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We investigated oceanic dissolved inorganic nitrogen (N) dynamics, focussing on
processes removing bio-available N and ultimately affecting primary productivity, in
sulfidic hydrothermal vent fluids discharging from the subsurface on the Juan de Fuca
Ridge (northeast Pacific Ocean) and in anoxic bottom waters of Saanich Inlet, a British
Columbia fjord, using a combination of geochemical and molecular microbial ecology
techniques. During episodes of mixing with oxygenated sea-water, both systems can
switch from anoxic to oxic conditions.

Strong inter-site variations in the concentrations and 8"°N of ammonium (NH,") in
high-T fluids suggested different N sources (deep-sea nitrate (NOs’) versus organic
sediments) for hydrothermally discharged NH,". Increase in the isotopic composition of
NO;™ (8"°N and 8'*0), concomitant with decreased [NO3], indicated NO5™ assimilation or
denitrification in the subsurface. NOs isotope anomalies, i.e. deviations from the BN:0
isotopic enrichment of 1:1 in marine environments, were observed and confirmed the
occurrence of NOs™ regeneration in vent fluids. Denitrification was the dominant N-loss
pathway, suggesting that bacterial denitrification out-competes anaerobic NH," oxidation
(anammox) in diffuse hydrothermal vent waters. The diversity of denitrifying bacteria
encoding the nirS-form of nitrite reductase was low in vent fluids. Quantitative

polymerase chain reaction (QPCR) analysis revealed that denitrifiers accounted for up to
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38% (nirk-encoding y-proteobacteria of the SUPOS5 cluster) and 8% (nirS-encoding
bacteria) of the total bacterial abundance. Furthermore, nirS gene operational taxonomic
units from two vent fields clustered into different groups in the phylogenetic tree,
suggesting a link between denitrifying bacterial community membership and small-scale
geographic isolation and/or fluid physico-chemical properties. Significant correlations
existed between fixed N-loss rates and in-situ dissolved inorganic N deficits in the fluids.
Based on our rate measurements, and on published data on hydrothermal fluid fluxes and
residence times, we estimated that up to ~10 Tg N yr ' could be removed globally in the
subsurface biosphere.

In Saanich Inlet, a gradual increase in both the 8N and 5'%0 of NOj™ associated with a
decrease in [NO;'] and an increase in biological excess N, was observed after bottom
water renewal events in fall 2008, following NOs™ consumption by denitrifiers in an
expanding suboxic zone. N-to-O negative NOs™ isotope anomalies were observed in
surface and bottom waters, confirming the occurrence of NOs™ regeneration and/or
external NOs” input. Closed and open-system-model derived NOs" isotope effects in
anoxic bottom waters were lower (as low as ~11%o) than the ~25%o for water column
denitrification reported in other studies, suggesting that ~50% of the denitrification could

occur, with a highly suppressed isotope effect, in the sediments of the Inlet.
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Chapter 1
Introduction

1.1. Rationale and preview

Nitrogen (N) is essential for all organisms and often limits marine photosynthetic and
chemosynthetic primary productivity in the ocean. The capacity of the ocean to take up
and sequester carbon dioxide, a greenhouse gas, through the biological pump is regulated
by the availability of fixed N in surface waters. Consequently, several scenarios invoking
the indirect role of N to explain changes in past atmospheric CO, concentrations and
climate have been suggested (McElroy, 1983; Falkowski, 1997; Broecker and Henderson,
1998; Altabet et al., 1995, 2002; Ganeshram et al., 1995; 2000; Thunell and Kepple,
2004).

As further explained below (section 1.2.1), N is assimilated by primary producers at the
base of the food chain and utilized for proteins synthesis. The oxidized forms of N (NOj,
NO;") can also be used as electron acceptors during respiration under anaerobic or low
oxygen conditions concurrently with the oxidation of organic matter by
chemoorganoheterotrophic organisms or other inorganic reduced chemicals (e.g. H,S,
NH,"), by chemolithoautotrophic organisms. In the denitrification zones, nitrate is mostly
transformed into gaseous Ny, but denitrification reactions can also lead to the
accumulation of N,O, a potent greenhouse gas, potentially affecting climate.

Even today, no consensus exists on the question of the global N budget being in or out
of balance in the ocean, i.e. if the ocean is actually losing or gaining fixed N (Codispoti et

al., 2001; Gruber and Sarmiento, 2002; Gruber, 2004; Codispoti, 2007). According to
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most recent estimations, N, fixation would add 100-200 Tg N/year in the ocean (Capone
et al., 1997; Falkowski, 1997; Gruber and Sarmiento, 1997; 2002; Karl et al., 2002) and
denitrification would remove up to ~450 Tg N/year (Codispoti et al., 2001; Codispoti,
2007), Table 1.1. In contrast, Gruber (2004), and more recently DeVries ef al. (2012),
suggest that the ocean N cycle is in balance. Recently, a significant expansion of oxygen
minimum zones (OMZ) in the ocean has been observed (e.g. Stramma ef al., 2008),
potentially increasing global denitrification (e.g. Bianchi et al., 2012). Clearly, there is a

need to re-evaluate the current estimates of global oceanic N fixation and denitrification.

Table 1.1. Major sources and sinks in the present oceanic fixed N budgets (in Tg N/year).
Modified from Codispoti, 2007.

Gruber and Codispoti et Codispoti,
Reference Sarmiento, Gruber, 2004 al., 2001 2007
2002
Sources
N, fixation 132 £ 41 135 £ 51 132 >>>135
Riverine inputs 76 + 14 80+ 14 76 80
Atmospheric inputs 30+5 50 86 30
Sinks
Benthic 95+ 20 180+ 50 300 >300
denitrification
Water column 80 £ 20 50+20 150 >>150
denitrification
Burial in sediments 25+ 10 25+10 25 25
N,O atmospheric 4+2 4+2 6 4
loss
Organic N export - -
from the ocean 1 1
Total 34 +£53 5+78 -188 >-234

The overall goal of my doctoral research was to assess bio-available (or fixed) N
dynamics, particularly N-elimination pathways, in two intermittently anoxic ecosystems

1) hydrothermal vents of the Juan de Fuca Ridge in the northeast Pacific Ocean and 2)
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Saanich Inlet, a seasonally anoxic British Columbia fjord, using a combination of isotopic
(natural "N tracer experiments) and molecular biology techniques. Both the
hydrothermal vents of the Juan de Fuca Ridge and Saanich inlet show temporal and/or
spatial gradients in redox conditions. During episodes of advective mixing or diffusive
exchange with oxygenated sea-water, both systems can switch from completely anoxic to
oxic conditions on short spatial and temporal scales.

In the following sections, I provide more background information on N cycle
transformations in the ocean, the use of stable (natural abundance) and labeled isotopes
and molecular microbial ecology techniques in the study of bacterially mediated N-
cycling and the current state of knowledge regarding N-cycling dynamics in
hydrothermal vent systems and Saanich Inlet. I then present the prime objectives and

outline of my PhD dissertation.

1.2. Background information

1.2.1. The marine N cycle

The main external sources of fixed N to the ocean are N, fixation as well as riverine
and atmospheric N inputs. The most important sink of oceanic N is denitrification in the
broad sense (including canonical denitrification in both the water column and sediments
as well as anammox). The internal cycle of assimilation-remineralization does not affect
the overall oceanic N budget. A simplified marine N-cycle is shown in Figure 1.1, and

major sources and sinks in Table 1.1.
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Figure 1.1. Simplified oceanic N cycle. Redrawn from Gruber, 2008.

N fixation mediated by N, fixers is the major source of N in the ocean and mainly
occurs in the euphotic zone of N-limited, well-lit tropical and subtropical ocean with an
abundant aeolian supply of iron (Fe) (Niemi, 1979; Berman-Frank et al., 2001). Fixed N
is ultimately transformed to nitrate after the remineralization of organic material and
nitrification. N, fixation, mostly by the filamentous cyanobacteria Trichodesmium, has
been well documented in the tropical and subtropical North Atlantic and Pacific Oceans
(Liu et al., 1996; Capone et al., 1997; 2005; Carpenter ef al., 1997; 1999; Karl et al.,
2002).

Ny fixation is countered by denitrification and anaerobic ammonium oxidation
(anammox) that represent the major sinks of N in the ocean. Heterotrophic denitrification

is the dissimilative utilization of nitrate as an electron acceptor during respiration by
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facultative anaerobic prokaryotes (for example Pseudomonas and Clostridium), generally
with some combination of the following intermediate products:
NO3; — NO;” — NO — N,O — N gas (1.1)

Chemolithoautotrophic organisms can also perform denitrification coupled to the
oxidation of inorganic reducing substances (e.g. H,S) as a source of energy.
Denitrification only occurs in sediments and in the water column of localized regions
with high surface primary productivity and low oxygen source waters (i.e. OMZ), with
[02] <~5 pmol/L, such as the Arabian Sea (Naqvi et al., 1990; 2006; Howell et al.,
1997), the Eastern Tropical North Pacific (Deutsh ez al. 2001; Sigman et al., 2005), the
Eastern Tropical South Pacific (Dugdale ef al., 1977; Codispoti et al., 1986; Robinson et
al., 2007), the Benguela upwelling system (Tyrrell and Lucas, 2002) as well as
productive coastal areas and semi-enclosed Basins, such as Saanich Inlet (Devol, 1991;
Middelburg et al., 1996; Brandes and Devol, 2002).

Denitrification was once considered the only important process removing bio-available
N in natural environments. Since the early 2000s, anammox, converting nitrite and
ammonium into N, gas and water, has been reported as an important and overlooked N
sink in OMZs (Dalsgaard ef al., 2003; Kuypers et al., 2003; 2005; Hamersley et al.,
2007; Jaeschke et al., 2007; Lam et al., 2009), sediments (Thamdrup and Dalsgaard,
2002; Engstrom et al., 2005; Penton et al., 2006; Amano et al., 2007), estuaries (Trimmer
et al.,2003; Tal et al., 2005), and hydrothermal vents (Byrne ef al., 2009). The simplified
equation for anammox is:

NH,;" +NO, — N, + H,O (1.2)



Anammox bacteria are autotrophic and require the co-occurrence of ammonium and
nitrite, often found at or near redox interfaces within sediments and in the water column.
Here, ammonium originates from the anaerobic degradation of organic material and
dissimilatory nitrate/nitrite reduction (i.e. DNRA). Nitrite derives from nitrate reduction
by denitrifying bacteria, or from nearby aerobic nitrification of ammonium (Kuenen,
2008). Strous et al. (1997) demonstrated that anammox occurred in the absence of
oxygen and was even inhibited by oxygen concentrations above 1 pmol L™.

The internal cycle of oceanic N comprises nitrate assimilation by primary producers
(plants and heterotrophic bacteria) and the subsequent transformation of organic material
back to ammonium and nitrate, by respectively, ammonification and nitrification. During
nitrate assimilation in surface waters, nitrate is intracellularly reduced to nitrite and then
ammonia, which is required for amino acid synthesis. Photosynthesis supported by nitrate
supplied from the depth and assimilated by organisms in surface waters is referred to as
new production (Dugdale and Goering, 1967). Particulate organic N (PON) from dead
organisms and dissolved organic N (DON) excreted by living mass are converted back to
ammonium during the process of ammonification. This ammonium can be either re-
assimilated by primary producers (referred to as regenerated production) or nitrified.
Nitrification, mediated by nitrifying bacteria, transforms ammonium to nitrite and nitrate.
While it was once believed that nitrification only occurred below the surface mixed layer
because of inhibition by light, many studies have documented the presence of
nitrification at the base of the euphotic zone (Ward et al., 1989; Dore et Karl, 1996;

Bianchi et al., 1997; Ward, 2005a).



1.2.2. The use of stable isotopes in the study of marine N cycle

1.2.2.1. Isotope fractionation and Rayleigh distillation

Isotopes are atoms of the same element but with a different number of neutrons. The
two stable isotopes of N (**N and "’N) have proved useful in studying the oceanic N
cycle. The nitrate molecule can also contain either '°O or '*0, creating isotopologues for
nitrate. Isotope fractionation occurs because of the difference in the reaction rates for the
different isotopologues. Physicochemical fractionation is caused by the difference in
bond energy between isotopes of different nuclear mass. More specifically, the bond
strength is greater for the heavier isotope; it thus takes more energy to break the bond for
a heavier isotope than for a lighter isotope. Therefore, during biological and chemical
reactions, the molecules containing the lighter isotopes react more quickly than the
molecules that have the heavier isotopes; as a result the residual substrate becomes
enriched in heavier isotopes (e.g., "N and '*0) while the products are enriched in the
lighter isotopes (e.g., '*N and '°0).

The isotopic composition of nitrate (8'°N and §'*0) is expressed in parts per thousand
or permil (%o) units, R being the ratio of ’N/"*N or '*0/'°0 of the sample and an
international standard (air for N and Vienna Standard Mean Ocean Water (V-SMOW) for
0).
8"°N or 8'"°0 = (Reample/Rreference)-1) * 1000 (1.3)

The isotope enrichment factor (€ in %o, where €= 8" Nubstrate — 615Npmduct) during

biological reactions can be estimated by an approximation of the Rayleigh equation,



which is only appropriate when the reaction is occurring in a closed system (Mariotti et
al., 1981):

8" Nreactant = 8" Ninitial — E(In ) (1.4)
where f'is the fraction of reactant remaining and 8" Niiia1 is the 8'°N of the initial reactant
(NO;", NO, or NHy" in the case of dissolved inorganic nitrogen (DIN)) N pool.

The equation for an open system, steady-state model, where NOs, NO, or NH," is
continuously consumed and re-supplied from an infinite reservoir at initial isotopic
composition (Altabet, 2001) is:

8" Niinat = 8" Ninisial (F= 1) + € x [1 — f] (1.5)

The same equation applies for 8'*O of nitrite and nitrate.

1.2.2.2. Assessing internal N-cycle processes and the input and loss of N in the
ocean using N (and O of nitrate) isotopes

Measurement of the fractionation of N (and O of nitrate) isotopes is a useful tool for
assessing the transformations characterizing the internal N cycle (i.e. assimilation,
ammonification and nitrification) and the input and loss of N through N, fixation and
denitrification occurring in the water column of the ocean, partially overcoming
weaknesses inherent in the Redfield stoichiometry approach (i.e. nitrate deficits)
(Lehmann et al., 2003; 2005; Sigman ef al., 2005; Bourbonnais et al., 2009).

The internal N-cycle does not cause a change in whole oceanic §'°N. This is explained
by the complete consumption of nitrate in surface waters of most of the ocean.

Consequently, in the absence of other N sources (i.e. N, fixation, atmospheric



depositions), the complete remineralization of the exported organic material would
produce nitrate bearing the same 8'°N as the nitrate originally supplied from below the
thermocline and assimilated by the organisms. However, in the surface waters of high
latitude HNLC (high nutrient low chlorophyll) regions where iron availability limits
primary productivity (Martin ef al., 1994; Coale et al., 1996; Boyd et al., 2000; Watson et
al., 2000), it has been shown that incomplete nitrate assimilation, with an isotopic effect
of ~5%o (Sigman et al., 1999; Altabet, 2001), increase the §'°N and 80 of the residual
nitrate. However, the internal N-cycle processes do not affect the '°N of the global
ocean because the low 8"°N of the organic material produced under incomplete nitrate
assimilation is ultimately remineralized and N-isotopes are subsequently redistributed
between different water masses.

Net changes in global oceanic §'°N are determined by the balance of N sources and
sinks (i.e. N fixation and denitrification). N, fixation, the major source of N in the ocean,
adds new N with a 8'"°N of ~-2-0%o. Very little fractionation is associated with this
process as the 8'°N of dissolved N, is 0.6%o (relative to atmospheric N,) (Carpenter et al.,
1997; 1999; Montoya et al., 2002). This low 8"°N incorporated by N, fixers is
subsequently transferred to the nitrate pool after the complete ammonification and
nitrification of the sinking organic material (Liu et al., 1996; Karl et al., 2002; Knapp et
al., 2005, 2008; Sigman et al., 2005; Bourbonnais et al., 2009).

Water-column denitrification in localized oceanic areas (mainly the ETSP, the ETNP,
the Arabian Sea and the Benguela Upwelling system) increases the NO;” §'°N as a
consequence of kinetic N-isotope fractionation (Cline and Kaplan, 1975; Brandes ef al.,

1998a; Voss et al., 2001; Lehmann et al., 2003; Sigman et al., 2005). The isotope effect
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(€) associated with denitrification is high, with most recent estimates from both

laboratory experiments and natural environments clustering around 20-30%o (Brandes e?
al., 1998a; Altabet et al., 1999; Voss et al., 2001; Granger et al., 2008). Although
sedimentary denitrification is an important sink for oceanic N, no significant isotope
effect has been associated with this process (typically <3%o), probably because of the
complete consumption of nitrate diffusing into the sediments or the addition of low §"°N
from nitrification that would counterbalance any isotope effect associated with
denitrification (Brandes and Devol, 1997, 2002; Sebilo et al., 2003; Lehmann et al.,
2004; Alkhatib ef al., 2011). The large isotope effect associated with water-column
denitrification relative to N fixation, sets the deep ocean (>2 km) mean nitrate 8N to
~5%o (Liu and Kaplan, 1989; Sigman and Casciotti, 2001); it would otherwise remain at
~0%o.

While N isotopes alone can provide qualitative and semi-quantitative information on
single N-cycle transformations, their use is often limited in marine regions where several
N-transformations have overprinting effects on both the nitrate concentration and N
isotope signatures, for example N, fixation and denitrification. On the other hand, the
measurement of coupled nitrate N and O isotope ratios has the potential to disentangle
nitrate consumption and production processes in environments where they occur
simultaneously. During nitrate consuming processes in the ocean (i.e. assimilatory and
dissimilatory nitrate reduction), nitrate 5'°N and 8'*0 has been shown to increase in
parallel, with a constant ratio of N versus O isotope enrichment of ~1 for both processes
(Casciotti et al., 2002; Sigman et al., 2003; Granger et al., 2004; 2008). In contrast to

nitrate reduction (dissimilative or assimilative) nitrate 8'°N and 'O is affected in
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fundamentally different ways during nitrate production (Sigman et al. 2005). The §"°N of

nitrified nitrate is dependent on the 8'°N of the precursor molecule (ammonium or
nitrite). With respect to the oxygen atom, nitrification represents an absolute source, and
most of the O atoms derive from the ambient water so that new nitrate has a 5'°0 of 0 to
2%o (Andersson et al., 1982; Casciotti, 2002; Sigman et al., 2009). As a consequence,
gross nitrate generation (be it from the remineralisation/nitrification of organic matter
from N fixing or nitrate assimilating phytoplankton) results in a decoupling of N versus
O isotope gradients, and should be indicated by anomalous nitrate dual isotope signatures

(e.g. Sigman et al. 2005; Bourbonnais et al., 2009).

1.2.2.3. Use of "°N stable-isotope pairing techniques to determine N-elimination
rates

N-elimination (i.e. denitrification, anammox and DNRA coupled to anammox) often
(particularly in the open water column) occurs at rates too low to be traced and quantified
by concentration changes alone. Stable-isotope pairing techniques are thus commonly
used to derive rates for these processes. Here, isotopically labeled substrates (i.e. "N
nitrate, nitrite or ammonium) were added to water or sediment samples in ex-situ
incubations, and the production of 2N, and **N, was determined using a Isotopic Ratio
Mass-Spectrometer (IRMS). '*N-labeled incubation techniques have been successfully
applied to measure rates of different N-elimination pathways in the Eastern Tropical
South Pacific (Thamdrup et al., 2006; Hamersley et al., 2007; Lam et al., 2009), the
Arabian Sea (Devol et al. 2006; Nicholls et al., 2007; Ward et al., 2009) and the

Benguela upwelling system (Kuypers ef al., 2005).
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1.2.3. Microbial molecular ecology techniques and the oceanic N cycle

It is difficult, if not impossible, to use laboratory culture techniques to characterize
microbial communities in environmental samples since only 0.1-1% of the viable cells
are cultivable in many habitats (Handelsman, 2004). A revolution in microbial ecology
occurred with recent advances in molecular biological methods that permit culture-
independent phylogenetic analysis of natural microbial communities. This has led to the
discovery of many uncultivated microbes.

In the following paragraphs, I will explain how we can use 16S ribosomal RNA and
functional gene sequences to infer bacterial biodiversity and abundance of anammox and

denitrifying bacteria.

1.2.3.1. Diversity of bacterial communities from 16S ribosomal RNA

The small 16S ribosomal subunit gene is central in contemporary molecular microbial
ecology because it is present in all prokaryotes and shows functional constancy as it
encodes a universal process in every organism (i.e. the manufacture of proteins).
Furthermore, the gene is sufficiently long (1540 nucleotides) to provide information
about evolutionary history, and horizontal transfer of rRNA genes is limited. The 16S
rRNA gene is composed of several sequence domains that have evolved at different rates.
Some domains have been conserved across all organisms whereas other regions in the
sequence are specific at phylum to subspecies levels. It is thus possible to find nucleotide
sequences in the 16S rRNA gene that are conserved across all organisms, to amplify

these sequences using polymerase chain reaction (PCR), to perform alignment of
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homologous positions with sequences of unknown and uncultivated organisms and to
identify near-universally conserved and taxon-specific sequences.

Although 16S rRNA gene sequences allow us to infer microbial diversity and
evolutionary relationships, this approach does not provide direct information on
microbial physiology and function in the environment. Inferences are possible if a 16S
rRNA sequence can be placed in a phylogenetic tree and the metabolisms of some of its
closest relatives derived from cultured organisms are known. In such cases, we can
suggest that the unknown organism shares some common metabolic characteristics with
its closest relatives. Some prokaryotes mediating N cycle processes, for example y-
proteobacteria of the SUPOS5 cluster, and anammox bacteria can be identified with high
confidence based on 16S rRNA gene sequences only. SUPOS bacteria couple the
oxidation of reduced sulfur species with nitrate reduction (they only possess the nirK
form of nitrite reductase, see section 1.2.3.2) and have been identified as major
constituents of hydrothermal vent plumes and other sulfide-rich oxygen-deficient marine
waters (Sunamura et al., 2004; Stevens and Ulloa, 2008; Lavik et al., 2009; Walsh et al.,

2009; German et al., 2010; Zaikova et al., 2010).

1.2.3.2. Diversity of the denitrifying bacterial communities from functional genes

In general, the processes that are less essential for the cell, for example denitrification,
involve only a few genes. Therefore, mutation and gene transfer are more likely to lead to
a variation in gene sequences and content, and the relationship between 16S rRNA

phylogeny and metabolic function is weakened. Indeed, the ability to conduct
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denitrification is found in many organisms that are, in fact, not closely related on the
basis of their 16S rRNA sequences (Ward, 2005b). Furthermore, many 16S rRNA
sequences of new organisms are not very similar to any cultivated strains so that
physiological inferences are not possible.

Functional genes encode the essential enzymes necessary for biogeochemical
transformations in the environment. As the main focus of my PhD was the assessment of
N elimination in different oceanic environments, only the functional genes involved in
the processes of denitrification (Figure 1.2) will be discussed below. For more
information about the functional genes involved in other N cycle processes (i.e.
nitrification and N, fixation), see Ward (2005b).

The reduction of nitrate to nitrite during denitrification is catalyzed by either the
membrane-bound nitrate reductase (nar) encoded by the narG gene, or by the periplasmic
nitrate reductase (nap) encoded by the napA gene (Bru et al., 2007). Denitrifying bacteria
contains either narG, napA or both genes (Carter ef al., 1995; Roussel-Delif et al., 2005).
Most organisms are only capable of performing nitrate reduction, that is, they cannot
achieve complete denitrification (Zumft, 1997).

Nitrite reductase is one of the most important enzymes in denitrification because it is
responsible for the transformation of dissolved solute (nitrite) to the gaseous pool (NO),
thus removing bio-available N and potentially causing N limitation. There are two kinds
of nitrite reductase enzymes with different mechanisms of reduction: nirS genes encode a
cytochrome cd1 nitrite reductase that contains only Fe in the active site and nirK genes
encode an enzyme with Copper. Coyne ef al. (1989) showed that nirS genes are more

widely distributed and that nirK genes were present in only 30% of all known denitrifier
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Figure 1.2. Enzymes involved in denitrification and their location relative to the cell’s
cytoplasmic membrane. nar: nitrate reductase; nir: nitrite reductase; nor: nitric oxide
reductase; nos: nitrous oxide reductase (reproduced from Wallenstein et al., 2006).

species. The final step of denitrification, i.e. the conversion of N,O to Ny, is catalyzed by
nitrous oxide reductase, encoded by the periplasmic nosZ gene (Scala and Kerkhof, 1998;
Stres et al., 2004; Throback et al., 2004; Chon et al., 2009).

In the first part of this study, only the functional gene involved in the conversion of
NO;" to NO (more specifically nirsS, due to the difficulty to amplify #irK in marine

samples) will be considered for phylogenetic analysis.

1.2.3.3. Abundance of denitrifiers and anammox bacteria from qPCR

During end-point PCR, a target gene is amplified over a number of cycle to be
detectable and vizualized via agarose gel electrophoresis. However, there are biases
introduced by this method because all genes within a mixed community are not amplified
at equal efficiencies by the primers. The quantity of specific products also depends on

PCR conditions or cycle numbers.
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Quantitative real-time PCR (qPCR) is a technique used to amplify and simultaneously

quantify specific DNA fragments but provides no information on community
composition. Gene quantification is achieved during the initial cycles of PCR. At this
point in the PCR, the amplification of target DNA is exponential and there are no
introduced PCR biases. Fluorescence-based labeling techniques (i.e. 7ag nuclease assay
and SYBR green) are used to detect product yields, i.e. for every cycle, a fluorescent dye
accumulates in direct proportion to the yield of amplified PCR product and the increase
in fluorescence is recorded. Quantification under specific PCR conditions is achieved by
determining the threshold cycle (Ct) at which the increase in fluorescence is above
detection limits for a range of known standards and samples. Standard curves (Ct values
of standards versus the log of their initial concentration) are prepared for each analysis.
The proportion of specific phylotypes is generally expressed relative to the total

microbial community determined using the 16S rRNA gene.

1.2.4. N cycle dynamics in hydrothermal vent systems and Saanich Inlet

1.2.4.1. Hydrothermal vents

Hydrothermal vents, which have been proposed to be modern analogue to the Archaean
anoxic primitive ocean where life originated, are earth surface fissures where
geothermally heated and anoxic fluids are discharged and turbulently re-mixed with oxic
sea water. The importance of low-temperature vents as a habitat for microbes (Juniper et

al., 1995; Karl et al., 1995; Huber et al., 2002; 2003; Mehta et al., 2003; 2005) and
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macro-fauna (Tunnicliffe ez al., 1985; Hessler and Kaharl, 1985; Tunnicliffe, 1991) is

well documented. These extreme environments are oases of life, harbouring a rich faunal
community that depends mostly on the reducing power of chemicals dissolved in the
hydrothermal fluids, particularly hydrogen sulfide. These reducing substances allow
chemolithoautotrophic bacteria to convert carbon dioxide and nutrients into organic
matter through chemosynthesis. Thus, chemolithoautotrophic bacteria represent the
primary producers in this aphotic setting, which sustain the whole HV food chain. They
are either free-living or closely associated with vent fauna through symbiotic
relationships. In addition to seafloor biological communities that inhabit the vent
discharge zone, microorganisms are known to live within the subsurface conduit system
that leads to vent openings.

Little is known about metabolic processes and bacterially-mediated N-cycle dynamics
in hydrothermal vents fluids and plumes. Denitrification, i.e. the utilization of nitrate for
respiration during chemosynthetic CO, fixation, has previously been reported in these
systems. Butterfield ez al. (2004) observed nitrate depletion and the presence of both
nitrite and nitrous oxide in discharging diffuse fluids at Axial Volcano on the Juan de
Fuca Ridge, indicative of active denitrification in the subsurface environment. Bacterial
symbionts living within the vestimentiferan Riftia pachyptila at the Genesis vent site on
the East Pacific Rise and sulfur oxidizing bacteria of the genus Beggiatoa from the
Guaymas Basin hydrothermal vents have been demonstrated to use nitrate in addition to
oxygen as an electron acceptor for the oxidation of hydrogen sulfide (Hentschel and
Felbeck, 1993; McHatton et al., 1996). More recently, Wang et al. (2009) and Xie et al.

(2010), detected an almost complete spectrum of the functional genes required for
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denitrification, i.e. nar (nitrate reductase), nir (nitrite reductase), norB (nitric oxide
reductase) and nosZ (nitrous oxide reductase), in DNA extracted from hydrothermal vent
chimneys of the Juan de Fuca Ridge using functional gene arrays (GeoChip) and
metagenomic. Byrne et al. (2009) documented, for the first time, the diversity and
activity of anaerobic ammonium-oxidizing bacteria mediating anammox in hydrothermal
vents of the Mid-Atlantic Ridge. Anammox rates of 60 nmol N I"! day™ or less were
derived using "°N labeled incubations of hydrothermal chimney and animal samples
crushed in sterile seawater under controlled laboratory conditions.

The isotopic composition of DIN in discharging hydrothermal vent fluids, which can
potentially provide valuable information about N sources, sinks and transformations in
the subsurface, has never been studied before. Hydrothermal vent ecosystems are likely
to display unique N-isotope signatures. Rates of prime N-elimination processes (i.e.
denitrification and anammox) and dissimilative nitrate reduction to ammonium (DNRA)
and the bacterial communities that mediate major N elimination reactions have also never
directly been characterized and/or quantified in diffuse vent fluids. Combined studies of
N-cycle processes and the associated microbial community in HV systems is critical to
better understanding 1) N (and ultimately carbon) transformations occurring in the
subsurface biosphere, 2) fundamental patterns of N-isotope dynamics in extreme
environments, 3) the effects of environmental factors on the activity and abundances of
denitrifying and anammox bacteria, and 4) the role of HV systems in the global oceanic

N cycle.
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1.2.4.2. Saanich Inlet

Saanich Inlet, a seasonally anoxic fjord, can be used as a natural laboratory to study N-
elimination processes in intermittently oxygen deficient zones. The fjord generally shows
inverse estuarine circulation (i.e. dense water flows out above the sill and less dense
water circulates inward at the surface), is 24 km long, 7.2 to 0.5 km wide and has a
maximum depth of ~230 m (Herlinveaux, 1962). The presence of a shallow sill (~70 m)
prevents deep water circulation, and thus the re-supply of oxygen to the deep inlet
throughout most of the year. Vertical mixing is generally low in the inlet because of weak
tides and low winds and thus a mechanism is required to explain the observed high
primary productivity during the spring and summer seasons. Gargett et al. (2003)
proposed that strong spring tidal mixing outside the inlet could reverse the inverse
estuarine flow and causes horizontal advective nutrient re-supply in surface waters,
promoting phytoplankton blooms. Due to the high primary productivity in surface waters,
and the aerobic respiration of the sinking organic matter, the bottom waters regularly
become suboxic/anoxic and active denitrification sets in when O, concentration levels
drop below Sumol L. Episodic renewal events, generally occurring during the fall,
partially flush the anoxic nitrate-depleted bottom waters with oxygenated, nitrate-rich
waters from outside the basin (Anderson and Devol, 1973, Gargett ef al., 2003).

Saanich Inlet is an ideal site to study denitrification and its sensitivity to changing
environmental conditions (e.g., redox). Although Saanich Inlet, because of its size, is
insignificant in the marine N cycle, it can be used as an analogue to study coastal
eutrophication and understand global patterns of N dynamics in major OMZs of the

ocean. Previous studies reported geochemical and microbiological evidence for the
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occurrence of denitrification in Saanich Inlet (Cohen, 1978; Tortell et al., 2005; Walsh et

al., 2009; Manning et al., 2010; Zaikova et al., 2010). However, the relative importance
of different N consuming or producing processes in the water-column and the partitioning
of water-column and sedimentary denitrification in anoxic bottom waters remained to be

investigated.

1.3. Objectives and dissertation organisation

This dissertation is organized into six main chapters. The first (present) chapter
provides a general introduction and background information to the dissertation, the three
subsequent chapters present the first part of the dissertation: i.e. N sinks and
transformations and the associated microbial community in the subsurface biosphere of
hydrothermal vents of the Juan de Fuca Ridge, the last chapter presents the second part of
the dissertation, i.e. a time-series study of dissolved inorganic N isotope dynamics in
Saanich Inlet, and finally, a conclusion and future work outlook chapter is presented. The
objectives for the 2nd to 5th chapters, representing the core of the dissertation, and
written in the form of manuscripts either accepted, submitted, or in preparation to be
submitted to scientific peer-reviewed journals, are presented below. I designed all
experiments, collected all samples, generally performed all laboratory analyses and wrote
the manuscripts documented in this dissertation, with the help of my supervisors and co-

authors.
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1.3.1. Part 1: N sinks, transformations and the associated microbial community in

the subsurface biosphere of hydrothermal vents of the Juan de Fuca Ridge

Several hydrothermal vent sites at Axial Volcano (AV), Endeavour Segment (ES) and
Cobb Segment (CS) on the Juan de Fuca Ridge in the northeast Pacific Oceans were
sampled during 6 major cruises between 2004 and 2009. Clean hydrothermal vent fluid
samples were collected and analyzed for nutrient as well as for other chemicals (Mg*",
H,S, N,O etc...) concentrations, DIN isotopic composition and rates of major N-
elimination processes (denitrification and anammox) and DNRA. The biodiversity of 16S
rRNA and nirS genes and abundance of denitrifiers (nirS genes and bacteria belonging to
the SUPOS5 cluster) and anammox bacteria were also assessed using molecular biology
methods.

The main general objectives of this part of the project were to use stable isotope and
molecular biology methods to 1) elucidate DIN isotope dynamics to constrain N
transformations and elimination; 2) determine rates and fluxes of N-loss processes and
estimate the role of HV systems in the global N budget; 3) describe the biodiversity and
abundance of the microbial communities responsible for N elimination and 4) investigate
links between denitrifying bacteria diversity and abundance and environmental factors in
HV fluids.

In the second chapter, published in Geochemistry, Geophysics, Geosystems in February
2012, we discuss, for the first time, the physical and biological processes affecting the
concentration and isotope composition of DIN (nitrate 8'°N and 8'*0 and ammonium
8'°N) in both high and low-T fluids at hydrothermal vents of the Juan de Fuca Ridge. We

present evidence for DIN isotope fractionation attributable to N consumption (either
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assimilation or denitrification occurring in microbial mats/biofilms) in the subsurface
biosphere of hydrothermal vents. We report on previously unseen nitrate N-to-O isotope
anomalies, i.e. the deviation from the 1:1 relationship expected for nitrate assimilation
and denitrification in marine environments, in the HV fluids, and use a simple isotope
box-model to evaluate the possible nitrate regeneration processes responsible for the
observed nitrate isotope anomalies.

In the third chapter, published in Biogeosciences, we examine the relative importance
of potential rates of denitrification, anammox and DNRA in relation to specific microbial
agents in diffuse hydrothermal vent fluids of the Juan de Fuca ridge using a combination
of °N paired isotope labeling, 16S rRNA gene clone library sequencing and gPCR
methods. We assess the diversity and abundance of potential sulfur-oxidizing denitrifiers
and examined chemical and physical constraints on the activity and abundance of
microbial communities that mediate biological N-loss in the subsurface of hydrothermal
vents. This information is used to evaluate the role of the subsurface hydrothermal
biosphere in the global oceanic N budget.

In the fourth chapter, submitted to Geobiology, we investigated the biodiversity and
abundance of 16S rRNA and nitrite reductase (nirS) genes in the subsurface biosphere of
hydrothermal vents of the Juan de Fuca Ridge, and consider possible links to
environmental variables such as diffuse fluid temperature and chemistry (i.e., pH and
H,S, NO; and NH,4" concentrations). We examine nirS gene biodiversity in two fluid
samples from two different vent fields: AV and ES, as well as nirS gene abundance in
vent fluids from three different vent fields, i.e. AV, ES and CS. We used 16S rRNA gene

pyrotag sequences from the hypervariable V1-V3 region to complement our nirS gene
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data and describe overall bacterial and putative denitrifying communities in vent fluids,
and to investigate similarities between vent fields. Finally, we use our results to assess the

effect of environmental controls on nirS gene diversity and abundance.

1.3.2. Part 2: Time-series study of dissolved inorganic N isotope dynamics in
Saanich Inlet, a British Columbia Fjord

In the fifth chapter of the dissertation, in preparation to be submitted to Marine
Chemistry, we use a ~1 year time-series of nutrient concentrations and dissolved
inorganic N isotopes (8'°N-NH4" and 8"°N and 8'*0 of NO5") collected from April 2008
to April 2009 at a station close to the mouth of the Inlet to constraint N transformations
and elimination. Major renewal events from September to October 2008 provided an
unique opportunity to follow the development of anoxia and N-loss in bottom waters
from a known starting point. We calculate nitrate isotope anomalies and discussed nitrate
production processes that are affecting the nitrate isotopic signatures in both surface and
bottom waters. We then estimate the isotope effect related to N-loss in bottom waters
using Rayleigh closed and open system models as well as the proportion of sedimentary
versus water-column denitrification following the bottom-waters renewal events.

During this project, a collaboration with Dr. Roberta Hamme and Cara Manning
allowed to concomitantly collect samples for N»/Ar measurements and calculate temporal
biological N, production and denitrification rates. The resulting paper, which I co-
authored, has been published in Marine Chemisry in 2010 (e.g. see Manning et al., 2010).
My contribution was to organize all the Saanich Inlet cruises, help collect and analyze

samples, and comment on the manuscript.
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Chapter 2
Subseafloor nitrogen transformations in diffuse hydrothermal
vent fluids of the Juan de Fuca Ridge evidenced by the isotopic
composition of nitrate and ammonium’

2.1. Abstract

Little is known about dissolved inorganic nitrogen (DIN) transformations in
hydrothermal vent (HV) fluids. Here, we present the first isotopic measurements of
nitrate (3"°N and §'*0) and ammonium (8"°N) from three HV fields on the Juan de Fuca
ridge (NE-Pacific). The dominant process that drives DIN concentration variations in
low-T diffuse fluids is water mass mixing below the seafloor, with no effect on the DIN
isotope ratios. Strong inter-site variations in the concentration and "°N of NH," in high-T
fluids suggest different subsurface nitrogen (N) sources (deep-sea nitrate versus organic
sediments) for hydrothermally discharged ammonium. Low NH," community N isotope
effects (<3%o) for net NH4" consumption suggest an important contribution from gross
ammonium regeneration in low-T fluids. Elevation of HV nitrate "N/"*N and "*0/'°O over
deep-sea mean isotope values at some sites, concomitant with decreased nitrate
concentrations, indicate assimilatory or dissimilatory nitrate consumption by bacteria in

the subsurface, with relatively low community N isotope effects ('°€, < 3%o). The low N

isotope effects suggest that nitrate assimilation or denitrification occur in bacterial mats,

! A version of this chapter has been published. Bourbonnais, A., M. F. Lehmann, D. A. Butterfield, and
S. K. Juniper (2012), Subseafloor nitrogen transformations in diffuse hydrothermal vent fluids of the Juan
de Fuca Ridge evidenced by the isotopic composition of nitrate and ammonium, Geochemistry,
Geophysics, Geosystems, 13, Q02T01, doi:10.1029/2011GC003863.

*Please note that an error occurred during the copyediting of this paper: "Endeavor" Segment should be
"Endeavour" Segment since this is a proper name. This change has been applied in the version of the
manuscript presented in this dissertation.
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and/or in situ production of low 8N nitrate. A significantly stronger relative increase for
nitrate 3'*O than for §'°N was observed at many sites, resulting in marked deviations from
the 1:1 relationship for nitrate 8'°N versus 8'*O that is expected for nitrate reduction in
marine settings. Simple box-model calculation show that the observed un-coupling of N
and O nitrate isotope ratios is consistent with nitrate regeneration by either nitrite
reoxidation and/or partial nitrification of hydrothermal ammonium (possibly originating
from N, fixation). Our isotope data confirm the role of subsurface microbial communities

in modulating hydrothermal fluxes to the deep ocean.

2.2. Introduction

The importance of low-temperature hydrothermal vents (HV) as a habitat for microbes
(Jannasch and Mottl, 1985; Juniper ef al., 1995; Huber et al., 2002, 2003; Butterfield et
al., 2004; Mehta et al., 2003, 2005; Mehta and Baross, 2006) and macro-fauna
(Tunnicliffe et al., 1985; Tunnicliffe, 1991) is well documented. These oases of life
harbor high-biomass faunal communities that are sustained by chemoautotrophic bacteria
(free-living or in symbiosis) at the base of the food chain, which gain metabolic energy
from the oxidation of reducing substances in hydrothermal fluids, particularly hydrogen
sulfide.

Nitrogen (N) is an essential nutrient for all vent organisms, as a building block of
proteins, but also as a possible energy source. Generally high levels of NH," in high-T

fluids (up to ~350°C) and NO;™ in low-T diffuse fluids (<~50°C) are discharged from

HV, serving as potentially important substrate and N source for the chemolithotrophic
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bacteria (Butterfield ez al., 1997; Lam et al., 2004). Additional bioavailable N to fulfill

the high N requirements of dense bacterial populations in HV systems may be procured
through the fixation of molecular N even at temperatures close to the limits of life (Mehta
et al., 2003, 2005; Mehta and Baross, 2006). On the other hand, denitrification, i.e., the
nitrate reduction by chemosynthetic CO, fixing bacteria (or other suboxic modes of N,
production) may remove NOy from low-temperature diffuse fluids (Butterfield et al.,
2004). For example, it has been shown that sulfur-oxidizing bacteria can use nitrate as an
electron acceptor for the oxidation of hydrogen sulfide in HV systems (e.g., Hentschel
and Felbeck, 1993; McHatton et al., 1996). Moreover, Byrne ef al. (2009) provided
phylogenetic and biomarker evidence for the anaerobic oxidation of ammonium
(anammox) to N, gas in deep-sea hydrothermal vents at the Mid-Atlantic Ridge.
Anammox can account for a substantial loss of fixed N in various marine environments
(e.g., Thamdrup and Dalsgaard, 2002; Dalsgaard et al., 2003; Kuypers et al., 2003, 2005;
Hamersley et al., 2007).

The stable N isotope composition of vent organisms has previously been measured to
study feeding ecology and trophic structure in HV systems. In earlier work, very low §"°N

(for definition see section 2.3.3) values (~—10 to +4%o) of HV organisms, for example,

have been attributed to strong N isotope fractionation during chemosynthetic assimilation
of ammonium or the local supply of "N-depleted ammonium (Rau, 1981; Paull et al.,
1985; Van Dover and Fry, 1994; Kennicutt and Burke, 1992; Van Dover, 2002).

As a result of specific isotope effects associated with N cycle transformation, N (and

nitrate O) isotope ratios represent a useful tool to assess N fluxes within the ocean. N,

fixation, the major input of bioavailable N to the ocean, adds new N with a §"°N of ~—2—
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0%o (Carpenter et al., 1997, 1999; Montoya et al., 2002). The low-5""N organic N is

subsequently remineralized to dissolved inorganic N (DIN) through coupled
ammonification and nitrification, thus leaving clear N-isotopic signatures in the DIN pool
(Sigman et al., 2005; Knapp et al., 2008; Bourbonnais ef al., 2009). Water column
denitrification in suboxic zones displays a strong kinetic N-isotope effect (€) on the NO5
8"N (Cline and Kaplan, 1975; Brandes et al., 1998a; Voss et al., 2001; Lehmann et al.,

2003; Sigman et al., 2003, 2005), with values for € in the range of 15-30%o. Nitrate

assimilation by algae or bacteria usually fractionates the N isotopes to a lesser extent,
with most N-isotope effects reported for natural marine systems clustering around 5%o
(e.g., Altabet, 2001). While N isotopes alone can provide qualitative information on N-
cycle transformations, their use is often limited because they do not allow for the
quantitative separation of nitrate production and consumption. For example, the N
isotope signals of N, fixation and denitrification can negatively interfere with each other.
The coupled measurement of the nitrate N and O isotopic composition has the potential to
disentangle nitrate consumption and production processes in environments where they
occur simultaneously (or where water masses with the respective N isotope signatures are
mixed together). The separation of nitrate consumption from production is possible
because, in contrast to denitrification and nitrate assimilation, with a constant ratio of N
versus O isotope enrichment of 1:1 in marine settings (Granger et al., 2004, 2008;
Lehmann et al., 2005; Sigman et al., 2005), nitrate production affects the §'°N and §'°O
of new nitrate in fundamentally different ways (Lehmann ef al., 2003; 2004; Sigman et
al., 2005; Wankel et al., 2007; Bourbonnais et al., 2009). The §"°N of new nitrate is

determined by the 3"°N of the organic matter being remineralized (Sigman and Casciotti,
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2001). According to current understanding, oxygen isotopes in nitrified nitrate or from
nitrite re-oxidation are mostly derived from oxygen in ambient water (§'°O ~ 0%o) and to

a minor extent from dissolved oxygen (8'°0 between 23.5%o and 40%o in the ocean
interior; Bender, 1990; Levine ef al., 2009) (Andersson and Hooper, 1983; Kumar ef al.,
1983; DiSpirito and Hooper, 1986; Casciotti, 2002; Sigman et al., 2009). Hence, the §'*O
of newly generated nitrate is generally insensitive to the origin of the N being nitrified, be
it from N, fixing organisms or from other bacterial/algal biomass. While observational

data generally suggest that newly regenerated marine nitrate has a 5'*O close to that of
seawater (i.e., ~1.4%o (Sigman et al., 2009)), Buchwald and Casciotti (2010) and

Casciotti et al. (2010) recently reported that oxygen atom incorporation during
ammonium and nitrite oxidation occurs with significant isotope effects.

As outlined above, work over the last two decades has provided (mostly qualitative)
evidence for multiple N-cycle reactions in HV systems. Nevertheless, the fate of
ammonium that is hydrothermally injected into the water column, and water column
nitrate that is mixed into anaerobic hydrothermal vent fluids, is still uncertain. N isotope
data for DIN in the high-T fluids barely exist, and the effects N-transformations in the
diffuse fluids and HV plumes can have on the subsurface DIN §"°N, prior to
incorporation into the food chain, are unknown. HV ecosystems are likely to display
unique DIN isotope signatures that may elucidate principal patterns of N (and O) isotope
dynamics. In turn, the isotopic ratios of ammonium and nitrate should inform about the
activity of ammonium-oxidizing and denitrifying organisms in this ecosystem. Also, in

order to successfully use stable N isotopes for determining trophic structures in an
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ecosystem, it is crucial to know the base-line §"°N, i.e., the 3"°N of the inorganic substrate
that becomes metabolized by the chemosynthetic bacteria at the base of the food chain.
The main goal of this paper is to discuss, for the first time, the physical and biological
processes that affect the concentrations and isotope composition of DIN (nitrate 8'°N and
8'*0O and ammonium §"N) in both high and low-T fluids at the Endeavour and Cobb
Segments, and Axial Volcano on the Juan de Fuca Ridge (NE-Pacific). We see evidence
for DIN isotope fractionation due to N consumption by assimilative N-uptake and
denitrification in microbial mats/biofilms within the hydrothermal conduits. We also
report on previously unseen nitrate N-to-O isotope anomalies in the HV fluids, and we
present our results in light of a simple isotope box-model, which allows us to interpret the
nitrate isotope anomalies as evidence for nitrate regeneration through a combination of

nitrification and nitrite reoxidation processes.

2.3. Material and Methods

2.3.1. Site Description and Sample Collection

Hydrothermal vent fluids were sampled at different sites on Axial Volcano, and the
Cobb and Endeavour Segments during five summer/autumn cruises between 2004 and
2009 onboard the R/V Thomas G. Thompson and R/V Atlantis, as part of the New
Millennium Observatory (NEMO) and Endeavour-Axial Geochemistry and Ecology

Research (EAGER) Projects (Figure 2.1a). The Endeavour and Cobb Segments are

located at ~48°N, 129°W and ~46.7°N, 129.4°W, respectively (Figure 2.1a). Four
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different vent fields were visited at Endeavour Segment: Sasquatch, High Rise, Main

Endeavour Field (MEF) and Mothra (Figure 2.1b). The vents are located at a depth of
~2200-2100 m. Even though Endeavour Segment is sediment-free, it is believed that

high concentrations of methane and ammonium observed in hydrothermal fluids originate
from the decomposition of organic matter buried at an early stage of the ridge segment's
evolution (Lilley ef al., 1993). Cobb Segment was visited only in 2007 during an
exploration dive. The temperature of high-T vent fluids at Cobb Segment is generally

lower than at Endeavour, and venting is less vigorous. Axial Volcano (~46°N, 130°W)

rises 1100 m above the surrounding ocean floor and has a 3-sided caldera. Active vent
sites are located along the caldera boundary fault and along the intersection of the north
and south rift zone with the caldera boundary fault at depths of 1500 to 1540 m below sea
level (Embley et al., 1990; Butterfield ef al., 2004). The latest eruptions occurred in the
Southeast portion of the caldera in 1998 and more recently in 2011 (Figure 2.1c¢).

Low- and high-T fluids were collected using titanium syringe major samplers (760 ml),
collapsible plastic bags with valves (up to 800 ml), and PVC piston samplers with Teflon
spring seals on the Hydrothermal Fluid and Particle Sampler (HFPS), using the remotely
operated vehicles (ROV) ROPOS and JASON, and the deep submergence vehicle (DSV)
ALVIN. In situ temperature with HFPS was recorded at 1 Hz during sampling. The
values reported here represent the average temperature during sample collection. In
general, several sub-samples were collected at each site during each dive, and only the
average values for the measured parameters are reported. Samples for nutrient
concentration and isotopic measurements were transferred with a syringe into acid-

washed and DI-rinsed 60-ml HDPE brown bottles. All fluid samples were purged with
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N, gas for at least 10 min to remove H,S, which interferes with the colorimetric nutrient
analysis. Water samples were kept frozen at —20°C until analysis. Additional sample
aliquots were collected in 15 ml acid-washed and DI-rinsed HDPE bottles for onshore
major element (i.e., Mg”" in this study) analysis at the Pacific Marine Environmental

Laboratory and the University of Washington.
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Figure 2.1. (a) Map of Axial Volcano and the Endeavour and Cobb Segments on the
Juan de Fuca Ridge. (b) Endeavour Segment and the four major hydrothermal vent fields
sampled (Sasquatch, High Rise, Main Endeavour Field and Mothra); (¢) the summit
caldera of Axial Volcano on the Juan de Fuca Ridge with enlarged view or the Southeast
portion of the caldera, where an eruption occurred in 1998. The curved dashed line
represents the caldera boundary fault where active vent sites are located (modified from
Plate 1 in the study by Butterfield ef al. (2004)). Black dots represent sampled vents.
Only vents discussed in the text or in figures are labeled.

2.3.2. Nutrient Concentrations

Nitrate, nitrite, ammonium, and phosphate concentrations were analyzed onboard or
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onshore using standard colorimetric techniques. In addition, for many samples, NO, was
measured by reduction to nitric oxide (NO) in a heated solution of acidic vanadium (III)
and subsequent detection of the NO (Braman and Hendrix, 1989), with a precision for
replicate analyses of +0.2 umol/L. The agreement between methods was excellent, and
average concentrations are reported, where applicable. Mg** concentration measurements

were performed by ion-chromatography (IC) and by successive titration with EDTA and

EGTA for [Mg*'] greater than ~48 mmol/kg.

2.3.3. Nitrate N and O isotope ratios

Nitrate N and O isotope ratios (denoted as 3"°N and 8"°0, with & = (Rampie/Retandara) = 1]

x 1000, where R represents the ratio of ’N to "*N or '*O to '°O, respectively) for samples
collected between 2006 and 2009 were measured using the “denitrifier method” (Sigman
et al., 2001; Casciotti ef al., 2002). Samples collected in 2004, which were only analyzed
two years after sample collection, are not considered, as we found clear evidence for
biasing storage effects. The denitrifier method is based on the quantitative conversion of
sample nitrate to N,O by cultured denitrifying bacteria that lack the active N,O-reductase
enzyme. N,O gas was automatically extracted, purified and analyzed online using
Tracegas-Isoprime or GasBench II preparation systems coupled to a continuous flow
isotope ratio mass spectrometer (IRMS) (Micromass Isoprime Multiflow for samples
from 2006 to 2007 and Thermo Finnigan DELTA™ XP for samples from 2008 to 2009).
The general target sample size was 20 nmol N for samples with a [NO; ] > 5 umol/L, and

10 nmol N for samples with a [NO; ] <5 umol/L. Pseudomonas chlororaphis (ATCC
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#43928) and P. chlororaphis (ATCC #13985) (formerly Pseudomonas aureofaciens)

were used to measure 3'°N and 'O, respectively. N and O isotope ratios are reported in
%o relative to atmospheric N, for N and V-SMOW for O isotopes, respectively. Isotope
values were calibrated using an international KNO;™ reference material (IAEA-N3) with
an assigned §"°N value of +4.7%o (air) and a reported value of 25.6%o for "0 (V-
SMOW) (Bohlke et al., 2003). Replicate reproducibility (i.e., the standard deviation of
replicate measurements) for the method was generally better than +0.2%o for 5"°N and
+0.4%o for 5'°0. For all samples collected before 2008, O isotope data were corrected for
O isotope exchange with water during the reduction of nitrate to nitrous oxide, following
the scheme described by Casciotti ef al. (2002), using standards prepared from DI water

with a §'*O of ~865%0-V-SMOW. O-isotope exchange was always less than 5%. Blank

contribution was generally below 0.5 nmol (i.e., 3—5% of the target sample size).
Correction for O isotope scale contraction caused by O isotope exchange with water is
more accurate when multiple nitrate isotope reference materials are used, i.e., IAEA-N3
and USGS-34 (Casciotti et al., 2007). This standard bracketing correction has been
applied to all 2008 and 2009 samples. Sigman et al. (2009) recently reported a systematic
difference between the two correction schemes, where the older correction protocol
resulted in a slight overestimation of the §'°O of deep-sea nitrate. Our measurements
comply with this observation, and we corrected pre-2008 data accordingly.

The presence of nitrite in mixed samples is known to interfere with the isotopic
analysis of nitrate when using the denitrifier method (Granger et al., 2006; Casciotti and
Mcllvin, 2007; Casciotti ef al., 2007; Granger and Sigman, 2009), because both nitrite

and nitrate are converted to N,O. For mixed samples calibrated against nitrate isotope
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standards, the presence of nitrite leads to artificially low 8'°O values because of the
differential O isotope effects during nitrate versus nitrite reduction to N,O. According to
Casciotti et al. (2007), the presence of 2% or more of nitrite in a sample can significantly

modify the original §'*O. Nitrite concentrations were always lower than ~2 yumol/L in our

diffuse fluid samples (see below) and never higher than 10% of the sum of nitrate and
nitrite. In 2008/2009 samples, where the NO, concentrations exceeded 1%, the isotopic
composition of nitrate was measured only after nitrite removal with sulfamic acid,
following the procedure by Granger and Sigman (2009). For the few samples that
contained significant NO, concentration (>2% of the total NO,) and that were analyzed
prior to 2008 (and originally calibrated against nitrate isotope standards), we
approximated the 8" Ono34n02 using the correction factors for NO, on the nitrate
calibration scale based on the analysis of pure nitrite standards (Casciotti and Mcllvin,

2007; Casciotti et al., 2007).

2.3.4. Ammonium N isotope ratios

The 8"°N of ammonium was measured using a combination of the passive ammonia
diffusion method (Sigman et al., 1997) with persulfate oxidation (Knapp et al., 2005) and
the denitrifier method (Sigman et al., 2001) (also see Houlton et al., 2007). Two to fifty
ml of hydrothermal vent fluid (60-700 nmol sample ammonium) were pipetted into 30—
60 ml glass media bottles. High-concentration samples were diluted with DI to yield at

least 10 ml sample solution. A NH;,(g) trap consisting of a 5 mm’, pre-combusted (500°C

for 4 h) and acidified (~5-10 uL of 4 N H,SO,) GF/D glass fiber filter sandwiched
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between two sealed Teflon membranes (Millipore, LCWPO01300) (Sigman et al., 1997),

was added to the media bottles. Prior to closing the bottles with a Teflon septum and an
aluminum seal, pH was raised significantly above 9.2 by adding MgO (60 mg per ~10 ml

sample). Samples were agitated on an orbital shaker at room temperature for 7 days to
warrant complete ammonium conversion to NH;(g) under basic conditions, and NH;
trapping in the diffusion packages. The NH; traps were then removed from the sample
bottles, dipped into a 10% HCI solution, and, without any drying step, placed in 10-ml
autoclave glass tubes with 6.5 mL of DI water. The test tubes were shaken vigorously in
order to open the NH; traps and release the acidified disks, and the Teflon membranes
were removed using clean dull-tipped forceps; these steps have proven to be important
for 100% N recovery (without losing some (NH,),SO, precipitate on the inner surface of
the Teflon membranes). One mL of persulfate oxidizing reagent (POR), freshly made
daily by dissolving 6 g of certified ACS-grade NaOH and 6 g of certified ACS-grade
potassium persulfate (re-crystallized three times in 100 ml of DI water) (Knapp et al.,
2005; Bourbonnais et al., 2009), was then added, and the closed tubes were autoclaved

for at least one hour to allow complete ammonium oxidation to nitrate by the POR. After
pH adjustment with ACS-grade HCI1 (pH ~ 3—4), the N isotopic composition of the

ammonium-derived nitrate was determined using the denitrifier method as described
above. 8N values were calibrated with NH," standards of known isotopic composition
(IAEA N1, §"N of NH,* = 0.4%0 and IAEA N2, "N of NH," = 20.3%0), which were
processed the same way as the samples, taking the procedural blank into consideration

(generally less than 10%). For each standard/sample batch, DI additions and total N
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amount were adapted to the N content and volume of the samples. Multiple N isotope
analyses of NH," standards showed that the passive ammonia diffusion/oxidation/
denitrifier method produces accurate and reproducible (< +0.6%0) results. Although we

did not observe a marked N isotope fractionation during incomplete N recovery, only the

samples with a ~80—-100% yield were considered. Most 2008 and 2009 samples with
[NH,"] higher than ~100 uM were also analyzed using passive ammonia diffusion

followed by direct combustion of the NH,"-loaded filters (sample requirement ~5000

nmol N) in a Thermo Finnigan FlashEA 1112 series Elemental Analyzer coupled to an
IRMS (Thermo Finnigan Delta Advantage). Results from both NH," N-isotope

techniques agreed well.

2.4. Results and discussion

2.4.1 Origin and fate of hydrothermally discharged ammonium

During high-T hydrothermal circulation, Mg*" is almost completely removed from the
aqueous solution through various water-rock reactions (Edmond et al., 1979; Seyfried,
1987). At lower temperatures, mixing of hydrothermal fluids with Mg**-rich and cold
seawater elevates the [Mg®'] again. Hence, a linear (inverse) relationship between the
temperature of the HV fluid and its Mg*"-content exists (r* = 0.90, Figure 2.2). [Mg*'] can
thus be used as an indicator of mixing between zero-Mg”" pure high-T hydrothermal

fluids and Mg**-rich (52.9 mmol/kg) low-T crustal seawater.
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Figure 2.2. Magnesium concentrations versus average fluid temperatures at Endeavour

Segment (star = Sasquatch, down triangle = High Rise, square = Main Endeavour Field,

diamond = Mothra), Cobb Segment (triangle) and Axial Volcano (circle). Magnesium is

almost completely removed from the hydrothermal vent fluids at higher temperatures and
only slowly removed at lower temperatures. The colors represent the sampling years
(yellow = 2004, purple = 2006, green = 2007, blue = 2008 and red = 2009). Standard
deviation for sub-samples (n= 2 to 5) collected during the same dive and location is
indicated.

Ammonium is the dominant DIN species under the highly reducing conditions
encountered in high-T fluids (~200°C to 350°C, or <10 mmol/kg Mg*"), with average

concentrations decreasing from North to South along the Juan de Fuca Ridge: 1078 = 4.7
umol/L (n = 2) at Sasquatch, 863 + 129 umol/L (n = 11) at High Rise, 410 £+ 53 pmol/L
(n=23) at MEF, and 396 = 20 umol/L (n = 5) at Mothra at the Endeavour Segment, 44
pumol/L (n = 1) at Cobb Segment, and 14 + 3 umol/L (n = 22) at Axial Volcano

(Figures 2.3b-2.3d). NH," concentrations behave mostly conservatively with respect to
Mg, indicating the dilution of high-NH," hydrothermal fluids with zero-NH,",

oxygenated deep-seawater.
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The §"°N of ammonium in high-T fluids of the Endeavour Segment did not differ

among years, but differs significantly among sites, with average values (all years
combined) of 4.3 £ 0.7%o (n = 3) at Sasquatch, 4.2 £ 0.5%o (n = 11) at High Rise, 3.6 £
0.4%0 (n =19) at MEF and 3.1 + 0.3%o (n = 5) at Mothra (Figure 2.4a) (Kruskal-Wallis,
p-value = 0.009). Since we were primarily interested in variations among vent fields, we
grouped the values at the four Endeavour Segment sites for the subsequent discussion. It
should be noted that the low average ammonium &'"°N in high-T vent fluids of the
Endeavour Segment (3.7 £+ 0.6%o (n = 37)) does not closely match the only existing report
on the N isotopic composition of NH," in hydrothermal fluids by Lilley et al. (1993), who
measured a 8"°N value of 12.4%o, but is consistent with a §'°N of 2.1%o for an extinct
sulfide chimney from Dante (at MEF) collected during the 2009 cruise (unpublished
data).

The average Endeavour Segment ammonium 8'°N was significantly different from the

8"°N of nitrate in Deep-Pacific seawater at ~2100 m depth (5.6 + 0.2%o (n = 5), p-value =

0.0003). The average 8'°N of ammonium in high-T fluids of the Cobb Segment was 4.1 +
0.1%o (n = 3), i.e., not significantly different from the 3'°N of ammonium at Endeavour
Segment (Figure 2.4a). In contrast, the average "°N of ammonium in high-T fluids at
Axial Volcano was 6.7 = 1.0%o (n = 16) (Figure 2.4c), significantly greater than the 5"°N
observed at the Endeavour (p-value = 8 x 10™°) and Cobb (p-value = 0.007) segments, but

not significantly different from the 6"°N of deep-seawater nitrate in the ambient water

column at ~1200-1500 m depth (6.4 + 0.2%o, n = 4) (Figure 2.4c).
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Figure 2.3. a) Nitrate (all sites) and ammonium concentrations at b) Endeavour Segment,
¢) Cobb Segment and d) Axial Volcano versus [Mg2+] (note the different scales of the Y
axis). In low-T vents, nitrate concentrations that fall below the mixing line between zero-
nitrate, ammonium-rich, pure hot hydrothermal vents and nitrate-rich crustal seawater are
indicative of microbial nitrate consumption. Ammonium concentration above ~0 umol/L
in low-T waters at Axial Volcano, occurring 