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Abstract

Cycling of N occurs through a multitude of microbial reactions used by microorganisms to harness
energy and generate growth. These microbial reactions are the main controls on the availability
of fixed-N and can often limit primary production in marine ecosystems. The microorganisms
involved in the N-cycle are diverse and the metabolic pathways are further distributed across
many taxa, rendering the modeling of the N-cycle complex. Indeed, models of N-cycling fall short
of making robust and explicit predictions, in part due to a lack of ecophysiological information
describing the relevant processes at a molecular scale. Direct ecophysiological information is
obtained from process rate measurements, yet these generally lack coupled information on
microbial community composition limiting their extensibility across multiple environments. This
dissertation creates a new framework for the modeling of the N-cycle by measuring the rates and
pathways of N-cycling in anoxic pelagic environments. This new and quantitative knowledge
is incorporated into models of N-cycling to improve reconstructions of past and future N-cycle.
I describe the rates and pathways of Fe-dependent NOj3 reduction in a ferruginous pelagic
environment, analogous to the Proterozoic oceans. I then describe the nutrients status and the
implications of NOj3 reduction through DNRA and denitrification for biological production
through a flux-balance model for ancient oceans. I also study the environmental factors that
influence the partitioning of N-loss between anammox and denitrification in an anoxic fjord
(Saanich Inlet). A flux-balance model was built to describe the competition between anammox
and denitrification based on the rates of N, production as well as changes in microbial community
composition and ecophysiological parameters. We show that recycling of N through DNRA, rather
than N-loss, dominates annual NOj3 reduction in Saanich Inlet, challenging current assumptions
that DNRA does not need to be considered as an important pathway of N-cycling in the ocean.
Opverall, the work presented here offers a new and integrated approach that combines geochemical
information such as nutrient profiles and process rate measurements, microbiological information
such as microbial community composition, structure and functions analysis, and applies it to
quantitative models that can be used to further test hypotheses about the N-cycle.
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Lay Summary

Availability of oxygen is an organizing principle for life in marine ecosystems. As oxygen declines,
microbial metabolisms prevail over higher trophic activities. Low oxygen conditions are found
in large zones of the modern oceans where anaerobic microbial activities play an important role
in biogeochemical cycling of essential elements like nitrogen, which affects nutrient availability,
primary production, and CO; sequestration. These low oxygen conditions also existed on the
Early Earth, and microbial activities would have been primordial regulators of biogeochemical
cycling of essential nutrients, which likely impacted biological productivity and climate. My thesis
creates new knowledge on how nitrogen is used under low-oxygen conditions by specific groups
of microorganisms, for past and present marine systems. I then apply this new information to
modeling approaches that inform on biogeochemical cycles in the Earth system, for the ancient
and modern moceans, which can lead to better predictions for future climate.
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Chapter 1

Introduction

Nitrogen (N) is required as an elemental constituent for all life on Earth, as it is one of the most
abundant elements in nucleic acids and proteins. For every 100 atoms of carbon, cells typically
require between 2 to 20 atoms of nitrogen depending on the specific organism [6]. The majority of
Earth’s accessible nitrogen resides in the atmosphere, with nitrogen comprising 78% by mass in
its inert form N; gas. This N, gas is primarily made available to life through the bioenergetically
expensive microbial reaction of N-fixation, which requires an enormous activation energy (16
ATPs or ~544 k] mol ™! [7]) to break the triple bound found in the N> molecule. Rates of N-fixation
can limit primary production both in terrestrial and marine ecosystems, and this limitation of
productivity is a first-order control on biological CO, sequestration globally [8, 9]. Bioavailable
N is thus fundamental to sustaining life on Earth, and has the potential to further influence the
global carbon pump and climate.

The modern biogeochemical cycling of N, its biological availability, and operation under
different redox states depends almost entirely on a suite of oxidoreductive metabolic reactions
conducted by a complex network of microorganisms (Fig. [1.1). N is incorporated from the
atmosphere into the biosphere through the fixation of gaseous N into organic amines (R-NH3),
which upon biomass degradation are liberated to the surrounding environment as NHj via
ammonification (Fig. [1.1). NHj is then sequentially oxidized to NO; and NOj3 through the
process of nitrification, requiring molecular oxygen to operate (Fig. [1.1). These oxidized N-
species are important to eukaryotic primary producers and are usually assimilated as a source
of fixed-N (Fig. [1.1). NOj is alternatively either reduced back to the atmosphere as N, through
the chemotrophic reactions of denitrification and anaerobic ammonium oxidation (anammox) or
reduced back to NHj through the chemotrophic reaction of dissimilatory nitrate reduction to

ammonium (DNRA) (Fig. 1.1). When assimilated into biomass, N can be released through organic



matter remineralization and ammonification. However, a small portion of this organic matter
escapes the remineralization process and ends up buried in sediments [10]. During subduction,
some of the buried N (bound to the organic matter) returns to the atmosphere but a significant

part leaves the biosphere for the geosphere and is sequestered in the solid Earth [11].

2
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Figure 1.1: Overview of the microbial reactions constituting the N-cycle. Reactions are defined in the grey
box. Orange arrows correspond to an oxidation reaction of the N-species whereas blue arrows show a
reduction of the N-species. The grey arrows encompass assimilation of the N-species by an organism and
remineralization of organic N-species. Reactions with arrows above the dotted line are generally considered
to be done under oxic conditions whereas arrows drawn below the dotted line are usually considered done
under anoxic conditions. Chemical N-species follow the redox state highlighted in the grey box. In italic
are the main genes found to execute the corresponding enzymatic reaction. This figure was made with the
help of Julia Huggins and is inspired from Kuypers et al. (2018) [3].

The main pools of N in the Earth system are distributed between the atmosphere and the solid

Earth: the crust and the mantle [12]. Recycling of N between these different pools occurs both



rapidly through biological processes (Fig. |1.1|and description above) with a turnover time for
atmospheric Nj of ~1000 years [2], and slowly through tectonics of the crust and mantle over
timescales of 1 Ga [13]. Biological reactions govern the processes of N fixation and remineralization,
which, in combination, determine the overall rate at which biomass is buried in marine sediments
and subducted into the mantle. Thus, the rapid turnover of N through biological activity could
have caused long-term changes in atmospheric N abundance. Such dynamics in atmospheric
N abundance through time can further influence climate and impose a negative feedback on
biological productivity. For example, lower rates of N-fixation result in higher N, pressure in
the Earth’s atmosphere, which increases the greenhouse effect of existing gases by broadening
their absorption lines [14]. A lowering of Nj pressure through high rates of N-fixation and
burial of organic matter will in turn induce a negative feedback on N-fixation, which would
become limited by lower N, partial pressure [15]. Despite best efforts to date, however, likely
changes in atmospheric N> over Earth’s history, and in the future, remained unconstrained due
to high uncertainties in the sizes and exchange rates between the different reservoirs and their
corresponding mechanisms of regulation [16, 17].

Cycling of N through biological activity is mainly conducted by microorganisms through the
many metabolic reactions transforming N, between its oxidized and reduced states under oxic
and anoxic conditions (Fig. [1.1). The metabolic potential for these reactions are widely distributed
across the 3 domains and across mutliple phyla within these domains [3] (see example in Fig.
1.2c). Furthermore, microorganisms have established specific niches and have developed complex
interactions between functional metabolic groups in order to carry out these transformations [18].
The complexity of the microbial metabolic network responsible for N-cycling has, as a conse-
quence, rendered biogeochemical modeling of this element challenging. Biogeochemical modeling
approaches often use thermodynamic calculations in combination with susbtrate availability, as
well as ecophysiological parameters for the relevant microorganisms. Ecophysiological parameters
remain elusive, however, due to the fact that the majority of relevant microorganisms remain
uncultivated and that there is a lack of mechanistic links between process rate measurements and
the underlying microbial community in environmental systems (see section 1.4). Modeling efforts

of N-cycling, to date, are, therefore, hampered by the lack of information needed to constrain



these models.

The emergence of humans as geobiological agents is causing changes to the Earth system at
unprecedented rates, and specifically to the N-cycle [2, 19]. An acute example is the doubling of
global rates of N-fixation through the use of the Haber-Bosch process to produce fertilizers since
the early 20th century [2]. Such rapid perturbations to fluxes of matter and energy strongly deviate
from the pre-industrial dynamics in biogeochemical cycles that were established over billions of
years; this will almost certainly alter rates of pathways in the N-cycle and have unconstrained
teedbacks on climate. Such changes in rates and pathways will be largely determined by changes
in the fluxes of N through the different metabolic pathways. It is currently difficult, however,
to predict these responses and feedbacks either qualitatively or quantitatively, since we lack
sufficient information on these metabolic pathways to construct meaningful models that will
ultimately allow robust forecasts. In particular, we need new ecophysiological information on the
relevant microorganisms involved in key metabolic pathways in the N-cycle. The extent of current
knowledge and gaps will be discussed in the following sections.

This chapter introduces the evolution of the N-cycle over time, the details of different metabolic
pathways comprising the modern N-cycle, the distribution of these pathways amongst a broad
diversity of microorganisms, and the controls that constrain the rates of these processes. It also
aims to highlight the existing gaps in current knowledge of the N-cycle and the uncertainties
associated with global budgets and N-cycling modeling. The following chapters of the thesis
are then outlined in the last section. Overall, my thesis creates new knowledge on the N-cycle
through direct measurements of rates and pathways of N-cycling in anoxic pelagic environments.
This new and quantitative knowledge can be incorporated into models of N-cycling to improve

reconstructions of the past and make predictions about the future.

1.1 The emergence of the N-cycle

The distribution of N-species in modern pools of N is the product of billions of years of feedback
between biological N-cycling and geophysical processes (tectonics). Dynamics in the N-cycle

and the distribution of N between Earth’s major N inventories is archived in the rock record,



which reveals exchange between atmospheric N and the solid Earth mediated through biological
N-fixation, transfer of fixed-N into marine sediments, and subduction of these sediments into
the mantle [17]. Life emerged on Earth approximately 4.2 Ga ago [20] and N-fixation likely
emerged as a key metabolic pathway as early as 3.8 Ga [21], in a plausible response to scarcity
of bioavailable N in the early biosphere. It was not until the advent of oxygenic photosynthesis,
however, and the introduction of molecular oxygen (O,) into Earth’s surface environments, that
the full-suite of oxidative and reductive pathways in the biological N-cycle likely emerged (Figs.
1.1 and [1.2) [16, 22].

Before biological N-fixation evolved ~3.8Ga ago, bioavailable N came only from extraterrestrial
input and slow photochemical and hydrothermal activities [23-25]. It is assumed that bioavailable
N was extremely limited, which likely restricted life on the early Earth [2]. Initial input of N
on Earth occurred through the bombardment of the proto-Earth with solid ammonia that then
outgassed to the atmosphere under extreme heat conditions [2]. Heat shock in the atmosphere,
associated with lightning activity and meteorite impacts, turned N, into NO, which, through
photochemical and aqueous reactions, could have been oxidized to NO, and NOj3 [23, 25, 26].
These processes were extremely slow and yielded up to 2 - 10® mol N yr~! [27], producing only
a fraction of todays marine biological fixation (10 - 10 12 mol N yr‘1 or 10 Tmol N yr‘1 [1]D). In
addition to atmospheric reactions, hydrothermal activity could have theoretically transformed
N,/NOj3 /NO; into NHj;. However, there is no evidence for such reactions today and their
operation in the past thus seems unlikely [28, 29]. A need for alternative pathways to fix N would
have emerged when biological activity exhausted geological sources.

In the absence of atmospheric oxygen, the early biological N-cycle was only composed of
biological N-fixation, NHj assimilation and release of the NHj through biomass degradation, also
called ammonification (Fig. [1.2a), followed by transfer of this fixed-N to the sediments. With the
advent of biological N-fixation during the PaleoArchean (4.0 — 3.2Ga), NH; would likely have
emerged as the principal N-species, accumulating in the oceans under anoxic and ferruginous
(Fe**—rich) marine conditions. N-fixation is known to have a relatively small fractionation effect,
leaving the N-pool fixed in the biomass with a small negative fractionation relative to the source N»

[30], thus agreeing with the N isotopic fractionation observed in the geological record, which shows



a small excursion of 6'°N between 0 and -4%. In addition to the rock record, the phylogenetic
diversity of well-conserved nitrogenase, the enzyme necessary for N-fixation, shows that the
metabolic potential for N-fixation is widespread across two domains of life, implying a strong
need for this reaction to occur [31] and suggesting that it evolved early in the evolution of life and
was subsequently spread through vertical inheritance and horizontal gene transfer [32]. Altogether,
the evidence suggests that biological N-fixation evolved early in Earth’s history, not long after the

capacity to assimilate NHj into biomass.
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Figure 1.2: Schematics of distributed metabolisms within the N-cycle over time. Colored circles represent
microbial species, when known, performing a reaction (function) shown by the arrows. Several species
can perform the same reaction, and the same species can perform multiple reactions depending on the
metabolic potential contained in their genomes and their expressed metabolism. For the ancient N-cycle,
however (a and b), it is, to date, impossible to associate species with pathways (a) represents the early
biosphere with constrained chemical N-species present. (b) highlights the changes to a modern N-cycle due
to the oxygenation of the atmosphere and thus the presence of oxidized N-species such as NO3 and NO;
2.5 Ga ago (c) is a specific example of the modern N-cycle with the distribution of the N-cycle reactions
through the microbial communities in Saanich Inlet (BC, Canada). (c) was adapted from Hawley et al.
(2014) [33].

Oxygenic photosynthesis likely evolved around 3.0 Ga, during the Meso-Neo Archean (3.2 -

2.5Ga) [34-37], and the local accumulation of O, in regions known as O, oases” [38] triggered the
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onset of the oxidative part of the biological N-cycle (Fig. [1.2b). This allowed for the development
of nitrification and, for the first time, the accumulation of oxidized N-species (NO3 /NO; ) in the
oceans (Figs. [1.1 and |1.2b). Denitrification and/or anammox likely evolved shortly thereafter as
NOj became increasingly available. The advent of biological N> production has been implicated
in a bottleneck for biological productivity, because the NO;3 produced through nitrification would
have been effectively returned to the atmosphere through denitrification/anammox, with the
corresponding re-imposition of N-limitation on biological productivity [39-41]. It was only
when atmospheric O, increased appreciably, likely in the late Proterozoic (1.6 — 0.6 Ga), that the
marine NOj pool started to stabilize and become more widely available and similar to modern
concentrations [41]. The rock record supports the evolution to a modern N-cycle, showing positive
excursions of 6'°N throughout the late Archean and Proterozoic, indicating an early onset of
nitrification and denitrification processes associated with a small pool of NO3 in the oceans
[22, 40-43]. Indeed, denitrification is associated with isotopic fractionation that leads to a heavier
NOj pool, which is subsequently recorded in sediment biomass containing assimilated NOj.
This signal can be amplified if the pool of NOj3 is small in the water column, leading to increased
positive §°N signal. However, the §'°N of the Meso- and Neoproterozoic (1.6 — 0.6 Ga) is close to
that of modern marine sediments (+5%o) implying a stabilization of the NO3 pool in the ocean,
which indicates the widespread establishment of the modern N-cycle due to the stabilization of
O; in the atmosphere and the ocean [41, 43].

Most information about the ancient N-cycle comes from the rock record [21, 22, 40-43] and
from associated modeling using information from the rock record [39, 42, 44, 45]. Few models
integrate microbial and molecular information in their design in part due to a lack of essential
quantitative ecophysiological information on the relevant microbial processes. One way to infer
what the microbial activities would have looked like during the Archean and the Proterozoic is to
study modern environments that harbor geochemical conditions analogous to the ancient oceans
(e.g. ferruginous conditions), and host microbial communities that manifest metabolic potential
relevant to the past. The oceans in the Archean and Proterozoic eons were mainly ferruginous
[46] with transient occurrences of euxinic (sulphide-rich) conditions in coastal and closed basin

areas in the late Archean and through the Proterozoic [47-49]. Finding ferruginous conditions



under the modern oxidized atmosphere has proven challenging, however, because ferrous iron
(Fe?*) oxidizes to ferric iron (Fe>*) when oxygen is present, thus restricting the occurrence of such
conditions on today’s Earth. Nevertheless, a few modern analogues to the ferruginous Archean
and Proterozoic oceans exist on Earth today and information from these analogues can be used
to inform our view of the past [Kabuno Bay in Lake Kivu (RDC) [50], Lake La Cruz (Spain) [51],
Lake Pavin (France) [52], Lake Lugano (Switzerland) [53] and Lake Matano (Indonesia) [54]]. For
example, studies in these environments reveal the ecological role of photoferrotrophy (anoxygenic
photosynthesis with Fe2+) in illuminated Fe-rich environments. By extension, studies in these
same environments may inform qualitative and quantitative models of N-cycling under these
conditions.

The Neo-Archean and the Proterozoic oceans transitioned periodically from ferruginous to
euxinic conditions in coastal areas and closed basins, as a result of increases in organic carbon
availability in the water column and/or with increased seawater sulphate concentrations [41, 49].
These euxinic conditions appear to have been transient and mainly restricted to coastal shelves
where biological activity would have been high [47-49, 55]. This could have influenced rates
of N-recycling through denitrification and anammox as it has been shown that microorganisms
performing denitrification can use sulphide as an electron donor and the presence of sulphide
might be an inhibitor of anammox [56]. However, we are lacking quantifiable microbial information
to assess how the transition from ferruginous to euxinic conditions would have affected the N-

cycle.

1.2 The modern N-cycle

The modern N-cycle is comprised of multiple biological and geochemical processes and the
transmission of N between the different pools at the Earth’s surface depends almost entirely
on the activity of microorganisms. Throughout the oceans and in soils, microorganisms called
diazotrophs fix Nj from the atmosphere and incorporate it into their biomass [57]. When these
microorganisms die and decompose, fixed-N contained in their biomass is released into the

surrounding environment as NHj through the process of ammonification (Fig. 1.1). Under oxic



conditions, this NHj; can be oxidized sequentially to NO; and then NOj, through the microbial
reactions of nitrification. Under the low oxygen conditions that can develop when respiration
rates exceed oxygen supply from photosynthetic production and/or advective and diffusive
transport from the atmosphere, specific microorganisms use NO; as a terminal electron acceptor
in respiration instead of oxygen, through canonical denitrification, leading to the production of
N> and closing the N-cycle by returning N to the atmosphere (Fig. [1.1).

In addition to complete denitrification, several other microbial reactions also utilize NO3 or
NO; as an electron acceptor (Fig. [1.1): dissimilatory NOj3 reduction to NO, (DNRN), partial
denitrification to nitrous oxide (PDNO), and anaerobic ammonium oxidation (anammox) [3]. These
processes, like complete denitrification, usually operate under low oxygen or anoxic conditions.
Microorganisms that carry out partial denitrification (DNRN and PDNO) are often grouped with
complete denitrifies and collectively are often referred to simply as 'denitrifiers’. Thus, many
"denitrifiers” lack the metabolic potential to perform all the steps of complete denitrification, and
even when they do, environmental conditions may favour incomplete denitrification. Denitrifiers
oxidize inorganic (HS™ [2], Fe(Il) [58, 59]) and/or organic electron donors (e.g. formate, lactate,
and other C-containing compounds [60]) depending on their metabolic potential and the substrates
available. Anammox bacteria, on the other hand, reduce NO, while oxidizing NH} autotrophically
[61]. This metabolism is confined to the bacterial phylum Planctomycetes and is phylogenetically
restricted in comparison to the very broad diversity of the denitrifiers which spans bacterial and
archaeal phyla [3, 62]. Together, complete denitrification and anammox contribute to the loss of
bioavailable nitrogen back to the atmosphere, often referred to as N-loss [63].

The microbial reaction of DNRA provides a shunt in the N-cycle (Fig. [1.1) and precludes N
recycling back to the atmosphere. Indeed, as it reduces NO; and NO; to NH;, DNRA retains
fixed-N, possibly enhancing the transfer of N, from the atmosphere to marine sediments. As
DNRA consumes NO;, it also competes with PDNO, complete denitrification, and anammox for
the same substrates in the environment. This process has, however, rarely been measured, and
it could be cryptically active where/when anammox is also present, as anammox consumes the
NH; produced rather than allowing its accumulation [64]. This renders DNRA invisible to many

techniques used to determine rates and pathways of microbial N transformations [64]. Therefore,



the extent to which DNRA contributes to global N-cycling is poorly defined, so far [3].

Overall, the relative fluxes of N between anammox, DNRN, PDNO, complete denitrification
and DNRA likely influence global climate and biogeochemical processes. These processes affect the
rates of N transfer between different reservoirs, the availability of N to primary producers, and the
interactions of N with other biogeochemical cycles in soils, sediments, and pelagic environments.
The differential movement of N through this metabolic network has the potential to tip the balance
between export of fixed-N to marine sediments versus N recycling back to the atmosphere through
N> production. Naturally, this balance plays an important role in global biological productivity
and climate over multiple time-scales. Moreover, leakage of intermediates such as greenhouse
active N>O gas can have feedbacks on climate. The complex metabolic pathways that underpin
the N-cycle have thus influenced Earth’s climate over geological time-scales by regulating fluxes
of N from the atmosphere, to the crust, and the mantle. Today, climate change is mainly driven
by human activity and this will have specific feedbacks on primary production and microbial
activities. However, the extent to which primary production and microbial activities will respond
to these changes is poorly constrained.

Current anthropogenic activities have lead to the increased loading of agricultural soils with N
through the industrial Haber-Bosch process, at a current rate of 9.7 Tmoles yr~! [2], the equivalent
of current estimates for marine N-fixation. The increase in soil NOj, in turn, leaches N to coastal
waters and causes eutrophication by increasing biological productivity in coastal areas. Indeed,
an increase in organic matter promotes aerobic respiration that consumes oxygen, and, without
sufficient ventilation, can lead to the development of anoxia. Oxygen minimum zones (OMZs)
form under similar conditions, with upwelling of nutrient-rich deep waters promoting primary
production in surface water and aerobic respiration in underlying waters. Anoxia in coastal areas
and OMZs supports heavy N-loss [60, 65-69] in its anoxic cores [0.1% of the oceanic volume, [63]],
and to the development of transient plumes of HS™ [70, 71]. As coastal anoxia and marine OMZs
are currently expanding, due to global warming leading to poor ventilation of these zones and
increased nutrient loading with increased primary production [72], it is likely that N-loss will
be enhanced in the oceans. Thus, a shift in the balance between N-fixation and N-loss could

occur, but our current knowledge of the N-cycle is insufficient to enable consistent and robust
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predictions of future N-cycling. It is therefore important to improve quantitative models that will
enable us to make predictions for the future biogeochemical cycling of essential elements for life

on Earth.This will be discussed in the next three sections of this introduction.

1.3 Environmental distribution of anammox, denitrification and

DNRA

It is currently unknown whether the global N-cycle is balanced, and this is due to uncertainties in
the estimates of N-budgets and rates of N-species transformations. The abundance of fixed-N
in the environment is controlled by the balance between sources and sinks, which are primarily
biological N-fixation and N-loss through N, production and NHj burial. Some analyses suggest
global N-budgets (Table [1.1), are currently balanced ([1] and references therein) while others
imply that anthropogenic activities have increased atmospheric N-fixation to such a degree that
it outpaces N-loss back to the atmosphere ([2] and references therein). Analyses that indicate
balance, however, are based primarily on estimates that carry large uncertainties of up to 20 to
50%, or more [1]. Global input and output fluxes for the N-cycle are mostly based on extrapolation
from budgets built at smaller scales based on process rate measurements that are limited both
spatially and temporally. Refinements and expansions of these measurements would likely lead
to more robust scaling and could promote consensus on global N-budgets; such concensus is
essential to the predictions of future N-cycling and climate models.

Robust measurements of N transformation rates can be measured by amending soils, sediments,
and waters with °N labeled N-species and tracking their movement through different N-pools
[73, 74]. N is not naturally abundant [0.4% [75]] and thus mass spectrometry provides a
sensitive way to detect the accumulation of small amounts of excess '°N in natural N pools that
results from amendments of °N labeled reactants or substrates. For example, it is possible to
measure N-fixation by exposing environmental microbial communities to °N, and following
the incorporation of labeled "N into biomass (Fig. [1.3a). In the same way, it is also possible
to discriminate N, production between anammox and denitrification by separately providing

microbial communities with °NO3 /> NO; or >NHj and following the production of °N, (Fig.

11



Table 1.1: N-budgets for the Earth system (marine and terrestrial) based on 1) Gruber and Galloway (2008)
[1] and 2) Cantfield et al. (2010) [2] and references therein. Inputs are characterized by positive numbers
whereas outputs from the systems are negative. * indicates that this flux was not mentioned but could have
been merged with another flux without mention

System Input/Output Flux (Tg yr') Flux (Tg yr')
Gruber and Galloway (2008) ~ Canfield et al. (2010)
Terrestrial N-fixation 145 110.6
Atmospheric deposition 40 252
Anthropogenic activity 205 182
N-loss -317 -99.4
Riverine export to ocean  -80 -68.6
A=-7 A=149.8
Marine N-fixation 140 140
Atmospheric deposition 50 7%
Riverine export to ocean 80 68.6
N-loss -244 -238
N-burial -25 *
A=1 A=-294
AA=-6 AA=120.4

1.3a). Nitrification and DNRA can be quantified in these same experiments by tracking the
accumulation of NOj3 /°NO; or ®NH}, respectively (Fig. [1.3a). The N/™N composition
of the tracked products (usually °Ny) can be measured by using gas source isotope ratio mass
spectrometry (IRMS). If the resulting products are dissolved species (°NHj or °NO;3 /°NO;
through DNRA or nitrification, respectively), these products are first chemically reduced or
oxidized to '°N; before being measured by Istotope Ratio Mass Spectrometry (IRMS [76]). >N
labeling incubations and the subsequent measurement of >N excess by IRMS has proven to be
sensitive [74], with detection limits depending on the variation in sensitivity between instruments.
Measurements based on this °N-labeling technique form the backbone of my thesis and a
schematic figure detailing the handling of the samples can be found in Fig. [1.3b. A fully detailed
protocol can be found in |Appendix Al

Other approaches to measuring rates of N-cycling include analyses of Nj:Ar ratios to determine
production/consumption of N, relative to atmospheric levels [77], measuring variability in the

natural abundance of N isotopes [78], and application of inhibitors such as acetylene which blocks

12



the final step in denitrification [79]. These methods are less widely used today as they are usually
less sensitive and allow for a less detailed insight into processes and are generally blind to specific
metabolic pathways. In addition to these methods, another way to look at N-cycling is to compare
concentrations of NO; and PO3", i.e. N*. Concentrations of NO3 and PO3™ in the ocean follow a
trend directed by the Redfield ratio (16N:1D, [80]), corresponding to the average composition of
marine photosynthetic community and its following remineralization. Thus, concentrations of

NO; and PO~ are commonly compared by calculating N* according to Eq. 1.1}

N* = [NO3 | — 16 * [PO37] +2.9uM (1.1)

The inference of N-loss based on N* relationship between the two nutrients is constant for the
entire ocean, and a negative deviation from it indicates a NO; deficit due to more N-loss than
N-fixation, signifying active denitrification or anammox. The advantage of N* is that it allows
investigation of the effect of N-fixation and N-loss on nutrient levels in the ocean without having
to use direct rate measurements, which can be costly and time-consuming [81]. However, similar
to the other methods mentioned in this paragraph, N* calculations cannot discriminate specific
processes and are semi-quantitative estimates of N-loss. Overall, application of these tools and
techniques over the last century has yielded remarkable insights into how N-cycling operates in a
diverse suite of environments. For example, the anammox process was discovered in a wastewater
reactor in the early 1990’s [82] and, shortly after, found to operate all over the world in sediments
[83] and pelagic environments [84, 85]. Rates and pathways of N-loss and N-processes operating
under low oxygen conditions, namely anammox, denitrification and DNRA, were compiled in
Fig. 1.4, and Tables |A.1, |A.2 and |A.3| to provide a summary of available information (spatial
distribution and magnitude of rates) on rates and pathways of microbial N transformations. We
specifically inventoried benthic and pelagic rates found for both lacustrine and marine systems.
Anammox, denitrification, and DNRA do, however, operate in terrestrial soils as well, and more
information about this can be found in the following references and references therein [86-89].
N-cycling is intense in most marine and lake sediments, contributing to more than 50%

of global marine N-loss [9]. N-cycling processes in sediments are vertically distributed, with
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nitrification occurring in the oxic sediments, often causing a subsurface accumulation of NO3
and NO, . Denitrification, anammox and DNRA occur below this where O, is depleted and
NOj3 accumulates. This vertical distribution of N metabolism is intrinsically linked to other
biogeochemical cycles such as oxygen, carbon, sulfur, and iron-cycles. Indeed, respiration in
sediments generally proceeds using a suite of terminal electron acceptors, in order of progressively
decreasing free energy yields (O,>NOj; >Fe®* >S03"). This respiration is fueled by organic matter
deposited from the overlying water column, acting as an electron donor for respiration. The
progressive depletion of electron acceptors and donors below the sediment-water interface leads
to a vertical cascade in redox couples, which leads to stratified microbial communities. When O,
is exhausted, NOj is generally used as the next most favourable electron acceptor for anaerobic
microbial respiration. This is where heterotrophic denitrification and DNRA usually occur, as well
as anammox supplied with NHj from the remineralization of organic matter and NO, from NO;3
reduction. Rates of denitrification, anammox and DNRA have been reported mostly on coastal
shelves, in riverine estuaries, in lakes, and, on a few accounts, on the continental slope (Tables A.1
and |A.2). Rates vary over several orders of magnitude, with rates of DNRA varying between 0.024
[90] to 24 - 107 pumoles m~2 d~! [91], rates of anammox between 1.2 [92] and 5 - 103 pumoles m~2
d~![93], and rates of denitrification between 10 [94] and 2.4 - 107 pmoles m~2 d~! [91](Tables |A.1
and A.2). The magnitude of the rates generally appears to increase with decreasing latitude, with
the highest rates of DNRA and denitrification reported in tropical estuaries and marine sediments
[91, 93, 95-97]. However, an overwhelming majority of the measurements have taken place in
northern latitude temperate regions and more measurements in tropical sediments are needed to
accurately assess the contribution of these systems to global N-loss.

Pelagic environments support 30 to 50% of the global marine N-loss [9]. In these environments,
anammox and denitrification have been reported in coastal and open ocean OMZs, in closed
basins (e.g. fjords), and in inland waters such as stratified lakes (Fig. |1.4ab and Table|A.3). Usually,
denitrification and anammox operate near oxic-anoxic boundary layers, where O; is low and NO3
is available. When detected, volumetric rates of denitrification vary between 0.05 nM d ! in the
ETSP [98] and 1700 nM d ™! in Wintergreen Lake (USA) [99]. Rates of anammox vary between
0.12 nM d~! in the Arabian Sea [69] to 480 nM d ! in the Golfo Dulce (Costa Rica) [100]. Out
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of 27 studies (Table |A.3), only 11 studies have attempted to measure DNRA. Rates of DNRA
range between 0.48 nM d~! in the Eastern Tropical South Pacific (ETSP) [60] and 151 nM d~! in a
sulphidic hydrothermal vent [101] . Most of these studies represent single measurements at single
stations or along transects, likely missing spatial and temporal variability that can be found in
such environments. A specific example would be a drastic change in nutrients with the occurrence
of a transient plume of HS™ [102], or increased Nj-production through meso-scale eddy events in
the Peruvian upwelling system [103]. These events are extremely transient and could therefore
elude sampling. Thus, without sampling coverage of such events, we might be overlooking the
true variations in rates and pathways of N-cycling in marine anoxic waters, preventing accurate
descriptions of marine N-budgets, and overlook important controls on these pathways, such as

nutrient availability.
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Figure 1.3: °N-labeling incubations workflow. (a) shows which active processes of the N-cycle can be
measured based on specific addition of °N-labels. In blue shows the addition of the label. In the serum
bottles, the reactions (N-FIX=N-fixation, AN=anammox, DEN=Denitrification, NITR=nitrification) that
can be detected by adding the specified labels and in the white outlined box, the products coming from
the transformation of the labeled N-species with the processes that will be measured. (b) is a workflow
diagram of the incubation experiment. (1) The serum bottle is filled with anoxic water, overflowed 3x and
then closed with blue butyl stoppers to limit O, contamination. (2) A headspace is added to the serum
bottle to further limit O, contamination, the 15N-label is added to the sample and the bottle is then shaken
for gas species to equilibrate. (3) The samples are incubated in the dark and several time points are taken
to follow the course of 15N? production. (4) The production of labeled N-species can be measured by
GC-IRMS and the concentration of nutrients can be measured by spectrophotometry.
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Figure 1.4: Environmental distribution of anammox, denitrification and DNRA. (a) Rates of anammox, denitrifi-
cation and DNRA found in marine and freshwater sediments (in #mol m~2 d~1). (b) Pelagic lacustrine
and marine rates of DNRA, denitrification, and anammox (in nM d ). Rate magnitude is described by the
black circle on the right of the figure. Anammox is in green, denitrification in blue and DNRA in orange. A
dot in the circle indicates that the process was looked for but not detected. No dot or no circle indicates
that there was no experiment done to measure this process.
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1.4 Controls on anammox, denitrification and DNRA

Most biogeochemical models, when attempting to reproduce the specific rates and pathways of
N-cycling, will need constraints on the controls for the different processes described in these
models. Metabolic processes are usually controlled primarily by whether or not a reaction is
thermodynamically favourable, and can lead to the harnessing of energy and growth for the
microorganisms conducting the reaction. For example, it is usually considered that microorganisms
will consume first the available electron acceptors that are the most energetic, then consume the
next most energetic available acceptors, if their metabolic potential allows it, when the first one is
drawn down to inaccessible concentrations [68, 104]. Thus free energy yield calculations for the
metabolic reactions will be a first-order determinant on which pathways can occur under specific
conditions of the system in a model. Secondly, the metabolic pathways conducted by specific
enzymes are limited by how fast these enzymes can process the substrates, depending on the
concentrations of these substrates. This is defined by the kinetic features of the enzymes, which can
limit the rates of reactions. These parameters can be measured either for lab cultured organisms
or for environmental microbial communities, which is non-taxon specific. However, because
the kinetic parameters usually vary between the type of enzyme and are also taxon-specific,
environmental kinetic parameters are not extensible to other environments, without previous
knowledge of the microorganisms involved in the pathways and their individual kinetic traits
(or ecophysiological parameter). Beyond thermodynamic and kinetic information, other factors
can also control the rates and pathways of N-cycling, such as inhibitors and physical factors (e.g.
temperature). These factors further confound attempts at modeling the dynamics in rates and
pathways under changing system conditions. Below is summarized the state of the knowledge
for the controls on anammox, denitrification and DNRA, and how they are currently used in
modeling approaches.

Organisms catalyze redox reactions to harness energy from electron transport that allows
them to perform anabolic metabolism for growth and reproduction. The yield obtained from
these biochemical reactions is constrained by thermodynamic properties, which dictate how much

energy a given reaction yields under specific conditions. This energy can be quantified as the
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Gibbs free energy or AG® of a reaction and is calculated based on the free energy of formation for
the reactants and products involved in the reaction (Eq. [1.2). These are based on standard-state
reference conditions, which are rarely found in natural environments. These standard state
Gibbs free energies of reaction can be translated from the standard-state reference to any set of
environmental conditions by correcting for the activities of the individual products and reactants
in the reaction (Q=quotient of products and reagents activities), as well as temperature and

pressure (Eq. [1.3).

AG® = AGl(‘jprod - AG?reac (1'2)
AG = AG® + RT  In( 2 (1.3)
Qreac

Using Gibbs free energies it is possible to assess whether a particular biochemical reaction is
favorable under a given set of environmental conditions. Negative Gibbs free energies signify
exergonic reaction yields, which release energy and can power microbial metabolism. Reactions
with positive Gibbs free energies require energy input to occur, whereas Gibbs free energies of 0
signify equilibrium. Because changes in product and reactant concentrations affect the value of the
Gibbs free energy of reaction, it follows then that specific metabolisms yield different quantities
of energy based on the concentrations of the substrates present. Reaction free energy yield is
thus a first order determinant on microbial niche partitioning. This is a particularly relevant
consideration for the N-cycle where multiple pathways competing for the same substrates have
very different geochemical outcomes. Denitrification, for example, produces N, and leads to a
return of N to the atmosphere. Whereas DNRA generates NHj that remains bioavailable or can
be sequestered in sediments and ultimately subducted to the mantle. In this case, concentrations
of electron donors and acceptors influence which reaction, DNRA or denitrification, is the most
energetically favorable. We calculated the free energy yield of the reactions with different organic
and inorganic electron donors (ED), as both DNRA and denitrification can be chemolithotrophic

or heterotrophic [56, 65, 105-107]. We estimated the free energy yield of the half-reaction for
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natural organic compounds as follows:

AGoxidation = 60.3 — 28.5 + NOSC [108] (1.4)

Where NOSC is the nominal oxidation state of carbon, calculated as:

NOSC = —(%) +4[108] (1.5)
for the generic half reaction:

C,HyN.O4P, + (3a + 4e — d)H,0O
= aHCO; + cNHJ + ePO3™ + (5a + b — 4c — 2d + 7e)H" + (4a + b — 3c — 2d + 5e)e™ [108]

(1.6)

The results show that DNRA is more competitive with an organic ED than denitrification per
mole of NOj reduced, no matter the C/N ratio content of the organic ED studied (Table 1.2/and
Fig. [1.5a). Denitrification, however, was more competitive with HS™ as an inorganic ED than
DNRA (Fig. [1.5b). In comparison, H; as an inorganic ED was more favorable for DNRA when the
ratio between H; and NOj' is high. Fe(Il) was favorable for denitrification only at very high ratios
as well, and was endergonic for DNRA. Thus, thermodynamics are an effective way to determine
whether a reaction will occur or not based on the conditions present in the ecosystem and provide
a first-order approach to predicting the outcomes of potential competition between reactions using
the same substrate. However, other factors, such as enzyme kinetics and inhibition, growth yield,
and viral infection are also important considerations.

Although thermodynamics are useful in determining whether a reaction will occur and how
much energy can be harvested out of it, reaction rates also play a role in predicting the outcome of
competition. The kinetics of enzymatic reactions can often be described using a Michaelis-Menten
model which describes rates as a function of a limiting-substrate concentrations, a half-saturation

constant (K;,), which is the concentration of a substrate at half of the maximum rates, and the
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Table 1.2: Thermodynamic calculations for denitrification and DNRA with different organic and inorganic
ED. We varied the N-content of the organic molecules. The AG® for each reaction was calculated based on
the second law of thermodynamics.

Reactions AG” (kJ moles N1
DNRA/Redfield CiosH263N160110P + 53 NOs™ + 53 H2O + 14 H" = 106 HCOs™ + 69 NH4" + HPO4* -559.01
DNRA/Redfield -50% N CiosH23NsO110P + 53 NO5™ + 53 H20 + 6 H" = 106 HCOs™ + 61 NH4" + HPO4*
DNRA/Redfield -75% N CiosH227N4O110P + 53 NOs™ + 53 H20 + 14 H' = 106 HCOs™ + 57 NHa" + HPO4> +2 H*
DNRA/Redfield +50% N CiosH2s7N240110P + 53 NOs™ + 53 H20 + 22 H'= 106 HCOs™ + 77 NH4" + HPO4*

Denitr/Redfield C1o6H263N160110P + 84.8 NO3 = 106 HCO3™ + 16 NHa" + 42.4 Nog) + HPO4> + 42.4 H,O +7.2 H' -524.87
Denitr/Redfield -50% N CiosHa39NgO110P + 84.8 NO3™ = 106 HCOs™ + 8 NHs* + 42.4 Na(g) + HPO4> + 42.4 HoO +15.2 H*
Denitr/Redfield -75% N Cio6H227N4O110P + 84.8 NO3™ = 106 HCO3™ + 4 NHa" + 42.4 No(g) + HPOs> + 42.4 HoO +19.2 H*
Denitr/Redfield +50% N CiosHas7N24O110P + 84.8 NOs™+ 0.8 H" = 106 HCO3™ + 24 NH4" + 42.4 Na(g) + HPO4> + 42.4 HoO

DNRA/ HS- NOs + HS" + H20 + H' = SO4* + NH4' -487.54
Denitr/ HS- 8 NO3 + 5 HS +3 H" = 5804 +4 Ny g+ 4 H20 -480.20
DNRA/ H> NOs;*+4 Ha +2 H = NH4" + 3 H.0 -679.61
Denitr/ Ha 2NOs; +5H2 +2 H = N2y + 6 H20 -600.24
DNRA/ Fe?* NOs™ + 8 Fe*" + 21 Ho0 = NH4" + 8 Fe(OH)s + 14 H* 401.99

Denitr/ Fe?* NOs + 5 Fe* + 12 H20 = %2 Na gy + 5 Fe(OH)s + 9 H* 75.76

maximum rate of reaction (Vmax) when the enzyme is substrate-saturated (Eq. .

Vimax * [S]

Rreaction = W (1.7)
m

These kinetic parameters can either be measured in pure culture or in the environment. The
latter involves an added layer of complexity, as interactions with the environment and other
members of in situ microbial communities are likely to influence the rates measured. However,
as most microorganisms have not been cultured to date, environmental kinetics are likely to
give us the most environmentally relevant information. Unfortunately, only a handful of studies,
summarized here for marine settings, have measured these parameters. Half-saturation constants
(Ky;) are usually reported as apparent substrate dependency constants for environmental studies.

Denitrification, anammox and DNRA compete for NO3 and NO, as substrates. Denitrification
was shown to have an apparent NO; dependency (or k;;) of 2.9 uM in an anoxic fjord of the Baltic
Sea [56]. Contrary to this, another study in the Baltic Sea reported no effect of NO; addition
between 1 to 10uM, suggesting high NOj3 affinity and enzymatic saturation above 1M [106].
NO, dependency (or k;;) for anammox was reported to be below 3uM [109], and as low as 0.1yM

in marine sediments [110]. This finding was supported by a comparison to rates of anammox and
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the corresponding ambient NO, concentrations from OMZs, showing no correlation between the
two [68]. Thus, it appears that anammox bacteria are likely not limited by NO, concentrations in
the environment and may have a higher affinity for NO, than denitrifiers. It is, however, harder
to conclude something about NO; and NO, dependency for denitrification, as it has not been
tested extensively. Moreover, only one study has tested the NO; dependency of DNRA and this
study found no effect of NO3 concentration on rates of DNRA [106].

Electron donor (ED) availability appears important in regulating rates of denitrification and
DNRA as well, with increasing electron donor concentrations often correlating to high rates
[105, 106, 111]. Both denitrification and DNRA have been reported to be either organotrophic
(organic ED) or lithotrophic (inorganic ED) processes [56, 65, 105-107]. Addition of different ED
can thus help to determine how the N-cycle is coupled with other cycles such as the C-, S- and
Fe-cycles. Only denitrification has been shown to depend on organic matter in marine waters
[105, 106] and marine sediments [90, 112]. The reactive DOC dependency constant reported for
denitrification in marine waters was 0.08 M [106], and rates of denitrification increased in marine
sediments with shallowing depth as well as with increased organic matter loading [90, 112].
Additionally, denitrification has been shown to depend on sulphide in sulphidic environments
such as the Mariager fjord in the Baltic sea [56], and other stations in the Baltic Sea chemocline
[106], with k;, for HS™ varying between 1.7 and 3.5 M in the Baltic Sea [106]. A linear dependency
was, however, observed in Mariager fjord, suggesting that enzyme saturation was not reached
under the concentrations studied (0-50uM HS™ - [56]). DNRA also responded to HS™ amendments
in the Baltic Sea and sulphidic sediments [106, 113], with a k;, between 6.8 and 8.6 yuM [106].
Finally, DNRA appears to be coupled with Fe(Il) oxidation in estuarine sediments with a k;,
of 33.8uM [111]. Denitrification, although it was simultaneously detected with DNRA, did not
respond to increased Fe(Il) concentrations.

NHj is the ED used in the anammox process, and can also be a limiting substrate for
anammox in marine pelagic environments, as NH; concentrations are very low (<5uM - [68]).
A single measurement of enrichment cultures of Ca. Scalindua sp. suggests a k;, for NHj of
3uM for anammox bacteria [109]. A collection of rates of anammox compared to ambient NHj

concentrations in OMZs reveals a positive correlation between the two, implying that the supply
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rate or concentration of NHj in seawater can regulate rates of anammox in OMZs [68]. A positive
correlation can also be found between rates of anammox and organic matter concentrations
[105]. Indeed, when organic matter is remineralized through heterotrophic processes, such as
denitrification under low oxygen conditions, NHj is released and available to be used by anammox.
Hence, it has been argued that organic matter stoichiometry controls N-loss in open ocean OMZs,
constraining the amount of NHj released during respiration and its supply rate to anammox
[105]. In addition to the stoichiometry of organic matter, it has been argued that organic matter
concentrations could regulate the partitioning of N-loss between anammox and denitrification in
marine sediments [83, 90]. However, organic matter quality and quantity cannot always explain
the partitioning between denitrification and anammox as other processes can also be active, such
as sulphate reduction, organotrophic or sulphide-dependent DNRA, and sulphide-dependent
denitrification making the deciphering of the different interactions complex. Therefore, other
factors, such as inhibitors, could be at play in regulating rates of anammox, denitrification and
DNRA, in addition to substrate availability.

Oxygen also regulates and sometimes inhibits the occurrence of anammox, denitrification, and
DNRA at different levels. It has been shown that anammox proceeds at O, concentrations up to
13.5uM [114], whereas denitrification proceeds at concentrations up to 20uM [115]. It has also
been reported that rates of DNRA in sediments increased with increasing concentrations of O, in
overlying estuarine waters [96]. Similarly, nitrification was shown to have a very high affinity for
oxygen, rendering the operation of nitrification possible under very low oxygen concentrations
(ky, = 0.3 to 0.8 uM) [116]. This is generally unexpected and could indicate that many canonically
anaerobic metabolisms operate under mildly oxygenated conditions, whereas some canonically
aerobic metabolisms proceed at vanishingly low oxygen blurring the lines between geochemical
conditions and the corresponding energy driven metabolic cascade.

Other factors also likely contributed to the regulation of anammox, denitrification and DNRA
and their absolute and relative rates. For example, HS™ appears to inhibit anammox with
thresholds as low as 1.5yM HS™ [114]. Temperature was tested as another factor influencing rates
of anammox and denitrification with the highest rates between 15 and 35°C for both processes

[110]. Salinity was also shown to influence certain processes such as DNRA and denitrification in
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a oligohaline estuary, with higher salinity corresponding to high rates of DNRA and low rates of
denitrification [117] Both temperature and salinity are likely to influence the physiology of the
microorganisms responsible and thus should also be considered as important regulating factors of
N-cycling.

Overall, we need to expand the current knowledge about how substrate availability and the
presence of potential inhibitors control DNRA, anammox and denitrification across environments.
Only a few studies, described above, have explored the kinetics of anammox, DNRA and denitrifi-
cation, and a consensus has not always been found for these processes (i.e. HS™ for denitrification
or NOj3 for DNRA), leaving kinetics for these processes poorly constrained. Further, it is essential
to link the environmental kinetic information with the individual microbial taxa associated with
N-cycling in order to construct ecophysiologically-constrained biogeochemical models associated
with specific community compositions, such as gene-centric modeling approaches [118, 119].
Indeed, if these microbial taxa are found more broadly, this ecophysiological information can be

extensible to other environments and used to constrain modeling efforts globally.
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1.5 Distributed metabolisms and the N-cycle

The N-cycle is composed of a set of reactions performed (Fig. [1.1) by a wide array of microorgan-
isms (Fig. [1.2). The study of the genes and enzymes involved in the N-cycle is complex, as several
enzymes are sometimes capable of catalyzing the same reaction and the diversity of the microor-
ganisms involved is broad. Most studies investigating microbial communties in the environment
often offer an overview of the entire community, without deciphering which taxa are potentially
involved in specific pathways (for example: [120]). Investigating which taxa are involded in the
metabolic pathways of N-cycling, however, would facilitate the determination of ecophysiological
information, and thus improve the specificity of models for N-cycling. Furthermore, knowing
which taxa are involved will make this information generally extensible to other environments
where pathways of N-cycling are supported by similar key-players. Such studies have started to
emerge, however, thanks to the advances in high-throughput sequencing and computing power.
For example, Hawley et al. (2014)[33] describe the key-players involved in N-cycling for an
anoxic fjord (Saanich Inlet, BC, Canada) based on meta’omic data (Fig. |1.2c) -metagenomic,
metatranscriptomics and proteomics; this conceptual model highlighted the involvment of SUP05
as a main player in partial denitrification, Ca. Scalindua (from the Planctomycetes phylum) as
the key-player for the anammox pathway, and finally the archaea Thaumarchaeota and bacteria
Nitrospira sp.were implicated in nitrification. The information generated for the inlet is generally
extensible to OMZs as the same taxa can be found in OMZs as well (e.g. [18, 121]), and thus, if
rates and pathways of N-cycling are measured in the inlet, they can also be compared to rates
measured in other low oxygen zones with the same supporting microbial populations. Thus,
Saanich Inlet can be considered as a model ecosystem for the metabolic activities found in OMZs.
In this section, we highlight more generally the main genes and enzymes reported in the literature
for N-fixation, nitrification, denitrification, DNRA and anammox.

N-fixation is carried out by the enzyme nitrogenase. Three versions of nitrogenase exist,
requiring different metal-cofactors such as Molybdenum (Mo), Iron (Fe) and Vanadium (Va) [122].
There are thus 3 different genes of interest: nif, anf and vnf, requiring one of the three different

co-factors, respectively (Fig. [1.1|and table [1.3). In the modern ocean and in terrestrial settings,
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Table 1.3: Main genes and enzymes involved in the N-cycle, based on Kuypers et al. (2018) [3] and
references therein. The subunits for the genes are not specified here.

Gene abbr. Enzyme Processes associated Reaction
nif Mo-Nitrogenase N-fixation Na + 8¢+ 8H' + 6ATP > 2NH; +H: +16ADP + 16Pi
anf Va-Nitrogenase N-fixation See above
vnf Fe-Nitrogenase N-fixation See above
amo Ammonia monooxygenase Nitrification NHs* + Os + 2e + H = NH2OH + H.0
hao Hydroxylamine oxidoreductase Nitrification NH2OH = NO + 3¢ + 3H*
nxr Nitrite oxidoreductase Nitrification NO» + H20 NO;~ + 2¢~ + 2H"
nar/nap Cytoplasmic/ Periplasmic Nitrate reductase DNRN NO; +2¢ + 2H" = NO» + H20
nir* *Cu-Nitrite reductase Denitrification/PDNO/Anammox?  NO, + ¢~ + 2H* = NO + H20
nir** ** Assimilatory nitrite reductase Fermentative DNRA NO»> + 6e + 8H' = NHa" + 2 H:0
nor Nitric oxide reductase Denitrification/PDNO 2 NO + 2=+ 2H' =N O + H20
nos Nitrous oxide reductase Complete denitrification N2O + 2e + 2H* =Nz + HoO
nrf NADH-dependent nitrite reductase DNRA NO» +6e + 8H" = NHa* + 2 H.0
hzs Hydrazine synthase Anammox NO +NHs" + 3¢ + 2H" = NoH4 + H.0
hzo/hdh Hydrazine oxidoreductase or hydrazine Anammox NoH4 = Na + de— + 4H*
dehydrogenase
otr Octaheme tetrathionate reductase DNRA? NOs + 6¢ + 8H' = NH* + 2 H,0
onr Octaheme nitrite reductase DNRA? NO» + 6¢ + 8H' = NHa* + 2 HoO

Fe and Mo are often scarce, respectively, and is therefore a source of limitation for N-fixation
[123]. Further, nitrogenases operate under anoxic conditions [124]. Therefore, microorganisms
evolved mechanisms to protect the enzyme from oxygen with, for example, spatial separation
of oxygenic photosynthesis and N-fixation in a nitrogenase-containing heterocyst or temporal
separation of both processes [124]. Nitrogenases likely evolved during the early proliferation of
life on Earth when N became limiting, and this is supported by the fact that it contains oxygen-
sensitive co-factors that would have been widely available in the anoxic oceans of the Precambrian
and thus became distributed across prokaryotes [30, 31] . Indeed, both archaea and bacteria
possess the ability to fix N. The genes for N-fixation have been found in both photosynthetic and
non-photosynthetic organisms, such as Trichodesmium spp. [124], UCYN-A in the oceans [125]
and members of the Planctomycetes and Proteobacteria phyla [126], as well as members of the
Rhizobiales order in terrestrial settings [127]. In particular, the nif gene was found in 189 different
taxa [128]. These microorganisms sometimes live in symbiosis with eukaryotes, providing the N
necessary for their growth.

Nitrification has historically been divided in to a two-step reaction (Fig. [1.1), with phyloge-
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netically separated microorganisms performing the distinct steps of the process. The first step
involves the oxidation of NHj to hydroxylamine with ammonium oxidase enzyme (AMO), a
reaction that is endergonic (Table [1.3) [129]. The energy is then conserved through the oxidation
of hydroxylamine to NO or directly to NO, using the octaheme hydroxylamine oxidoreductase
(HAO) (Table 1.3). This step is conducted by either so-called ammonium-oxidizing bacteria (AOB),
such as Beta- and Gammaproteobacteria, Nitrosomas, or Nitrospira, or by ammonium oxidizing
archaea (AOA) such as Thaumarcheaota [130], although the gene for the archaeal hao remains
elusive, to date [131]. A recent discovery, however, showed that a Nitrospira sp. possess all the
genes necessary for the whole reaction and is able to perform the entire nitrification process [132].
This complete nitrification was dubbed Comammox for complete ammonia oxidation [132]. This
discovery confirms previous hypotheses based on the complete energetic yield (AG® = -349k]
(mol NH;)™!) which is greater than performing the 2 steps separately (AG® = -275k] (mol NH}) ™!
and AG® = -74k] (mol NO, )"!). The second step of nitrification, NO, oxidation of NOj, is
conducted using the enzyme nitrite oxidoreductase (NXR) (Table 1.3) [133]. This enzyme can be
found across bacterial phyla, with members in Alpha-, Beta-, Gammaproteobacteria, Chloroflexi,
Nitrospinae and Nitrospirae, in anoxygenic photosynthetic organisms such as Thioploca sp. KS1
and in anammox bacteria (Kuypers et al. (2018) [3] and references therein).

Similar to nitrification, denitrification is a multi-step reaction and it is usually distributed across
multiple phylogenetic groups, although certain microorganisms possess the suite of enzymes
needed to perform the entire process. NO3 reduction to NO; is performed under low oxygen
conditions where NOj is available, with either a periplasmic or membrane-bound enzyme (NAP
or NAR Fig. [1.1] and Table 1.3) [134]. Many organisms perform only this step, such as the
members of the SAR11 clade, microorganisms that comprise up to half of the total microbial cells
found in oxic marine waters and seem also to be ecologically relevant in OMZs [135]. For other
microorganisms, like Parococcus denitrificans and Beggiatoa sp., this first step is followed by further
reactions including NO; reduction to NO, N>O, or Ny, or to NHj [134, 136]. NO; reduction to
NO is conducted via nitrite reductases (NIR) that can either be heme-containing or Cu-containing
enzymes [137]. The genes coding for these enzymes (nirK and nirS) are usually used as marker

genes for canonical denitrifiers. However, they are present in many other organisms, and are

28



widespread in bacteria and archaea [138]. Nitric oxide reductase, an enzyme that catalyzes
the reduction of NO to N>O, refers to a suite of enzymes, from flavoproteins to haem copper-
oxidases (NOR), that are distributed throughout the tree of life [3]. The enzymes are used
either for detoxification of NO or for respiration and have special environmental relevance, as
they are responsible for the production of the greenhouse gas N,O. The final step for complete
denitrification involves two versions of nitrous oxide reductases (NOS), one typical and another
called atypical found in soil bacteria [139]. Generally, the genes coding for the enzymes were found
in diverse bacterial phyla such as members of the Proteobacteria, Bacteroidetes and Chlorobi, as
well as archaeal phyla such as Crenarcheota and Halobacteria [3]. As denitrification is a multistep
reaction, with each step distributed across multiple diverse taxa, the interactions between these
different taxa can control the balance between sources and sinks of N>O in the environment.

Dissimilatory nitrite reduction to ammonium (DNRA) is a fermentative or respiratory pathway
that uses either a cytoplasmic nitrite reductase (NIR) [140] or a periplasmic cytochrome c nitrite
reductase (NRF) [141], respectively. The latter enzyme is the most studied and the most used as a
marker gene for DNRA [141]. It has also been hypothesized that DNRA might also be conducted
by octaheme nitrite reductase (ONR) or the octaheme tetrathionate reductase (OTR). Indeed, these
two enzymes (ONR and OTR) have been shown to be closely related to the cytochrome c nitrite
reductase as it has a similar active sites [142]. Hydroxylamine appears to be produced as an
intermediate of the reaction when catalyzed by the cytochrome c enzyme, however, it does not
accumulate [143]. This process can be carried out by most bacterial lineages ( e.g. Bacteroidetes,
Firmicutes, Proteobacteria, Planctomycetes - [144]), some archaea, diatoms and fungi, making this
reaction widespread, phylogenetically [3].

The anammox reaction is biochemically challenging to conduct as it produces hydrazine (N2 Hj-
rocket fuel) as an intermediate [61]. This intermediate molecule needs to be contained as it can be
highly reactive and toxic. Anammox bacteria have thus evolved a specialized intracytoplasmic
compartment called the anammoxosome in order to enclose hydrazine [61, 145]. Due to this highly
specific function, anammox appears to be confined to bacteria from 5 generas of the phylum
Planctomycetes [61, 62]. Three enzymes are involved in the multiple step reaction. An unknown

nitrite reductase (NIR) transforms NO, to NO, similar to the enzyme in denitrification [146].
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Then, a hydrazine synthase (HZS) combines NO and NHj into hydrazine [147]. Hydrazine is
subsequently transformed to N, using hydrazine dehydrogenase (HDH or HZO) [148]. Thus,
anammox is a very specialized process with the use of hydrazine as an intermediate, and the
confinement of this process to one phylum only is highly uncommon in the N-cycle.

Metabolic reactions of the N-cycle are widely distributed across the 3 domains and across
multiple phyla in each domain. Mainly, microorganisms involved in the N-cycle seem to have
developed specific niches and have crafted complex interactions between functional metabolic
groups in order to recycle N. Despite the complexity of the N-cycle apparent from existing
knowledge, the true complexity may be much greater given that most of this knowledge comes
from lab cultures, whereas the vast majority of microbial diversity remains uncultivated [3]. It is
thus likely that we are missing much of the metabolic and taxonomic diversity connected to the
N-cycle, and there is appreciable scope for the discovery of novel taxa, and perhaps genes and

enzymes that catalyze N-species transformations.

1.6 Problem statement

Models of N-cycling fall short of making robust and explicit predictions of future N-cycling or
reconstructions of the past. This is, in part, due to lack of constraints on the factors that regulate
the partitioning between denitrification, anammox and DNRA, as well as a lack of information
on the ecophysiology describing the relevant microorganisms. Indeed, with a small fraction of
microorganisms cultured to date, model parameters are mostly set with information from lab
cultures with limited extensibility to the environment. Direct ecophysiological information comes
through process rate measurements, yet these generally lack coupled information on microbial
community composition, thereby limiting their extensibility across multiple environments. Fur-
thermore, information from key environments, like those with ferruginous conditions similar
to the Precambrian oceans, is almost entirely lacking. Quantitative information on dynamics
of rates and pathways of N-cycling that is accompanied by relevant information on microbial
community dynamics and ecophysiologies is thus needed across diverse environments to improve

reconstructions of the N-cycle in the past and make better predictions of the N-cycle in the future.
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1.7 Dissertation overview

The overall goal of my thesis is to generate new information on the rates and pathways of N-
cycling under low-oxygen conditions that can be used to improve models of once and future

N-cycling. More specifically I aim to determine:

i the rates and pathways of pelagic N-cycling under ferruginous conditions extensible to the

Precambrian oceans.

I also aim to:

ii quantitavely describe rates and pathways of N-cycling in modern anoxic marine environments

and:
iii investigate dynamics in the microbial community structure and their metabolic potential that
are relevant to N-cycling

This information will be incorporated into:

iv quantitative models that will enable reconstructions of past N-cycling and reproduction of

rates and pathways of modern N-cycling.
These aims are achieved in the following chapters:

Chapter 2: Iron-dependent nitrogen cycling in a ferruginous lake and the nutrient status
of Proterozoic oceans

This chapter elucidates (i) the rates and pathways of Fe-dependent NO; reduction in a
ferruginous pelagic environment. It then takes the in-situ process rates measurements and (iv)
integrates these results in a box-model for the Proterozoic oceans to study how these processes

impact cycling of N and biological productivity during the Proterozoic Eon.

Chapter 3: Rates and pathways of N, production in sulphidic Saanich Inlet
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Chapter 3 presents a detailed investigation of (ii) the environmental factors that influence the
partitioning of N-loss between anammox and denitrification for an anoxic and sulphidic fjord,
Saanich Inlet (BC), with a year-long time-series of process rate measurements. (iv) A kinetic
model was also built to study the competition between anammox and complete denitrification for
NO; based on the rates obtained in the study. Finally, (iii) the vertical and temporal changes in
microbial community composition were shown to confirm the conceptual model of distributed

metabolism in SI previously built in Hawley et al. 2014.

Chapter 4: Combining microbiological and geochemical information to constrain energy
flow through the marine N-cycle

In chapter 4, I further address the partitioning of N-cycling through anammox, denitrifi-
cation and DNRA in an anoxic fjord (Saanich Inlet, BC), and link the dynamics in anaerobic
N-metabolisms to renewal in the inlet. We show that higher energy fluxes are coupled with
higher rates of DNRA and with changes to the microbial community structure and metabolic
potential. I thus combined here (ii) process rate measurements and (iii) metagenomic analysis
of the microbial community composition and structure, as well as metabolic potential, in order
to study the changes in substrate supply rates in SI and the associated changes in the microbial

communities and their metabolic activities.

Chapter 5: Conclusions
This chapter addresses the current and future challenges to the study of the N-cycle and the
distribution of the metabolisms involved, as well as to the integration of the newly produced

knowledge into informative and quantitative models for the past and future N-cycle.
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Chapter 2

Iron-dependent nitrogen cycling in a
ferruginous lake and the nutrient status

of Proterozoic oceans

Nitrogen limitation during the Proterozoic has been inferred from the great expanse of ocean
anoxia under low-O, atmospheres, which could have promoted NO3 reduction to N, and fixed
N loss from the ocean. The deep oceans were Fe rich (ferruginous) during much of this time,
yet the dynamics of N cycling under such conditions remain entirely conceptual, as analogue
environments are rare today. Here we use incubation experiments to show that a modern
ferruginous basin, Kabuno Bay in East Africa, supports high rates of NO; reduction. Although
60% of this NOj is reduced to N, through canonical denitrification, a large fraction (40%) is
reduced to NHj, leading to N retention rather than loss. We also find that NOj3 reduction is
Fe dependent, demonstrating that such reactions occur in natural ferruginous water columns.
Numerical modelling of ferruginous upwelling systems, informed by our results from Kabuno
Bay, demonstrates that NO; reduction to NHj; could have enhanced biological production,
fuelling sulfate reduction and the development of mid-water euxinia overlying ferruginous deep
oceans. This reduction to NHj could also have partly offset a negative feedback on biological
production that accompanies oxygenation of the surface ocean. Our results indicate that N loss
in ferruginous upwelling systems may not have kept pace with global N fixation at marine
phosphorous concentrations (0.04-0.13 #M) indicated by the rock record. We therefore suggest
that global marine biological production under ferruginous ocean conditions in the Proterozoic

eon may thus have been P not N limited.
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2.1 Introduction

As an element essential to life, nitrogen (N) often limits biological production [19]. N is made
available to life through microbial fixation of atmospheric Ny. This N is liberated as NH} from
decaying biomass, and oxidized to NOj in the presence of oxygen. N is returned to the atmosphere
through NOj reduction to N, under low O, conditions. Two microbial processes are responsible
for No production; denitrification, which reduces NO3 through a series of intermediates to Ny,
and anammox, which forms N by directly coupling NO, with NHj. Organisms responsible for
denitrification and anammox proliferate in O, minimum zones (OMZs) of the modern oceans,
which support 20-40% of global fixed N loss to the atmosphere [63].

Under the well-oxygenated modern atmosphere, OMZs (O, <20uM) comprise 7% by volume
of the global ocean [149], and their anoxic cores, which sustain most fixed N loss, occupy only
0.1% [63]. During the Proterozoic eon, however, atmospheric O; levels were lower than today
and vast regions of the ocean were anoxic [45]. Loss of fixed N is predicted under ocean anoxia
and such expansive anoxia could have led to extreme N limitation [39]. N isotope distributions
from Palaeoproterozoic upwelling systems, however, imply relatively little fixed N loss [42]. This
suggests either modest rates of denitrification or N retention, possibly through reduction of NO3
to NH; [42]. Notably, anoxia and a supply of NO; will not support fixed N loss without electron
donors to drive denitrification, or NHj to support anammox. In the modern ocean, denitrification
is fuelled through both organic electron donors and H,S [18, 60]. Organic electron donors may
have been scarce under the generally low productivity of Proterozoic oceans [39], and H,S would
have been scarce except during episodic euxinic periods that punctuate the Proterozoic geologic
record [42, 47-49, 55]. Ferruginous conditions were much more prevalent than euxinia, dominating
ocean chemistry throughout the Proterozoic [150]. Ferrous Fe (Fe(Il)) is known to support NO3
reduction in laboratory experiments [58, 59] but the environmental operation, significance and

pathways of Fe-dependent NOj reduction remain untested in natural ferruginous water columns.
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2.2 Methods

Physico-chemical parameters as well as °N-labelled incubations were performed during a sam-
pling expedition to Kabuno Bay (Lake Kivu, East Africa — 1.58°to 1.70°S, 29.01°to 29.09°E) in
February 2012. In situ vertical conductivity - temperature - depth (CTD) profiles were collected
via two multi-parameter probes (Hydrolab DS5, OTT Hydromet; and Sea&Sun CTD90, Sea and
Sun Technology). NO; and NHj concentrations were measured spectrophotometrically [151].
Additionally, NO3 concentrations were determined by subtracting NO, from the NOx (NO3 and
NO; ) measurements (via chemiluminescence [152]). Fe speciation was measured according to
Viollier et al. 2000 [153]. H,S and SOﬁ_ concentrations were determined using the Cline method
[151] and ion chromatography (Dionex), respectively. "°N-labelled incubations were performed in
duplicate in 12ml Exetainers, allowing water to be incubated under anoxic conditions. Microbial
activity was arrested with ZnCl, at several time points for each experiment. The ’N-N, and
N-NHj produced was quantified with isotopic ratio mass spectrometry. Rates of DNRA,
denitrification and anammox were determined according to Thamdrup et al. 2006 [154]. Rates
were calculated on the basis of linear regressions with the least-squares method over the most
linear data intervals (24 or 48h). The structure of the box model set-up here is the same as that
developed in Canfield et al. 2006 [5] and adapted for the Proterozoic eon in Boyle et al. 2013 [44].

Details on model parameters can be found in |Appendix Bl

2.3 Results and discussion

Kabuno Bay (KB) is a ferruginous sub-basin of Lake Kivu, which straddles the border of Rwanda
and the Democratic Republic of Congo, East Africa [50]. Saline springs feed KB causing permanent
stratification, anoxia below 10m (Fig. 2.1/a and b), and Fe(Il)-rich deep waters (500 uM — Fig. 2.1d).
Such ferruginous conditions are analogous to those that prevailed through much of the Proterozoic
eon [50]. A strong gradient of NHj between 10 and 11.5m depth (Fig. 2.1c) indicates high rates
of NHj oxidation to NO3 and NO; within this depth interval. Since KB'’s oxic surface waters
are devoid of NO; and NO, (concentrations<1uM), NO; and NO, produced through NH;}

oxidation are advected to the main basin, assimilated, or rapidly reduced.
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Figure 2.1: Vertical distribution of selected physical and chemical properties of Kabuno Bay for February 2012. a)
Dissolved O» (DO) concentration (#M) and temperature (°C). b) pH and specific conductivity (SpCond, uS
cm™1). ¢) NH; and NOx concentration (¢M). d) Fe(Il)aq, Fe(Il)part and Fe(Ill)part concentrations (M)

We determined rates and pathways of microbial N transfomations in KB using incubations
with N-labelled NOj3 . Both denitrification and dissimilatory nitrate reduction to ammonium
(DNRA) occur between 11 and 11.5 m, but anammox was below our limit of detection (6nmol
N1t d‘l). Rates of denitrification and DNRA were up to 80 + 10 and 50 £ 10nmol N 17141,
respectively (Fig.[2.2a,b and Fig. B.3), exceeding those typically found in marine OMZs [60, 67] but
similar to coastal marine anoxic basins such as the Baltic Sea [56]. While 60% of NO3 reduced is
lost from the KB through denitrification, 40% is retained as NHj through DNRA. Substantial NO3
recycling to NHj has also been periodically observed in the Peruvian and Omani OMZs [65, 67],
but such a high fraction appears to be unusual for modern pelagic marine environments [60, 98].
Our observations imply that some biogeochemical feature of KB favours DNRA compared with
other environments studied to date. Fe(II), which is unusually abundant in KB, indeed promotes
DNRA in estuarine sediments [155], and may also do so in KB.

To test for such Fe dependency, we amended a subset of our °N incubations with 40 M Fe(Il).

We found that Fe(II) addition considerably enhanced both denitrification and DNRA to 230 =+ 40
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Figure 2.2: Rates and pathways in Kabuno Bay for February 2012 a&b Denitrification (a) and DNRA (b) in
Kabuno Bay water column. Samples were collected in February 2012, with (in orange) or without (in blue)
addition of the electron donor Fe(Il) to the incubations. Insets show time-course evolution of 15N-labelled
metabolic products. Rates were calculated on the basis of linear regressions over the linear data intervals
(24 or 48h). Table [B.3| contains the detailed rates and associated errors. The error on the rate is the standard
error of the slope for the linear regression.

and 70 & 20nmol N 17! d ™!, respectively (Fig. ,b and Table , suggesting a role for Fe(II)
in NOj reduction. Our results support measurements from estuarine sediments, which invoke
microbial mediation [155], but the nearly equivalent stimulation between both NO3 reduction
to NHj and denitrification provides no evidence that Fe(Il) favours DNRA and instead may
indicate that Fe(II) enhances the reduction of an intermediate (for example, NO, ) common to
both reactions. Thermodynamic considerations reveal that reduction of NOj3, and a number of
intermediate N species, by Fe(Il) is energetically favourable in KB (see yielding
sufficient free energy for microbial growth. While the precise pathway remains unresolved, Fe(II)
clearly plays a role in NOj3 reduction in KB.

To assess the biogeochemical role of Fe-dependent NO3 reduction in KB, we compared rates
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of NOj3 reduction with other key processes [50]. While Fe(II) supports NO; reduction, the
corresponding Fe(II) oxidation rates of 1,700nmol Fe 171 d! (based on stoichiometry) are only a
minor fraction (1%) of the observed phototrophic Fe(II) oxidation in the KB chemocline [50]. By
comparison, NOj reduction rates are an order of magnitude lower than SO~ reduction rates,
which are up to 410nmol S 171 d~' [50]. We also compared rates of NOj3 reduction with dark
carbon fixation, and on the basis of growth yields for chemoautotrophic NO3 reduction (see
Appendix B), this comparison suggests that NO; -driven chemoautotrophy could support up to
2% of the total dark carbon fixation in KB’s water column [50]. The overall contribution of NOj3
reduction to biogeochemical cycling, therefore, is largely to regulate recycling and loss of fixed N
from KB, and here, the partitioning of NO; reduction between DNRA and denitrification is key.

We have shown that NOj3 reduction both to N, and NHj takes place at relatively high rates
under ferruginous conditions, and further, that this NOj reduction is partly coupled to the
oxidation of Fe(Il). By extension, the ferruginous oceans of the Proterozoic eon could also have
supported large-scale NOj3 reduction, possibly through both denitrification and DNRA, and with
Fe(II) as the electron donor [39, 156]. To quantitatively link our observations in KB to possible
biogeochemical cycling under ancient marine ferruginous conditions, we set up a box model
for N cycling in ocean upwelling systems [44, 156]. Our model describes mass balances for C,
N, S, O and Fe species and their biogeochemical reactions (see Fig. 2.3a and full description in
Appendix B). NH; and Fe were supplied through upwelling, and these, along with nutrient
recycling, ultimately controlled primary production in the overlying surface waters. Production
in the surface waters is sustained exclusively through upwelled N with no productivity by local
N fixation. Settling of organic matter generated through primary production drives respiration
and nutrient recycling in intermediate waters. Chemotrophic processes such as nitrification,
and Fe-dependent denitrification and DNRA were included (Fig. 2.3a). Our model is based
on previous studies[44, 156], but we considered a ferruginous system where N cycling was
driven first by Fe-dependent NOj3 reduction, with the remaining NO3 reduced by organic matter
originating through primary production (Fig. 2.3a). We also included DNRA, in accordance with
our results from KB, to evaluate its impact on coupled C, N, Fe and S cycling under ferruginous

conditions. Without explicit constraints on the fraction of NO3 reduced to NHj versus N in
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ferruginous oceans, we varied its contribution from 0 to 40%, with the balance occurring through
denitrification.

Deep-ocean Fe(Il) and NHj concentrations throughout the Proterozoic eon are uncertain.
If global N-fixation is limited by phosphorous supply according to the Redfield ratio (16N:1P;
[157]), we can set deep-ocean NHj concentrations in our model at 16 times the phosphorous
concentration (0.04-0.13 uM) of Proterozoic seawater [158] (see Appendix B), which yields up to
2 uM NHj. To validate this assumption, we excluded DNRA and ran our model with different
ratios of N/P in deep waters. When deep ocean NHj is greater than 13 uM, sulfidic conditions
develop without DNRA or N fixation under all reasonable upwelling rates [156] (Fig. 2.3g). Thus,
if deep-ocean NHj concentrations were more than 13 pM, sulfidic conditions would have been
widespread during the Proterozoic eon. Such widespread euxinia is not supported by the geologic
record [150], indicating that NH} concentrations were generally less than 13 uM in the deep ocean.
We thus chose 2 yM NHj as the benchmark for our modelling, but also explored a concentration
range from 0.6 through to 13 yM. In line with considerations for both siderite solubility [46]
and nutrient dynamics that permit marine oxygenic photosynthesis [158] we chose 42 uM as our
benchmark Fe(II) concentration (see |Appendix B). We also considered a broader range of Fe(II)
concentrations (see Appendix B), which may be possible if siderite formation was kinetically
inhibited [159].

Our model shows that in ferruginous upwelling systems the balance between DNRA and deni-
trification strongly influences coupled C, N, S and Fe cycling with enhanced primary production
when DNRA is an appreciable NOj reduction pathway. Indeed, when 40% of NOj3 reduction
is channelled through DNRA, primary production rates increase by up to 170% (Fig.[2.3b,c). A
notable effect of this enhanced primary production is greatly increased H,S production. This
occurs even in the absence of N fixation as DNRA provides the nitrogen to stimulate additional
organic matter production, which ultimately fuels microbial sulfate reduction (see Appendix B).
At 40% DNRA, strong upwelling leads to sulfate reduction and pyrite deposition at rates sufficient
to yield sediment iron speciation (Fepy /Feyr) that indicates possible water column euxinia. Such
Fepy /Fepr values (>0.7) exist in Proterozoic sedimentary rocks [42, 47-49, 55], which could thus

record a contribution of DNRA to NOj reduction at this time.
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Figure 2.3: Model outputs describing coupled C, N, S and Fe cycling in an idealized Proterozoic upwelling system.
a) Model structure illustrating reactions included and their reactants and products. b&c) Model runs with
0% (b) and 40% NOj3 reduction (c) through DNRA. The solid lines represent model runs with the surface
water oxygen concentrations of 3.8% PAL, whereas the dashed lines represent runs at 6.2% PAL (blue,
export production; orange, NHj concentrations in the upwelling zone; black, Fe(II) concentrations in the
upwelling zone; the insets show the Fe pyrite to highly reactive Fe ratio (Fepy /Fenr) where the grey line
delineates plausible euxinic conditions [150]). d, Yearly export production (EP) for 0% and 40% DNRA for a
range of surface waters oxygen concentrations (from 0 to 12% PAL) at an upwelling rate of 2 cm h™1. At 0%
PAL, nitrification is not present in our model; however, NOj is still supplied from the intermediate waters
through advection and diffusion, therefore feeding NO3 reduction through DNRA and denitrification (see
Appendix B). e, Fepy /Fenr ratios for a range of deep-ocean NHj concentrations at 0% DNRA for three
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See |Appendix Bl for details.
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Our model also reveals a negative feedback between primary production and surface ocean
oxygen. This negative feedback develops when N loss increases in response to enhanced NO3
supply due to stimulation of nitrification by O,. An increase from 3.8% to 6.2% PAL (present
atmospheric level) O,, values thought possible for the Mesoproterozoic [160] (values as low as
0.1% PAL have been proposed [161]), reduces primary production by up to 20% when NO3
reduction occurs exclusively through denitrification. This effect is muted by DNRA (Fig. 2.3b and
c), which can play an increasingly important role in supplying N for primary production with the
progressive oxygenation of the surface ocean (Fig. 2.3d).

It is widely assumed that the Proterozoic oceans were N limited due to massive N loss [39].
While the euphotic waters directly overlying upwelling systems can be locally N-limited due
to N-loss from below, the global expression of N limitation ultimately depends on the balance
between the geographic expansiveness of upwelling systems, and ocean-wide N fixation. We
extrapolated N loss from our model to an area equivalent to upwelling regions in the modern
ocean (0.36 1012 m? — [162]) yielding a modelled global N-loss from Proterozoic oceans of up
to 1.6 Tg N yr~! (see |Appendix B). By comparison, Proterozoic phosphorous concentrations
[158] could have supported 4.8 Tg of N fixation per year based on an equivalent ratio of N fixed
to deep ocean phosphorous as in the modern ocean [157] (see Appendix B). It has also been
proposed that molybdenum (Mo) limited N fixation due to its scavenging from seawater as sulfide
minerals [163]. Mo limitation seems unlikely, as Mo scavenging from seawater generally requires
strong euxinia (see |Appendix B), which as we show here, would not likely have developed in
Proterozoic upwelling systems. To balance global N fixation with N loss in the Proterozoic eon,
an upwelling area three times that of the modern ocean would have been needed. This suggests
that N limitation in the Proterozoic was unlikely and that productivity would, instead, have been
limited by phosphorous. Our modelling results are well supported by the Palaeoproterozoic rock
record [42], which implies upwelling systems with euxinic conditions (possibly supported by
DNRA) that induce little fixed N loss (also possibly the result of DNRA). The operation of these
processes throughout the Proterozoic eon can be further tested through an expansion of the N

isotope record, and through simulations in global biogeochemical models informed by our data.
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Chapter 3

Rates and pathways of N> production in

sulphidic Saanich Inlet

Marine oxygen minimum zones (OMZs) support 30-50% of global fixed-nitrogen (N) loss but
comprise only 7% of total ocean volume. This N-loss is driven by canonical denitrification and
anaerobic ammonium oxidation (anammox), and the distribution and activity of these two pro-
cesses vary greatly in space and time. Factors that regulate N-loss processes are complex, including
organic matter availability, oxygen concentrations, and NO, and NHj concentrations. While both
denitrification and anammox produce Ny, the overall geochemical outcome of these processes are
different, as incomplete denitrification, for example, produces N>O, which is a potent greenhouse
gas. Information on rates of anammox and denitrification and more detailed ecophysiological
knowledge of the microorganisms catalyzing these processes are needed to develop more robust
models of N-loss in OMZs. To this end, we conducted monthly incubations with >N-labeled N
under anoxic conditions and during a deep-water renewal cycle in Saanich Inlet, British Columbia,
a persistently anoxic fjord. Both denitrification and anammox operated throughout the low oxygen
water column with depth integrated rates of anammox and denitrification ranging from 0.154-0.03
to 3.44+0.3 and 0.0240.006 to 14+2 mmol N, m~2d !, respectively. Most N production in Saanich
Inlet was driven by denitrification, with high rates developing in response to enhanced substrate
supply from deep water renewal. Dynamics in rates of denitrification were linked to shifts in
microbial community composition. Notably, periods of intense denitrification were accompanied
by blooms in an Arcobacter population against a background community dominated by SUP05
and Marinimicrobia. Rates of N production through denitrification and anammox, and their

dynamics, were then explored through flux-balance modeling with higher rates of denitrification
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linked to the physiology of substrate uptake. Overall, both denitrification and anammox operated
throughout the year, contributing to an annual N-loss of 2 - 10 =3 Tg N, yr~!, 37% of which we
attribute to anammox and 63% to complete denitrification. Extrapolating these rates from Saanich
Inlet to all similar coastal inlets in BC (2478 km?), we estimate that these inlets contribute 0.1% to

global pelagic N-loss.

3.1 Introduction

Nitrogen (N) is an essential element to life and it is used as a building block for proteins and
nucleic acids in all terrestrial and marine organisms. The bioavailability of N, therefore, can limit
primary production in both terrestrial and aquatic compartments of the biosphere [8, 32]. The
largest pool of N at the Earths surface is N in the atmosphere and this N, is made available to
life mostly through energetically expensive microbial N-fixation [2]. The abundance of fixed-N in
the oceans is governed by the balance between this N-fixation into biomass, biomass deposition
and ultimate burial in marine sediments, and the return of fixed-N to the atmosphere through a
suite of redox reactions that ultimately lead to anaerobic N, production [9]. The processes that
comprise the N-cycle are spatially decoupled with most N-fixation occurring in the euphotic
surface ocean [164], the oxidative components distributed throughout much of the ocean, and
anaerobic N, production partitioned between the low oxygen waters (30-50%) that typically
develop at intermediate water depths and in eutrophic coastal regions, as well as in bottom
sediments (50-70%) [165]. The availability of N to marine life, therefore, depends on the relative
rates of N-fixation versus N-loss, and N-loss is expected to scale with the extent and intensity
of low oxygen marine waters, which are currently expanding with unconstrained feedbacks on
marine N inventories [72, 166, 167].

Under low oxygen conditions (<20 uM O, concentration), NOj is used as an electron acceptor
in anaerobic microbial energy transduction leading, in part, to N> production and closure of
the N- cycle. Such low oxygen conditions commonly develop in the open ocean at intermediate
water depths, in restricted basins, and in eutrophic coastal regions, when respiratory oxygen

consumption outpaces physical mixing and oxygenic photosynthesis. Low oxygen marine waters
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are commonly referred to as Oxygen Minimum Zones (OMZs), and are pervasive features of the
modern oceans comprising 7% of their total volume (with O, < 20uM) [149]. The anoxic cores
of OMZs, which contain oxygen concentrations below the limit of detection of oxygen sensors
generally used in oceanographic research (<5uM, but as low as 1InM), constitute only 0.1% of the
oceans total volume [63, 121]. Despite their relatively low volumes, OMZs play an outsized role in
N biogeochemistry sustaining up to 50% of global marine fixed N-loss with an annual N-sink of
150 Tg of N [165].

N> production and thus N-loss in OMZs is driven by two entirely different microbial
metabolisms: canonical denitrification and anaerobic ammonium oxidation (anammox). In
denitrification a suite of either inorganic [sulphide (HS™), ferrous iron (Fe(II))] or organic electron
donors is used to reduce NOj3 through a series of intermediates; NO, , NO, and N,O to ultimately

produce N> (see Egs. 3.1 and [3.2).

Organotrotrophic denitrification [168]:
84.8NO; + (CH20)106(NH3)16H3PO4 3.1)

= 424N, + 106HCO; + 42.4H,0 + HPO?~ + 16NH; + 7.2H*

Chemotrophic denitrification: 8NO5 + 5HS™ + 3H" = 4N, + 5503~ + 4H,0 (3.2)

Anammox directly couples NO; reduction to the oxidation of NHj through hydroxylamine

and hydrazine intermediates to produce N, (Eq. [3.3).
Anammox: NO, + NH; = N, + 2H,0 (3.3)

Both pathways are fuelled, in part, by relatively oxidized N species and yield N; as their
ultimate metabolic products, and they thus occupy overlapping niches. Denitrification and
anammox, however, diverge in both their ecophysiology and their biogeochemical outcomes
including possible leakages of intermediate N species and their overall influence on the carbon (C)

cycling [169]. Denitrification, for example, can either consume or produce CO, depending on the
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electron donor used, as denitrifiers can be heterotrophic or autotrophic. Anammox, on the other
hand, is considered exclusively autotrophic and only consumes CO,. Denitrification, furthermore,
yields N>O as an intermediate, a potent greenhouse gas, that may accumulate during partial
denitrification and play a role in global climate forcing [170]. The differing ecophysiologies of the
organisms conducting denitrification and anammox are thus expected to interact with one another
in different ways across a spectrum of anaerobic conditions. These differences confound attempts
to model N-cycle dynamics and its interactions with other cycles, without explicit descriptions for
both anammox and denitrification and their regulation.

Process rate measurements are beginning to define the relationships between anammox, den-
trification and the N-cycle. In OMZs globally, anammox appears to support most N> production
[18, 60, 65-67, 84, 98, 154], while denitrification may dominate ephemerally [69, 105, 171, 172]. In
open ocean OMZs, the relative contributions of anammox and denitrification to N, production
are theoretically constrained by the stoichiometry of settling organic matter and the NHj supply
from remineralization of organic matter to anammox [63, 105, 173-175]. This constraint develops
when anammox is limited by NHj supplied through ammonification of organic N during het-
erotrophic NOj3 respiration (organotrophic denitrification). In this case, N> production should
occur 71% through denitrification and 29% through anammox based on Redfieldian organic matter

stoichiometry of 106C:16N (Eq. 3.4) [100, 173, 175].

Coupling of organotrophic denitrification and anammox in open ocean OMZ:
94.4NO; + (CH20)106(NH3)16H3PO4 (3:4)

= 552N + 106HCO; + 71.2H,0 + HPO? ™ + 13.6H*

Here, denitrification produces 16 moles of NH; and 16 moles of NO, that fuels anammox,

producing 16 moles out of a total 55.2 moles N», hence 29% of the total N, production (Egs. 3.5
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3.6).

Denitrification products fuel anammox entirely through organic matter degradation:
94.4NO; + (CH20)106(NH3)16H3PO4 (3.5)

= 39.2N + 106HCO; + 39.2H,0 + HPO2~ + 16NH; + 16NO;, + 13.6H*

Anammox consumes NHj; and NO; from denitrification:
(3.6)

16NH; + 16NO, = 16N,

This expected ratio between anammox and denitrification, however, is rarely observed in the
ocean and deviations from the ratio can be at least partially explained through variability in
organic matter composition and departures from the Redfield ratio [105]. While this stoichiometric
variability appears to account for differences observed in the role of anammox in N, production in
open ocean OMZs, it remains unclear to what extent organic matter stoichiometry can explain the
apparently outsized role of anammox in global N, production, more generally. Denitrification is
commonly undetected in many OMZs, and this then raises the question as to what supplies NHj
to anammox when denitrification appears absent. One possibility is microbial NOj3 reduction to
NH; (DNRA), which has been detected in the Peruvian OMZ and above the Omani shelf, and
could be partially responsible for directly supplying NHj to anammox [65, 67]. While DNRA
could provide NHj for anammox in some cases, it is unlikely the universal source as the rates of
DNRA measured are generally insufficient to fully support the NH; requirements of concurrent
anammox [67]. Other possible sources of NHj include remineralization of organic matter through
NOj3 reduction to NO,, microaerobic respiration, and sulphate reduction [18], and in certain
shallow settings, benthic release of NHj [60, 67]. While we are gaining a clearer picture of the
controls on rates of anammox and denitrification in OMZs, there remain no universal rules that
allow quantitative prediction of the partitioning between these two pathways.

Beyond observations from canonical OMZs, anammox and denitrification have been reported

from other anoxic environments, including marine sediments, anoxic fjords and lakes, and
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wastewater treatment facilities. In marine sediments for example, it has been shown that the
relative contribution of anammox to N> production increases dramatically with both distance
from the coast and water depth [83, 90] with anammox comprising up to 80% of the total N-loss
at 700m depth [176]. This trend may be attributed to decreased organic matter content in deeper
sediments [90]. Indeed, availability of organic matter, rather than its reactivity or quality, appears
to regulate the relative importance of denitrification and anammox in estuarine sediments [112].
The relative contribution of anammox to sediment N> production also appears to increase when
NOj concentrations are persistently high in overlying waters [112, 177]. Notably, in sediments
underlying low oxygen marine waters, nearly all N, production was supported by anammox [64].
In these sediments, NHj was supplied to anammox through DNRA. This implies then that the
relative importance of anammox to sediment N, production may in part depend on the activity
of DNRA. HS™ may also play a role in regulating anammox and denitrification. While HS™ is
a common electron donor and thus a suitable substrate for denitrification, it has been shown
to inhibit anammox at micromolar levels, possibly through toxicity [56]. This is consistent with
the distribution of anammox, which appears to operate above the sulphidic zone in the Black
Sea [114]. Likewise, anammox contributes up to 30% of the N production in lacustrine water
columns, but the highest rates of anammox occur in nearly HS™ free waters [107]. In contrast,
anammox appears entirely excluded from very iron-rich lake waters and sediments [111, 178],
and ferruginous estuarine sediments [97, 155]. Taken together, the emerging picture suggests that
the regulation of the relative importance of anammox and denitrification to total N> production is
convoluted and development of predictive knowledge will require comprehensive and detailed
studies across the broad range of systems where these processes are known to operate.

We have conducted a time-series study of the rates of denitrification and anammox and their
relative contribution to N production in Saanich Inlet (SI). SI is a persistently anoxic fjord that
provides a tractable ecosystem in which to study anaerobic microbial metabolisms relevant and
extensible to low oxygen environments globally (Fig. 3.1 a and b). The choice to use the word
"persistent” for SI is recent, however, as only partial renewals have been recorded between 2014
and 2019. Part of the water column therefore remains anoxic throughout the year. Biogeochemical

research has been conducted in SI since 1965 [179] and has culminated with instrumented real-time
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monitoring and a more than 10 year continuous time-series experiment [180-183], making it one
of the best studied anoxic fjords on Earth. The inlet is situated on the southern tip of Vancouver
Island (Fig. 3.1a) and is up to 228m deep with a 75m deep sill at its entrance that restricts
hydrological connection to the Strait of Georgia and the mixing of waters in its deep basin. Similar
to OMZs, aerobic respiration in SI water column outpaces O, supply through physical water
mixing and photosynthesis in the surface waters, rendering low oxygen conditions for most of the
year below 100m for most of the year (Fig. 3.1b). In contrast to most open ocean OMZs, however,
sulphidic conditions develop in the bottom waters of SI as a result of either sulphate reduction
in the water column [184] and/or sulphide efflux from the underlying sediments [185]. Most
years, SI stagnant deep waters transition from sulphidic to oxic at the end of the summer (late
August - early September) in response to upwelling off the coast of Vancouver Island that forces
dense well-oxygenated waters into the Strait of Georgia and over the sill into the inlet [184], in
connection to weak tidal currents [186]. The inlet thus exists in two main states during the year if
renewal occurs: a state of stagnation referring to low oxygen concentrations in the deep-waters
and a state of renewal when oxygenated waters penetrate the inlet and mix with low oxygen
deep-waters. These physical-chemical characteristics combine to support microbial communities
with anaerobic metabolisms that couple the C, N and S-cycles and are broadly analogous to those

we expect to find in other low oxygen and anoxic marine waters globally [104].
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Figure 3.1: Saanich Inlet (SI), a model ecosystem for the study of microbial metabolisms in OMZs a) Sampling of
Station S3 in Saanich Inlet, on Vancouver Island, British Columbia (Canada). Sampling of S3 happened
once a month within a historic time series data collection. b) Typical redox gradients found in SI. These
gradients move vertically depending on the season. c) Active microbial metabolisms of the N-cycle present
along the redox gradients of SIL

N-cycling and its interactions with the other cycles in SI have been previously interrogated
using a variety of geochemical and microbiological analyses. Geochemical data indirectly imply
that SI supports relatively high rates of both pelagic and benthic N-loss that vary seasonally,
with the highest rates in the winter (December to February, 8.1 mmol m 2 d_l) and lowest in the
summer (May to August, 1.7 mmol m~2 d ') [186]. Multi-omic analyses revealed that microbial
communities in SI harbour the metabolic potential to catalyze many components of the N-cycle
and to link it to cycling of C and S [33, 182, 187]. These metabolic pathway reconstructions have

led to a conceptual model describing the microbial interactions that underpin N-cycling in SI, and
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low oxygen waters more broadly (Fig. 3.1c). Specifically, this model (reproduced in Fig. 3.1c from
[33]) proposes that Thaumarchaeota are responsible for the first step of nitrification (NHj to NO;)
and that two different species of bacteria, Nitrospina gracilis and Nitrospira defluvii, oxidize NO, to
NOj . Along with nitrification, the SAR11 are the most abundant aerobic heterotrophs, and they
are thought to degrade settling organic matter and release NHj to the oxic water column (Fig.
3.1c). Lower in the water column, the model suggests that Planctomycetes produce N, through the
anammox process, while bacteria from the SUP05 clade (Gammaproteobacteria) were implicated
in reducing NOj to N>O (Fig. 3.1c). The final step of denitrification remained more elusive but
analyses of Single Cell Amplified Genomes (SAGs) reveal metabolic potential for N>O reduction
to Ny in the Marinimicrobia ZA3312c-A and SHBH1141 (previously known as Marine Group-A)
[187]. Notably, the taxonomic affiliations and genomic make-up of the key organisms that drive
N-cycling in SI are closely related to those found across OMZs and other anoxic environments
globally [104]. For example, the Gammaproteobacteria SUP05 — with a single cultivated member,
Ca. T. autotrophicus strain EF1 [188] — appears to be a ubiquitous member of OMZ microbial
communities with the metabolic potential for partial denitrification [33, 120, 182], along with
bacteria from the group Marinimicrobia that reduce N,O to N; [187] and are some of the most
widely distributed and abundant taxa in marine OMZs.

The conceptual metabolic model for coupled C, N, and S cycling in OMZs was further
expanded into a quantitative gene-centric model that integrates metabolic potential derived from
multi-omic information with geochemical data to predict process rates [118]. Modeled rates were
validated through direct measurements, but these rates were an order of magnitude lower than
the rates needed to support previous geochemical data [186]. These observations highlight a
discontinuity between current conceptual and quantitative models of the N-cycle in SI and a need
for data that more fully capture and integrate the dynamics of N-cycling across multiple seasons.

Here, we used isotope labeling experiments to directly quantify rates and pathways of anaero-
bic N cycling in SI over an entire year. These measurements allowed us to calculate annual N-loss
from Saanich inlet, determine the specific microbial pathways that are responsible, and to assess
the biogeochemical controls on the rates and pathways of N-loss in the inlet. Overall, our data

reveal that fixed N-loss from SI has strong seasonality and that periods of intense N-loss during
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the summer are driven primarily through sulphide-dependent denitrification, which is likely
fuelled by benthic sulphide supply and new input of NOj from a partial renewal of the water

column. Anammox also contributed to N-loss at relatively constant rates throughout the year.

3.2 Methods

3.2.1 Study site and sampling

Saanich Inlet (SI) is a marine fjord located on the West Coast of Vancouver Island, British Columbia,
Canada (Fig. [3.1). We conducted a monthly time series experiment between January and December
2015 (Table 3.1) and sampled at station S3 (Fig. 3.1a 48 ° 35.5 N and 123° 30.3 W, 227m deep).
A standard profile of 16 depths was sampled every month with 12 GO-FLO bottles attached
in-series to a steel cable (10, 20, 40, 60, 75, 85, 90, 97, 100, 110, 120, 135, 150, 165, 185 and 200m).
Depths were set using a metered winch cable with a precision of plus or minus 0.5m and the
accuracy of the depth reached was checked with the CTD depth profile. CTD profiles [pressure
(SBE 29), conductivity (SBE 4C), temperature (SBE 3F), and oxygen (SBE 43)] were obtained with
the SBE25 Sealogger CTD (SBE). Oxygen concentrations measured with the SBE 43 sensor were
calibrated monthly against Winkler titrations [151] and its limit of detection is <1uM. The CTD,
attached at the end of the winch cable, and the bottles were lowered to their final depths and left
there to equilibrate with surrounding water for at least a minute before closing.

Samples for nutrient concentration measurements were immediately filtered and put on ice
for later analysis. Samples for sulfide analyses were fixed in 0.5% Zinc Acetate final concentration
without prior filtration and frozen at -20°C for later analysis. 250mL serum bottles destined for
incubations were overfilled 3 times with water from 7 depths (90m, 100m, 120m, 135m, 150m, 165m
and 200m). The overfilling of the bottle as well as capping with blue halobutyl stoppers (Bellco,
UK) minimized oxygen contamination (De Brabandere et al., 2012). Samples for chlorophyll a
determination were collected in carboys from four depths corresponding to 100%, 50%, 15% and
1% of the surface incident irradiance as measured by the PAR sensor on the CTD. Carboys were
kept cool and dark until further subsampling back in the lab. 500 mL subsamples from each

carboy were filtered for phytoplankton biomass (chl a). Filters were kept frozen at -20°C until
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Table 3.1: Addition of labeled N-species and electron donors to incubations in 2015.

Exact date of sampling

Type of '°N labeled-incubation

January 2015 14 January 2015 NO; (10uM), "NH,* & “NO; (10uM&10pM)

February 2015 11 February 2015 /

March 2015 11 March 2015 1SNO, (10pM), SNH,* & “NO,~ (10uM&10uM)

April 2015 8 April 2015 15NO, (10pM), SNH,* & NO; (10uM&10pM)

May 2015 13 May 2015 1SNO; (10uM), SNH,* & “NO,~ (10uM&10uM)

June 2015 3 June 2015 ISNO;- (10pM), SNH,* & “NO; (10uM&10pM), 1SNO;-
(10pM) & HS- (1, 5, 10, 15, 20uM)

July 2015 8 July 2015 ISNO; (10uM), SNH,* & '“NO," (10uM&10uM)

August 2015 12 August 2015 1SNOy (2.5, 5, 10, 15, 25uM), SNH,* & “NO;-
(10pM&10pM)

September 2015 9 September 2015 I5SNO;~ (10uM), SNH,* & NO;- (10uM&10uM)

October 2015 22 October 2015 ISNO; (10uM), SNH,* & “NO," (10uM&10uM)

November 2015 18 November 2015 SNO;™ (10uM), "NH,* & “NO; (10uM&10pM)

December 2015 9 December 2015 ISNO; (10uM), SNH, " & “NO; (10uM & 10uM)

analysis.

3.2.2 Nutrient and process rate measurements

Samples for NO;, NH; and HS™ determinations were thawed immediately prior to analysis and
measured with spectrophotomectric assays: the Griess assay, the indophenol blue method, and
the Cline assay, respectively [151]. NOx (NO3 and NO; ) was measured by chemiluminescence
following reduction to NO with vanadium [189], and we subtracted NO; from the total NOx
concentrations to obtain NOj3 concentrations (Antek instruments 745 and 1050, Houston TX).
Chlorophyll a samples collected on filters (0.7m nominal porosity) were extracted for 24 hours
with 90% acetone at -20C, and the extracted chlorophyll a measured in a Turner Designs 10AU
fluorometer, using an acidification method and corrected for phaeopigment interference [190].
DIN deficit (DINgef) was calculated according to Bourbonnais et al. (2013) [191] and corrected
for the release and dissolution of iron and manganese oxyhydroxide-bound PO;~ under anoxic
conditions.

Dark Carbon fixation rates were measured by overfilling 60mL serum bottles 3 times to
minimize O, contamination and ammending *C—-HCOj to the incubation bottles following the
JGOFS protocol [192].

The protocol used for measuring rates of denitrification and anammox was modified from
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[110]. In an attempt to minimize bottle effects arising from the use of small sample volumes, we
incubated the water in 250mL serum bottles closed with blue butyl rubber stoppers. At the start
of the incubation, we inserted a 20mL oxygen scrubbed helium headspace into the bottle and then
added the N labeled N-species and electron donors to the bottles according to table 3.1, Gas
entering the serum bottle was passed through an oxygen scrubber (Cu-CuO, Glasgertebau Ochs -
Germany) to limit O, introduction to incubations of anoxic water to below our detection limit
measured with flow-through cell oxygen sensor (<0.2umol L~!, Pyroscience). For incubations
of oxygen contaminated water, adding a 20 mL headspace decreases the amount of oxygen in
the seawater by about 30 times due to preferential partitioning of O, into the headspace gas. In
contrast, given the distribution of sulphide between aqueous and gaseous species in seawater, less
than 2% of the total sulphide in our incubation vessels resides in the headspace. Samples were
taken approximately every 6, 12, 24 and 48 hours during the incubations to both allow maximum
sensitivity and capture intervals with constant rates. In between time points, incubations were
kept in the dark at 15°C. To determine the time-course of '°N labeled-N, production, gas samples
were taken with a 1 mL gas-tight syringe (Hamilton) previously flushed with He and then with
the headspace gas. Gas samples were stored in 3mL exetainers previously filled with milliQ
water. Liquid samples were taken to follow the production or consumption of NO,, NO;3, or
NHj. Liquid samples were taken with a plastic 5 mL syringe previously flushed with He, filtered
and then stored at -20°C for later analysis. The I5N content of N> was determined in gas samples
collected during the incubations on an Isotope-Ratio Mass Spectrometer (Delta V with continuous
flow inlet, thermoscientific). Concentrations of N, were calibrated with standards by injecting
different amounts of gas from N> flushed Exetainer vials at 1 atmosphere. The excess 4NN
and NN in the gas samples was calculated as described by [193]. Then, rates were calculated
through least squares fitting of the slope of >N accumulation versus time for the linear region of
15N excess ingrowth (i.e. constant rates), correcting for the BN labelling percentages of the initial
substrate pool and accounting for the initial pool of substrate present. Rates were determined
to be significant if the slope of the linear regression was considered different from 0 (p;j0.05).
Denitrification rates were determined from the accumulation of °Nj in the bottle headspace from

the 1°NOj additions, and anammox rates were calculated from the accumulation of N from the
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15NI—IZ+14NO3' additions according to [154] with modifications and compared to the accumulation
of N, from the NO; additions. The detection limit on these rates were calculated as the
median of the standard error on the slope used to calculate all significant rates [98, 106] and was
determined to be 0.04 nM h™! and 0.4 nM h™! for anammox and denitrification, respectively. To
produce integrated rates of denitrification and anammox for each month, we first scaled potential
rates (Rpot) to in situ rates or corrected rates (Reor) by using Michaelis-Menten half saturation

constants K;; and in situ substrate concentrations for each process, respectively (Eq. 3.7).

Reor = [S][—I{S—]Km * Rpot (37)

For denitrification, we used K, determined through the addition of different 15NO3_ concentra-
tions in the incubations (Fig. 3.4a and table 3.1). For anammox, we used a K, from the literature
[109]. Then, we integrated the corrected rates over the sampling depth intervals to attain area

specific process rates.

3.2.3 Microbial community profiling

Six different depths (10, 100, 120, 135, 150, and 200m) were sampled for microbial community
profiling and water from these depths was returned to the lab for same-day filtering. 10L of water
was filtered onto Sterivex 0.22um (Millipore) filters with a 2.7um glass fiber pre-filter. Filtered
biomass was soaked in lysis buffer then frozen immediately in liquid nitrogen. Filters were
stored at -80C until further analysis. DNA was extracted according to [194]. Extracted DNA
was quantified using the picogreen assay (Invitrogen) and checked for amplification of the small
subunit ribosomal RNA (SSU or 165 rRNA) gene using universal primers targeting the V4-V5
region of the bacterial and archaeal 165 rRNA gene (515F-Y and 926R) [195]. DNA was sent to the
Joint Genome Institute (California, USA) for 16S rRNA amplicon sequencing on the Illumina MiSeq
platform (https:/ /jgi.doe.gov/wp-content/uploads/2016/06/DOE-]Gl-iTagger-methods.pdf).
Once sequenced, amplicons were quality filtered using the JGI "itaggerReadQC” pipeline
(source: https://bitbucket.org/berkeleylab/jgi_itagger/and https://jgi.doe.gov/wp-content/

uploads/2016/06/DOE-JGI-iTagger-methods.pdf). Quality filtered reads were run through USE-
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ARCH [196] and QIIME [197]. First, we identified chimeras using UCHIME [196]. We then picked
OTUs de novo with the sumaclust method at 97% OTU threshold [198]. We filtered singletons
from the OTU table and then assigned taxonomy to a representative set of sequences with rdp
classifier using the QIIME release Silva database V128 [199]. Chaol diversity index was calculated
with R. Clustering of the samples was also performed in R based on a dissimilarity matrix with
Euclidean method (https://uc-r.github.io/hc_clustering).

We also quantified total bacterial and archaeal 16S rRNA genes present in our samples via
qPCR by targeting the region V1-V3 regions of the bacterial and archaeal 165 rRNA genes with
the primers 27F/20F (5'-AGAGTTTGATCCTGGCTCAG, 5-TTCCGGTTGATCCYGCCRG) and
DW519R (5-GNTTTACCGCGGCKGCTG) [183]. Standards used for total bacteria and total
archaea quantification were obtained from SSU rRNA gene clone libraries as described in [183].
qPCR program was as followed: (1) 95°C for 3 minutes, (2) 95°C for 20 seconds, (3) 55°C for 30
seconds, (4) plate read, repeat (2) to (4) 44 times, obtain melting curve by incrementing 0.5°C from
55°C to 95°C every second. qPCR reactions were performed in low-profile PCR 96 well-plates
(BioRad) in a 20ul reaction volume on a CFX Connect Real-Time thermocycler (BioRad). Results

can be found in |Appendix Cl

3.2.4 Flux balance modeling

Flux balance modeling was conducted to describe rates of anammox, NO3 reduction to NO,
and complete denitrification (NO; to Nj) based on cell abundance, input fluxes of substrates,
and kinetic descriptions of these processes. The script for the simulation was written in Matlab
(version R2015b) and can be found in the Appendix Cl More details can be found in the discussion

section that follows as well as in Appendix C.

3.3 Results

3.3.1 General water column physical, chemical, and biological properties

A salinity profile (Fig. [3.2a), shows relatively uniform bottom waters with monthly variability

in the surface waters. Figure 3.2b shows the relatively homogeneous temperature in the SI
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water column with a warming in the surface waters during the summer (June to September
2015) and the extension of this warming to deeper water depths in the following months. The
chlorophyll a data (Fig. 3.2c) shows peaks of fluorescence in the surface waters in March, May,
and September 2015 with the highest peak, at 43.82 ug L™! chlorophyll a in March just below the
surface. O, concentration profiles (Fig. 3.2d) were also determined with the CTD probe, revealing
O, depletion at depth to less than the sensor limit of detection (<1uM) for all of 2015. The upper
boundary of the oxycline (depths where there is a sharp gradient in oxygen concentration) is
generally around 80m and oxygen penetrates at least to 120m, though penetration can be as deep
as 150m, as seen in July and September. Low O, concentrations and anoxia thus characterize the
deeper waters of SI (>120m depth) throughout 2015. NO3 concentrations (Fig. [3.2e) are high
in surface waters (up to 32uM) and generally decline with increasing depth within the oxycline
and often remain detectable in deeper low-oxygen waters. A peak in NO, concentrations (Fig.
3.2f) can be detected sporadically in both the surface waters and/or around 120m-135m depth
where it can reach concentrations as high as 2.5uM. Surface waters are largely devoid of any
NHj (Fig. [3.2g), which tends to accumulate below 140m in anoxic waters and reaches the highest
measured concentrations (up to 32uM) by 200m. Sulphide (HS™) was only present in bottom
waters, reaching concentrations up to 41uM in February 2015, and was generally detected at 135m
and below (Fig. 3.2h). In figure 3.2i, we show DIN deficit [191] calculated for the year 2015 with
values varying from 0 in the surface waters to 60 in the bottom waters for February 2015. Overall,

values reflected a DIN deficit in the anoxic waters and increased with depth (Fig. 3.2i).
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3.3.2 Rates of denitrification, anammox, and dark carbon fixation

Both anammox and denitrification were active throughout the year in the low oxygen waters
where we conducted °N-labeled incubations. Rates of denitrification, corrected for in situ
substrate concentrations, varied between 0.28-+0.03 and 140414 nM hr! (Fig. 3.3b) based on the
accumulation of **N, in 15NO§ amended incubations (Table 3.1). Similarly, rates of anammox
varied throughout the year, between 0.07+0.01 and 13.240.4 nM hr™! (Fig. [3.3¢c) based on the
accumulation of #Nj, in ®NHj + NO; amended incubations. We also compared rates of
anammox obtained through the accumulation of 2N, with the addition of 15NO3_ and found that
they were of the same order of magnitude as the rates obtained from ""NHj+*NOj3 incubations
(Fig. 3.3a). Overall, rates of denitrification, when detected, were equal to or higher than rates
of anammox, although anammox dominated N, production in 55% of the measurements made.
However, the fact that rates of denitrification were generally higher, when detected, led to a higher
annual proportion of N production through denitrification (see section 2.3.4: depth-integrated
rates of N-loss). Dark carbon fixation rates were measured for most of the water column and

ranged between 0.24 to 400 nmoles C L™! hr™! (Fig. 3.3d).

3.3.3 Response of denitrification and anammox to amendments

Between 1 and 20uM '°NOj3 was amended to seawater collected from 165 m depth in August 2015.
This depth contained 1 uM NOj in situ and was therefore at the lower end of NO3 concentrations
found within Saanich inlet’s anoxic waters. Hence, NO;3 concentrations may be expected to limit
denitrification, NOj3 reduction to NO;, and anammox at this depth. Rates of dentirification, based
on the accumulation of **N, increased with increasing NO3 concentrations up to 20uM (Fig. [3.4a),
and the relationship between rates and NO;3 concentration could be modeled with a Michaelis-
Menten formulation. Our data could be described with a maximum rate of denitrification (Viax)
and a half-saturation constant, K,,;, for NO3 of 112 nmol L~ 'hr!and 5uM (Fig. 3.4d and f, table
3.2), respectively. The rate of denitrification found at 20uM NOj, however, is lower than for 15 yM
and did not follow predictions from the Michaelis-Menten model in Figure 3.4e and f. Anammox

was not detected. We also determined changes in the concentrations of NOx and NH; when we

58



120

Depth (m

Anammox rates nM hr’!
3
Dentirification (nM hr ")

180

200

Jan15 Mar15 Apri5 Juni5 Juli5 Sep15 Octi5 Decl5 Jan15 Mar15 Apri5 Juni5 Juli5 Sepi15 Octi5 Decl15

d

C- 15 ' 400
++14NOg i *HCOgs
15NH4 + 3 10 3 200
100 E
ﬁ 120 o
5 2 2
=140 < = S
£ 8 E 140 =
£ © £ =
=3 = a ic
9] 3 o)
a £ a 10 &
£ 160 8
I I
< (&)
1 =<
I
180 | [a]
5
1
5
0 200 0
Jan15 Mar15 Apri5 Juni5 Juli5 Sep15 Octi5 Decl5 Jan15 Mar15 Apri5 Juni5 Jull5 Sepi5 Octi5 Dec15
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added different 15NOj3 concentrations (Fig. and b). We observed that NO, accumulates with
concentrations reaching a maximum of 9uM when 20 uM ®NO; was added. NH concentrations,
on the other hand, remain relatively constant between 8 and 12uM. Rates of NO;3 reduction varied,
between 0 and 430 nM hr~!, and rates of NO; accumulation varied between 0 and 286 nM hr~!
(Fig. [3.4e). The latter rates combined with the rates of denitrification are enough to explain the
rates of NOj reduction and thus no accumulation of other intermediates such as N,O is required
or expected.

We also amended seawater collected from 120m depth in June 2015 with HS™ ranging from 1

to 10uM, in addition to 10uM °NOj to examine the influence of HS~ on rates of denitrification
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Figure 3.4: NOj dependency in SI. a) NOx accumulation/consumption over time with the addition of
different NO3 concentrations NOj3 concentrations in dashed lines, NO, concentrations in solid lines
b) NH; accumulation/consumption over time with the addition of different NO3 concentrations. c¢)
Production of N in the incubations (nM) d) Production of 3°N in the incubations (nmol), €) rates of
NOj3 reduction and NO; accumulation (nM hr~1) f) Michaelis Menten curve and measured denitrification
rates for different NOJ concentrations in August 2015, see table 3.2/ for details on the Michaelis Menten
parameters used in f)

60



Table 3.2: Michaelis-Menten parameters, K;; (#M) and Vpax (nmol L-! hr‘l) for NO; dependency of
denitrification at 165m in August 2015. Note that anammox kinetics are not following Michaelis-Menten
model in this case

Denitrification
K, (uM) 5+0.5

V nax (nmol L hr!) 112+ 10

and anammox. This depth was chosen because it does not contain any detectable sulphide in situ.
Instead, it immediately overlies the sulphidic deep waters and thus likely receives a flux of HS™
from below that fails to accumulate to detectable concentrations at 120m depth and signifies sulfide
oxidation. Results show an increase in denitrification rates with increasing HS™ concentrations
(Fig. 3.5d and f) above an apparent threshold of 2.5 yM HS™. These experiments reveal a seemingly
linear trend, but scarcity in data precludes the delineation of a definitive relationship (Fig. 3.5
and f). Anammox occurs (Fig. 3.5c and e) with 1 and 2.5¢M HS™ amendments but was not
detected with 5 and 10uM HS™ amendments. NOx concentrations were constant over time in
these experiments except for the highest HS™ concentrations (Fig. 3.5a) and NHj concentrations

decreased over time (Fig. [3.5b).

3.3.4 Depth-Integrated rates of N-loss

Depth-integrated rates of N, production varied over the year, with a greater contribution from
denitrification (63%) than anammox (37%) (Fig. 3.6). Rates of denitrification ranged between
0.024-0.006 to 14+2 mmol m~2 d~! (Fig. [3.6), with the highest rates following renewal in July
and August. Anammox rates, on the other hand, were comparatively constant throughout the
year, and varied between 0.15+0.03 and 3.4+0.3 mmol m~2 d~! (Fig. 3.6). Anammox dominated
N, production in January, April, May, June, October and November (>50% of N, production).
Nevertheless, results show that denitrification overall dominates the yearly N, production in the

water column (Fig. 3.6).
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3.3.5 Microbial community composition

From a total of 6,889,880 sequences quality filtered by the JGI, 0.3% of the reads were discarded
because they were too short or too long and 2% of the sequences were identified as chimeras
and discarded. The final read count per sample can be found in table After clustering
at the 97% identify threshold, 28,947 OTUs were resolved across 72 samples. The estimated
community diversity (chaol) was low and variable in the surface waters and comparably higher
and more stable at deeper depths. These results are summarized in figure and table of the

The microbial community in SI is vertically stratified with strong shifts in community com-
positions apparent between the surface waters (10m) and the deeper waters (100m and below)
(Figs. [3.7/and [3.8). In particular, there is a shift between high relative abundances of Alphapro-
teobacteria and Bacteroidetes (together, 42 to 85.3%) in the surface to a higher relative abundance

of Gammaproteobacteria (23.4 to 68.5%) in the deeper waters (between 100 and 200m) (Fig.
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3.7). In the surface waters, Alphaproteobacteria were mainly comprised of the SAR11 clade and
Bacteroidetes of the Flavobacteriales. The cyanobacterial population present early in the year
decreases to <1% during the spring bloom (April, May, June), along with a sharp increase in
Flavobacteriales for these 3 months (Fig. 3.7jand [3.8)). In the deeper waters, the overwhelming
majority of the Gammaproteobacteria are associated with two OTUs belonging to the SUP05
cluster (Oceanospiralles clade) (Figs. [3.7/ and 3.9, and |Appendix C). This trend was constant
throughout the year. Another Gammaproteobacterial group Ectothiorhospiraceae (purple sulfur
bacteria) were present throughout the year as well in the deeper waters (100 to 200m), with
one OTU present between 1 and 30% (Fig. |C.3). Thaumarcheotal (Marine Group 1) relative
abundance was generally low in the surface waters and increased up to 28% at 100m where NO3
concentrations generally peak (Figs. 3.7, C.2 and |C.3). In the deeper waters (100 to 200m), the
Marinimicrobia clade totalled a few percent throughout the year and increased to up to 12% in
November at 135m. Epsilonbacteria were mostly comprised of an OTU from the genus Arcobacter,
which reached up to 30% at 200m in July 2015 during deep water renewal and remained present
at relatively high abundances until September (Figs. 3.7, 3.9|and |C.3). Several OTUs from the
genera Ca. Scalindua (Planctomycetes) were present throughout the water column with a total up
to 5.7% at 100m in December 2015 (Figs. 3.7 and 3.9). Members of the Woesearcheota phylum
were most abundant at depths from 100 to 200m (0.3% to 12.2%). These results indicate a strong
vertical stratification of the water column microbial community and relative consistency in this
stratified community throughout the year, with notable exceptions (Fig. 13.8). Surface waters, for
example, exhibited considerable dynamics in microbial communities during the spring blooms

(April to June), and deeper waters shifted composition following renewal in July (Fig. 3.8).
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Figure 3.7: Microbial communities in SI from 16S rRNA gene sequencing. Microbial communities composition of SI in 2015 for 6 depths (10, 100, 120,
135, 150 and 200m) at the phylum level in relative abundance.
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Figure 3.9: Relative abundance of Planctmycetes, SUP05, Marinimicrobia and Arcobacter. Comparison of the
relative abundance of Planctomycetes, SUP05 cluster Marinimicrobia, and newly highlighted Arcobacter
bacteria. In addition to the relative abundance of these clades, we added total 16S counts (165 L_l) for each
of these samples.

3.4 Discussion

3.4.1 Partitioning of N-loss in SI, and the seasonality of anammox and

denitrification

>N-labeled incubations indicate that both anammox and denitrification operated simultaneously
throughout the year in the anoxic water column of SI. Although anammox dominated (responsible
for >50% N-loss) in 55% of the measurements in which N, production was detected (Fig. ,
b and c), depth-integrated rates of denitrification show that it accounts for up to 63% of the
total N-loss from SI (Fig. [3.6). Overall, depth-integrated rates of denitrification and anammox
ranged between 0.02 to 14.4 mmol m~2 d~! and 0.15 and 3.36 mmol m~? d~?, respectively (Fig.

3.6). These integrated rate measurements agree well with rates previously reported based solely
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on geochemical measurements [186], which imply N-loss of between 1.7 to 8.1 mmol m~2 d .
Annual N-loss for the inlet was calculated from these measurements by taking the average of the
depth-integrated rates, and multiplying these by the surface area of the anoxic basin of SI (33
km?). Annual N-loss totalled 0.002 Tg N yr~! in 2015. Given that 50% of the N-loss previously
reported is from benthic N, production, the rates that we measure here, that only capture pelagic
N-loss, appear appreciably higher and may thus suggest inter-annual variability in N production
rates. Rates of denitrification and anammox were previously reported for 2 months during peak
stagnation in SI in 2010 [118] and while these are at the lower end of the range of rates measured
here, they generally agree with the rates we detect during peak stagnation.

The monthly variability in rates of N-loss from Saanich inlet are driven through dynamics in
rates of both anammox and denitrification. Thus, knowledge on the regulation of both anammox
and denitrification is key to knowing how N-budgets in Saanich inlet, and by extension, other
anoxic fjords, vary. Partitioning of N-loss between these pathways for the entire year reveals
63% denitrification and 37% anammox. This ratio is close to the theoretical ratio calculated
for the partitioning of N-loss in the open ocean through anammox and denitrification (29 to
71% ratio anammox/denitrification ratio). This ratio applies when substrate (NH;) supply rates
for anammox are constrained by the stoichiometry of settling organic matter [63, 105, 173-175].
Excursions beyond this ratio might indicate additional sources of NHj, such as sulphate reduction,
and/or an input of NHj from the underlying sediments. Excursion below this ratio more likely
signals competition for nitrite or chemoautotrophic denitrification, which would not liberate NHj.
In July and December of 2015, N-loss was close to the theoretical ratio (27 and 31%, respectively),
which is consistent with the canonical scenario in which heterotrophic denitrification supplies
anammox with NHj. The ratio deviates from this throughout much of the rest of the year, with
generally higher proportions of anammox (40% and beyond), implying that an additional supply
of NHj, beyond that supplied through heterotrophic denitrification, is needed.

Rates of denitrification and anammox are expected to respond to the rates of supply of the
principal substrates: NOj, organic matter or HS™ for denitrification, and NH; and NO, for
anammox; as well as possible inhibitors like HS™ for anammox and O, for both anammox and

denitrification. In July 2015, O, and NOj3 both penetrate to 150m (Fig. 3.2d and e) signalling the
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intrusion of oxygenated NOj rich waters to intermediate depths in SI, and although devoid of O,,
deep waters (185 and 200m) contain detectable NOj. These observations indicate intermediate-
and deep-water renewal in July. Although our monthly nutrient profiles do not record a strong
deep-water renewal that would have oxygenated the deep waters, we do observe changes in
nutrient concentrations, which coincide with higher rates of denitrification in July and August
(Fig. 3.6). Thus, the regulation of denitrification in SI appears linked to renewal, and is further
enhanced by the accumulation of HS™ in August.

A dramatic increase in deep water NH; concentrations is reflected by relatively high rates
of anammox recorded in September, October and November (Fig. 3.6), along with lower con-
centrations of HS™, implying that increased deep-water NHj leads to higher rates of anammox.
The NHj in the deep waters could originate from the remineralization of sinking organic matter
supplied through primary production in the surface waters. Chlorophyll a peaks in the surface
waters of SI, a proxy for the abundance of photosynthetic organisms, vary over the year, and
increases during the spring/early summer (Fig. 3.2c). Organic matter from primary production
is exported to the deep waters and sediments as particles and fecal pellets. Given that both
particles and fecal pellets would sediment to the deep waters in less than a week [200], we
expect deep water NH; concentrations to respond to blooms in the surface waters within 15
days. As we sampled approximately every 4 weeks, it is possible that we lacked the temporal
resolution to capture intense degradation activity following a bloom. However, as blooms are a
common occurrence during the summer months [33, 201, 202], the increase in the deep-water NH}
concentrations in September (Fig. 3.2g) likely originates from a corresponding increase in surface
water primary production. Therefore, the combination of relatively high productivity in surface
water and the ensuing high NHj concentrations in the deep waters likely support relatively high
rates of anammox towards the end of the summer.

Though ultimately sourced from primary production, the detailed biogeochemical pathways
through which NHj is made available to anammox can vary. These pathways include: ammoni-
fication due to organotrophic denitrification; DNRA; ammonification associated with sulphate
reduction; or benthic NHj efflux. We thus consider these possible sources and their relative fluxes

in relation to rates of anammox. Rates of denitrification measured in SI could have supplied
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25% of the NHj needed to support co-occuring anammox on average, assuming Redfieldian OM
stoichiometry and 100% organotrophic denitrification (in August 2015, Fig. [3.6). This is unlikely as
HS™ clearly influences rates of denitrification, and is consistent with previously reported genomic
information [33, 182], which implies chemoautotrophic denitrification in SI. Another source of
NH;j could be organotrophic NO3 reduction to NO; .

We calculate that the highest potential rates of NO3 reduction to NO; recorded in August
2015 (Fig. 3.4, 400nM N hr~! for 20uM NO;3 addition), are sufficiently high such that all of the
NH; needed to support the highest rates of anammox found could come from this reaction (13.7
nM hr!). However, in situ NO3 concentrations are generally not as high as the concentrations in
these amended incubations, and thus rates of NO3 reduction to NO,; might not supply all the
NHj. Remineralization of organic matter through partial or complete denitrification is thus likely
only partly responsible for the NHJ supply to anammox. Similarly, SO3~ reduction could also
produce NHj through remineralization of organic matter in the water column. In SI, however,
sulfate reduction remains unmeasured through direct process rate experiments but functional
markers for canonical sulfate reduction were found in the metaproteomes generated to date for
SUPO05 [33]. DNRA can also supply NHj to anammox, as it does in the Peruvian OMZ [67]. A
DNRA catalyzing-like protein, hydroxylamine-oxidoreductase, was recovered in metaproteomes
and appears to be associated with the dentrifier SUP05 [33]. DNRA, however, has not been
detected in SI to date, though modeling predicts appreciable DNRA for September 2009, and
DNRA, if operating in SI, could thus contribute to dynamics in anammox activity [118]. Given that
the pelagic pathways for NHj delivery to annamox appear insufficient to support the measured
rates, we consider the possibility that NHj efflux from the bottom sediments also contributes
NHj to anammox. Indeed, high rates of organic matter remineralization through SO3~ reduction
characterize SI sediments [185]. Some of the NHj liberated in the process would diffuse from
the sediment and could advect upwards to fuel anammox in the overlying water. Based on our
calculations (see Appendix C), NH} fluxes from the sediment in SI could fuel 88 to 100% of the
NHj required to support anammox. We thus expect a combination of these multiple NHj sources

fuels anammox and contributions to its variability throughout the year.
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3.4.2 Kinetics of denitrification and anammox

External forcing by substrate supply rates places overall constraints on material fluxes and thus
microbial community metabolism, but microbial community structure and function also depend
on the specific ecophysiologies of relevant organisms, such as an organisms ability to take up and
metabolize a given substrate. We showed that denitrification in SI appears to depend on NO3
concentrations (Fig. 3.4c and table 3.2), and the K,, for NOj3 obtained at 165m in August 2015
was 5 uM and in the same range as earlier reports from both environmental measurements and
cultured denitrifiers (1.7 to 10uM) [56]. These prior kinetic constants come from pure cultures of
organotrophic denitrifiers [203, 204], sediment microbial communities [110, 205], and an anoxic
sulfidic fjord [56]. When NOj3 concentrations exceeded 15uM, however, the rates of complete
denitrification decreased (Fig. 3.4f). This is in line with the observation that denitrifiers tend to
favor the first step of denitrification, NO3 reduction to NO;, over complete NO3 reduction to Ny,
when NOj concentrations are high. Similar observations were made previously in Mariager fjord
[56] where NOj reduction to NO; took over when NOj3 concentrations exceeded 5uM.

Rates of denitrification and anammox in SI are sensitive to the HS™ concentrations present.
When seawater from 120m depth (June 2015) was amended with HS™, rates of denitrification
increased with respect to HS™ concentrations (Fig. 3.5) for HS™ concentrations higher than 2.5uM.
The rates then seemed to exhibit a linear response, possibly because the enzyme saturation
for sulphide oxidation is much higher [56]. This, observation is similar to reports of a linear
dependency of denitrification on HS™ concentrations, with no sign of saturation, up to 40uM
HS™ in Mariager Fjord, Denmark [56]. Measurements of NO; and NO, indicate low or no NO,
accumulation during these incubations and, given the low rates of denitrification for 2.5uM HS™,
this implies a shunting of the NO, produced to anammox. Indeed, anammox occurs with HS™
amendment (Fig. 3.5d). Anammox occurrence at low HS™ concentrations was observed previously
in a sulphidic alpine lake [107], in contrast with most previous marine observations, which found
that anammox was inhibited by HS™ at concentrations as low as 1.6pM [100, 114]. The stimulation
of anammox with low HS™ concentrations in SI may reflect the production of NO, through

partial denitrification (when the relevant substrates such as HS™ are abundantly available) and

71



the bypass of complete denitrification due to a higher affinity of anammox bacteria for NO, [110].
This is supported by the fact that NO; did not accumulate during these incubations (Fig. 3.5a),
implying that sulfide dependent partial denitrification (NO3 to NO, ) underpins nitrite leakage to
anammox in SI.

As rates of anammox appear to be sensitive to higher fluxes of NHj in the water column
(see above), we plotted the rates of anammox obtained for the whole year vs. the in situ NHj
concentrations (Fig. [3.10). However, the lack of a coherent positive relationship between rates of
anammox and NHj concentrations generally implies insensitivity of anammox to NHj concentra-
tions higher than 2uM. These results could indicate that the K,, for NH; of anammox bacteria is
lower than the in situ NHj concentrations. Alternatively, this could also indicate that anammox
bacteria could obtain the NHj needed through tight coupling between anammox and DNRA [64]
or through ammonification in particle-associated processes [206], which would not be specifically

recorded in the ambient NHj concentrations in SL

O 15NO3
144 ) .
o @ 15NH4+14NO3 incubation

= 12

£
= 10+ ® )

|

g 8+ e

k=

x

o

1S

€

I

e

<

Figure 3.10: Comparison of anammox rates vs in situ NO3 concentrations (M)

3.4.3 Vertical partitioning of the microbial communities in SI

The strongest difference in microbial community composition was between the surface waters at

10m depth and deep waters below 100m depth (Fig. 3.8), while temporal variations were most
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notable in the surface waters (Fig. 3.8). Variation in community composition between 120 and
200m depth was comparatively small as were dynamics in deep water community composition
throughout the year, with the exception of OTUs assigned to the Epsilonproteobacterium, Arcobac-
ter (Fig. 3.7). Such vertical stratification in microbial community composition is typical for aquatic
ecosystems including OMZs [104, 120, 207], and has been previously observed in SI [33, 183]
. Indeed, niche partitioning along redox gradients is generally expected [104]. A conceptual
model previously developed [33] describes microbial community structure and function in SI
and provides a benchmark framework through which to view temporal and vertical dynamics
in microbial community composition (Figs. 3.1c, |3.7]and 3.8, 3.9, (C.2| and [C.3)). The key taxa
that comprise this model, including SUP05, Marinimicrobia, Thaumarcheota, SAR11, and Plancto-
mycetes were prevalent community members throughout SI in 2015. Thamarcheaota and SAR11
were the most abundant at 100m and SUPO5 increasing in abundance with depth. Planctomycetes
were low in the surface water and increased to a few percent in the deeper waters, similar to
Marinimicrobia. In addition to these taxa, our community profiles reveal dynamics in relatively
abundant Bacteroidetes, which increase in the surface waters during the spring bloom (from 20%
to 65% in April, May and June) and Arcobacter that appears to bloom in the deep waters (from
<1% up to 30% at 200m) in association with renewal in July and subsequently decreases in relative
abundance in the following month.

A closer analysis of microbial community dynamics in the surface waters reveals that of the 15
most abundant OTUs, there were high relative abundances of 3 OTUs of the Flavobacteriaceae
and 1 OTU of the Rhodobacterales family in April, May and June, and correspondingly low
abundances of an OTU belonging to the SAR11 clade (Fig. |C.3). This particular microbial
community composition appears contemporaneous with photosynthetic blooms. Flavobacteriaceae
and Rhodobacterales are generally considered participants in biomass degradation [208] and their
relatively high abundance in the spring may thus be a response to relatively strong photosynthetic
activity (Fig. 3.2c). While photosynthetic blooms are evident from pigment distributions (Fig.
3.2c), we did not observe correspondingly high relative abundances of photosynthetic bacterial
taxa (cyanobacteria) at this time. This likely indicates that cyanobacteria play a limited role in

this bloom, which instead is the response of diatom growth, as previously reported [200]. Diatom
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blooms in April, May, and June thus appear to stimulate a number of microbial taxa linked to
organic matter degradation in the surface waters, while cyanobacterial contributions to microbial
community composition are marginalized at this time.

One of the most abundant OTUs present throughout the water column was assigned to the
SUPO5 cluster (C.3), which varied between a few percent in the surface water to a maximum
of 48% in July and September at 150 and 200m, respectively (Figs. [3.9 and |C.3). Based on its
metabolic potential to couple sulphide oxidation to NO, reduction to N>O and its relatively high
abundance, SUP05 has been implicated as a key-player in coupled C, N and S cycling and N-loss
from SI [33, 182], and more broadly throughout low oxygen marine waters globally [209-211].
Consistent with this, we find that N> production through denitrification was active throughout
the year when SUP05 was a ubiquitously abundant community member (Figs. 3.7,13.9 and [C.3).
Likewise, water in collected from 120m in June had a microbial community composition with 28%
SUPO5, and rates of denitrification in this water increased in response to HS™ addition, indirectly
linking SUPO5 to sulphide dependent denitrification. However, N,O did not accumulate in our
incubations, and we thus suspect that other taxa also play a role in denitrification, by reducing
N>O to N».

Some Marinimicrobia clades indeed possess the n0sZ gene and have the metabolic potential to
perform this last step in dentrification [187]. Like SUP05, Marinimicrobia were relatively abundant
in the deep waters where they comprised 4 different OTUs that together comprise up to 12% of
the total microbial community at 135m in November 2015 (Figs. 3.7, 3.9, 3.11a and |C.3). These
4 OTUs were phylogenetically compared to previously identified Marinimicrobia genome bins
and SAGs (Fig. 3.11b, [187]) and were found to be affiliated to 4 different clades: 3 SI clones
(SHBH1141, SHBH319 and SHAN400) as well as an Arctic clone (Arctic96B-7). Interestingly,
only SHBH1141 appear to carry the nosZ gene [187], making it the most likely microorganism
in SI to reduce N>O to N; coupled to HS™ oxidation [33]. The SHBH1141 clade increased with
depth, with the overall highest relative abundance at 150m (Fig. 13.11a). However, SHBH1141s
relative abundance decreased in July, in association with the renewal. Comparatively, SHAN400
clade stays relatively constant between 100 and 200m and both Arctic96B-7 and SHBH391 have

higher relative abundance at 120m than at 100m and remain constant down to 200m. From SAGs,
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SHAN400 and Arctic96B-7 were shown to carry NOj3 reduction to NO coupled to HS™ oxidation,
thus participating to partial denitrification, whereas no genes involved in the N-cycle was found
for SHBH391 [187].

Anammox was also operative throughout the entire year in 2015, and accordingly, we found
members of the Planctomycetes phylum present at up to 5% in the water column (Figs. 3.7,3.8 and
3.9). Indeed, Planctomycetes is the only phylum known to contain bacteria that perform anammox.
The metabolic potential for anammox is restricted in the Planctomycetes to the order Brocadiales
[62]. SI hosts mainly Ca. Scalindua, a well-known marine anammox bacterium which comprised
up to 2.6% of the community at 135m in May (Fig. [3.9). Altogether, microbial community profiling
reveals that the key taxa that comprise previous conceptual models for coupled microbial C,
N, and S cycling in SI are present and relatively abundant at depths between 100 and 200m
throughout the year. At the community level, these taxa collectively underpin N cycling and loss
from Saanich inlet, which we demonstrate through contemporaneous process rate measurements.

In addition to the taxa discussed above, it appears that an OTU assigned to the Epsilonpro-
teobacteria Arcobacter increases dramatically in relative abundance in the deep waters, notably
at 200m where it goes from <1% in June to 30% in July, becoming one of the 15 most abundant
OTUs in SI, and then drops to 20% in August (Fig. |3.9a and Fig. 3.11a). This increase in relative
abundance appears to be a response to deep water renewal and is strongly correlated with the
enhanced rates of denitrification found in July and August, relative to the rest of the year, as well
as the highest rates of dark carbon fixation (Fig. 3.3d). Indeed, a number of Arcobacter isolates
are known to perform complete denitrification (NO3 to N») [212], as well as sulphide oxidation
[213]. The high relative abundances of Arcobacter in July and the fact that Marinimicrobia OTUs
decreased at the same time posits an important role for Arcobacter in the SI N-cycle (Fig. [3.9).

Considering our observations of microbial community and biogeochemical dynamics across
the year, we suggest that the inlet exists in two principle biogeochemical states: throughout
much of the year, the inlet is relatively stagnant, anaerobic N, production is distributed between
anammox and denitrification and we suggest that Ca. Scalindua, SUP05, and Marinimicrobia
are the key taxa responsible; during the summer renewal the input of NO3 to deep sulphide-

rich waters stimulates the growth of Arcobacter, which drives most N, production through
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denitrification marginalizing anammox. These two states thus define microbial community
phenotypes representing background or stagnation periods and renewal periods, respectively.

Shifts between stagnation and renewal phenotypes imply that the relevant community members
possess differing ecophysiology. In particular, the bloom in Arcobacter in response to renewal
implies that these organisms have higher maximum cell specific growth rates and/or lower biomass
yield than the combination of SUP05 and Marinimicrobia. Without any existing information
on biomass yield, we thus estimated cell-specific rates of N, production through denitrification
during stagnation and renewal periods. We expect for the combined Marinimicrobia/SUP05
population to have lower cell specific rates in comparison to the Arcobacter population, which
produces N> at higher rates for similar cell abundance. For the stagnation phenotype we used an
average cell abundance of 1.64 - 107 cells L™ for the combined abundance of Marinimicrobia and
SUPO05, which we estimated by combining qPCR of the bacterial 165 rRNA gene as a proxy for total
community size with the relative Marinimicrobia/SUP05 abundance from our amplicon sequence
data. Marinimicrobia, in association with SUP05, are likely responsible for the production of N
throughout most of the year, and we used the lowest and highest rates of denitrification in the
stagnant period (0.01 - 38.45 nM hr ') to come up with a range of cell specific denitrification rates
for Marinimicrobia/SUP05 between 0.0001 — 0.6 fmol Ny cell ' d~1.

To compare against the renewal phenotype, we estimated Arcobacter cell abundance (based
on total bacterial 16S rRNA gene copies for July at 200m, 3.05 - 10° cells L™ combined with the
relative abundance of Arcobacter from our amplicon sequence data) and with the corresponding
rates of denitrification obtained cell-specific rates of 1.08 fmol N, cell ™! d~! for Arcobacter. The
cell-specific rates for Marinimicrobia are therefore lower than the cell-specific rate calculated for
Arcobacter. Thus, it is likely that SUP05/Marinimicrobia population has a higher growth yield to
Arcobacter, shown by similar cell abundance but lower cell-specific rate for the former.

The low relative abundance of Planctomycetes associated with lower N> production rates
indicate that the anammox bacteria present in SI have a high cell-specific growth rate with a
low growth yield. Again, based on the 16S abundance obtained from qPCR analysis applied
to the average relative abundance of anammox bacteria, cell-specific rates for anammox vary

between 0.02 and 6.72 fmoles NH; cell”1 41 using an average cell counts for anammox for the
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year (2.3 - 107 anammox cells L™!) and the highest and lowest rates measured in SI in 2015. Our
measured rates encompass the cell specific rates obtained from the Namibian OMZ [4.5 fmol NHj;
cell™! d7!, [66]], the Black Sea [3-4. fmol NH; cell™t d~1, [114] ], and diverse bioreactors [2-20
fmol NHj cell™! d1, [61]]. The lower end of our measured rates might be explained by small
fractions of active versus total anammox bacteria present, which would increase the cell-specific
rates calculated here. This highlights that, even though anammox bacteria are generally present in
at lower relative abundances than denitrifiers (SUP05, Marinimicrobia and/or Arcobacter), they
play a similar role in N-species transformations and N, production as well as overall energy

transduction in low-oxygen and anoxic marine waters.

3.4.4 Model of NO, competition between anammox and complete denitrification

Based on the results described above, we built a flux balance model to study the competition
for NO,; between anammox and complete denitrification, testing if we could reproduce the
rates corresponding to the two community phenotypes proposed (high or low Nj production).
Lower rates of denitrification are attributed to a stagnation phenotype, whereas higher rates
of denitrification correspond to a renewal phenotype (Fig. 3.12). The rates of anammox, NO3
reduction to NO,, and complete denitrification (NO, to Nj), are described through Michaelis-
Menten equations, depending on both substrates (electron donors and electron acceptors), their
respective kinetic parameters (k,, and Vmax) for each of these substrates, cell abundance and
biomass yield (Y) (see Appendix C for a complete description of the model). Both NO3 reduction
to NO;, and complete denitrification are sulphide-dependent. Nutrient concentrations of interest
(NO5, NO;, NH; and HS™) are calculated based on the rates of anammox, NO5; reduction
to NO,, and complete denitrification, as well as fixed input fluxes of the substrates through
possible advection and diffusion (see Appendix C). These fluxes, however, are fixed throughout
the simulation and do not reflect the highly dynamic nature of the nutrient fluxes found in
SI, specifically through a renewal event. This model has thus been built to represent the two
phenotypes introduced in the previous section in a steady-state scenario.

The stagnation phenotype represents the background state and characterizes the inlet through-

out most of the year, with limited input of NO3 and higher fluxes of NH; and HS™ coming from
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Figure 3.11: Marinimicrobia OTUs in SI, 2015 OTUs from the Marinimicrobia phylum in SI. (a) Relative
abundance of the 4 most abundant OTUs of the Marinimicrobia phylum in SI plotted by depths and months
(b) maximum-likelihood phylogenetic tree of the small subunit rRNA for sequences of the Marinimicrobia
clade (ML implemented with RaxML, 100 bootstraps). OTUs identified in this study are highlighted in
a colored box. Previously identified SAGs or genome bins are in bold. The bar represents 5% estimated
sequence divergence. Bootstrap value at the branch node indicate the robustness of the branching of the
tree
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the sediments underlying the anoxic water. To mimic this situation, we thus chose lower input
flux of NOj in comparison to NH; and HS™ (Fig. 3.12|and table 3.3). Kinetic parameters (K,, and
Vmax) for anammox bacteria were taken from the literature [109]. Kinetic parameters measured
for denitrification in SI were determined during the renewal phenotype (August 2015, 165m) and
therefore, the stagnation pehnotype kinetic parameters remained unconstrained. Thus, kinetic
parameters for the SUP05/Marinimicrobia consortium (or stagnation phenotype) were fit to yield
rates of the same order of magnitude for denitrification as those measured in SI during stagnation
(Fig. 3.12, table 3.3/ and |Appendix C). However, cell-specific growth rates (Vimax) and growth
yield (Y) were estimated based on rates of denitrification and cell abundance (see above). With
nutrient fluxes appropriate for the stagnation period and reasonable physiological parameters
for the relevant organisms, we find that rates of both denitrification and anammox are similar,
and fall within the range observed in SI outside of a renewal period (Fig. [3.12a, Fig. 3.3). The
dominance of one pathway over another could be inverted by changing the relative K;; values for
denitrification and anammox, as these appear to be similar to one another in the stagnation period
(see /Appendix C). Modeled abundances of anammox bacteria were similar to those observed in
SI (2.3*10 7 anammox cells L™1) as well as the modeled abundances of complete denitrifiers than
observed in SI (cell abundance of Marinimicrobia/SUP05=10" cells L™!). Therefore, we could
reproduce with a simple flux balance model rates of the same order of magnitude for anammox
and complete denitrification measured during the year 2015 during peak stagnation in SL

Deep water renewal in SI introduces oxygenated water to the deep basin, where NOj is
produced through rapid nitrification, and the NO3 produced is in turn lost through anaerobic
NOj reduction and N, production following renewal. The renewal event is thus far away from
steady-state, and we therefore tried to reproduce the high rates of denitrification in 60 days of the
simulation, corresponding to the approximate duration of the event based on the geochemical
profiles and rate measurements. The kinetic parameters for anammox parameters were identical
to simulations of the stagnant phenotype, however, we changed the kinetic parameters for
denitrification to represent Arcobacter in the renewal phenotype. As NOj; dependency was
measured in August 2015, corresponding to higher rates of N, production, we chose to use the

Michaelis-Menten constants modeled from this data to describe complete denitrification (NOj to
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Ny) (tables 3.2/ and 3.3). We also chose a higher cell-specific growth rate than in the "background’
phenotype (table 3.3), as it appears that the Arcobacter population grows rapidly from <1% to
30% of relative abundance within a months time (table 3.3). The simulation reveals that under
the conditions described here (Fig. 3.12b and table 3.3), rates of denitrification reach 10 N, M
d~!, which corresponds to the highest rates measured in July 2015 at 200m (Fig. 3.3). Rates of
anammox remain similar to the rates that can be found after renewal in SI (Figs. |3.3|and 3.11b).
The abundance of complete denitrifiers reaches 10 cells L™! after only 15 days of simulation,
which is again similar to abundances observed in SI during renewal. However, to fully mimic the
input fluxes in SI, the model would need to have dynamic fluxes that can be changed over time. In
addition to dynamic fluxes, competition between two different population of complete denitrifiers

should be implemented to fully study the transition between one phenotype to the other.

3.4.5 SI as a model ecosystem for coastal OMZs

We have extrapolated the annual N-loss calculated for SI (33 km?) to all similar coastal inlets in
BC (2478 km?) in order to estimate the possible importance of BC coastal fjords to N-loss from the
North Eastern Sub-Arctic Pacific Ocean. We estimate that these inlets could contribute up to 0.12
Tg N yr-1, which constitutes 0.1 % to global pelagic N-loss [165] if they are all anoxic and similar
to SI. On an area-specific basis this is extremely high in comparison to the ETSP, for example,
which has a surface area of 1.2 - 10 ® km? and supports up to 10 Tg N yr~! [60]. This highlights
that coastal OMZs are hotspots for N-loss and could also, in the near future, be subject to changes
due to increased anthropogenic influence.

The low oxygen conditions in SI support pelagic anaerobic microbial metabolisms including
denitrification and anammox that co-occur and underpin high rates of N-loss from the water
column. We showed that denitrification is the most important contributor to N> production
and its rates and the organisms responsible vary seasonally. Rates of anammox, in contrast, are
relatively constant throughout the year, contributing 37% of the N-loss from SI. Anammox is
often reported as the primary pathway of N-loss from OMZs [18, 60, 65-67, 84, 98, 154], and our
time-series observations from SI may be more broadly extensible to low oxygen marine waters

globally. In SI, rates and pathways of N-loss and the responsible microbial taxa are dynamic
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Figure 3.12: Model of NO, competition between anammox and complete denitrification model of NO,; competition
between anammox and complete denitrification for the 2 phenotypes found in SI, stagnation phenotype
and renewal phenotype. a) represents the phenotype found in SI during stagnant periods of time. (b, c
and d) shows a simulation of the model that tested to see if the phenotype of the phenotype could be
reproduced through modeling. Parameters used to model this simulation can be found in table )
represents the second phenotype found in SI during renewal event, leading to higher N> production (d, e

and f) shows that the model reproduced higher rates of N, production. Parameters used in this simulation
can be found in table
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Table 3.3: Parameters used in model for competition of NO, between anammox and complete denitrifica-

tion (Fig. [3.12)

Ecotype Parameters Value & units Reference

‘Stagnation’  Rwos 5x10” moles L d! State of stagnation in SI
Rno2 5x10” moles L' d*! «
R4 5x10® moles L' d'! «
Rus 5x10® moles L' d! «“
K _an for NH4* 3uM Awata et al. 2013
Km_an for NOy 0.45 uM Awata et al. 2013
Km_peEn & Nosr for HS 10 uM Jensen et al. 2009 and this
Km pEn&No3r for NO2 or NO3™ 1 uM and 5 uM paper

Fit the rates in SI

Vmax (AN, NO3R) 2x10"* moles Nz cell' d'  Strous et al. 1999
Vimax (DEN) 2x10-'5 moles N> cell'' d'!  Fit the rates in SI
Yan 5x10"3 cell (moles ED)! Louca et al. 2016
YNo3R 5x10' cell (moles ED)! Fit the rates in SI
YoeN 5x10"3 cell (moles ED)"! «

‘Renewal’ Rno3 5x10° moles L' d! After renewal in SI
Rno2 5x10" moles L d! «
Rnn4 5x107 moles L' d'! “
Rus 5x10% moles L' d-! «

Km_an for NH4*
Km_an for NOy
Km peEn & Nosr for HS

Km_pEn & No3r for NO2™ or NO3

Vimax (AN, NO3R)
Vinax (DEN)

Yan

Ynosr

YpeN

3 uM
0.45 uM
10 uM
5 uM

2x107'* moles N> cell"!' d!
2x10-"3 moles N> cell! d*!
5x10"3 cell (moles ED)!
5x10' cell (moles ED)!
1.5x10" cell (moles ED)’!

Awata et al. 2013

Awata et al. 2013

Jensen et al. 2009 and this
paper

This paper, August 2015
(165m)

Strous et al. 1999

Fit the rates in SI

Louca et al. 2016

Fit the rates in SI
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responding to substrate fluxes driven by physical forcings. Analogous dynamics in upwelling
and horizontal transport or large-scale eddies in open ocean OMZs may also lead to strong
microbial responses with corresponding biogeochemical outcomes [103, 214]. While sulphidic
conditions that characterize SI are rare in modern open ocean OMZs, they could become prevalent
with progressive ocean deoxygenation [121, 210]. Information on microbial responses to system
dynamics and on the ecophysiology the underpins coupled C, N, and S cycling in Saanich Inlet and
other experimentally tractable coastal ecosystems is key for predicting broader global responses

to ocean deoxygenation and the expansion of marine anoxia.
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Chapter 4

Combining microbiological and
geochemical information to constrain

energy flow through the marine N-cycle

Modern oceans contain large volumes of anoxic water that are currently expanding due to
anthropogenic activities. Importantly, high rates of anaerobic N-metabolisms characterize these
anoxic waters, resulting in intense cycling of N through microbial metabolisms. This can either
lead to N-loss or N-retention, depending on the partitioning of N-reduction across denitrification,
anammox, and dissimilatory NOj3 reduction to NH; (DNRA). The outcome therefore influences
marine N-budgets and thus can impact biological production, the marine C-cycle, and climate.
While substrate supply rates are a first order control on the rates of N-reduction, the controls on
partitioning across the different pathways remain uncertain and this confounds efforts to predict
the response of the marine N-cycle to deoxygenation. Here we show that DNRA dominates
N-reduction on an annual basis in Saanich Inlet, a persistently anoxic fjord that serves as an
analogue for anaerobic marine microbial metabolisms. While anammox and denitrification
play an important role throughout most of the year, high rates of DNRA develop following
introduction of new oxidants and substrates to the anoxic deep-waters during renewal events.
These events provided enhanced energy fluxes, or power supply, that fueled higher rates of
N-reduction and altered the microbial community structure and metabolic potential. Notably,
changes in microbial community abundance, structure and metabolic potential did not scale with
corresponding metabolic rates, and this undermines attempts to model biogeochemical cycling

with gene-centric modeling theory, which inherently relies on such scaling. The observation that
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DNRA emerges transiently, to dominate N-reduction, in response to physical perturbations that
enhance power supply, suggests that N-recycling should be considered in models that aim to

predict biogeochemical responses to ocean deoxygenation.

4,1 Introduction

Nitrogen (N) is an essential nutrient for life and thus often limits primary production in the
oceans. The marine N-cycle, therefore, is tightly coupled to biological CO, sequestration, creating
feedbacks between N biogeochemistry and climate [9, 215] — dynamics in ocean N-inventories
can thus have large-scale effects on the Earth system [157]. Ocean N-inventories are primarily set
by the balance between fixation of atmospheric N, largely by photosynthetic microorganisms
inhabiting the sunlit surface ocean [9], NOj -supply via terrestrial runoff, and removal by N>
producing organisms in anoxic regions of the oceans and coastal sediments [9, 216]. N-scarcity
in the oceans develops when biological N-fixation and terrestrial nitrate runoff is outpaced by
N> production, which can happen when marine anoxic water masses expand [16, 217]. N-loss
under anoxic conditions, however, can be short-circuited by dissimilatory nitrate reduction to
ammonium (DNRA), or counteracted by enhanced N-fixation within or beyond the euphotic zone.
Dynamics between these interacting processes ultimately control ocean N-inventories impacting
primary production and climate [42, 44, 178].

Connections between ocean N-inventories, marine anoxia, N-fixation, anaerobic N-metabolisms,
primary production, and climate are evident throughout Earth’s history, with notable examples
during the Paleoproterozoic [2.5 — 1.6 Ga ago, [16, 39, 44, 178, 217, 218]] and during Phanerozoic
Oceanic Anoxic events (OAEs)[219]. Indeed, N-scarcity may have characterized much of the
Paleoproterozoic due to a combination of appreciable nitrification, supported by oxygen in the
surface ocean, and volumetrically expansive masses of underlying anoxic ocean waters supporting
denitrification and possibly anammox [16, 39, 217, 218]. Such N-scarcity could have limited
global biological productivity, influencing atmospheric chemistry and climate [16, 217, 218]. Other
N-metabolisms, such as N-fixation or DNRA however, likely counteracted N-loss to maintain

N availability in the oceans during specific intervals [39, 44, 178], and can lead to changes in
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ocean chemistry, from ferruginous to euxinic conditions. Maintenance of N availability, in light of
strong N-sinks, would have been essential to supporting biological production with corresponding
influences on ocean chemistry, atmospheric oxygen concentrations [178], and the strength of the
marine C-sink [8, 39]. In the Phanerozoic eon, by contrast, abundantly available N may have driven
intervals with elevated primary production, which in turn contributed to ocean deoxygenation,
and the onset of Oceanic Anoxic Events, along with biological crises [219-221]. The modern oceans
are also losing oxygen, which is the combined result of anthropogenic climate warming and
ocean nutrient loading [72]. As anoxic water masses expand, so too may the strength of marine
N> production with corresponding implications for ocean N inventories, primary production,
and climate. If deoxygenation favored DNRA and N-retention, however, it could instead lead
to positive feedbacks on primary production and ocean deoxygenation. In addition to driving
marine deoxygenation, both climate warming and nutrient loading thus influence the distribution
of N in the oceans. In the absence of predictive models that accurately diagnose the response
of the N-cycle to ocean deoxygenation, however, predictions of future N inventories and the
corresponding feedbacks on biological production and climate remain unconstrained.

Anoxic and low oxygen marine waters are characterized by high rates of anaerobic N-
metabolisms, and the partitioning of these metabolisms between anammox, denitrification and
DNRA dictates N-loss versus N-retention, and influences oceanic N-inventories. N-loss, through
N> production, is the result of NO3 and NO, reduction through the microbial metabolisms
denitrification and anammox. NO3 and NO, reduction can also be channeled through DNRA,
which short-circuits N, production and retains fixed N in the ocean. Denitrification and anammox
reactions and corresponding N, production, are widespread throughout marine oxygen minimum
zones (OMZs) and in coastal shelf sediments. Rates of these microbial metabolisms have been
extensively determined [18, 56, 60, 65-67, 84, 85, 98, 100, 154, 171, 222], and together with mea-
surements of N-fixation as well as models of the distribution of nutrients (for example: [223]),
form the basis for current ocean N-budgets [1, 2, 63]. Despite the wealth of information on rates
of denitrification and anammox, the controls on partitioning between these metabolisms, remain
uncertain. Measurements of DNRA, by contrast, are sparse, although it has been transiently

detected in OMZs [60, 65, 67, 224] and it can be an important pathway in N-cycling in estuarine
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sediments [225]. While all three of these NO3; /NO»- reduction pathways can be simultaneously
studied using °N-labeling experiments, there remains insufficient ecophysiological information
on the relevant organisms with which to build predictive models that would inform the response
of the marine N-cycle to ocean deoxygenation. Acquiring this ecophysiological information is
becoming possible using new meta’omic information coupled with process rate measurements,
and their collective integration into gene-centric modeling frameworks [118, 119]. Even with
these approaches, determining the ecophysiologies of the relevant microorganisms, however,
is confounded by the diversity and complexity of marine microbial communities, and their
corresponding interactions with the surrounding environment.

Substrate availability is a key constraint of rates of microbial metabolism and this likely
plays a role in governing the relative importance of the different anaerobic N-metabolisms
[60, 67, 105]. Conventional approaches often consider the interaction between microorganisms
and their substrates in terms of free energy availability [105, 108, 226], and enzyme-kinetics [227].
Classical studies, for example, predict the cascade of terminal electron acceptor use in redox
stratified environments based on the successive use of the electron acceptor yielding the most
free energy upon reaction with a given electron donor [104, 216]. However, the rate at which
this energy can be supplied — rather than its potential availability — also places constraints on
microbial growth [228, 229]. The rate of energy supply, in essence the power supply [228, 229],
can be calculated as the product of free energy yields and corresponding reaction rates [228, 229].
Notably, since power supply depends on the rate at which a reaction substrate is supplied, it also
depends on physical transport as well as ambient substrate concentrations. Power supply rates
can thus be inferred by combining geochemical information to estimate free energy yields with
measurements of metabolic reaction rates [228, 229] that through mass balance necessarily reflect
rates of substrate supply. Organic matter degradation rates, for example, have been combined
with free energy yields for specific metabolic reactions that occur in marine sediments [228] to
infer the power supply in the marine subsurface. Power supply, however, has rarely been explored
more broadly as a large-scale regulator of biogeochemical processes and microbial ecology in the
oceans.

We have used a time-series experiment in Saanich Inlet (SI) to determine the response of the
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N-cycle and its underlying microbial catalysts to dynamics in power supply induced by ocean
currents. Sl is an anoxic fjord on the east coast of Vancouver Island, Canada, that undergoes
partial renewals of its water column due to a combination of weak tidal action and upwelling of
dense water into the Strait of Georgia [179]. SI represents an experimentally tractable ecosystem
in which to study biogeochemical processes and microbial ecology more broadly extensible to low
oxygen marine waters in the global ocean. Multi-omic sequencing approaches have been used to
develop qualitative models that describe the microbial N metabolisms that underpin the N-cycle
in SI [33]. These qualitative models have been extended to a quantitative reaction-transport and
gene-centric modeling approach that couples multi-omic sequence information with geochemistry
to link gene abundances to key microbial metabolic pathways and their rates under steady-state
conditions [118]. More recent studies, however, imply year-long dynamics in SI with strong
variation in the rates and pathways of N, production associated with renewal events ([186, 230]
and chapter 3) and these cannot be addressed through the existing gene-centric framework. Prior
studies in SI, furthermore, have overlooked the potential role of DNRA, and while its operation
was not evident through gene-centric modeling [118], proteins related to cytochromes that confer
metabolic potential for DNRA have been detected in SI, implying a possible role for DNRA [33]. We
measured rates and pathways of NO, (NO3; and NO; ) reduction through DNRA, denitrification
and anammox monthly in the water column of SI across two consecutive years, through stagnation
periods and renewal events. We combined geochemical profiles, thermodynamic calculations,
process rate measurements, and analyses of the metabolic potential of microbial communities
using metagenomics to determine how N-metabolisms respond to dynamics in substrate supply
regimes. We show that DNRA becomes the dominant NOj reduction pathway and mode of energy
transduction following renewal events. These renewal events were also followed by increase
in power supply, linking power supply to the outcome of networked microbial N-metabolisms.
Our results, therefore, suggest that dynamics in power supply influence microbial community

metabolisms with consequences for N-budgets and elemental cycles more broadly.
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4.2 Methods

4.2.1 Study site and sample collection

Sampling took place in Saanich Inlet (BC, Canada) at Station 3 (48° 35.5 N and 123° 30.3 W,
227m deep). The study was spanned from February 2015 to January 2017, with the exception
of January 2016. Exact dates of sampling can be found in |Appendix D) (table (C.4). For each
month, a CTD profile was taken for the following parameters with the corresponding sensors in
parentheses: pressure (SBE 29), conductivity (SBE 4C), temperature (SBE 3F), and oxygen (SBE 43).
Samples for chemical analyses were obtained from 16 depths (10, 20, 40, 60, 75, 85, 90, 97, 100,
110, 120, 135, 150, 165, 185 and 200m) as described in chapter 3 [230], for NO;, NO; , NH; and
HS™. Nutrient samples for NO3, NO; and NHj were filtered through a 0.2um filter and the HS™
samples were fixed in 0.5% ZnAc final concentration. Both sets of samples were then frozen until
analysis. Water samples for DNA filtration were taken from 6 depths (10, 100, 120, 135, 150 and
200m) with a volume of 10L and were filtered back in the lab the night after the sampling. The
filtration apparatus consists of a pre-filter (glass fiber filter 2um pore size) and a 0.2um sterivex
filter (Millipore Sigma). Both filters were then filled with lysis buffer and frozen immediately in
liquid nitrogen and kept at -80°C. Samples for process rate measurements were collected from 7
depths (90, 100, 120, 135, 150, 165 and 200m) in 250mL serum glass bottles, overflowed 3 times,
and closed without any air bubble with blue butyl rubber stoppers (Bellco glass). The bottles were

put on ice before processing in the lab the night of the sampling.

4.2.2 Nutrient analyses

Samples for NO,, NH; and HS™ were thawed before analysis and measured according to
the following spectrophotometric assays: the Griess assay, the indophenol blue method and
the Cline assay, respectively [151]. NO, (NO, and NOj) concentrations were measured by
chemiluminescence following reduction with vanadium [189], and NOj3 concentrations were

obtained by subtracting NO, from the total NO, concentrations.
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4.2.3 Process rate measurements

N-labeling incubations were performed according to chapter 3 [230]. Rates of anammox were
calculated from the net accumulation of 2N, in the headspace of the samples, with addition of
15NI—IZLr + 14NO; or with addition of 15NO3‘ [83]. Rates of denitrification were calculated from
the net accumulation of **N} in the headspace of the samples, with addition of °NO3 . Rates of
DNRA were calculated based on the net accumulation of ’NH} in the liquid samples from °NO,
labeled incubation, after transformation of 15NHZLr to 1N, [231]. The excess of NN and °N'°N
in the samples were measured by Isotope-Ratio Mass Spectrometry (Delta V, thermoscientific).
Concentrations of *’N; and **N, were determined according to chapter 3|[230] and Thamdrup et
al. (2006)[154]. Rates of the processes were calculated based on least squares fitting of the slope
of 1®N accumulation, correcting for the initial 15N, present and accounting for the initial pool of
unlabelled substrates present (chapter 3 and [230]). A detailed table of the incubations can be
found in |Appendix D, (Table |D.4).

4.2.4 DNA extraction, qPCR and absolute cell abundance

DNA was extracted from sterivex filters following Wright et al. (2009) [194] for 4 months in
2016 (April, August, September and October). Once extracted, DNA was checked for quality
and sent for high-throughput metagenomic sequencing at the Joint Genome Institute (Walnut
Creek, California). We also quantified total bacterial and archaeal 165 rRNA genes (or SSU
rRNA gene) via qPCR by targeting the bacterial and archaeal 16S rRNA genes with the primers
27F/20F (5-AGAGTTTGATCCTGGCTCAG, 5-TTCCGGTTGATCCYGCCRG) and DW519R (5'-
GNTTTACCGCGGCKGCTG) [183], respectively. Standards used for total bacteria and total
archaea quantification were obtained from a SSU rRNA gene clone libraries as described in
Zaikova et al. (2010) [183]. qPCR program was as follows: (1) 95°C for 3 minutes, (2) 95°C for
20 seconds, (3) 55°C for 30 seconds, (4) read, repeat (2) to (4) 44 times, obtain melting curve
by incrementing 0.5°C from 55°C to 95°C every second. qPCR reactions were performed in
low-profile PCR 96 well-plates (BioRad) in 20l volume reaction on a CFX Connect Real-Time
thermocycler (BioRad). 16S rRNA gene abundance (16S rRNA gene L™!) was multiplied by the
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average number of 16S rRNA gene copies found in bacterial genomes (4.2) [232] and was used as

a proxy for absolute cell abundance (cell L™1).

4.2.5 Metagenome sequencing and assembly

Twenty samples (4 months and 5 depths) were used to generate metagenomic datasets at the DOE-
JGI (Walnut Creek, California) following the protocols for library production and sequencing on
the Illumina HiSeq platform and the accession numbers can be found in Table |D.5l The sequences
were first trimmed and filtered using Trimmomatic (Bolger et al., 2014). Adapters supplied in
the Illumina TruSeq3 adapter sequence file were removed by Trimmomatic’s ILLUMINACLIP
command. Next, the first three and last three nucleotides were removed from each read if
below a quality threshold, and a sliding window of four nucleotides was checked based on
average Phred score (Qscore). Nucleotides within these windows were removed until the average
Qscore across the window was >15. Finally, the sequence reads with <36 bp were removed,
along with their mate-pair reads. Paired-end sequencing reads were assembled into contigs
using Megahit [233], with default settings. Open Reading Frames (ORFs) were predicted using
Prodigal v2.0 (https://github.com/hyattpd/prodigal/wiki), based on a minimum nucleotide
length of 60 as implemented in MetaPathways 2.5 [234] and https://github.com/hallamlab/
metapathways2/wiki). Metagenomic data sets are accessible through the JGI IMG/M portal
(https://img.jgi.doe.gov/cgi-bin/m/main.cgi) under the study name ‘Mapping the global
Methanome’ (project ID 503042) and raw reads at the NCBI Sequence Read Archive numbers for
all the samples can be found in the Appendix D\

4.2.6 Taxonomy of of the microbial community recovered through metagenomic

analyses

16S rRNA gene sequences were retrieved from metagenomic datasets (trimmed reads) using
EMIRGE [235]. We then used the retrieved 16S rRNA gene sequences to reconstruct the taxonomic
composition of the microbial community. The sequences were aligned and classified using the

latest SILVA database at a 90% identity cut-off.
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4.2.7 Quantification of functional genes

Curated reference sequences for genes involved in nitrogen cycling were downloaded from
FunGene (http://fungene.cme.msu.edu/) except for hzs, hao and hzo [236]. The other genes were
downloaded from GenBank and manually curated based on sequence length, annotations, and
phylogeny [237]. A complete list of the genes studied in this paper can be found in Appendix D
(Table [D.3). Chosen functional genes were quantified using TreeSAPP, a phylogenetic-based
protein profiling software (available at https://github.com/hallamlab/TreeSAPP). TreeSAPP
was used to both build the reference trees and map putative protein sequences to these trees
for functional classification and quantification. Specifically, the script create_treesapp_ref_data.py
was used to cluster the reference protein sequences with UCLUST at some percent similarity
such that trees contained between 150 and 600 sequences [238]; this range balanced highly
accurate taxonomic annotations and reasonable compute time to determine the optimal sequence
placements in the phylogenetic trees. Following clustering, MAFFT version 7.294b was used
with the —maxiterate 1000 and —localpair settings to generate a multiple sequence alignment
and trimAl version 1.4.rev15 was used to remove non-conserved positions [239, 240]. RAXML
version 8.2.0 was used to build the reference trees with the’-autoMRE’ to decide when to quit
bootstrapping before 1000 replicates have been performed and PROTGAMMAAUTO to select the
optimal protein model [241][242].

TreeSAPP’s treesapp.py was then used to map the query sequences (protein sequences from
called genes in contigs) onto these reference trees using the following procedure: Proteins were
predicted using Prodigal version 2.50 from the assembled metagenomic contigs [243]. Open-
reading frame (ORF) protein sequences were aligned to HMMs using hmmsearch and the aligned
regions were extracted [244]. hmmalign was used to include the new query sequences in the
reference multiple alignment and then trimAl removed the unconserved positions from the
alignment file [239]. RAXML was used to classify the query sequences using thorough sequence
insertions [245]. Quality-controlled reads provided by the JGI were aligned to the nucleotide ORFs
using BWA MEM [246]. An executable that calculates reads per kilobase per million mappable

reads (RPKM) from a SAM file was used to generate these normalized abundance values for each
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predicted protein.

4.3 Results and discussion

4.3.1 Dynamics in rates and pathways of N-cycling

During most of the year, the water column in SI is stagnant, with O, and NO3; abundant in
the surface waters and scarce at depth. Below ~100-110m, water in SI is usually devoid of O,
and NOj. In the bottom waters, NH; and HS™ accumulate (Fig. |D.1), likely diffusing out of
the underlying sediments [185]. Geochemical dynamics within the water column, however, are
induced transiently by renewal events in intermediate and deep-waters (100 to 200m). These
renewal events result from the input of dense water from outside of the inlet that spills over the sill
at the inlets entrance and settles to depths of equal density (isopycnals) [184]. This new mass of
water introduces O, and NOj that can accumulate to detectable concentrations depending on the
flux of renewal water, its mixing with deep water, and the rate, abiotic or biologically catalyzed,
at which O, and NOj react with reducing agents like HS™ and NHj. Monthly profiles of O,
and NOj3 concentrations reveal 6 renewal events between 2015 and 2016 (Fig. 4.1/ - grey shading,
and Fig. [D.1). These renewal events were marked by increases in concentrations of O, and/or
NOj in intermediate or deep-waters relative to previous months. The strongest renewal over this
period developed in September 2016 where high O, and NO3 concentrations were recorded in
deep-waters (50uM and 12uM, respectively). During some events, O, remained undetectable in
deep and intermediate waters and yet NO; accumulated, for example in July of 2015, revealing
renewal, nonetheless (Fig. D.1). Renewal events thus often occurred at the end of the summer,
such as in 2015. Several renewal events, however, were recorded throughout 2016 and the inlet
went through several cycles of renewal/stagnation (at least 6 detected) over the 2 years studied
here.

To test the responses of anaerobic N-metabolisms to renewal-induced physical-chemical dy-
namics, we measured rates and pathways of microbial N-metabolisms, specifically anammox,
denitrification, and DNRA. Rates of anammox, denitrification and DNRA, integrated over the

depth of the anoxic water column (Fig. 4.1b and c), change in response to renewal, revealing
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dynamics in the partitioning of NO, (NO3; /NO, ) reduction between these processes with impli-
cations for N-loss and retention. Overall, total NO, reduction (through DNRA, denitrification
and anammox) varies between 7 - 10 ~* and 1.4 moles N m~2 d~!, spanning several orders of
magnitude over the two-year period. The highest rates of NO, reduction followed renewal events.
Five of the six renewal events were, indeed, followed by elevated rates of NO, reduction and
also corresponded to very high rates of DNRA (Fig. 4.1a and b — August and November 2015,
February, May, October 2016). The single other renewal event, by contrast, was dominated by high
rates of denitrification (Fig. 4.1a and b — August 2016). NO, reduction rates following renewal
were several orders of magnitude higher than those measured in stagnation periods (e.g. June
and December 2015, Fig. 4.1b), and developed in association with a large advective supply of new
oxidants, mainly O, (Fig. 4.1a), which likely fueled nitrification. Nitrification, in turn, supplied
oxidized N-species (NOy) needed to support higher rates of anaerobic N-metabolisms. Rates of
nitrification were previously shown to increase after renewal [247] and the rates measured in the
low oxygen waters would have been sufficient to support the highest volumetric rates of anaerobic
N-metabolisms measured in this study.

The distribution of NO, reduction across the 3 pathways varies strongly over time. Shifts in
anaerobic N-metabolisms were shown to occur, specifically between a regime of fixed N-retention
through DNRA following renewal (e.g. August 2015 and October 2016 in Fig. |4.1b) and one of
N-loss driven mainly through denitrification and to a lesser extent, anammox (e.g. March and July
2016 in Fig. [4.1b and c). N-retention through DNRA totaled 58% of the total NO, reduction when
integrated over the two years studied, making DNRA the dominant pathway for NO, reduction in
SI. Few previous studies have observed DNRA in such a prominent role in N-cycling with notable
exceptions in estuarine and coastal margin sediments [91, 225]. Appreciable DNRA has also
been detected in the Peruvian OMZ [67], but there, DNRA represented a minor fraction (<12%)
of the total NO, reduction. Our results thus reveal strong dynamics in the rates and pathways
of anaerobic N-metabolisms in SI, with a notable rise of DNRA to prominence in response to
renewal events. These dynamics in anaerobic N-metabolisms are the likely phenotypic expression
of changes in the underlying microbial community structure and function, which we explore

below.
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Figure 4.1: Rates and pathways of anaerobic N-metabolisms. (a) Oxygen concentrations (M) and (b) Depth-
integrated rates of denitrification (blue) and DNRA (pink) in moles N m~2d~!, as well as power supply

(k] m~2d~!) plotted as histograms (c) depth integrated rates of anammox (purple) in moles N m~2d "1,
Standard error on the depth-integrated rates were compiled in table of and were not
depicted in this figure as they were smaller than the square depicting the data point.
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4.3.2 Dynamics of the microbial community in response to physical perturbations

We find that microbial community composition and structure changes in response to renewal.
Environmental disturbances have previously been linked both to increased [248] and decreased
[249] microbial community diversity, as well as to changes in activity. Here we observe that the
diversity of the microbial community decreased following renewal events. Changes in diversity
were evident in both the number of observed species as well as in diversity indices (Figs. 4.2
and 4.3e). We note that the decrease in diversity was also accompanied by an increase in cell
abundance (see methods for description of cell abundance). Such an increase in cell abundance
and a decrease in diversity, in less than a month, suggests that only a few specific taxa have grown
following enhanced substrate supply rates — mainly O, and NO, — and the decrease in diversity
is the likely result of a few blooming taxa. The taxon Arcobacter, of the Epsilonproteobacteria
which are commonly known as blooming organisms [250] for example, increased in absolute
abundance after renewal (Figs. 4.2 and 4.3/ and see methods for absolute cell abundance), and
could be partially responsible for the decrease in diversity. Taken together these observations
suggest that renewal induces growth of blooming organisms and this occurs in association with
increased rates of N-metabolisms such as denitrification or DNRA. This may thus imply that

microbial growth is stimulated by enhanced N-supply and linked to specific N-metabolisms.
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Figure 4.2: Taxonomic composition of the microbial community. The taxonomic composition of the microbial communities is plotted at the phylum
level, and was obtained from 16S rRNA gene extraction via EMIRGE from metagenomic samples for 4 months and 5 depths (100, 120, 135, 150

and 200m).
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Emerging gene-centric modeling approaches imply that rates of biogeochemical reactions
scale with the abundance of genes that code for enzymes involved in that pathway and thus,
based on these approaches we might expect a direct link between dynamics in organismal and
gene abundances, substrate supplies, and metabolic rates [118, 119]. In gene-centric modeling
approaches, biogeochemical reaction rates are tied to the growth rates and abundances of the
organisms that host relevant genes and pathways. While it is often assumed that rates of gene
transcription better reflect microbial activity than gene or organism abundances [251], multi-omic
modeling implied that, in anaerobic marine environmental systems, the time-scales of microbial
growth and biogeochemical reaction rates were similar and thus best linked through gene and
organism abundances [118]. It follows then that the dynamics we observe in rates and pathways
of anaerobic N-metabolisms in SI should be tied to changes in the abundances of genes and
their host organisms involved in these pathways. Renewal events indeed induce both microbial
community growth (Figs. 4.2 and 4.3) and cause enhanced rates of anaerobic N-metabolisms
(Fig. 4.1), implying a connection between growth and biogeochemical reaction rates in SI. It may
be possible, therefore, to connect the abundance of taxa involved in N-cycling to the reaction
rates, in line with multi-omic modeling theory [118, 119]. Previous studies identified key-taxa that
support N-cycling in SI [33, 187], and provide a benchmark against which to evaluate microbial
community dynamics in response to perturbation and test the idea that biogeochemical reaction
rates scale with the abundance of relevant genes and organisms.

SUPO5 is a prominent member of the microbial community throughout the period of obser-
vation and its abundance does not vary strongly despite dynamics in the rates and pathways
of anaerobic N-metabolisms (Fig.4.4). SUP05 has been implicated in partial denitrification, in
essence NOj3 reduction to N;O, in SI and other low oxygen marine waters, globally [18, 33, 121].
According to gene-centric models, we might thus have expected the abundances of SUP05 to scale
with rates of denitrification. While rates of denitrification vary over nearly 3 orders of magnitude
(Fig. |4.1b), the abundance of SUP05 changes less than 10’s of percent over the same time period
(Figs. 4.2|and 4.3)). The relationship between SUP05 and the rates of denitrification may be con-
founded by several factors. Notably, SUP05 in SI may operate in partnership with Marinimicrobia

to achieve complete reduction from N,O to N [187] and thus partial denitrification may obscure
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the relationship between rates of denitrification and SUP05 abundances. We note, however, that
N>O did not accumulate to appreciable concentrations during our experiments implying that
denitrification, when operative, was complete. Marinimicrobia abundances, furthermore, are
negatively correlated with rates of denitrification (Fig. 4.3). These observations, therefore, suggest
that there is a decoupling between the rates of denitrification and the abundances of SUP05 and
Marinimicrobia, and barring strong transcriptional regulation, this instead may suggest a likely
role for other taxa in denitrification or that growth of SUP05 and Marinimicrobia is sustained
through alternative metabolisms, such as aerobic respiration and/or sulfur oxidation [187, 188].
Other taxa implicated in denitrification, for example, include Arcobacter (chapter 3 and [230]),
which is highest in abundance in August when rates of denitrification are highest (Figs. 4.2/and
4.3), but otherwise Arcobacter abundance does not scale with rates of denitrification over the
4 months of observation. We also note relatively high abundances of Ectothiorhodospiraceae
(Gammaproteobacteria, Fig. 4.3), which has previously been linked to HS™ oxidation and den-
itrification in other environments [252] and may thus also contribute to denitrification in SI.
Collectively, these observations suggest that some of the most abundant and conspicuous taxa in
SI are decoupled from rates of the pathways that putatively support their growth based on prior
analyses. Other factors thus likely contribute both to controlling organism abundance and rates of
denitrification.

The abundances of the genes involved in denitrification, like the corresponding organisms, did
not scale with the rates of denitrification. This suggests a decoupling of gene abundances from
rates of biogeochemical reactions and is inconsistent with gene-centric modeling theory. Indeed,
we find that the denitrification gene pool (nirS, norB and C, and nosZ) more than tripled between
August and September (Figs. 4.4 and 4.5), achieving the highest gene abundances a month after
the highest rates of denitrification. This increase in the gene abundances also matched an increase
in overall cell abundance for the same month, indicating microbial growth when renewal occurred
(Figs. 4.2 and 4.3). In contrast, the rates of denitrification detected in September, after renewal
(Figs. 4.1|and 4.5), were an order of magnitude lower than the highest rates detected in August.
Therefore, the growth of the denitrifying population, based on the gene abundances, did not

scale with the rates of denitrification. This may further imply that other pathways are used to
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generate growth of the microbial populations containing denitrification genes, as suggested above.
Alternatively, a switch between the activity of multiple populations of denitrifying bacteria with
distinctive physiologies causing variable cell-specific rates and biomass yields could lead to either
high gene abundance at low denitrification rates or low gene abundance and high denitrification
rates (Fig. 4.5). The discrepancy between the dynamics in the rates and the abundances of the
genes underpinning denitrification therefore suggests that gene abundance is not always a good
predictor of biogeochemical activity.

The abundances of anammox bacteria and their functional genes both remained relatively
constant and did not follow the dynamics in the rates of anammox. Anammox is restricted to
the phylum Planctomycetes, and Ca. Scalindua was previously implicated in anammox in SI [33]
and more globally in OMZs [66, 120, 121, 253]. In the 4 months studied here, Ca. Scalindua only
comprised a few percent of the microbial community and varied less than an order of magnitude
in absolute abundance (Figs. 4.2/ and 4.3) despite an order of magnitude change in the rates of
anammox (Fig. 4.5). Similarly, the anammox gene pool (hzs and hzo — hydrazine synthase and
hydrazine oxidoreductase) remained constant, within the same order of magnitude (Figs. 4.4
and 4.5). Thus, like denitrification, rates of anammox did not scale with respective gene and cell
abundances. The variations in the rates of anammox, however, are relatively small compared to
those of denitrification, with no appreciable changes in the abundance of anammox bacteria (Fig.
4.5). The factors responsible for the inconsistency between the rates of anammox and their gene
and cell abundances are likely different from denitrification. While taxa involved in denitrification
can grow facultatively through other metabolisms, Ca. Scalindua is only known to grow through
the anammox pathway [62] and therefore, the decoupling between abundances and rates is not
the likely result of growth of Ca. Scalindua through alternative metabolisms. Also, while the
capacity for denitrification is distributed across many taxa and thus conducted through different
physiologies, the anammox metabolism is restricted to Planctomycetes [254] and it is unlikely to
be conducted by other taxa with different physiologies. The combined results for denitrification
and anammox thus show that the relationships between metabolic rates and gene and organism
abundances appear more complex than currently accounted for in gene-centric modeling and that

these relationships further diverge across pathways and organisms.
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Figure 4.4: Functional gene abundances of anaerobic N-metabolisms. Gene abundances (gene L™1) for the follow-
ing pathways and associated genes: nitrification (pmo/amoA=ammonia monooxygenase, hao=hydroxylamine
oxidoreductase), anammox (hzo=hydrazine dehydrogenase, hzs=hydrazine synthase), NO; reduction
(napA=periplasmic dissimilatory nitrate reductase, narG=membrane-bound dissimilatory reductase), den-
itrification (nirS=nitrite reductase, norBC=nitric oxide reductase, nosZ=nitrous oxide reductase), DNRA
(nrfA=dissimilatory periplasmic cytochrome c nitrite reductase, nirA=assimilatory nitrite reductase). Of
note, the different scales for hzo, hzs and nrfA than for the other genes. 102
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Figure 4.5: Re-networking of anaerobic N-metabolisms linked to power supply. Depth-integrated rates of power supply associated with DNRA,
denitrification and anammox (black arrows, in k] m~2d~!) with depth-integrated gene abundances (in genes m™?) associated with these rates
(in bubble). The insets on the left of each conceptual model shows where most of the NOy reduction occurs in the water column and through
which process (blue for denitrification, pink for DNRA, purple for anammox).



In addition to denitrification and anammox, both of which are implicated conceptually and
quantitatively in N-cycling in SI, we also found that DNRA contributed appreciably to the N-cycle
following renewal, and like denitrification and anammox, genes involved in DNRA did not scale
with rates of DNRA. While the taxa that conduct DNRA in SI remain unknown, SUP05 has been
tentatively linked to DNRA through the discovery of nrfA homologues in a SUP05 affiliated
open reading frame. The abundances of the genes involved in DNRA (nrfA and nirA, [3]) tripled
between August and September, following renewal (Fig. 4.4), but remained constant between
September and October despite two orders of magnitude increase in the rates of DNRA (Figs. 4.1
and 4.5). The disconnect between DNRA rates and gene abundances, like denitrification, probably
reflect both the distribution of DNRA across multiple organisms as well as growth of nrfA/nirA
genes through metabolisms apart from DNRA. Connecting rates of DNRA to gene abundances
is further confounded by both uncertainty in the taxa that conduct DNRA and their underlying
genes. Indeed, DNRA may be achieved through enzymatic pathways that do not contain nrfA
and may instead be catalyzed by other enzymes encoded by other genes [3, 224, 255]. Again,
it is difficult to reconcile rates of DNRA with corresponding gene abundances as required in
gene-centric modeling frameworks.

Nitrifying bacteria and Archaea as well as the nitrification gene pool respond to renewal
in likely connection to elevated nitrification rates. Key organisms implicated in nitrification
including, Nitrospina sp. as well as Thaumarchaeota [33], along with the genes encoding enzymes
that catalyze key steps in nitrification (amoA and hao — ammonia oxidase and hydroxylamine
oxidoreductase), appear to increase following renewal. Specifically, we find an increase in the
abundance of organisms belonging to these clades at the depths where renewal was observed
(135m in August and 200m in September/October - Fig. 4.4). The genes amoA and hao also
exhibited similar increases in abundance at the same depths at the same time. Although we
did not measure rates of nitrification, it was previously detected in the low-oxygen waters of SI
and shown to increase in rate following renewal in 2008 [247]. It is therefore likely that rates
of nitrification increased in response to the new input of oxygenated waters in SI following the
September 2016 renewal as well (Fig. 4.1a) and so did the nitrifying population according to

the abundance of key nitrifying organisms and the abundance of nitrifying genes. However, we
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cannot confirm whether the rates and nitrifying microbial population growth scale as we are

lacking rates of nitrification for the period studied.

4.3.3 Power supply and ecophysiology of anaerobic N-metabolisms

We often think about microbial communities in redox stratified environments in terms of energy
available or free energy yield (AG). However, microbial communities can be limited by the
rate at which this energy is made available, or in other words, by the power supply [228, 229].
We determined the power supply in the water column of SI for the anaerobic N-metabolisms
denitrification, anammox, and DNRA. This was accomplished by multiplying reaction rates by
the corresponding free energy yield at that depth and these were integrated over the depth of the
anoxic water column (see |Appendix D, for more details on the power supply calculations). We also
use reaction rates as a proxy for the substrate supply rate. This works because substrates did not
accumulate and thus reaction rates place maximum values on the supply rate. Likewise, reaction
rates place minimum values on substrate supply rates because mass balance precludes reaction
rates that exceed substrate supply rates. We show that the power supply spans several orders of
magnitude and is higher following renewal (Figs. 4.1a, b, and |4.5). Power supply in SI varied
between 0.3 and 560 k] m~2 d ! and was the highest in October 2016 (Fig. 4.1b). The dynamics in
power supply were mainly driven by changes in substrate supply rates rather than the changes
in free energy yield that accompany changes in substrate and metabolite concentrations, which
remain within an order of magnitude despite relatively small changes in substrate concentrations
(Table |D.3). Dynamics in power supply thus appear to be the result of changes in the input of
oxidants to anoxic waters during renewal, which fuels nitrification and in turn supports higher
rates of anaerobic N-metabolisms.

Changes in power supply are tightly coupled to changes in N-metabolisms. This has the
effect of changing the overall outcome of reductive N-metabolisms, switching between N-loss
and N-retention in connection to the substrate supply rate. Following renewal, the increase in
power supply was reflected mainly as enhanced rates of DNRA, which causes N-retention in
the inlet instead of N-loss through denitrification and anammox (Table |D.1). A shift between N»

production and N-retention through denitrification/anammox or DNRA, respectively, therefore
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has important consequences for nutrient budgets in SI. The connection between this shift in
pathways and dynamics in power supply implies that changes in power supply may play an
important role in controlling the biogeochemistry of systems above and beyond simple regulation
of the rates at which reactions take place. In this case, it appears to cause a re-networking of the
N-cycle, by diverting the rate at which the energy is processed from one pathway to another, here
from anammox and denitrification, to DNRA.

Power is used by organisms to maintain biomass, respond to environmental stressors, and if
sufficient, fuel growth [228, 229]. Here we partitioned energy flow between different metabolic
pathways in the N-cycle and compared these to functional gene abundances, as a proxy for
microbial abundances (Fig. 4.5). Gene-centric modeling theory is based on scaling between
reaction rates and functional gene abundances. In SI, however, changes in functional gene
abundances associated with renewal did not scale to corresponding changes in rates. Since
dynamics in power supply in SI are mostly driven by substrate supply rates, functional gene
abundances also do not scale with power supply (Figs. 4.4/and 4.5). Therefore, because power
is at least partly decoupled from microbial growth based on the results presented here, it must
be dissipated through other mechanisms. These can include but are not limited to: extracellular
secretions; energy spilling reactions (i.e. heat loss); defense against chemical stresses; cell motility;
and proofreading and synthesis of macromolecules, such as RNA and proteins [229]. The power
used in these processes could be referred to as maintenance energy and seems to vary between
taxa and with growth conditions [256-259]. Thus, if the maintenance energy is low, there is
generally more energy available to fuel growth that could support higher biomass yield. Here,
anammox bacteria appear to have higher maintenance energy requirements, as we did not observe
substantial changes in the relevant gene abundances despite changes in the rates of anammox, and
this further implies a low biomass yield and this is consistent with previous observations from
wastewater treatment plants [62]. Conversely, gene abundances for denitrification and DNRA
changed substantially after renewal, although these did not scale with the corresponding increase
in rates of these reactions. This therefore suggests lower maintenance energy requirements
for the organisms involved in denitrification and DNRA, as well as relatively higher biomass

yields. The lack of consistent relationship between gene abundances, relevant organisms and
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rates imply that maintenance energy requirements and biomass yield are variable and depend on
growth conditions. Beyond the complexities apparently associated with the relationship between
growth and reaction rate, differentials in taxon-specific death rates would further confound these
relationships. These observations demonstrate a need for more information on biomass yield,
maintenance energy requirements and taxon-specific death rates. Such information should be
generated for key-relevant taxa and appropriate model organisms that would enable predictive
biogeochemical modeling that includes information on microbial ecology under dynamic (non-

steady state) conditions.

4.4 Implications and extensions

DNRA was the dominant pathway of NO, reduction in SI when summed over the year, with
seasonal shifts between denitrification and anammox, and DNRA. This is notable as such a
predominance of DNRA has rarely been observed in marine settings — and to date, only in some
coastal and estuarine sediments [64, 93, 97, 155, 225]. Nevertheless, DNRA has previously been
detected in pelagic settings, where it appeared to play a relatively minor role, such as in the
Peruvian OMZ and the Baltic Sea [67, 106]. In SI, our time-series observations allowed us to
capture large-scale dynamics in anaerobic N-metabolisms, and these observations reveal temporal
shifts in denitrification and anammox, and DNRA that, when integrated annually, have important
implications for N budgets in SI. The extent to which such large temporal variations in rates
and pathways occur more broadly in coastal and open ocean low oxygen marine waters remains
unknown, but should be evaluated in future studies.

Physical dynamics in the ocean influence power supply and, as we show here, can be accom-
panied by changes in the rates and pathways of microbial metabolism, with consequences for
biogeochemical cycles and ocean chemistry. Models predict that current trends in climate will lead
to increased frequencies of meso-scale eddies as well as increased upwelling, both of which have
the potential to enhance the supply of oxidants and oxidized N-substrates to low oxygen marine
waters [214, 260-263]. This enhanced supply of oxidants and N-substrates can lead to enhanced

power supply, and, given that enhanced power supply appears linked to a shift in anaerobic
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N-metabolisms to DNRA, we suggest that predicted changes in ocean circulation may influence
N-inventories by promoting N-retention at the expense of N-loss. Anecdotally, detection of DNRA
in the Peruvian upwelling system [67], which is currently characterized by frequent meso-scale
eddies, supports this idea. If DNRA were to become the dominant anaerobic N-metabolism in
the future oceans, it would dramatically influence global N-budgets and likely support a positive
feedback on ocean deoxygenation.

Given the connection between power supply, physical dynamics and ocean circulation, and
pathways of anaerobic N-metabolisms, there may be evidence in the geologic record that supports
the positive feedbacks we propose here and their influence on the Earth system. For example, the
oceans transiently became anoxic during Oceanic Anoxic Events, in the Cretaceous period [219],
with links to changes in ocean circulation and enhanced primary productivity [219, 264, 265].
N-retention through DNRA, in response to enhanced power supply triggered by changes in ocean
circulation, provides a means to initiate a positive feedback on ocean deoxygenation that could
drive the expansive ocean anoxia during OAEs. At even larger scales, the oceans have changed
from ferruginous (iron-rich) to euxinic (sulphide-rich) conditions during intervals in the late
Archean and throughout the Proterozoic eons [42, 47-49, 55]. N-retention through DNRA versus
loss through denitrification provides a means of sustaining euxinia under the widespread ocean
anoxia that characterized the Precambrian eons and indeed, the N-isotope record implies basin
scale DNRA during some intervals [42]. The reasons for widespread DNRA in the Precambrian
oceans are necessarily uncertain at this time but by analogy, we suggest that variations in power
supply linked to physical or chemical dynamics in the oceans could be responsible for changes
between DNRA dominated and denitrification dominated anaerobic N-metabolisms. Changes
in ocean circulation in response to deglaciation events in the Late Proterozoic eon have indeed
been linked to the development of euxinia [266]. Taken together, we suggest that power supply
dynamics can cause changes to the N-cycle that impact ocean nutrient status and can have large-
scale effects on ocean chemistry, biological production, and the Earth system. Analogous changes
in ocean circulation and power supply could mirror these events of deoxygenation in the future,
and this deoxygenation could possibly lead to the development of widespread euxinia in the

oceans with potential to induce biological crises of similar scale to the Cretaceous OAEs.
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Chapter 5

Conclusions

This dissertation provides new knowledge about the dynamics in rates and pathways of both
ancient and modern marine N-cycling, through the combination of information from geochemical
profiles, process rate measurements, and analysis of microbial community composition, structure
and function. This new knowledge was then integrated into models to study the effect of these
rates on the nutrient status of the ancient oceans, the competition between metabolic pathways of
interest leading to N production, and the bioenergetics of anammox, denitrification and DNRA.
This chapter synthesizes the dissertation’s findings and concludes with a discussion on the future

challenges related to the N-cycle and corresponding modeling efforts.

5.1 Dynamics in rates and pathways of anaerobic N-cycling

This dissertation describes rates and pathways of anaerobic N-metabolisms across different pelagic
environments, which expands current knowledge on the factors that control the partitioning
of these pathways. Prior to this work, the drivers of the partitioning were underexplored and
remained unconstrained. In Chapter 2, we show the presence of Fe-dependent NOj reduction —
through DNRA and denitrification — under pelagic ferruginous conditions, which can serve as an
analogue environment extensible to the Proterozoic oceans. The fact that these pathways are active
under these analogous conditions to the ancient ocean can inform on ancient marine N-cycling
and gives us further insight, when combined with the geologic record, on how anaerobic N-
metabolisms would have been active. In Chapter 3 we study the variations in rates and pathways
of anaerobic N-metabolisms with fine-scale temporal and spatial resolution in an anoxic fjord. This
reveals rate variations of previously unappreciated magnitude, in addition to temporal changes

in the partitioning of the pathways that responds to physical perturbations in the inlet. Most
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studies are currently limited, both temporally and spatially, therefore overlooking these changing
environmental conditions and corresponding dynamics in rates and pathways of N-cycling. In
Chapter 4, we also show that DNRA is a dominant pathway of NO, reduction, challenging current
assumptions that DNRA constitutes a minor process under OMZ-like conditions. Rates of DNRA
are regulated nearly exclusively by substrate supply rates, which changes the paradigm of how
we think about controls on rates and partitioning of these pathways. Rather than measuring the
state of physico-chemical conditions at a singular time-point (presence or absence of substrates,
inhibitors, e.g.) — which is the currently accepted approach to studying these pathways — we show
it can instead be the rate of change in these conditions that regulates the rates and pathways of

anaerobic N-metabolisms.

5.2 Integrated approach for better modeling of biogeochemical
cycling

New knowledge on the connection between rates and pathways of anaerobic N-cycling and
corresponding environmental conditions presented in this thesis, promotes more thorough N-
cycle models. In Chapter 2, the presence of DNRA under ferruginous conditions was tested in
a reaction-transport model for a coastal upwelling set for the Proterozoic oceans. This allowed
us to study the potential impact of DNRA on the nutrient status of the ancient ocean, as well as
its influence on biological production, and ocean and atmospheric chemistry. Ultimately, these
changes can be found in the rock record, but the study of a modern analogue can give more
insight on the microbial mechanisms that could have occurred under similar conditions in the
ancient oceans. In Chapter 3, we reproduce the variations in rates and pathways in a simple
flux-balance model mimicking the competition between anammox and denitrification, while using
kinetic parameters measured in situ, or inferred when the parameters were not available. Even
though the model was straightforward in its structure, it generated similar rates of N-cycling
and similar growth rates of relevant cell populations to those observed in Saanich Inlet. Thus, by
combining geochemical (substrate concentrations) and microbiological (process rate measurements

and microbial community composition) information, we are able to broadly reconstruct the rates
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and pathways observed in the water column. In Chapter 4, we show that DNRA is an important
N-cycle pathway in Saanich Inlet and should be considered both in conceptual and gene-centric
modeling. We further show that, under dynamic (non-steady state) conditions, rates of anaerobic
N-metabolisms and corresponding gene abundances, used as a proxy for microbial populations
responsible for the pathways, did not scale uniformly, contradicting the current framework of

gene-centric modeling.

5.3 Looking ahead

The extent to which temporal and spatial variations in rates and pathways of N-metabolisms occur
in marine systems needs to be further studied globally. Indeed, it is unclear whether N-budgets
are currently balanced (see Chapter 1), due to uncertainties in estimates of the N-budgets and rates
of N-transformations [2]. Most studies that measure rates and pathways of N-transformations
in OMZs, for example, are limited to a singular time-point, and remain relatively localized
spatially (e.g. [18, 65, 67, 98, 100]). It is therefore possible that changing environmental conditions
influencing changes in rates and pathways are not captured by current spatial and temporal
resolution of most studies. In Chapters 3 and 4, we show that rates of denitrification and DNRA
vary over several orders of magnitude on an annual basis in a coastal anoxic fjord, Saanich Inlet.
These variations were linked to environmental perturbations of the inlet, which were coupled
with higher substrate supply rates and thus higher energy brought to the system. Environmental
perturbations can also occur in the coastal and open oceans. These can be large and meso-scale
eddies [260], for example, or increased upwelling currents due to increased winds that are a
consequence of climate change [263]. These changes have rarely been studied in combination
with process rate measurements [103, 214] and lack altogether microbial community analysis.
Thus, these observations call for a broadening of the research to rates and pathways of anaerobic
N-cycling in OMZs under dynamic conditions. This would in turn allow for more accurate
estimates of marine N-budgets, and further, better inform biogeochemical modeling efforts.
Biogeochemical models of N-cycling should consider DNRA as an important pathway of NO,

reduction for the reconstruction of rates and pathways of past, present and future N-cycling. In
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current approaches, however, DNRA is often overlooked [5, 39, 44], and considered insignificant
to global N-budgets. While DNRA is not a primary source of fixed-N, the activity of DNRA can
impact biological productivity by mitigating N-loss, through anammox and denitrification, by
diverting the products of NO, reduction to NHj rather than to N, with the retained N being
upwelled to surface waters and feeding primary production. In Chapters 2 and 4, we indeed
determine that DNRA plays an important role in NO, reduction, more than previously thought,
both in ferruginous conditions that are analogous to the Proterozoic oceans, as well as in a modern
coastal anoxic fjord. Furthermore, in Chapter 2, a higher partitioning of NO, reduction through
DNRA was shown through modeling to lead to higher rates of primary production in the surface
waters of the Proterozoic oceans, with corresponding impact on ocean and atmosphere chemistry.
To confirm the activity of DNRA in the ancient oceans, it would be essential to test whether the
N-isotope fractionation found in the rock record can be reproduced when adding DNRA to the
pathways considered in models such as the one in Boyle et al. (2013) [44]. N-isotope fractionation
through DNRA remains, however, poorly constrained so far [64], unlike denitrification and
anammox, and further research is needed, both in natural and laboratory cultured settings to
observe the fractionation associated with DNRA. Results in Chapter 4 also shows that rates of
DNRA vary greatly in range, responding to physical perturbations in the system, and if found at
larger scale in the modern oceans, could have similar effect on biological productivity and ocean
chemistry. This switch between denitrification and DNRA in response to dynamic conditions
should also be considered in current modeling efforts, in light of deoxygenation of the modern
oceans [72] and changes in ocean circulation due to climate change [262, 263] . Together, these
results call for the consideration of DNRA in models for the past, and reconstruction of present
and future conditions.

Key-players involved in anaerobic N-cycling in Saanich Inlet remain elusive, and their corre-
sponding ecophysiological information unknown, and this information is key to refining current
models. These key-players found in Saanich Inlet are likely extensible to other parts of the oceans,
and could greatly impact N-cycling under specific environmental conditions. The ecophysiological
information associated with the key-players is difficult to constrain, however, due to the complexity

of the microbial community involved in these pathways. In Chapter 3, we identified two differing
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denitrifying populations — SUP05 and Marinimicrobia versus Arcobacter — and these populations
were linked to changes in rates of N, production, with either low or high rates of N>-production,
respectively. Although SUP05 and Marinimicrobia were previously recognized as key-players
in Saanich Inlet [33, 187], the involvement of Arcobacter needs to be further confirmed through
meta’omic analysis that can be used to test its potential and expressed metabolic activities. In
Chapter 4, we also detected genes involved in DNRA, which was previously omitted in the
conceptual metabolic model developed for Saanich Inlet [33]. The taxonomic identification of
key-players involved in DNRA remains unknown so far and thus, missing taxa have yet to be
uncovered for Saanich Inlet. This information will allow us to improve existing conceptual models
of N-cycling, and likely add relevant key-players involved in NO, reduction. Another notable
finding from this thesis is that the gene-centric modeling approach, which states that changes
in rates scale with changes in the abundance of the genes that code for the enzyme conducting
the metabolic pathway [118, 119], is not applicable under dynamic (non-steady state) conditions.
This therefore asks for further details on ecophysiological parameters such as biomass yields of
relevant taxa changing with different growth conditions, as well as taxon-specific growth and
death rates. To do so, new information could be produced through cultivation of relevant taxa in
the lab. The culture of these taxa might not be feasible, as is the case for many environmental taxa
(e.g. anammox bacteria), but other techniques could be used to measure taxon-specific growth and
death rates in the environment, for example through stable isotope probing techniques [267]. The
fact that we cannot model rates and pathways of anaerobic N-cycling under dynamic conditions

underscores the lack of knowledge on the metabolic and growth parameters of relevant taxa.

54 Closing

Over the span of ~4 billion years, the Earth’s surface redox state has been drastically altered
through coupling of geologic and microbial metabolic processes. The interactions between these
processes are extremely complex and require both in-depth knowledge of the micro-scale as
well as the global system in order to model the multiple feedback loops that constitute these

interactions. This dissertation developed a more informed modeling framework for ancient
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and contemporaneous N-cycle predictions that incorporates geochemical and microbiological
information. By using an integrated approach in a specific environment to develop new knowledge,
resulting models can be made extensible to other environments. As the Earth is entering the
Anthropocene, a new geologic epoch where humankind is the main driver in changing the
redox state of the Earth’s surface, unprecedented alterations to the environment and climate are
occurring. These alterations will be disruptors of current biogeochemical cycling and predictions
of the feedbacks from microbial processes that will arise from it are largely unconstrained.
Collaboration between fields, from climate modeling to environmental microbiology, will therefore
be necessary in order to tackle future changes. By being able to predict what the future will look
like given the current path that we are headed, this will allow us to plan how humankind needs

to bio/geoengineer changes in order to keep a life-sustainable planet.
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Appendix A

Chapter 1: supplemental material

A.1 Isotope pairing technique protocol

This method is used to measure the production of Ny or NHj through the addition of °N-labeled species
to measure the rates of denitrification, anammox and DNRA. The protocol was adapted from [74, 154] but
scaled to bigger incubation vessels that allowed for less heterogeneity in the samples.

A.1.1 Sampling

From a Niskin bottle, overflow the 250mL serum bottle 3 times and close it with a blue stopper to avoid
oxygen contamination. Do not seal the bottle and put it in the dark until the beginning of the experiment.
Avoid any big temperature variation during transportation to the lab to prevent breaking the bottles.

A.1.2 Start of the incubation

Once back in the lab, start the incubations as soon as possible. First, add a 20mL Helium headspace
(Helium 5.0 purity) at 1 atmosphere pressure. This can be achieved by having an outlet in the gas-line that
is open to the atmosphere. After adding a headspace, the bottle can be sealed with a crimper. The liquid
obtained from the 20mL headspace can be filtered (0.2m filter) and frozen at -20°C for later analysis of the
nutrients in it. While the bottles equilibrate with their new headspace (shake gently for 15 minutes). Once
equilibrated, add the ®N-label to your bottles. The concentration added will depend on the environment
considered. Typically, we add 50% of the ambient concentration of the N-species naturally present. It is
essential to avoid any cross-contamination of the °NOj, °NO; and >NH} while using the syringes and
needles.

A.1.3 Taking time points

Two types of samples are taken for each time point: a gas and a liquid sample. For the gas sample, a 1mL
gas-tight syringe (Hamilton company) is flushed three times with Helium at 1 atmosphere. After flushing,
1mL of Helium is injected into the headspace of the serum bottle and 1mL of the headspace is taken up in
the same syringe. This constitutes the gas sample and it will be preserved in a 3mL exetainer filled with
ddi water. To do so, the ImL of gas sample is inserted in the exetainer while having an output needle
that expels ImL of ddi water replaced by the gas. It is important to have a gas-tight syringe for each of
the °N-labels used in the incubations in order to avoid cross-contamination that would lead to anammox
producing 3°Nj gas. The liquid sample are taken by a flushed 5mL plastic syringe, 2mL of He are inserted,
similarly to the gas sample, and 2mL of liquid are taken up in the syringe. The sample is then immediately
frozen at -20°C for later analysis. Time points are usually taken at 0, 3, 6, 12 and 24 hours, depending on
the activity of the microorganisms.

A.14 Analysis of samples

Gas samples are later analyzed on an Isotope Ratio Mass Spectrometer for the accumulation of ??N, and
30N in the headspace. In the liquid samples, °’NHj is transformed into >~N, following Warembourg
et al. (year) and also analyzed on the IRMS. Total NO; and NHj are analyzed spectrophotometrically
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by the Griess and indophenol assay, respectively [151]. Total NOx (NO, and NOj) is measured via
chemiluminescence [189].

A.2 Summary of pelagic and benthic rates of denitrification,
anammox and DNRA
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Table A.1: Summary of benthic rates of denitrification, anammox and DNRA The rates found in this table was summarized from the literature (see
references column).

Place/Station Conditions Lat Lon DNRA AN DEN Reference
Laguna Madre, Texas Shallow estuary 27.279 -97.427 559.2 1843.2 0 0 256.8  902.4 (An and Gardner, 2002)
Venice Lagoon, Italy Coastal seds 45.334 12.285 240 6600 0 0 240 6000 (Azzoni et al., 2014)
Dorum, Denmark Intertidal flats 53.736 -8.507 120 0 0 2160 (Behrendt et al., 2013)
Aarhus Bight, Denmark Coastal Bay 56.105 -10.463 120 0 0 1200 See above
Mississipi, USA River delta 29.225 -83.453 240 0 0 2640 See above
Limfjord , Denmark Shallow fjord 56.537 -9.370 120 0 0 1920 See above
Janssand, Denmark Intertidal flats 53.735 -7.696 240 720 0 0 720 See above
Little Lagoon, Alabama eutrophic estuary 30.237 -87.752 1089.6  3868.8 0 0 88.8 362.4 See above
Peruvian OMZ sediments Sediments underlying OMZ -11 -78.6 480 2930 280 430 200 2020 (Bohlen ez al., 2011)
Baltic Sea estuary changes of oxygen conditions 58.833 -17.666 0.24 720 12 48 48 408 (Bonaglia et al., 2014)
in sed, from hypoxia to
oxidized
Gulf of Bothnia oligotrophic basin, cold, well-65.191 -23.395 10 275 10 65 50 300 (Bonaglia et al., 2017).
oxygenated
Gulf of Mexico hypoxic sediments 29.1 -89.3 ND ND ND ND 1149.6 2594.4 (Childs ez al., 2002)
Western North American continental shelf sediment 28 -113.5 2660 ND ND 720 2680 (Chong et al., 2012)
continental margin
Lower St Lawrence Estuary estuary sediments 48.700 -68.652 0.12 132 271.2 (Crowe et al., 2011)
By Fjord (Sweden) Hypoxic, euxinic sometimes 58.333 11.869 20 525 0 0 20 679 (De Brabandere et al.,
basin sediements, 2015)
reoxygenated
Mae Klong estuary (Thailand) Tropical estuary 13.411 99.997 12000 720000 0 0 2400 216000  (Dongeral.,2011)
Cisadane estuary (Indonesia) Tropical estuary -6.019 106.631 216000 24000000 0O 24000 2400000 See above
Vunidawa-Rewa Estuary (Fiji) Tropical estuary -18.106 178.541 2400 288000 0 0 2400 72000 See above
Florida Bay Eutrophic coastal sediments 25 -81 240 6000 ND ND 120 4200 (Gardner and McCarthy,
2009)
Texas estuaries Shallow estuaries 28.5 -98.520 384 2376 ND ND 120 1128 (Gardner et al., 2006)
Arctic Fjord sediments (Svalbard, Arctic coastal sediments 79.700 11.086 ND ND 10 26 34 294 (Gihring et al., 2010)
Norway)
Plum Island Sound Estuary (USA, salt marsh sediments 42.724 -70.831 100 2000 0 0 50 600 (Giblin et al., 2010)
MA)
Gulf of Finland, Baltic Sea Hypoxic basin 59.933 22.097 13 1060 0 0 38 1619 (Jantti and Hietanen,
2012)
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Table A.2: Summary of benthic rates of denitrification, anammox and DNRA, cont’d The rates found in this table was summarized from the literature

(see references column).

Lower Gt. Ouse (North Sea

estuary)

temperate estuarine sediments 52.816

Plum Island Sound Estuary (USA, salt marsh sediments

MA)

Ca'Stanga and Lago Verde

Lake - Hoffman Metropark (Ohio) Freshwater sediment - test of

Colne estuary (UK)

Dover Bluff - Georgia (USA)

Grave's Dock - South Carolina

(USA)
Gulf of Mexico seds

Yarra River estuary seds

(Australia)

Yarra River estuary seds

(Australia)

Arctic Sea ice - Young Sound

Bassin d'Arcachon sediments

(France)

East China Sea sediment

hypolimnetic sediments of
lowland lake-mesotrophic

increase NO3 and
bioturbation
estuary sediments

Coastal sediments
Coastal sediments
Hypoxic-sulfidic seds with

Thioploca mats
River seds

River seds, under oxic and
hypoxic conditions
Artic sea ice

Coastal lagoons sediments

Shelf sediments

Banks of Weser river (Germany) River sediments

Atlantic Ocean next to UK-Ireland Continental slope

Atlantic Ocean next to UK-Ireland Continental shelf

Lake Lugano (Switzerland)

Freshwater sediment

42.724

45.054

39.013

51.807
30.416
32.333

25.5

-37.843

-37.843

74.309
44.699

29.088
52.994
54.119

48.060
46.009

0.383

-70.831

9.796

-84.001

0.999
-8L.5
-81.416

-112

145.116

145.116

20.250
-1.116
123.803

9.004
5.569

9.853
9.030

600

93.6

70

67.2

ND

2500

480

160.8

ND
70

2600

16.8

26400

585.6

120

547.2

ND
912
552

3400

14400

808.8

ND
310
9700

52.8
0.024

0.12
148.8

ND

ND

ND

ND

2000
ND

16.8

ND

ND
1.2
1.2

1600

23
ND
5000

ND
2.64

60.24
91.2

168

428

700

67.2

36
12
12.24

480

3720

10
20

3000

141.6

5280

7971

4100

5512.8

8848.8
6720
3984.96

1100

9600

17760

45
1010
18000

1893.6
139.92

4.8
1372.8

(Kelly-Gerreyn et al.,
2001)

(Koop-Jakobsen and
Giblin, 2010)
(Nizzoli et al., 2010)

(Nogaro and Burgin,
2014)

(Ogilvie et al., 1997)
(Porubsky et al., 2009)
See above

(Prokopenko et al.,
2013)

(Roberts et al., 2012)
(Roberts et al., 2014)

(Rysgaard and Glud,
2004)
(Rysgaard et al., 1996)

(Song et al., 2013)
(Stief et al., 2010)

(Trimmer and Nicholls,
2009)

(Trimmer and Nicholls,
2009)

(Wenk et al., 2014)
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Table A.3: Summary of pelagic rates of denitrification, anammox and DNRA The rates found in this table was summarized from the literature (see

references column).

Place/Station Conditions Lat Lon DNRA AN DEN Reference

ETSP Northern Chile OMZ -20.341 -70.561 ND ND 2.5E-10 1.25E-09 5E-11  3E-10 (De Brabandere et al., 2014)
Peruvian OMZ OMZ -12 =713 3E-09 2.2E-08 2E-08 2.50E-07 ND ND (Lam et al., 2009)

ETSP OMZ -10 -80 4.8E-10 1.74E-09 2.84E-09 2.27E-07 2.21E-09 5.42E-09 (Kalvelage et al., 2013)
Juan de Fuca Ridge Sulfidic hydrothermal vents 45.92 -129.99  6E-09 1.51E-07 2E-09 5E-09 5E-09 9.77E-07 (Bourbonnais et al., 2012)
Omani Shelf OMZ 18 65 2E-08  3.70E-08 2E-09 2.5E-08 ND ND (Jensen et al., 2011)
Mediterranean particles Particles 43 5.5 SE-10 1.1E-08 ND ND 2E-09  1.5E-07 (Michotey and Bonin, 1997)
Gotland Basin, Baltic Sea anoxic, sulfidic basin 57.3 20.5 1E-08 1.5E-07 SE-09 SE-08 2.5E-07 2.7E-06 (Hannig et al.,2007)
Gotland and Westerland basin, Baltic Sea anoxic, sulfidic basin 58 18 3.6E-09 1.61E-08 1.68E-09 7.44E-09 5.52E-09 9.67E-07 (Bonaglia et al., 2016b)
Wintergreen lake , MI, USA Sulphidic Eutrophic lake 42.397 -85.386  1.2E-06 3.5E-06 ND* ND 1E-06  1.7E-05 (Burginetal., 2012)
Rhone River Plume water of the river 43.4667 4.833 7E-07  2.5E-06 ND ND 1E-06  4.3E-06 (Omnes et al., 1996)
Kabuno Bay, Lake Kivu (RDC) Ferruginous conditions -1.617 29.063 2.5E-08 4.8E-08 ND ND 4.8E-08 7.5E-08  (Michiels et al., 2017)
Benguela upwelling system (Namibian) OMZ -22.5 13.9 1E-08  1.7E-07 ND ND (Kuypers et al., 2005)
ETSP OMZ -22 -73.5 9.6E-10 2.06E-08 2.64E-09 1.9E-07 (Dalsgaard et al., 2012)
ETNP OMZ 20.15 -106 SE-10  1.2E-08 1E-09  3E-08 (Babbin et al., 2014)
ETSP Northern Chili OMZ -20.1 -70.317 3E-09 1.68E-08 ND ND (Thamdrup et al., 2006)
Chilean OMZ OMZ -20.086 -70.336 6.96E-09 1.03E-08 1.01E-09 1.9 E-09 (Canfield et al., 2010b)
Peruvian OMZ OoMZ -12 -77.5 1.5E-09 3.84E-07 ND ND (Hamersley et al., 2007)
Central Baltic Sea oMZ 57.5 18.5 ND ND 5.76E-09 3.816E-07 (Dalsgaard et al., 2003)
Arabian Sea OMZ 17.5 65 1.2E-10 4.32E-09 2.4E-10 2.54E-08 (Ward et al., 2009)
Arabian Sea OMZ 19 66 4.23E-09 1.00E-09 2.12E-08 (Bulow et al., 2010)
Black sea OMZ 42.512 30.245 7E-09 7E-09 ND ND (Kuypers et al., 2003)
Golfo Dulce (Costa Rica) Anoxic basin 8.570 83.245 1.2E-07 4.8E-07 7.2E-08 2.64E-06 (Dalsgaard et al., 2003)
Golfo Dulce (Costa Rica) Anoxic basin 8.6 83.267 1E-09 1.5E-08 ND ND Jensen, PhD thesis (2006)
Mariager Fjord anoxic sulfidic basin 56.663 9.974 ND ND 1.86E-05 (Jensen et al., 2009)
Black Sea anoxic sulfidic basin 43.233 34 1.7E-10 1.77E-08 ND ND (Jensen et al., 2008)
Lugano Lake (Switzerland) Sulfidic lake 46.009 9.031 1E-09  1.5E-08 3E-08 9E-08 (Wenk et al., 2013)

Lake Cadagno (Switzerland) Sulfidic lake 46.550 8.711 ND ND 6.96E-08 7.92E-08 (Halm et al., 2009)




Appendix B

Chapter 2: supplemental material

B.1 Fe-dependent NO; reduction — thermodynamic considerations

In order to test the thermodynamic favourability of reactions involving the different possible intermediates
in Fe-dependent NOjJ reduction, we calculated the relevant Gibbs free energy yields (Table B.1). In
situ concentrations for the different chemical species implicated are depicted in Table |B.2| Temperature
considered was 297°K (i.e., 23.85°C) and the gas constant (R) used was 0.008314 kJ K~! mol~!. Under
Kabuno Bay conditions (Table |B.2), all the reactions outlined in Table [B.1|are thermodynamically favourable.

B.2 Denitrification and DNRA rates summary in Kabuno Bay

Rates of DNRA and denitrification have been calculated by linear-regressions with the least squares method
over the time interval during which data are linear (24 or 48hrs) for 15NH:Ir or N, production, respectively.
The rates and the error associated are displayed in in Table B.3|.

B.3 Dark carbon fixation in Kabuno Bay

Recent literature described the carbon fixation efficiency of Fe(ll) dependent NO5 reducers from coastal
marine sediments as being 1 mole of CO, fixed per 26.5 moles of Fe oxidized [268]. The products of
NOj3 reduction were not fully known in this case but the authors hypothesized based on the reaction
stoichiometry that it leads to N> production. Therefore, because 5 moles of Fe(II) are needed to reduce
1 mole of NOj, the carbon fixation efficiency for denitrification would be 0.18 (rc/penitr). By applying a
factor of 8/5 to rc/Denitr, We hypothesize a ratio to DNRA (rc/pnra) of 0.3. These factors are similar to
those described for sulphide dependent NO5; reducers by [269]. Indeed, ratios of CO, fixed per NO5; used
through sulphide dependent denitrification (to N») vary from 0.13 to 0.36 [269]. By applying a factor of
8/5 to rC/Denitri, We adapted the ratio to DNRA (rc/pNRra), which then varies from 0.21 to 0.58. In practice,
growth yields for DNRA may differ from denitrification, and this stands as an important opportunity for
future research. With 40% DNRA and 60% denitrification, the contribution of NO3 reduction to total dark
carbon fixation [50] is 2% (summarized in Table |B.4) based on the ratio inferred from [268].

B.4 Box-model of C, N, S and Fe cycling for a hypothetical
Proterozoic upwelling system

The model used in the present study is based on the model developed by [5] for a modern coastal upwelling
system. It was previously adapted to a Proterozoic upwelling system by Boyle et al. 2013 showing that
euxinia was only present when N-fixation occurred in the photic zone. The general structure of our 5
box model is briefly summarized in the main text, Figure |B.1 as well as in Fig2.3a. We kept Canfield
(2006)’s [5] model structure and dimensions (described in Fig/B.1), as well as most model parameters
(described in Fig/B.1 and in Table B.5), but added DNRA as well as the Fe-cycle to our model. N-fixation
was not considered here as the model sustains export production without its contribution, and N-fixation is
commonly absent in modern upwelling systems. Upwelling rates are represented with the coefficient A and
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B (cm hr™?, see Fig/B.1/and in Table B.5) and vertical exchange between the different boxes is represented
by the different K coefficients (cm hr~!, see Fig.B.1|and in Table B.5). Upwelled waters bring nutrients to
the euphotic zone (here NO; and/or NH}), settling rates of primary production are based on N limitation.
Primary production, also called export production in Boyle et al. 2013 is described as follows (Eq.B.1):

A+ B+Ky

* (NOSum + NH4um> (B'l)
N:C

EP = EPNO; + EPNHI =
Primary production is exported through sedimentation to the intermediate box (UM), where microbial
respiration occurs. In the UM box, part of sedimented organic matter is degraded through oxic respiration,
which together with nitrification consumes oxygen. Nitrification, in turn, produces NO3 . Oxic respiration
(Raerobic) is limited by the oxygen diffusing from the surface waters (U box) into the UM box. Surface
water oxygen was set assuming equilibrium with the atmosphere, and oxygen concentrations based on the
reconstructions from the geologic record. We can calculate the rate of Raerobic, which includes nitrification,
based on the flux of oxygen entering the UM box, as shown in Eq.B.2!

K, *O A+ Kym)O K;+ B)O
Raerobic = w* Ot ( * :(?)C 20 + ( s ) 2l (B.Z)
o

Considering that oxygen can only come from the U box, Eq{B.2| simplifies as:

K, * Oz
Raerovic = # (B.3)
Dt

All oxygen was consumed through combined respiration and nitrification directly in the UM box. NOj3
reduction proceeds first using Fe(Il) as an electron donor. For low upwelling rates, NOjJ limits Fe-dependent
NOj3 reduction, and we can therefore calculate rates of NOj3 reduction based on the supply of NOJ to the
UM box as follows:

NO; — limited : RNO;Fe = (A + Kym) * NO3p + (B + K) * NO31 + 7N.C * Rueropic (B.4)

NOj is supplied through upwelling from intermediate waters and is also produced through nitrification in
the UM box. Eq. B.4 implies that NO3 in the UM box is consumed entirely and is therefore zero. If Fe(Il) is
limiting (instead of NO3'), on the other hand, we can calculate rates of Fe-dependent NOj3 reduction based
on the supply of Fe(Il) to the UM box instead of the supply of NO3:

Fe — limited : RNO;Fe = ((A+ Kym) * Fep + (B + Kj) * Fey) * rNO3:Fe (B.5)

with rno3.r. defined in Eq{B.11 below.

In order to determine whether NO3 or Fe(Il) is limiting, we compared the supply rates of both
(Eqs{B.4B.5) and considered the lowest as the actual rate of Fe-dependent NO3 reduction (RNOj Fe). If
Fe(Il) is limiting, there will be NOj left in the UM box that then fuels organic matter oxidation. This
yields both Fe and C-dependent NO5 reduction in the UM box. The NOj allocated to C-dependent NOj
reduction (RNOj C) can be calculated by subtracting Eq.B.4-EqB.5, Again, the NO3 concentration in the
UM box is zero as it is all consumed through a combination of Fe and C-dependent NOj reduction. In
summary:

Case 1: NOj limiting Fe-dependent NOj3 reduction Ryos—tot = RNo3—Fe (B.6)
Case 2: Fe(Il) limiting Fe-dependent NO3 reduction Rxos—tot = Rno3—re + RNo3—C (B.7)

As mentioned here above, we considered both DNRA and denitrification as part of NO3 reduction.
By doing so, we are able to evaluate the effect of the partitioning between DNRA and denitrification on
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primary production, sulphate reduction rates, and the accumulation of hydrogen sulphide. We therefore
varied the relative contributions of DNRA and denitrification to overall NOJ reduction and this ultimately
influences the loss of N from the system versus recycling to NHj through DNRA. In order to address
this balance between the two pathways, we reformulated the description of NOj3 reduced per molecule of
electron donor consumed (Fe(Il) or organic matter) so that it reflected the overall stoichiometry of combined
DNRA and denitrification. Denitrification consumes 5 electrons per NO; reduced versus the 8 electrons
involved in DNRA. The half reactions for denitrification and DNRA are the following:

Denitrification: NO; +5e™ + 6H" = N, + 3H,0 (B.8)

DNRA: NOj3 +8e~ 4+ 10H" = NH} + 3H,0 (B.9)
For Fe-dependent NO3 reduction, we considered the following half reaction:
Fe?* 4+ 3H,O = Fe(OH)3 + le~ + 3H* (B.10)

With x being the contribution of DNRA to NOj3 reduction and (1-x) the contribution of denitrification,
we can define the number of moles of NO3 used per mole of Fe(Il) in Eq

X 1—x
"NO3:Fe = g + ( 5 ) (B.11)

We also can define the number of moles of NHj released per mole of Fe(II) in Eq

X
I'NH4:Fe = 8 (B.12)

Considering now C-dependent NOj reduction, the half reaction of organic C oxidation used here is:
C106H175N16042P + 280H,0 = 106HCO?: + 16NHZr + HP027 + 564H 4+ 472e~ (B.13)

Eq shows the number of moles of NO3 consumed per mole of organic C with a varying contribution
of DNRA and denitrification to NO5 reduction.

x 1—x

= _|_ =4
c=4725 83 B.14
'NO3:C * 06 (B.14)
Finally, Eq was modified from [44], so that rypa4.c, accounted for both NHj released from remineral-
ization of organic matter through NO; reduction as well as the production of NH; through DNRA per
mole of C oxidized. rny4.c is therefore written as follows:

16 + (59 x x
'NH4:C = 71(06 ) (B.15)

As NOj in the UM box equals 0, the Eq/B.1|for export production can therefore be simplified to:

(A + B+ Ku) * NH4um
I'N:C

EP = (B.16)

With NHypy calculated in EqB.17, taking into account the ammonium released from NOj reduction
through DNRA (both Fe and C-dependent), we can therefore calculate Eq

A+ Kym) * NHyp + (B + Kp) * NHyp + *NHa:re * RNO3—Fe + 'NHa:C * RNo3—c — I'N:C * Raerobic

(
NHyym =
4um (Kum + K[)

(B.17)
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If organic matter remains after exhausting NO3 in the UM box, the remaining amount can be oxidized
through iron and sulphate reduction. Iron reduction was insignificant, and wasn’t considered further.
Sulfate reduction rates can be written as:

Ryos-c
Rsg = EP — Rugropic — —2=C (B.18)
NO3:C

The sulphide produced through RSR in the UM box being described in Eq{B.19;

59 Rsr
HySum = —— B.19
22um = 706 * (A + B + K1 + Kum + Ku) (B.19)
With Eq;B.20|as the half reaction used for sulphate reduction
SO3™ +8e™ + 10H' = HyS + 4H,0 (B.20)

Finally, based on the rate of highly reactive Fe entering the UM box and the rate of H»S produced through
sulphate reduction, we can then infer the ratio of Fe-pyrite to highly reactive Fe used in the rock record to
distinguish euxinic from ferruginous conditions.

i
TFepy trre — (2% ((A+ Kym) *x Fep + (B+ K) * Fey) (B.21)

Supplemental conditions from Fig|2.3b and c are displayed here below in Fig.B.2| for the Fe-pyrite
to highly reactive Fe ratio under 2 atmospheric oxygen concentrations (3.8% and 6.2% PAL) and for
higher contributions of DNRA to NOj reduction. Results show that euxinic conditions are reached at
upwelling rates lower than when the contribution of DNRA is smaller, and without the need of an increased
ammonium supply from the deep ocean.

The main parameters are constrained in in Table B.5. These are the benchmark values used for the
runs of the model of the main text, if not stated otherwise in the text or legends of the figures. We provide
further explanation on how specific parameters were constrained below.

In the main text, we explored the influence of oxygen on the model outputs from 0% to 12% PAL (Fig.
2.3d in the main text). 0% PAL is a special case where oxygen is not available locally for nitrification in the
upwelling zone. However, we maintained the supply of NO3 from intermediate waters, as non-local oxygen
oases are plausible in the Archean ocean, even under an ostensibly anoxic atmosphere [38]. Therefore,
these oxygen oases could have enabled the local production of NOj3 through nitrification in other parts
of the Archean ocean and supplied the NOj to intermediate waters as considered in our box model. We
also tested a broad range in deep ocean Fe(Il) and NHj concentrations, as mentioned in the main text.
Indeed, these parameters are poorly constrained in the literature and we therefore studied the influence
of likely ranges on our model outputs. Fe(II) concentrations are commonly thought to be controlled by
equilibrium with siderite (FeCOsz), which yields between 40 to 120uM deep ocean Fe(Il) [46]. However,
[159] suggests siderite formation was kinetically limited and Fe(II) concentrations may have been much
higher (< 3mM). Assuming upwelled P is needed to fuel oxygenic photosynthesis and sustain appreciable
atmospheric O; in the Proterozoic Eon, Fe(Il) concentrations must then have been less than 424 times
deep water P concentrations [158]. Indeed, at Fe(II):P ratios greater than 424, upwelling P is consumed
through photoferrotrophy and would therefore not reach the surface waters to support appreciable oxygenic
photosynthesis. Based on these arguments, we chose an Fe(II) concentration 42uM (based on 424 x 0.1 uM
P) for the benchmark in our model runs presented in the main text. However, we also tested a range of
concentrations (from 10 to 500#M) that encompasses the values described by [46]. We focused on the role of
Fe(Il) concentrations in dictating the Fepy/Fenr ratio across a suite of different model conditions in Fig!B.3
(a-h). Overall, and as expected, without DNRA and at low deep ammonium concentrations (2uM, Fig. B.3
a to d), ferruginous conditions tend to prevail as Fe(II) concentrations increase. However, with DNRA and
at 10uM Fe(Il) (Fig.[B.3/e), Fe(Il) is limiting and euxinic conditions (Fepy/Fenr>0.7) develop at relatively
low upwelling rates. Above 42uM on the other hand (Fig. B.3|b-d, {-h), with or without DNRA, Fe(Il) is
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supplied in excess and effectively titrates any sulphide produced through sulphate reduction, invariably
yielding ferruginous conditions (Fepy/Fepr<0.7). Figure B.3|(j to 1) depicts different concentrations of deep
Fe(I) versus a wide range of deep NH} concentrations (between 0 and 15uM) without the contribution of
DNRA (0% DNRA). This shows that euxinic conditions could also be reached without the contribution of
DNRA, but mainly under low deep Fe(ll) concentrations (between 10 and 42uM) and under relatively high
NHj concentrations (>131M), as mentioned in the main text. Our benchmark model runs described in the
main text invariably consider NO3 to be present in the intermediate waters. We then assumed that these
intermediate waters would be Fe(Il) free as it would have been consumed through NOj reduction. The
opposite could be true, on the other hand, and so we also tested this here to evaluate the effect of Fe(II)
bearing NO3 free intermediate waters. When intermediate waters contain Fe(II), we added equimolar NHj
instead of NOj, accordingly. Results of this test are depicted in Figure |B.4 and show that, although export
production is very high compared to the benchmark model scenarios, euxinic conditions (Fepy/peHRr >0.7)
do not occur in the water column. Without a supply of NO3 through the intermediate waters, NO3
reduction is fuelled only through nitrification and therefore by the oxygen supply from the surface water
(3.8% PAL in this test). This being minimal, NOj3 reduction and N-loss are highly restricted.

B.5 Global N-fixation and N-loss in the Archean and Proterozoic

Annual rates of marine N-fixation for the Proterozoic Eon are estimated based on the modern rates
described in [270]. In order to scale the modern rates to the Proterozoic Eon, we assumed that N-fixation
was ultimately limited by P supply [157] and was therefore proportional to deep ocean P concentrations.
We thus divided the modern rates of 135 50 Tg N yr~! (encompassing both pelagic and benthic N-fixation)
by the modern phosphorous concentration (2.3uM, [271]) in the deep ocean and multiplied this by the
highest estimates for the phosphorous concentration (0.13uM) described for Paleoproterozoic oceans [158].
The 4.8 Tg N yr~! we report in the main text is our lowest estimate if we consider the error on the N-fixation
estimate. To assess the extent to which we could apply the 0.13 uM deep water P concentration from [158]
across the Proterozoic Eon we took values of Fe/Si from the Rapitan iron-formation [272] and applied these
to [158] model to infer phosphorous concentrations for the Neoproterozoic oceans. Values found for the
Rapitan were within the range of those calculated by [158]. We also considered trace metal limitation of
N-fixation very unlikely. The most likely metal to limit N-fixation in the Proterozoic is molybdenum [163].
However, [273] showed that high levels of sulphide (between 50 and 250iM) are necessary to effectively
strip Mo from seawater under euxinia. Our model implies that under most reasonable scenarios sulphide
concentrations do not exceed about 20uM and are therefore insufficient to trigger effective Mo removal.
Conservative rates of global N-loss were inferred from our box-model when denitrification contributes
100% of NOj3 reduction (no DNRA, therefore higher N-loss) under 6.2% PAL, low ammonium conditions
(2uM) and deep ocean Fe(Il) concentrations of 42uM. The highest rates of N-loss were found with the
highest upwelling rate explored in this model (3 cm hr~!). We then extrapolated N-loss from our model to
an area equivalent to upwelling regions in the modern ocean (0.36 10 1> m?) as indicated in the main text.
In comparison, rates of N-loss under the lowest upwelling rate considered in our model (0.5 cm hr~?!) are 4
times lower than with an upwelling rate of 3 cm hr~1.

141



Table B.1: Free Gibbs Energy yield under standard conditions (AG®) and for Kabuno Bay concentrations

(AG). Values for AG° can be found in [4]

Reactions AG* (kJ /mol N)  AG (kJ /mol N)
8 Fe2* + 21 H,0 + NO3y => NH¢* + 8 Fe(OH); + 14 H* 51.67 -272.41
5 Fe?* + 12 H,0 + NO3y => 0.5 N2 + 5 Fe(OH); +9 H* -143.19 -336.97
6 Fe** + 16 H20 + NOy => NH4* + 6 Fe(OH)s + 10 H' 31.93 -189.81
3 Fe?* + 7 H:0 + NOs => 0.5 N; + 3 Fe(OH); +7 H* -162.93 -328.28
2 Fe** + 4.5 H0 + NOz => 0.5 N2O + 2 Fe(OH); + 3 H" -83.85 -137.86
4 Fe*'+ 11.5 H,0 + 0.5 N2O => NH4* + 4 Fe(OH); + 7 H* 115.78 -51.95
Fe?" + 2.5 H20 + 0.5 N2O => 0.5 N2 + Fe(OH); + 2 H* -158.16 -186.59
2 Fe? + 5 Ho0 + NOy => NOy + 2 Fe(OH); + 4 H 19.74 -82.60

Table B.2: Chemical species concentrations (in #M) representative for the chemocline in Kabuno Bay

Chemical species Concentration (uUM)
NOs 1
NO2- 1
N2O 0.01
NH4* 100
Fe (II) 100
Fe(OH)3 106

activity=1 as a pure solid

pH

6.5
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Table B.3: Summary of DNRA and denitrification rates for KBs water column. Rates were calculated over

48 hours unless stated otherwise next to the calculated rates.

Depth (m) 39N production 30N; production >NH4" production  '’NH4* production
(nmol N d!) (nmol N d!) with (nmol N d') (nmol N d'!) with
Fe added Fe added
9.5 0+0 0+0 0+0 0+0
0£0 0+0
10 0=+0 0+0
10.5 0+0 0+0 0+0 0+0
80 £ 10 230 £ 40 20 =0 (24h) 70 + 20 (24h)
11
11.5 50 £ 10 140 20 50 + 10 (24h) 70 =10

Table B.4: Rates and ratio considered for calculations

Microbial process Process rate Reference
measurements
Dark Carbon 1.49umol C L' d Lliros et al. 2015
fixation
DNRA 70 nmol N L' d! This paper
Denitrification 230 nmol N L' d! This paper
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Table B.5: Description of the different parameters used in the current model

Parameters Value/ Units Description Reference
Kum 0.2 cmh'! Vertical exchange Canfield 2006
Ku 0.1 cm h! Vertical exchange Canfield 2006
K 0.4 cm h! Vertical exchange Canfield 2006
A 0 cmh! Upwelling Rate Canfield 2006
B 0.5-3 cm h! Upwelling Rate Canfield 2006
O 9.5-15.5uM (3.8% O concentration in U box Zhang et al. 2016
to 6.2% PAL)
O2p 0 uM O, concentration in D box Boyle et al. 2013
O 0uM O, concentration in I box Boyle et al. 2013
I o2:c 117 Ratio of molecule of O, consumed for 1 Boyle et al. 2013
molecule of carbon oxidized
I NC 16/106 Ratio based on Redfield ratio Redfield, 1934
EP nmol C cm? h'! Rate of export production
Racrobic nmol C cm? h'! Rate of aerobic respiration
RNO3-t0t nmol N cm? h! Rate of nitrate reduction through Fe
dependent nitrate reduction (if case 1) or
through Fe and C dependent NO3~
reduction (if case 2)
RNO3-Fe nmol N cm? h'! Rate of nitrate reduction through Fe
dependent NO;™ reduction
Ryos-c nmol N cm? h'! Rate of nitrate reduction through C
dependent NO;™ reduction (only case 2)
Rsk nmol C cm? h'! Rate of sulphate reduction
RFe-ox nmol Fe cm? h! Rate of Fe oxidation
NH4um, NH4p, NH44 TBD, 2, 0 uM Ammonium concentration in UM, D, I Deep water concentrations
box based on Jones et al. 2015
Phosphorous concentration
estimates.
NO3uym, NO3p, NO3; TBD, 0, 1 uM Nitrate concentration in UM, D, I box Deep water concentrations
based on Jones et al. 2015
Phosphorous concentration
estimates.
Feuwm, Fep, Fer TBD, 42, 0 uM Iron (1) concentration in UM, D, I box Deep water concentrations
based on Jones et al. 2015
Phosphorous concentration
estimates.
HaSum TBD uM Sulfide concentration in UM box
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A+B A+B

Figure B.1: Box-model for C, N, S and Fe cycling in hypothetical Precambrian upwelling system adapted from [5]
Notation is as follows: Upwelling coefficients (A+B) from intermediate and deep waters (boxes I and D)
as well as horizontal (KI) and vertical mixing (Ku and Kum) between the UM box and the other boxes
considered (I, U and D respectively). Box S represents ocean surface waters away from the upwelling zone.
The parameter values are listed in Table Organic matter produced in the euphotic zone (box U) as
export production settles to box UM where it is partially (in [5]) or entirely ([44] and this paper) degraded.
The order of the pathways through which it is degraded is oxic respiration, followed by nitrate reduction
([5] and [44]), and finally by sulphate reduction.

1.00

0.75 1

0.50

Fepy/FeHR

0.25

0.00 T
0.5 1.5 2.5
Upwelling rate (cm hr')

—— 50% DNRA, 3.8% PAL

-=== 50% DNRA, 6.2% PAL
100% DNRA, 3.8% PAL
100% DNRA, 6.2% PAL

Figure B.2: Fe-pyrite to highly reactive Fe ratio for 50 and 100% DNRAFepy /reqr for 50 and 100% DNRA (in
green and orange respectively) with varying surface waters oxygen (3.8% PAL in solid lines and 6.2%PAL
in dashed lines) and for different upwelling rates. These model runs are for deep NH4+ concentrations of
2uM.
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Figure B.3: role of Fe(Il) concentrations in dictating the FePY/FeHR ratio across a suite of different model conditionsGraphs (a-d) represents model runs
with 0% DNRA; (e-h) represents model runs with 30% DNRA. Solid lines represent model runs with the surface water oxygen concentrations
of 3.8% PAL, whereas dashed lines represent runs at 6.2% PAL [blue=export production, orange= NHj concentrations, and black=Fe(II)
concentrations, insets show the Fe-pyrite to highly reactive Fe ratio (Fepy,/reHr) where the grey line delineates plausible euxinic conditions]; (i-1)
represent model runs of Fepy,reHr ratios for a range of deep ocean NHj concentrations at 0% DNRA with surface water oxygen concentrations
of 3.8% PAL (orange=upwelling rate of Icm hr~!, blue=upwelling rate of 2cm hr™!, and green=upwelling rate of 3cm hr~!). The first column of
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Appendix C

Chapter 3: supplemental material

C.1 NH; sediment fluxes in Saanich

Based on the measured Sulphate Reduction rates (SRR) in SI [185], we considered SRR to be 2.97 to 10.44

mmol m~2 d~!. We consider the ratio 53:16 to convert SRR into NHj release from carbon degradation,
based on the Redfield Ratio. Therefore, when scaled to NHj release from sediments and a 50% desorption
off the sediments, we obtain fluxes of NHZ out of the sediments of 2.97 to 10.44 mmol N m~2 d L. Based on
our depth-integrated rates, NHJ requirements for anammox range between 0.15 to 3.36 m~2 d L. Therefore,
NHj fluxes from the sediments in Saanich Inlet can support 90 to 100% of the NH} requirements for
anammox.

C.2 Microbial communities in SI
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Table C.1: Summary of samples and the number of sequences and OTUs observed in each sample, as well
as bacterial small subunit ribosomal RNA (SSU or 16S rRNA) gene abundance obtained through qPCR.
The chao diversity index was also calculated for each sample based on OTUs.

Sample chao Observed otus # sequences #16S L!
ALL / 28946 6638571 /
JAN15.10m 7020 3303 73265 4 42E+09
JANI5.100m 8442 3816 111088 7.95E+09
JANI15.120m 8229 3935 132852 6.71E+09
JANI15.135m 5619 2540 92149 1.68E+09
JAN15.150m 4979 2218 84718 1.23E+10
JAN15.200m 6467 3032 67297 7.10E+09
FEB15.10m 5531 2491 55585 1.57E+10
FEB15.100m 6515 2951 71687 5.67E+09
FEB15.120m 6176 2769 106204 2.34E+09
FEBI15.135m 5781 2775 87220 5.29E+09
FEB15.150m 6248 2673 97350 1.01E+10
FEB15.200m 7836 3437 85859 3.49E+08
MARI15.10m 4708 2248 35602 7.78E+08
MARI15.100m 6685 3090 81536 3.42E+09
MAR15.120m 5532 2283 78958 1.57E+09
MARI15.135m 6104 2898 104198 5.52E+09
MARI15.150m 6556 3137 94787 2.30E+09
MAR15.200m 7733 3418 87169 1.20E+09
APR15.10m 3799 2079 119314 8.06E+09
APR15.100m 6761 3314 86563 4.52E+09
APR15.120m 5342 2435 89452 1.68E+10
APRI15.135m 3600 1665 70646 6.82E+09
APRI15.150m 4408 1946 63358 4.56E+09
APR15.200m 6428 2986 76538 5.11E+08
MAY15.10m 2863 1660 81768 4.75E+09
MAY15.100m 7208 3245 71663 1.26E+09
MAY15.120m 7129 3504 88110 3.66E+10
MAY15.135m 7095 3157 92109 1.05E+09
MAY15.150m 8002 3756 102431 1.47E+09
MAY15.200m 8137 3900 116481 1.48E+09
JUN15.10m 1700 1110 102049 4.79E+08
JUNI15.100m 7592 3648 95726 2.74E+09
JUNI15.120m 6867 3191 98121 9.55E+09
JUNI15.135m 6713 3038 102559 5.81E+09
JUNI15.150m 9148 4140 111352 3.02E+09
JUN15.200m 7371 3682 91422 1.90E+09
JUL15.10m 4899 3506 100021 3.05E+09
JUL15.100m 7345 3647 95214 3.51E+09
JUL15.120m 5893 2731 75056 3.98E+09
JUL15.135m 4830 2257 80596 9.12E+09
JUL15.150m 5585 2517 91495 1.15E+09
JUL15.200m 5989 2720 83155 1.03E+10
AUG15.10m 3742 2043 74247 2.44E+10
AUGI15.100m 8367 3472 103099 3.27E+09
AUG15.120m 7878 3438 99616 1.43E+09
AUGI15.135m 5656 2607 94232 3.01E+09
AUG15.150m 5927 2548 100997 2.47E+09
AUG15.200m 6756 3097 110607 1.73E+09
SEP15.10m 7302 3612 93822 1.29E+08
SEP15.100m 9417 4110 105994 1.62E+09
SEP15.120m 6888 3093 114820 2.51E+09
SEP15.135m 4893 2335 72435 6.93E+08
SEP15.150m 5107 2360 81670 8.30E+09
SEP15.200m 4101 1942 99747 3.44E+10
OCT15.10m 5490 2856 84800 8.65E+08
OCT15.100m 4931 2389 76400 1.20E+10
OCT15.120m 5740 2657 90584 1.20E+10
OCT15.135m 5456 2525 92290 6.84E+09
OCT15.150m 4444 1986 96184 7.90E+09
OCT15.200m 6690 2866 89212 1.17E+09
NOV15.10m 8909 4599 111511 1.40E+10
NOV15.100m 8559 3973 117157 1.30E+10
NOV15.120m 6565 3075 119680 3.11E+08
NOV15.135m 6428 3107 117327 6.57E+08
NOV15.150m 7554 3638 88536 1.36E+08
NOV15.200m 7602 3499 108763 5.59E+07
DEC15.10m 9686 5304 125996 1.19E+09
DEC15.100m 5828 2974 76294 3.56E+08
DECI15.120m 4929 2359 81375 3.25E+08
DECI15.135m 5895 2569 81654 2.96E+08 149
DEC15.150m 6710 2982 97678 6.21E+07

DEC15.200m 5521 2864 99121 4.45E+07
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Figure C.2: Relative abundance of 15 most abundant taxa for the surface waters of SI in 2015 (10m). These
taxa were the most abundant ones found in average throughout the samples.
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Figure C.3: Relative abundance of 15 most abundant taxa for the deeper waters of SI in 2015 (100, 120, 135,
150, 200m). These OTUs were the most abundant ones found in average throughout the samples.
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C.3 Model of NO, competition between anammox and complete
denitrification

This model describes how anammox bacteria and denitrifiers compete against each other in response to
varying metabolite input fluxes. The reaction rates are described using metabolite concentrations ([C]),
cell abundance (X), as well as kinetic parameters (K;; and Vmax) determined for microbial communities
in Saanich Inlet (SI) or found in the literature when missing. In turn, metabolite concentrations (Eq. |C.1)
vary depending on the metabolite input fluxes (Rin) as well as the rates of metabolite consuming reactions
described (Egs. (C.2/to|C.7). Here, we choose 3 metabolic reactions: NO3 reduction to NO; (NO3R, Egs.
C.2 and [C.3), complete denitrification (DEN, NO; to N, Egs. |C.4/and |C.5) as well as anammox (AN,
Egs. [C.6/and |C.7). In this model, DEN and AN both compete for the NO, produced through NO3R.
We also consider both NO3R and DEN to use sulphide (HS™) as an electron donor as implied from
metagenomic information [33, 187] and our process rate measurements. The stoichiometric relationships
for the 3 metabolic reactions and their metabolites are shown in Egs. [C.2/|C.5/C.7|as well as in table |C.2/and
considered in the model on a per mole of electron donor (ED) basis.

d[C]

NO; reduction to NO; (NO3R): 4NOj + HS™ = 4NOj + SO~ + H* (C2)
HS™ NO3
NO3R = Vmax,NO3R * XNO3R * [ ] * INO; | (C3)

[HS™] + KmNosr s [NO3 ] + Km NO3R, NO3

DEN: 8/3NO, +HS™ + 5/3H" = 4/3N, + SOf[ +4/3H,0 (C4)
[NO; | [HS™]
DEN =V ,DEN * XDEN * — * — (CS)
e INO; ] + Km,pEN,NO2  [HS™] 4 K, DEN, HS
AN: NH; +NO; = N, +2H,0 (C.6)
NH, NO;
AN = Viax AN * XAN * [NHL] * [NO; | (C.7)

INH; ] +Kmannas  [NO; | + K an,NO2

The change in metabolite concentrations is followed in our model for NH;, NO;, NO; and HS™, and
depends on the input fluxes (Rin), as well as the production and consumption of the metabolites through

Table C.2: Stoichiometric coefficients for the metabolites considered in the model and their respective
reactions.

M\RXN AN NO3R DEN
NH4* -1 0 0
NO>- -1 +4 -8/3
NOs- 0 -4 0

HS 0 -1 -1
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the reaction rates AN, DEN and/or NO3R. For example, NH; concentrations only depend on the input of
NHj to the system and the consumption of NHj through AN. NO; concentrations, on the other hand,
depend on the input fluxes of NO, and the production of NO; through NO3R, as well as on consumption
through AN and DEN. A stoichiometric coefficient is added in front of the reaction rate when needed as
the reaction rates are described in [mol ED L™ d~1] (Egs. |C.8|to|C.11).

d“\g;q I Rypa,n — AN (C8)

d[l\;i)i |~ Ryoayy — AN — (8/3)DEN + 4NO3R (C9)
du\;(t); |~ Ryos,n — 4NO3R + 4NO3R (C.10)
d[if_] — Rys,;n — NO3R — DEN (C11)

Finally, the change in cell abundance (cell L_l), described in Egs. ??, depends on the respective reaction
rates (AN, DEN or NO3R), the biomass yield (Y [cells (moles of ED)"!]), and the death rate ( [d™']). It is
important to note that we differentiate here between the growth of cells through NO3R and DEN as the
energy yield can be different.

d[};;w] = AN * Yan — XAN * Aan (C.12)

dlX
% = DEN x YDEN — XDEN * /\DEN (C13)
% = NO3R * YNo3r — XNO3R * ANO3R (C.14)

The biomass yield (Y) can be calculated according to Eq. |C.15/ and is based on the coefficient of
the reaction (7), the free gibbs energy (AG,), and the quotient of the concentrations of the chemical
species involved in the reaction (Qr, Eq. |C.16). However, for the sake of simplifying this model and for
easier comparison, we calculated this biomass yield and concluded that it ranges on the order of 10 '*
(cellsmole ED)~!. Changes of the biomass yield were tested below in this supplement.

1
weight —of —1 —ce

Y = (2.08 x ¢ — 0.0211 * AG,) * 7 (Roden and Jin, 2011) (C.15)

With: AG, = AG? + RT  In(Q,) (C.16)

We solved the multiple differential equations (Egs. |C.8|to C.14) numerically using Eulers technique
with a step of 0.01 days (Eq. [C.17) and build the equations in Matlab for the different simulations. We
consider the model to have reached steady-state when the changes in metabolite concentrations, reaction
rates and cell concentrations reaches an asymptote or a constant increase or decrease (see general remarks).

d
If d% = f(y,t)Then, y; = ys—1 +dt * f(y;—1,t;-1) (C17)

This model was created to test whether we could reproduce the stagnation phenotype with low N»
production rates and the renewal phenotype with higher N, production rates. This was accomplished by
varying the kinetic parameters of the underlying phenotypes and the input nutrient fluxes. While the main
purpose of the model is highlighted developed in the main text, we also conducted a stability analysis of the
model here in the supplement. We then looked at what controls the partitioning of N> production between
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anammox and complete denitrification in a stagnation phenotype setting as the partitioning appear to vary
throughout the year during this phenotype.

C.3.1 General remarks

o The code was developed in MATLAB (version R2015b) and is available online and in the supple-
ment.below.

e All the rates reported for the model are in moles N L™1 d 1.

o Nutrient concentration changes are not constrained by any output fluxes that would naturally occur
in the environment such as advection and diffusion out of the depth studied. Therefore, if unused
by the microbial reaction described in the mass balance of this model, nutrient can accumulate to
unrealistic concentrations for SI. Also, because the model is dynamical, if a cell population was
not sustained by the conditions set at the beginning of the stimulation, the cell population would
decrease until reaching 0. Therefore, in these conditions, a constant development is reached but no
so-called steady-state.

e Initial concentrations influenced how fast the model would get to a constant development. We thus
chose cell abundance and nutrient concentrations that are closer to the end of the simulation.

o The figures for the model are constituted of 3 panels (figure |C.4{to|C.8). The first panel shows the
evolution of the different substrates over the time of the simulation studied in the model in moles
L~! (NHj, NO3, NO;, HS™). The second panel shows the cell abundance of the three microbial
populations studied in the model in cell L~! (NO3R, DEN, and AN). The third panel shows the rates
of NOj3 reduction to NO; (NO3R), anammox (AN) and complete denitrification (DEN) in moles N
L-tah

C.3.2 Stability of the model

The stability of the model was tested for a confined range of kinetic parameters, as these constants could
be constrained through incubation experiments or taken out of the existing literature (i.e. anammox k;;,
constants were taken out of [109]). Therefore, we only varied the input nutrient fluxes to find the working
limits of the model. The parameters used in the stability analysis can be found in table [C.3| The lowest
limit was determined by nutrient input fluxes that could not sustain any of the 3 microbial populations
described in this model. Thus, we show the lower input nutrient fluxes to be of 10 ~11 moles of substrate
L-1d! (figure (C.4). From the start of this stimulation (figure |C.4), these microbial populations decrease to
concentrations as low as 100 cells L ™! after running the model for 10 000 days. On the other side of the
range, input nutrient fluxes of 5 - 10 ~> moles of substrate L~! d~! rendered the model to be unstable, with
no solution found for the set conditions (table (C.3). Thus, with input nutrient fluxes ranging between 10 ~1!
and 5 - 10 =2 moles of substrate L™! d !, it is possible to obtain a constant development from the model.

With this model, we could test whether we could reproduce two environmental phenotypes in SI (low
N> production during stagnant phase of SI and high N» production Test 1 produces a first set of conditions
that shows dominance of anammox in the system (figure C.4tables |C.3 and |C.4). Among the model
parameters, initial metabolite concentrations are low and metabolite input fluxes are stoichiometrically
balanced aside from the NO, input flux, which is 0. This was set based on the fact that NO, concentrations
are relatively low at all times in SI and therefore, input fluxes from below and above depths should be
negligible. Most of the kinetic parameters were chosen from the literature (see table (C.3) and some were
determined here.
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Table C.3: Kinetic parameters used in the stability analysis of the model.

Parameter Value Unit Reference

Kin NH4 AN 310° Moles L-! (Thamdrup and Dalsgaard, 2002)
km No2 AN 0.4510° Moles L! (Thamdrup and Dalsgaard, 2002)
Km NO2 DEN 510° Moles L*! This paper and (Jensen et al., 2009)
Km NO3 NO3R 510° Moles L! This paper and (Jensen et al., 2009)
km Hs DEN 12 10 Moles L! This paper

km_Hs_No3r 12 10° Moles L*! This paper

14
VmaxiAN, VmaxiDENy VmafoO}R 210

Moles cell”! d"!

This parameter is based on cell specific rate for anammox and used at the same

value for DEN and NO3R for comparison (Jensen et al., 2008)

Yan 1.5108 Moles ED cell?! Calculated from (Roden and Jin, 2011) and used as a reference.
YDEN, YNO3R 1.5 10" Moles ED cell” Biomass yield for denitrifiers appear to be higher as they constitute a larger part
of the microbial population with similar rates as anammox
dan, dpen, dyosr 0.001 d! (Louca et al., 2016; Whitman et al., 1998)
107 10° 1072
NH -
NOé o
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Figure C.4: Lower limit of the stability of the model for the set conditions found in table
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C.3.3 Stagnation phenotype: partitioning of N, production through anammox and
complete denitrification

Similar rates of anammox and denitrification were found in SI during most of the year, with a partitioning
of N2 production between anammox and denitrification close to 50% if the highest denitrification rates
are excluded (during renewal phenotype). The alternation between the dominance of anammox or
denitrification plausibly lies in slight changes in the capacity of the microbial populations to use the
substrates (i.e. changes in kinetic parameters). Although input nutrient fluxes are also likely to influence
the partitioning of N> production by limiting one process over the other, the inherent capacity of the
microbial populations to process substrates more efficiently than others (based on their respective kinetic
parameters) is likely to be the main determinant on the dominance of one process over the other.

Anammox was found to dominate N> production under the set conditions for the model found in table
C.3|and with the following nutrient input fluxes: Rnoz and Rnoz =5 - 10 ~9 moles L~! d~!, and Rnpg and
Rps =5 -10 ~8 moles L~! d~! (figure (C.5). These nutrient input fluxes represent stagnation periods in SI,
as described in the main text, with high NH} and HS™ fluxes coming from the sediments, and low NOj3
and NO; present in the anoxic water column. Indeed, the range of the rates of the described processes
here correspond to those found in SI under the stagnation period. The high affinity of anammox for NO;
likely gave the advantage to anammox bacteria to process lower NO; concentrations, despite complete
denitrifiers possessing a higher biomass yield (table (C.3). When the NO, dependency constant was
lowered for complete denitrifiers below 1.5uM (km NO2,DEN), table (C.4), the complete denitrifiers population
appear to grow faster (figure (C.6). After a stabilization period of 100 days in the simulation, the rates of
denitrification were shown to be higher than those of anammox. Similarly, when the Vyax or the biomass
yield for complete denitrifiers was increased (Vimax > 6 - 10 4 moles L~ d~! and Ypen 2> 7 - 10 “14 cell
(moles ED) ™!, table C.4), rates of denitrification also ended up higher than the rates of anammox (figures
??) after a stabilization period of 100 days as well. Thus, within a same order of magnitude, variation in
the kinetic parameters can highly influence the outcome of the partitioning of N> production between
anammox and denitrification. It is thus highly relevant to constrain these parameters as well as identifying
specific kinetic parameters for specific phenotypes in order to refine the modeling of the N-cycle.

Table C.4: Kinetic parameters for complete denitrifiers.

Parameter Value Simulation  Unit

where

tested
Km NO2 DEN <1.510° Figure S6 Moles L!
Vimax DEN >6 10" Figure S7 Moles cell”! d!
Ypen >710'%  Figure S8 Moles ED cell

1
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Figure C.5: Simulation of the model for a stagnation phenotype that shows anammox dominating N>
production. See table for kinetic parameters used here.
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Figure C.6: Decrease of km No2 (see table (C.4) for complete denitrification shows rates of denitrification
dominating over anammox after 100 days.
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Figure C.7: Increase of Vimax,DEN (See table D for complete denitrification shows rates of denitrification
dominating over anammox after 100 days.
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Figure C.8: Increase of Ypgn (see table [C.4) for complete denitrification shows rates of denitrification
dominating over anammox after 100 days.

C.3.4 Matlab code for model NO, competition

clc
clear all

$parameters used

$nutrient fluxes in (moles L-1 d-1)

© ® N G A W N e
oe

RNH4_IN=5%10"-8;
RNO3_IN=5%10"-6;
RHS_IN=5%10"-7;

RNO2_IN=5%10"-7;

e i e
T o= W N = O

%t0 input in ODE, 7 wvariables - nutrient concentrations (moles L-1) and
%$cells concentrations (cells L-1)
$x(1)=NH4 x(2)=N0O3 x(3)=HS x(4)=N02 x(5)=X_AN x(6)=X_DEN x(7)=X_NO3R

[ e
© ®» 9 o

x0=[10"-6 10"-6 10°-6 10°-9 1077 10°7 10°7];
%$time range
tspan=0:0.01:10000;

NORONN
WL N = o

$death rate (d-1)

NS
=
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50
51
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53
54
55
56
57
58
59
60
61
62
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64
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67
68
69
70
71
72
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74
75
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79
80
81

d_-AN=0.001;
d_NO3R=0.001;
d_DEN=0.001;

%$Km parameters (moles L-1)

km_NH4_AN=0.000003;
km_NO2_AN=0.00000045;
km_HS_DEN=0.00001;
km_NO2_DEN=0.000005;
km_HS_NO3R=0.00001;
km_NO3_NO3R=0.000005;

$Vmax (moles cells—-1 d-1)

vm_AN=2x10"-14;

vm_DEN=2%10"-13;

vm_NO3R=2%10"-14;

%$biomass yield (cell mol Electron Donor-1)
Y_AN=5%10"13;

Y_DEN=1.5%10"15;
Y_NO3R=5%10"14;

%f = system of equations to elucidate the following variables over time:
$x (1) = NH4

$x(2) = NO3

%$x(3) = HS

$x(4) = NO2

$x(5) = AN_cells

%$x(6) = DEN_cells

$x(7) = NO3R_cells

f= @(t,x) [RNH4_IN- (Vm_AN#*x (5)*x (1) *x(4)/ ((

x(1)+km_NH4_AN) * (x (4) +km_NO2_AN))) ;
RNO3_IN-4%* (vim_NO3Rx*x (7) *x (2) *x (3) /

x

(

(
((x(2)+km_NO3_NO3R) * (x(3)+km_HS_NO3R))) ;
RHS_IN- (Vvm_NO3R*x (7) *x (2) *x (3) / ((x(2) +km_NO3_NO3R) * (x (3) +km_HS_NO3R) ) )
— (VM_DEN*x (6) *x (4) *x (3) / ((x(4)+km_NO2_DEN) % (x (3) +km_HS_DEN) ) ) ;
RNO2_IN- (Vm_AN*x (5) *x (1) *x (4) / ((x (1) +km_NH4_AN) * (x (4) +km_NO2_AN) ) )
—(8/3) % (VM_DEN%*x (6) *x (4) *x(3) / ((x(4) +km_NO2_DEN) * (x (3) +km_HS_DEN) )
+4% (Vm_NO3R*x (7) *x (2) *x (3) / ((x(2) +km_NO3_NO3R) * (x (3) +km_HS_NO3R) ) )

((Vm_AN*x (5) *x (1) *x (4) / ((
((Vm-DEN#*x (6) *x (4) *x (3) / (
((VmM_NO3R#*x (7) *x (2) *x (3) /

X (1) +km_NH4 _AN) % (x (4) +km_NO2_AN) ) )*Y_AN) - (x(5) *d_AN) ;
(x(4)+km_NO2_DEN) * (x (3) +km_HS_DEN) ) ) *Y_DEN) - (x (6) *d_DEN) ;
((x(2)+km_NO3_NO3R) * (x(3) +km_HS_NO3R) ) ) *Y_NO3R) —(x(7) *d_NOJ

%$solution for the 7 equations/variables with Euler s technique
options = odeset ( NonNegative ,1);
[t,x] = odel5s (f,tspan,x0,options);

if (x<0)
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138

x=0;
end

$moles ED L-1 d-1,
AN=vm_AN.*x(:,5) .*%x(:,1) .%x(

$moles ED L-1 d-1
$DEN=vm_DEN.*x (:,6) .*x(:,4) .*x(:,3)

%1if needs to be in moles N L-1 d-1
DEN=(8/3) *vm_DEN. *x (:, 6) . *x (

$moles ED L-1 d-1
SNO3R=vm_NO3R.*x(:,7) .*x(:,2) .%xx(:,3)

$if needs to be in moles L-1 d-1
NO3R=4%vm_NO3R.*x(:,7) .*x(

%$plotting of solutions
figure

set (gcft, Position ,
subplot (1,3,1);

[100, 100, 800, 4001)

semilogy (t,x(:,1),t,x(:,2),t,x(:,3),t,x(:,4),

xlabel ( days );
ylabel ( Nutrients (moles L {-1}) );

,2) oxx(:,3) ./ ((x(:,

is in moles N L-1 d-1 already because it is anammox!
:,4) ./ ((x(:,1)+km_NH4_AN) .* (x(:,4)+km_NO2_AN) ) ;

./ ((x(:,4)+km_NO2_DEN) .* (x(:,3)+km_HS_DEN) ) ;

LineWidth ,1.5);

legend( NH_{4}"{+} , No_{3}°{-} , HS"{-} , NO_{2}°{-} );
%the following line can be commented so the figure shows time for 10000 days

%x1im ([0 100017)

subplot (1, 3,2);

semilogy (t,x(:,5),t,x(:,7),t,x(:,6),
xlabel ( days );

ylabel( Cell abundance (cells L {-1}) );
legend( AN , NO3R , DEN );

LineWidth ,1.5);

%the following line can be commented so the figure shows time for 10000 days

%x1im ([0 10007)

%plot reaction rates
subplot (1,3, 3);

semilogy (t, AN, t,NO3R, t, DEN,
legend( AN , NO3R , DEN );
xlabel ( days );

ylabel( Reaction rate (moles L°{-1} d"{-1})

LineWidth ,1.5);

)i

%the following line can be commented so the figure shows time for 10000 days

%x1lim ([0 10007)

figure

t,4) Jkx(:,3)./((x(:,4)+km_NO2_DEN) .x(x(:,3)+km_HS_DEN) ) ;

./ ((x(:,2)+km_NO3_NO3R) .* (x(:,3)+km_HS_NO3R)) ;

2)+km_NO3_NO3R) .* (x(:,3)+km_HS_NO3R) ) ;
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set (gcf, Position , [100, 100, 800, 400])
subplot (1,3,1);

semilogy(t,x(:,1),t,x(:,2),t,x(:,3),t,x(:,4), LinewWwidth ,1.5);

xlabel ( days );

ylabel ( Nutrients (moles L {-1}) );

legend( NH_{4}"{+} , No_{3}"{-} , HS " {-} , wo_{2}°{-} );

%the following line can be commented so the figure shows time for 10000 days
x1im ([0 607)

subplot (1,3,2);

semilogy(t,x(:,5),t,x(:,7),t,x(:,6), LineWwidth ,1.5);

xlabel ( days );

ylabel ( Cell abundance (cells L {-1}) );

legend( AN , NO3R , DEN );

$the following line can be commented so the figure shows time for 10000 days
x1im ([0 607)

%$plot reaction rates
subplot (1,3,3);

semilogy (t,AN,t,NO3R,t,DEN, LineWidth ,1.5);

legend( AN , NO3R , DEN );

xlabel ( days );

ylabel ( Reaction rate (moles L {-1} d"{-1}) );

%the following line can be commented so the figure shows time for 10000 days
x1im ([0 607)

$print ( 5by3DimensionsFigure , —-dpdf , —-r0)
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Appendix D

Chapter 4: supplemental material

D.1 Geochemical profiles in Saanich Inlet (SI)
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Figure D.1: Nutrient concentrations in SI for the years 2015-2016 at station S3. (a) O, concentrations (¢M), (b)

NOj concentrations (#M), (c) NO, concentrations (#M), (d) NHj concentrations (#M), (e) HS™ concentggr
tions (uM).



D.2 Potential and scaled rates of anaerobic N-metabolisms
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Figure D.2: Potential and scaled rates of denitrification, anammox and DNRA. (a) rates of anammox based on the accumulation of Ny from °NH;
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To produce depth-integrated rates of denitrification, anammox and DNRA (figure 1 in main text), the
volumetric potential rates were scaled to in situ levels of NOj for denitrification and DNRA or NH4+
for anammox, based on their half-saturation constant (k;,) found in Michiels et al. (2018, submitted) for
anammox and denitrification and k;,,=5uM for DNRA (data not shown). This was done according to Eq.
s

R =R _— D.1
scaled pot * (K + [S]) (D.1)

The scaled rates of denitrification, anammox and DNRA were then integrated over the anoxic water

column ( 90m to 200m) and is summarized in table

Table D.1: Partitioning of N-loss and N-retention through NOy reduction in moles m~% d 1.

Year Month DNRA Denitrification Anammox };)(;tsal N- ggzg:gx iﬁtgl-tion
2015  January / 4E-05+1E-05 1.1E-03+2E-04 1.20E-03 / /
2015 March / 2.2E-03+1E-04 1.8E-03+1E-04 6.27E-03 / /
2015  April 4.88E-05+0 2.1E-05+6E-06 6.9E-04+7E-05 7.28E-04 7.76E-04 6.29
2015 May / 2.0E-03+3E-04 2.6E-03+1E-04 6.49E-03 / /
2015  June 1.17E-02+2E-05 5E-04+1E-04 10.0E-04+7E-05 2.04E-03 1.37E-02 8<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>