbed (e.g. NH4

þ stimuli in HgCl2-poi-
soned samples), the near neutral pH and low temperatures
should favor adsorption rather than desorption of NH4

þ

from mineral surfaces, except perhaps in close proximity
to vent sources before an equilibrium was reached (e.g.
NH4

þ release in the Station A sample). Alternatively,
in situ dissimilatory nitrate reduction to ammonium
(DNRA) could be a local source of NH4

þ, but this is rather
restricted to anaerobic conditions. A third and perhaps the
best candidate would then be active in situ NH4

þ regenera-
tion. The high concentrations of particulate organic matter,
as well as their lability suggested by the relatively low
d13C-POC, d15N-PN and C/N, are conducive to NH4

þ

regeneration. This would also be consistent with the high
degree of particle association of ammonia-oxidizers that
could take advantage of the additional NH4

þ release.
Assuming ammonia oxidation and assimilation were the

only two uptake terms, and no external NH4
þ sources other

than hydrothermal inputs were available, NH4
þ regenera-

tion rates within the Endeavour axial valley were estimated
to be 1.5–29.6 nM d�1, or 8–89 mg N m�2 d�1 integrated
over the �250-m thick neutrally buoyant plume within
the valley. In comparison, based on sediment trap data col-
lected in the vicinity of the Endeavour Segment (Roth and
Dymond, 1989), the potential NH4

þ regeneration from
sinking particles from surface ocean, calculated as an inte-
grated loss of particulate nitrogen between 1200 m and
plume depths (1950 m), would be 0.31 mg N m�2 d�1.
Alternatively, a loss of 0.18 mg N m�2 d�1 integrated over
a narrower depth range (1637–1986 m) was estimated using
a more recent data set (Cowen et al., 2001). These two esti-
mates of particulate nitrogen flux could account for only
0.2–4% of the NH4

þ regeneration flux required to explain
the ‘excess’ NH4

þ uptake estimated for within the neutrally
buoyant plume in this study. Hence, the majority of the re-
quired NH4

þ regeneration would have to take place locally
within the plume, and not be dependent upon the particu-
late flux from the upper ocean. Apart from the plume-asso-
ciated ascending PN flux (Cowen et al., 2001) and the
increased microbial abundance within the plume that could
have contributed to the active NH4

þ regeneration, zoo-
plankton biomass in the overlying water adjacent to the
Endeavour plume may be two- to threefold that of deep-
sea background seawater, and is presumably associated
with the organic-rich Endeavour plume (Burd and Thom-

son, 1994). This large zooplankton population may en-
hance NH4

þ regeneration directly through excretion and
indirectly by the decomposition of their carbon- and nitro-
gen- rich fecal pellets or of materials released during sloppy
feeding (Antia et al., 1991).

The ammonia oxidation rates integrated over plume
depths within the Endeavour axial valley range from 26 to
130 mg N m�2 d�1 at individual stations, or �72 mg N
m�2 d�1 (or 2.64 � 108 g N y�1) over the �10 km2 area of
the axial valley. In other words, as ammonia oxidation is
the rate-limiting step of nitrification (Kowalchuk and Ste-
phen, 2001), hydrothermal venting of NH4

þ induces an
average flux of 72 mg N m�2 d�1 to the deep-sea nitrate res-
ervoir at Endeavour, equivalent to about 144 times (or 43–
216 times at individual stations) the amount of particulate
nitrogen (0.5 mg N m�2 d�1) raining down from the eupho-
tic zone (Roth and Dymond, 1989).

4.5. Ammonia oxidation as an in situ organic carbon

production pathway

The principal pathways of chemotrophy in hydrothermal
plumes include the oxidation of sulfide, hydrogen and meth-
ane (Winn et al., 1995; McCollom, 2000). The first two are
probably important only in the buoyant or early neutrally
buoyant phases of plume formation, while methanotrophy
is likely more important in the neutrally buoyant phase
(Winn et al., 1995; McCollom, 2000). Using a conversion
factor of 0.3–1.4 g C mol�1 N (Feliatra and Bianchi, 1993;
Butturini et al., 2000) and the oxidation rates integrated
over plume depths within the Endeavour axial valley (1.9-
9.3 mmol N m�2 d�1), ammonia oxidation potentially pro-
duced organic carbon at a rate of 0.6–13 mg C m�2 d�1

within the Endeavour plume. This is equivalent to as much
as 1300% of the photosynthetically-derived particulate or-
ganic carbon reaching plume depths (Roth and Dymond,
1989; Cowen et al., 2001), and is greater than the estimates
of methanotrophic production (0.4–6 mg C m�2 d�1) (De
Angelis et al., 1993). The maximum ammonia oxidation rate
was found in close proximity to vent fields, in samples with
intermediate methane concentrations and carbon stable iso-
topic values. This is consistent with the faster turnover of
NH4

þ via ammonia oxidation (0.7–12.8 d) than CH4 turn-
over via CH4 oxidation (average turnover time of 17 d)
(De Angelis et al., 1993). Therefore, at Endeavour ammonia
oxidation is likely the predominant in situ organic carbon
production process at an earlier stage of the neutrally buoy-
ant plume than methanotrophy, but after the peak oxidation
of sulfur and hydrogen. Further support for such relative
importance between ammonia oxidation and methanotro-
phy is given by the greater abundance of AOB than of met-
hanotrophs in close proximity to the axial valley, and vice
versa at the distal stations.

5. CONCLUSIONS

Discharge of NH4
þ from the subseafloor hydrothermal

system enhances nitrogen cycling in the deep-sea water col-
umn along the Endeavour Segment of the Juan de Fuca
Ridge. The injection of hydrothermal NH4

þ stimulates
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ammonia oxidation and consequently significant in situ

organic carbon production within the Endeavour neutrally
buoyant plumes. The AOB in the deep-sea are highly
adapted to the usually low NH4

þ levels with an exception-
ally low half-saturation constant and rapidly remove this
NH4

þ within two weeks or less. This NH4
þ enrichment also

acts as a nitrogen source for the active biological commu-
nity residing in the plume. The resultant NH4

þ assimilation
rates are almost as fast as the ammonia oxidation rates.
Active in situ recycling of NH4

þ within the plume appears
to further sustain these high rates of uptake processes.
Given the greater amounts of NH4

þ emanating from sedi-
mented mid-ocean ridges and back-arc hydrothermal sys-
tems, deep-sea nitrification and enhanced deep-sea nitrogen
and carbon cycling due to seafloor hydrothermal systems
may be more important than previously considered.
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Glöckner F. O., Amann R., Alreider A., Pernthaler J., Psenner R.,
Trebesius K. and Schleifer K.-H. (1996) An in situ hybridiza-
tion protocol for detection and identification of planktonic
bacteria. Syst. Appl. Microbiol. 19, 403–406.

Glover H. E. (1985) The relationship between inorganic nitrogen
oxidation and organic carbon production in batch and chemo-

2284 P. Lam et al. / Geochimica et Cosmochimica Acta 72 (2008) 2268–2286



Author's personal copy

stat cultures of marine nitrifying bacteria. Arch. Microbiol. 142,

45–50.

Hashimoto L. K., Kaplan W. A., Wofsy S. C. and McElroy M. B.
(1983) Transformations of fixed nitrogen and N2O in the
Cariaco Trench. Deep-Sea Res. Part A 30(6), 575–590.

Johnstone B. H. and Jones R. D. (1988) Physiological effects of
long-term energy-source deprivation on the survival of a marine
chemolithotrophic ammonium-oxidizing bacterium. Mar. Ecol.

Prog. Ser. 49, 295–303.

Jones R. D. (1991) An improved fluorescence method for the
determination of nanomolar concentrations of ammonium in
natural waters. Limnol. Oceanogr. 36, 814–819.

Jones R. D. and Morita R. Y. (1984) Effect of several nitrification
inhibitors on carbon monoxide and methane oxidation by
ammonium oxidizers. Can. J. Microbiol. 30, 1276–1279.

Jones R. D. and Morita R. Y. (1985) Survival of a marine
ammonium oxidizer under energy-source deprivation. Mar.

Ecol. Prog. Ser. 26, 175–179.

Kadko D. C., Rosenberg N. D., Lupton J. E., Collier R. W. and
Lilley M. D. (1990) Chemical reaction rates and entrainment
within the Endeavour Ridge hydrothermal plume. Earth Planet.

Sci. Lett. 99, 315–335.

Kanda J., Laws E. A., Saino T. and Hattori A. (1987) An
evaluation of isotope dilution effect from conventional data sets
of 15N uptake experiments. J. Plankton Res. 9(1), 79–90.

Kelley D. S., Delaney J. R. and Lilley M. D. (2001a) Vent field
distribution and evolution along the Endeavour segment, Juan
de Fuca Ridge. EOS Trans. AGU 82(47), F612.

Kelley D. S., Delaney J. R. and Yoerger D. A. (2001b) Geology
and venting characteristics of the Mothra Hydrothermal Field,
Endeavour Segment, Juan de Fuca Ridge. Geology 29, 959–962.

Kemp P. F. and Aller J. Y. (2004) Bacterial diversity in aquatic and
other environments: what 16S rDNA libraries can tell us.
FEMS Microbiol. Ecol. 47(2), 161–177.

Könneke M., Bernhard A. E., de la Torre J. R., Walker C. B.,
Waterbury J. B. and Stahl D. A. (2005) Isolation of an
autotrophic ammonia-oxidizing marine archaeon. Nature

437(7058), 543–546.

Koops H.-P. and Pommerening-Roser A. (2001) Distribution and
ecophysiology of the nitrifying bacteria emphasizing cultured
species. FEMS Microbiol. Ecol. 37(1), 1–9.

Kowalchuk G. A. and Stephen J. R. (2001) Ammonia-oxidizing
bacteria: a model for molecular microbial ecology. Annu. Rev.

Microbiol. 55, 485–529.

Lam P., Cowen J. P. and Jones R. D. (2004) Autotrophic ammonia
oxidation in a deep-sea hydrothermal plume. FEMS Microbiol.

Ecol. 47(2), 191–206.

Lam P., Jensen M. M., Lavik G., McGinnis D. F., Muller B.,
Schubert C. J., Amann R., Thamdrup B. and Kuypers M. M.
M. (2007) Linking crenarchaeal and bacterial nitrification to
anammox in the Black Sea. Proc. Natl. Acad. Sci. USA 104(17),

7104–7109.

Lilley M. D., Butterfield D. A., Lupton J. E. and Olson E. J. (2003)
Magmatic events can produce rapid changes in hydrothermal
vent chemistry. Nature 422(6934), 878–881.

Lilley M. D., Butterfield D. A., Olson E. J., Lupton J. E., Macko S.
A. and McDuff R. E. (1993) Anomalous CH4 and NHþ4
concentrations at an unsedimented mid-ocean-ridge hydrother-
mal system. Nature 364, 45–47.

Lilley M. D., Landsteiner M. C., McLaughlin E. A., Parker C. B.
and Cherkaoui A. S. M., et al. (1995) Real-time mapping of
hydrothermal plumes on the Endeavour Segment of the Juan de
Fuca. EOS Trans. Am. Geophys. Union 76, 420.

Lipschultz F., Wofsy S. C., Ward B. B., Codispoti L. A., Friedrich
G. and Elkins J. W. (1990) Bacterial transformations of
inorganic nitrogen in the oxygen-deficient waters of the Eastern

Tropical South Pacific Ocean. Deep-Sea Res. 37(10), 1513–

1541.

Lipschultz F., Zafiriou O. C. and Ball L. A. (1996) Seasonal
fluctuations of nitrite concentrations in the deep oligotrophic
ocean. Deep-Sea Res. II 43(2–3), 403–419.

Ludwig W., Strunk O., Westram R., Richter L., Meier H.,
Yadhukumar Buchner A., Lai T., Steppi S., Jobb G., Förster
W., Brettske I., Gerber S., Ginhart A. W., Gross O., Grumann
S., Hermann S., Jost R., König A., Liss T., Lüßmann R., May
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