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ABSTRACT: Nitrogen (N) is used in many of life’s fundamental biomolecules, and it is
also a participant in environmental redox chemistry. Biogeochemical processes control the
amount and form of N available to organisms (“fixed” N). These interacting processes result
in N acting as the proximate limiting nutrient in most surface environments. Here, we review
the global biogeochemical cycle of N and its anthropogenic perturbation. We introduce
important reservoirs and processes affecting N in the environment, focusing on the ocean, in
which N cycling is more generalizable than in terrestrial systems, which are more
heterogeneous. Particular attention is given to processes that create and destroy fixed N
because these comprise the fixed N input/output budget, the most universal control on
environmental N availability. We discuss preindustrial N budgets for terrestrial and marine
systems and their modern-day alteration by N inputs from human activities. We summarize evidence indicating that the
simultaneous roles of N as a required biomass constituent and an environmental redox intermediate lead to stabilizing feedbacks that
tend to blunt the impact of N cycle perturbations at larger spatiotemporal scales, particularly in marine systems. As a result of these
feedbacks, the anthropogenic “N problem” is distinct from the “carbon dioxide problem” in being more local and less global, more
immediate and less persistent.
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1. INTRODUCTION

Nitrogen (N) is an essential element for life; it is the fourth most
abundant element in biomass and is required in the most
quintessential of biological macromolecules, including proteins,
nucleic acids, and chlorophyll. Biologically available nitrogen (or
“fixed” N) has been found to be the proximate limiting nutrient
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in most Earth surface environments.1−3 Nitrogen is also a
participant in environmental redox chemistry. N acts as a
reductant for oxygen (O2) when present in chemical forms such
as ammonium (NH4

+) and nitrite (NO2
−). When oxygen is

scarce, N acts as an important oxidant for organic carbon and
other reduced chemicals when present in species such as nitrite
and nitrate (NO3

−). Ammonium and nitrite can also participate
in a mutually consuming biochemical process.
The biogeochemical processes involving N control the

amount and form of N available for life’s functions. The full
range of interacting processes is usefully divided into two
aspects. The first aspect is the input/output “budget” of fixed N
in any given environment, composed of the processes that create
and destroy fixed N. In this budget, the input is dominated by
biological nitrogen (N2) fixation, the focus of this volume, with
minor natural augmentation by lightning, near-surface rocks,
and an increasing contribution from human activities.4−6 The
second aspect is the “cycling” of fixed N, which is composed of
the processes that transform fixed N among its different forms
and transport it from one region to another, while neither
creating nor destroying it and thus not altering the size of the
fixed N reservoir. In most settings, the internal cycling of fixed N
is representative of nutrient cycling in general; for example, it is
often directly comparable to phosphorus in that both are
assimilated into biomass for growth and released back to the
environment upon organic matter decomposition. In contrast,
the budget of fixed N is distinct from those of most other
nutrients in that its dominant inputs and outputs are biological
processes. Whereas most nutrients derive from uplift, weath-
ering, or degassing of rocks on land, most fixed N derives from
biological N2 fixation. Whereas the removal of such nutrients as
phosphorus, iron, and silicon from natural waters is by
sedimentation, fixed N is removed by denitrification and
associated microbial processes. Given the critical role of biology
in shaping N budgets, N biogeochemistry provides an important
case for understanding the role of biological feedbacks in
determining Earth’s environmental conditions.
Human activities, primarily related to the widespread use of

N-rich fertilizers, the expansion of legume cultivation, and fossil
fuel combustion have dramatically increased inputs of
bioavailable N into terrestrial and coastal ecosystems.4,7 This
has led to a suite of environmental problems, the effects of which
extend from local to global scales, from hotspots of aquatic
eutrophication and regional air pollution to the impact of rising
nitrous oxide (N2O) concentrations on the greenhouse effect
and on the stratospheric ozone layer.8 The availability of N also
has profound implications for the problem of anthropogenic
carbon (C), as N is a major factor in determining the amount of
atmospheric carbon dioxide (CO2) naturally sequestered
through biological productivity. Understanding of the processes
that comprise the budget and cycling of fixed N, especially their
controls and sensitivities to perturbation, will thus advance the
broader goal of clarifying the future trajectory of Earth’s
biosphere and climate.
In this review of N in the global environment, we focus on the

input/output budget of fixed N. There are two related
motivations for this. First, the N budget has an overarching
effect on N availability in the environment. Second, as
mentioned above, humans are strongly affecting the environ-
mental N budget, largely through the contribution to fixed N
inputs, especially in the form of industrial and agricultural
nitrogen fixation.4,7 We introduce important reservoirs and
processes affecting N in the environment, then discuss

preindustrial and modern N budgets and their dynamics. We
summarize evidence that the simultaneous roles of N as a
required constituent of biomass and a redox intermediate in the
environment can lead to strong stabilizing feedbacks that tend to
blunt the impact of perturbations to the N cycle at larger spatial
and temporal scales. Thus, with important caveats, the human-
driven “N problem” is distinct from the “CO2 problem” in being
more local and less global, more immediate and less persistent.
1.1. Reservoirs and Forms of Nitrogen

The largest N reservoir at Earth’s surface is dinitrogen (N2) gas
in the atmosphere9,10 (∼4 × 109 Tg N, Figure 1). There is also a

large geological reservoir of non-N2 nitrogen within the crust
and ocean sediments, for example, as ammonium in silicate
minerals and clays and as organic N in sediments and
sedimentary rocks. The near-surface geological N reservoir in
crust and deep ocean sediments is estimated to be ∼2 × 109 Tg
N11−13 (Figure 1). However, the fluxes into and out of the
geological N reservoir are far smaller than for N2.

6,14 This makes
it less important to the input/output budget of fixed N in the
environment. Because N2 gas can only be assimilated by a select
and relatively rare group of prokaryotes termed diazotrophs

Figure 1. Estimated size of global N reservoirs. Atmospheric N2, 4.0 ×
109 Tg N;10 Geological (continental crust, oceanic sediments), 2.1 ×
109 Tg N;10−13 Oceanic, 6.6 × 105 Tg N,15 Terrestrial lakes, rivers,
groundwater, 1.0× 104 TgN;16,17 Soils and coastal sediments, 1.1× 105

Tg N;18,19 Biosphere, 1.6 × 104 Tg N;9,13,18 Groundwater, 1.0 × 104 Tg
N;17 Lakes and rivers, 42 Tg N; Soils, 8.1 × 104 Tg N;18,19 Coastal
sediments, 3.2 × 104 Tg N,15,20 Terrestrial Biosphere, 1.4 × 104 Tg
N,9,13,18 Marine Biosphere, 1.8 × 103 Tg N.9,18 Global estimates of
freshwater and groundwater N content are based on average nitrate
concentrations in European freshwaters, median US continental nitrate
concentrations,16 and global water volumes.21,22

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5309

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00613?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


(Section 1.2.1), the fixed N budget can be viewed as a set of
processes that transfer N between a large inert atmospheric N2

pool and a much smaller pool of chemically diverse, biologically
available, “fixed” N forms (Table 1) present in the biosphere,
ocean, freshwaters, soils, and shallow sediments (Figure 1).

In the following discussion, the ocean is our focus for two
reasons. First, the ocean contains much of the fixed N in the
environment (Figure 1). Second, the concentrations of different
N forms are better defined and easier to summarize and
generalize for the ocean than in terrestrial and freshwater aquatic
systems. This is in part due to the mixing of ocean waters, which
tends to homogenize fixed N pools on small scales (e.g., of
meters and less). Third, as a consequence of this situation,
feedbacks among N cycle processes can be easier to identify in
the ocean than in soils. Therefore, it is often convenient to first
describe processes and feedbacks in the ocean and then consider
their relevance for terrestrial systems.
The global environmental fixed N reservoir is primarily

composed of dissolved inorganic and organic N in the ocean24

(Figure 1). Nitrate (NO3
−), an inorganic species, is by far the

most abundant form of fixed N.15 The concentration of nitrate
varies greatly in the ocean (Figure 2), being much higher in deep
waters than at the surface (i.e., the upper 100 m). This is a
consequence of the internal cycling of the ocean’s fixed N
reservoir:24 phytoplankton consume nitrate in sunlit surface
waters for the construction of biomass (Norg, Figure 3). In less
than a year of being generated from nitrate, typically within a few
weeks, a significant fraction of organic N is exported to depth,
largely as sinking particles15,25 (green wavy arrow, Figure 3).
There, the organic N is remineralized to ammonium, oxidized to
nitrite, and then nitrate (black downward arrow, Figure 3;
Section 1.2.2). Eventually, this nitrate in deep waters will be
circulated back up into the surface ocean, where it will once
again be available for phytoplankton assimilation (arced upward
arrow, Figure 3). Because of the avidity of phytoplankton for
fixed N, the concentration of nitrate in most open ocean surface
waters is near the limit of detection (Figure 2A).
In ocean surface waters, there are spatial variations in the

concentration of oceanic nitrate that both reflect and cause
biogeochemical and ecological zonation (Figure 2A). Upwell-
ing, mixing, and convection bring nitrate up to the surface in
high latitude regions and along the equator and some coastlines,
leading to concentrations in these environments that can be
comparable to those observed in deep waters.24 While the
rapidity of nitrate supply is most important in causing these

regions to be nitrate-rich, there are also constraints on
phytoplankton growth that prevent complete nitrate con-
sumption; the availabilities of light and iron have both been
implicated.26−28 In most tropical and subtropical ocean regions,
there is little mixing, no upwelling, and even some down-
welling.24 With the slow rate of nitrate supply in these regions,
nitrate is exhausted at the surface.
There is often a strong gradient in fixed N availability between

the coastal zone and the open ocean, with greater availability in
the former. The greater N availability of coastal zones can be
driven by fixed N inputs from land or by the mixing or upwelling
of high-nitrate subsurface waters onto the continental shelves.24

Moreover, once nutrients enter the coastal zone, they are readily
recycled. The sinking of organic matter is arrested by the shallow
seafloor, where most of the organic matter is recycled into
dissolved nutrients and carbon. Mixing can then quickly return
the dissolved nutrients to the surface to fuel additional cycles of
productivity and recycling. Because of the avidity of nutrient
consumption by phytoplankton, this rapid resupply of nutrients
may not be manifested as a significant elevation in the
concentration of nitrate. We raise this issue here to indicate
that, while global scale visualizations of surface nitrate
concentration such as Figure 2A are a very useful indicator of
N availability, they can be misleading in some cases, especially in
more heterogeneous regions such as the coasts.
Gradients in nitrate concentration also exist within the ocean

interior, largely due to ocean circulation (Figure 2B). For
example, deep water flows from the North Atlantic to the Indian
and Pacific, accumulating nitrate from the remineralization of
sinking organic matter as it makes this journey. As a result,
nitrate concentration increases from ∼20 μM in the deep North
Atlantic to as high as 45 μM in the deep Pacific.24

Importantly, the gradients in nitrate concentration across the
ocean are dominated by internal cycling (Section 1.2.2), with
the input/output budget modifying the concentrations only
modestly. For example, nitrate concentrations are often∼30 μM
or higher in the ocean’s oxygen-deficient zones, which are
hotspots of N loss. This situation reflects the greater N fluxes of
the internal cycle, which accumulate nitrate in these regions,
relative to those of the input/output budget. This difference in
flux amplitudes between N cycling and the input/output budget
derives from the requirements of the main fluxes in the input/
output budget. These are (1) the need to consume all oxygen
(and thus produce nitrate in oxic respiration) before reductive
mechanisms of fixed N loss can begin and (2) the tendency of
fixed N input by N2 fixation to occur where N is scarce.
The inventory of ammonium (NH4

+) in the ocean is 1000-
times lower than nitrate.15 Concentrations typically range from
zero to a few hundred nanomolar, with average values in the
sunlit “euphotic” and dark “aphotic” zones of 300 and 10
nM.15,29 Despite its very low abundance, ammonium plays a
crucial role in the biogeochemical function of the ocean.24 While
ammonium is produced relatively rapidly from organic matter
degradation, its low inventory reflects the avidity with which it is
consumed, for biosynthesis by photosynthesizers as well as for
its reductive capacity by nitrifiers (Section 1.2.2). Ammonium
can accumulate to hundreds of micromolar in dark, reducing
environments, such as coastal, estuarine and saltmarsh sedi-
ments, where the lack of light and oxygen prevent both anabolic
and respiratory demand. However, ammonium does not
accumulate in ocean suboxic zones, which can be explained by
the occurrence of anaerobic ammonium oxidation (“anam-

Table 1. N-Containing Species Important in the Global N
Cyclea

form molecular formula redox state

Ammonium, ammonia NH4
+, NH3 −3

Organic N R-NH3 −3
Hydrazine N2H4 −2
Hydroxylamine NH2OH −1
Dinitrogen* N2 0
Nitrous oxide* N2O +1
Nitric oxide NO +2
Nitrite, nitrous acid NO2

−, HNO2 +3
Nitrogen dioxide NO2 +4
Nitrate, nitric acid NO3

−, HNO3 +5
aAsterisk symbol (∗) indicates a less reactive form that is largely
inaccessible to organisms (i.e., a non-“fixed” form).
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mox”), in which NH4
+ is oxidized by nitrite, NO2

−, to produce
N2 (Section 1.2.3).
Nitrite (NO2

−) is another species that is important in the N
cycle and yet has a small inventory. Average concentrations in
the euphotic and aphotic zone of the ocean are 100 and 6 nM,
respectively.15 While nitrite can act as a nutrient for photo-
synthesizers in need of fixed N, its low concentration across a
range of environments can be attributed to its role in redox
processes.24 Nitrite is an intermediate of oxidative and reductive
processes such as nitrification and denitrification, and it is a
substrate for anammox (Sections 1.2.2 and 1.2.3). The lack of
nitrite accumulation in well-lit systems such as ocean surface
waters is mostly a consequence of photosynthetic assimilators’
consumption of ammonium,30−32 the dominant proximal
substrate for nitrite production in oxic systems, rather than the
consumption of nitrite by these same assimilators. Nitrite is only

observed to accumulate to significant levels when production
and consumption processes become transiently uncoupled, such
as (1) in oxygen-deficient zones (with concentrations up to 10
μM), (2) at the base of the euphotic zone in most regions (with
0.2 to 1.5 μM), and (3) in the surface waters of some polar
regions (with∼0.25 μM).24 That such cases of decoupling are so
rare is a testament to the efficiency of biologically facilitated
redox processes in the environment.
Dissolved organic nitrogen (DON) in the ocean is the

second-most abundant form of fixed N15,33 (Figure 1), with
significant concentrations in the open ocean (i.e., > 4 μM in
surface waters, decreasing to ∼2 μM in deep water).34 In
subtropical surface waters, DON is by far the largest N pool.
Despite its abundance, the chemical composition, sources, sinks,
and bioavailability of DON are not well understood.33,35 The
significant concentration of DON in surface waters implies that

Figure 2.Nitrate (NO3
−) concentrations for oceanic surface (A) and deep waters (B). Values are annual averages, a significant consideration only for

surface waters (A). Based on Boyer et al.23
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its composition leads it to be of limited bioavailability; it is often
described as “chemically refractory”.36 Higher molecular weight
DON exists predominantly as amides, amines, and N-acetylated
sugars.33,35,37,38 However, upon production in ocean surface
waters, DON is eventually consumed mostly in the surface (the
upper 100 m) or in the relatively shallow waters of the ocean
thermocline (100−500 m depth).39 The net DON production
in some regions followed by its transport by circulation and then
its net decomposition elsewhere may be an important mode of
transporting fixed N among marine environments. For example,
this process has been suggested to provide N to the nutrient-
poor waters of the subtropical gyres.34

Freshwaters, soils, coastal sediments, and biota each contain
much less N than the ocean environment (Figure 1). The
majority of freshwater N is found in groundwaters, which are
more voluminous than fresh surface waters and can accumulate
leached N as nitrate.22,40 The N in soil and sediment pools is
mostly organically bound and of unknown composition and
availability.41 Young soils recently produced from igneous or
metamorphic rock are typically N-poor.42 As these soils age, they
become more N-rich, in part because of a longer history of N
additions and in part because organic N becomes more
refractory as it ages.42,43 Physical processes such as erosion,
weathering, and leaching along with microbial denitrification

can lead to N loss. However, phosphorus (P) is also lost from
soils, so the aging of soil typically increases the availability of N
relative to P.42 Despite their lower abundances, the other N
forms described above (nitrate, nitrite, ammonium, and DON)
also occur in soils, where their roles are largely the same as in the
ocean. One further consideration in soils is that the different N
forms have additional mechanisms of mobility: nitrate is
susceptible to hydrologic loss (i.e., as nitrate in runoff and into
groundwater), while ammonium can be bound to clays and has
the potential for volatilization as ammonia.16

1.2. Transformations of Nitrogen

Within natural and human-influenced terrestrial and marine
ecosystems, N can undergo numerous biologically driven
transformations between different chemical forms (Table 1).
Because most of these transformations are uniquely catalyzed by
microbes in support of their growth and energy requirements,
the N cycle is often referred to as the microbial N cycle (Figure
4). In our description of the major processes below, we focus on

biological nitrogen fixation, denitrification, and anammox, as
these are the dominant processes that add or remove N from the
fixed N inventory and thus are the most generally important for
ecosystem N availability. Abiotic sources of fixed N enter the
biological N cycle as ammonium and nitrate. Other processes
(assimilation, mineralization, nitrification, dissimilatory nitrate
reduction) result in the internal cycling of N between different
fixed forms, and they affect the spatial distribution of these
forms; however, they do not directly affect integrated N
reservoir sizes.

1.2.1. Input Processes. 1.2.1.1. Biological Nitrogen
Fixation. Biological nitrogen (N2) fixation (step 1, Figure 4)
is the only biological route for fixed N creation. It refers to the
process by which specialized groups of prokaryotes termed
“diazotrophs,” or “N2-fixers,” reduce dinitrogen gas (N2) to
ammonia (NH3) for the purpose of fulfilling their anabolic
needs. The following provides an overview of the N2 fixation

Figure 3. Simplified diagram of ocean nitrogen cycling that
distinguishes between the ocean’s internal N “cycle” (solid lines) and
its input/output “budget” (dashed lines). N2 fixation in the surface
ocean and denitrification in the ocean interior and sediments are,
respectively, the dominant input and output terms of the budget. These
processes are described in detail in Sections 1.2.1.1 and 1.2.3.1. To
maintain a constant size for the fixed N reservoir, the rates of the input
and output terms must be equal, and feedbacks for achieving this
balance are discussed in section 3. In the internal cycle, phytoplankton
in surface waters obtain N for their biomass (Norg) by assimilating
nitrate (NO3

−), biological N2 fixation occurring at a much lower rate.
The resulting biomass organic N is eventually exported to the dark
ocean interior (i.e., the deep ocean), mostly as sinking particles (green
wavy arrow). Within the deep ocean, organic N is converted by
microbial activities to nitrate (black downward arrow). This deep-water
nitrate can be circulated back up into the surface ocean, where it once
again supports phytoplankton growth (arced upward arrow). Oceanic
fixed N, prior to its loss from the ocean by denitrification, undergoes
roughly 5−10 iterations of the internal cycle shown in the diagram.
Another important aspect of N cycling, not shown in this diagram, is the
metabolism or degradation of Norg in surface waters, which produces
ammonium (NH4

+) that is then reassimilated by phytoplankton to
remake Norg.

Figure 4. Cycle of biologically driven N transformations that occur in
natural and human-influenced terrestrial and marine environments.
Nitrogen (N2) fixation (step 1) and N assimilation (from ammonium,
nitrate, or organic N, step 2) are anabolic processes, whereas
mineralization (step 3), nitrification (steps 4−6), DNRA (steps 7,
15), denitrification (steps 7−11), and anammox (anaerobic ammonium
oxidation, steps 12−14) are (or are a consequence of) catabolic
processes. Abiotic sources of fixed N enter the biological N cycle as
ammonium and nitrate.
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reaction, enzymes, and diazotrophic organisms, with the goal of
highlighting the environmental sensitivities of this key process.
N2 f ixation enzymes and reaction. Because the triple bond of N2

is very stable, diazotrophs exclusively use a large, structurally
complex, iron-richmetalloenzyme called nitrogenase, along with
significant amounts of ATP and reductant, to achieve the
difficult conversion of N2 to ammonia under ambient
conditions.44−46 This is in stark contrast to the extremely high
temperatures and pressures needed for abiotic N2 fixation with
the Haber Bosch process, the source of fixed N used in
fertilizers.47 Nitrogenases, which can account for as much as
10% of total cell protein,48 are multiprotein complexes that
occur in three primary N2-reducing isoforms, named based on
the identity of a key active site metal atom: the molybdenum
(Mo) nitrogenase, the vanadium (V) nitrogenase, and the iron
(Fe)-only nitrogenase.49−52 These forms are phylogenetically
related and can be distinguished based on the amino acid
sequence of the active site protein subunit.53−55 All diazotrophs
possess the Mo-nitrogenase; a limited subset also have the
“alternative” V and Fe-only nitrogenases,56 which they typically
use under conditions of limited Mo availability (e.g., see refs
57−61).
The Mo nitrogenase is the best understood, most prevalent,

andmost ancient form of the enzyme.46,54,55 It carries out the N2
reduction reaction under optimal conditions with the following
stoichiometry:50

N 8H 8e 16ATP

2NH H 16ADP 16P
2

3 2 i

+ + +

→ + + +

+ −

(1)

A key feature of the reaction is the obligatory production of 1
H2 per N2 reduced; this reflects themechanistically essential step
of nitrogenase activation prior to N2 reduction.

46,62 Recently, N2
reduction reactions catalyzed by alternative nitrogenases were
shown to have the same limiting stoichiometry63 (eq 1), but
because of kinetic variations related to cofactor structure, N2
reduction by these isoforms is less catalytically efficient, resulting
in more H2 production on a molar basis compared to Mo-
nitrogenases.63,64 Interestingly, differences in the in vivo H2
yields of various nitrogenase isoforms appear to be less
substantial than in vitro yields.64 Measurements of the in vivo
fractionation of natural abundance stable isotopes between
substrate and product also show isoform-specific variations.65,66

The final product NH3 is assimilated into the amino acid
glutamate by a reductive reaction with α-ketoglutarate, a citric
acid cycle intermediate, catalyzed by the enzyme glutamate
dehydrogenase. It should be noted that nitrogenase can reduce
several other multiply bonded substrates besides N2,

50 and this
wide substrate range has proved useful for studies of the
mechanism and environmental role of nitrogenase. For example,
the reduction of acetylene to ethylene forms the basis for a
widely used assay of nitrogenase activity in the laboratory and in
the environment67 (Section 2.1.1). Different nitrogenase
isoforms can be distinguished by their production of ethane as
a minor byproduct of acetylene reduction68 by the production of
methane from CO2 reduction.

69,70

Nitrogenases share many structural and mechanistic
similarities.49,50,71 Critical for the function of all nitrogenases
are the two proteins dinitrogenase reductase and dinitrogenase.
Dinitrogenase reductase (i.e., the Fe protein) is a homodimer
that accepts electrons from reduced ferredoxin or flavodoxin
electron carrier proteins and transfers them one at a time in an
ATP-dependent fashion to dinitrogenase (e.g., the MoFe

protein in Mo nitrogenase), a heterotetrameric protein that
contains the nitrogenase active site. The trace metal Fe, present
within iron sulfur clusters distributed throughout the enzyme,
plays a fundamental role in the reaction by participating in
electron transfer between proteins and in catalysis. The surface
exposure of Fe4S4 clusters results in nitrogenase being extremely
sensitive to oxygen (O2).

71,72 The molybdenum atom of Mo
nitrogenase, another key metal, is present in the active site MoFe
cofactor required for catalysis,50 possibly aiding catalysis by
tuning the cofactor’s electronic structure.63 Cofactors of the
alternative V- and Fe-only nitrogenases most prominently differ
from theMoFe form in the presence of a V or Fe atom in place of
Mo and are termed the VFe and FeFe cofactors.49,51,52,73

Structural genes49,74 encoding dinitrogenase reductase are
nif/vnf/anfH, with nif, vnf, and anf denoting the Mo, V, and Fe
nitrogenase isoforms, respectively. Those for the dinitrogenase
protein are nif/vnf/anfD and nif/vnf/anfK. Alternative nitro-
genases possess an additional structural subunit encoded by vnf/
anfG.49,52,74 Several other genes are required for N2 fixation
(e.g., nifENB); these encode proteins involved in cofactor
biosynthesis and assembly.75,76

Given the high metabolic cost of making, using, and
maintaining such a complex and dominant cellular enzyme, it
is not surprising that nitrogenase activity is strictly regulated.
With regards to the global N cycle, the most important
regulatory controls involve fixed N (i.e., ammonium), oxygen
(O2), energy, trace metals, and temperature, parameters which
vary widely across different environments.77−79 This control is
enacted through complex regulatory cascades that can involve
sensing and response at transcriptional through post-transla-
tional levels.76

Nitrogenase activity is modulated by fixed N availability in a
wide diversity of diazotrophs (e.g., Azotobacter,80−82 Desulfovi-
brio,83 Trichodesmium,84 Klebsiella,85 Clostridium86). This
regulation, best known in Proteobacteria species, occurs at the
transcriptional level and, in some diazotrophs, also at the post-
translational level.76 Cellular N status is reflected by intracellular
glutamine concentrations. Signal transduction proteins in the
PII family (e.g., Gln B and Gln K ammonium sensors in
Proteobacteria) communicate this signal, along with cellular
energy (as ATP) and C status (as α-ketoglutarate), to regulatory
target proteins, such as themaster transcriptional regulator NifA,
which directly control nitrogenase gene transcription.76 For
example, cellular glutamine levels could decrease in response to
lower fixed N supply or to an increase in metabolic N demand.
This would lead to a conformational change in PII proteins that
inhibits their interaction with transcriptional regulators,
allowing them to initiate gene transcription of nitrogen fixation
genes. Once synthesized, nitrogenase activity can be controlled
in response to ammonium and light by reversible covalent
modification of the enzyme with ADP-ribose moieties.76 This
form of short-term regulation has been documented in a subset
of diazotrophic bacteria and archaea.58 Culture studies
demonstrate that concentrations of ammonium which repress
nitrogenase can range from below one to tens of micromolar,
depending on the species.80,83,84,87,88

The oxygen regulation of nitrogenase transcription, also
deciphered in Proteobacteria, relies on histidine kinases and
transcription factors that together function as O2/redox
sensors.76 The result of this regulatory cascade is the inhibition
of gene transcription when intracellular O2 levels are high. O2
can also indirectly suppress nitrogenase synthesis by reducing
the supply of C and reductant.72 Once exposed to O2, the
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nitrogenase enzyme is quickly and irreversibly inactivated in
vivo.72 As a consequence of oxygen’s deleterious effects,
diazotrophs have evolved diversemechanisms to protect existing
enzyme from oxidative damage (e.g., see refs 89−93). We
discuss these strategies in the following section on N2-fixing
organisms.
Mo nitrogenase is considered to be the most efficient isoform

for N2 reduction.
49,63 However, purified Mo and V nitrogenase

can have similar activities at low temperatures94 (e.g., ∼10 °C),
and most recently, growth rates at 19 °C based on Mo and V-
nitrogenase were found to be equivalent when a photo-
heterotrophic N2-fixer was provided with a more reduced
carbon substrate.64 In certain diazotrophs (e.g., Anabaena
variabilis, Azotobacter vinelandii, Rhodobacter capsulatus), the
preferential use of the Mo enzyme under conditions of high Mo
availability is based on the repression of alternative nitrogenase
gene transcription byMo.60,82,95−97 Culture studies indicate that
the threshold for Mo limitation is less than a few tens of
nanomolar.61,66,98 A decrease in temperature or the lack of high
affinityMo transporters can alter this dynamic by depressingMo
transport into cells.97,99 The synthesis of alternative nitrogenases
is also known to occur despite high Mo levels in N2-fixers that
cannot produce active Mo nitrogenase.100,101 Molecular surveys
indicate that alternative nitrogenase genes are ubiquitously
distributed in terrestrial systems55−57, and there is growing
evidence for substantive non-Mo enzyme activity in environ-
mental samples.56,65,102,103 Whether such findings primarily
reflect insufficient Mo availability or other reasons remains to be
determined.
Iron is critical to all nitrogenase enzymes as well as most redox

enzymes involved in respiration and photosynthesis.104 Iron
controls nitrogenase activity by affecting biosynthesis of iron
sulfur clusters by NifS and NifU, proteins that incorporate
intracellular Fe and S into cofactors.105 Consistent with its
central importance for redox metabolism, iron also exerts
indirect control on N2 fixation through its pervasive effects on
growth (e.g., see refs 98, 106−108).
N2-Fixing Organisms. Diazotrophy is limited to a subset of

taxonomically and metabolically diverse prokaryotes, which
typically account for a minor proportion of microorganisms in
the environment.109 Bioinformatic analysis of sequenced
genomes for N2 fixation genes suggests that∼15% of prokaryotic
species are known to or could potentially fix N2.

75 These span at

least 14 different bacterial and archaeal phyla, although most of
those that have been studied experimentally belong to the
phylum Proteobacteria.75 In addition to their taxonomic
diversity, diazotrophs utilize all forms of energy metabolism
and are found in a variety of habitats within terrestrial and
marine systems (Table 2). Molecular surveys of nifH, the
marker gene for diazotroph ecology and diversity, show that soils
harbor the greatest variety of N2-fixers.

55,109,110

Diazotrophs also use a diversity of strategies to solve the
problem of nitrogenase damage by O2 (Table 2). Some
diazotrophs, such as Clostridium, avoid the issue entirely by
inhabiting anaerobic environments. Oxygenic phototrophs, like
the filamentous cyanobacterium Anabaena, spatially separate N2
fixation from O2 by enclosing nitrogenase in specialized
heterotrophic cells, called heterocysts, which receive fixed C
from nearby vegetative cells in exchange for fixed N. Within
these cells, O2-evolving photosystem II is inactive and the
physical limitation of O2 diffusion by thick cell walls and aerobic
respiration keep intracellular O2 levels sufficiently low.

111 The
nonheterocystous marine cyanobacterial diazotroph, Trichodes-
mium, uses two strategies. It, like certain unicellular marine
cyanobacteria,112,113 can temporally separate N2 fixation from
O2 evolution and may spatially separate nitrogenase into
“diazocyte” cells.92,114,115 The symbiotic N2-fixing bacteria of
legumes (e.g., Rhizobium) are aerobic heterotrophs that rely on
the O2-binding plant protein leghemoglobin to lower O2 levels
in the root nodules in which they reside.116 Finally, the aerobic
heterotroph Azotobacter, a common soil diazotroph, uses high
respiration rates and proteins that cause nitrogenase to enter an
O2-tolerant conformation to solve the oxygen problem.89,91,117

The metabolic cost of these strategies is considerable: over half
of energy used for N2 fixation is associated with O2
protection.118,119

As expected based on the biochemistry and regulation of
nitrogenase, external supplies of fixedN, O2, energy (e.g., as light
or organic C), trace metals (Fe, Mo, V), and temperature are
important constraints on diazotroph activity in the environment
(e.g., see refs 2, 79, 102, 120−127). Another important control is
phosphorus availability, which indirectly affects N2 fixation by
constraining organism growth.120,122−124,128−136 A high P
requirement related to the large ATP demand of nitrogenase
has been suggested to make N2-fixers more prone to P limitation
than nonfixers.129 Inadequate moisture levels can also be

Table 2. Examples of Metabolic, Taxonomic, and Environmental Diversity for Diazotrophs

example diazotroph

metabolism (phylum, genus) typical environment O2 protection strategy

Oxygenic phototrophy Cyanobacteria, Trichodesmium Marine Time, spatial separation (?)
Cyanobacteria, Anabaena Freshwater Heterocyst
Cyanobacteria, Richelia Endosymbiont of marine diatoms Heterocyst
Cyanobacteria, Atelocyanobacterium thalassa (UCYN-A) Symbiont of marine algae Unknown
Cyanobacteria, Crocosphaera (UCYN-B) Marine Time
Cyanobacteria, Cyanocethe (UCYN-C) Marine Time

Anoxygenic phototrophy Proteobacteria, Rhodopseudomonas Sediments, soils, microbial mats Avoidance
Chlorobi, Chlorobium Freshwater Avoidance

Aerobic heterotrophy Proteobacteria, Rhizobium Endosymbiosis Physical
Actinobacteria, Frankia Endosymbiosis Heterocyst-like vesicle
Proteobacteria, Azotobacter Soils Respiration, conformational

Anaerobic heterotrophy Firmicutes, Clostridium Soils, sediments, animal guts Avoidance
Proteobacteria, Desulfovibrio Soils, sediments Avoidance
Euryarchaeata, Methanosarcina Soils, sediments, animal guts Avoidance

Chemolithotrophy Proteobacteria, Acidothiobacillus soils, sediments, acid mine drainage Avoidance
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problematic for terrestrial diazotrophs.129,137,138 Finally, eco-
logical interactions (e.g., grazing of diazotrophs, competition
with nonfixers over nutrients and light, narrower range of growth
conditions) are also important in explaining the distribution of
diazotrophy in nature.124,129,139−142 Despite a variety of
influencing factors, the dominant proximate control on
diazotroph activity is fixed N availability (i.e., equivalent to
supply minus demand). This dynamic is consistent with the
genetic regulation, metabolic costs, and biological role of N2
fixation.
Terrestrial systems host different diazotrophs from marine

systems. The best studied soil diazotrophs are agriculturally
important heterotrophic bacteria (e.g., Rhizobia and Frankia),
which form symbiotic relationships with legumes and actino-
rhyzal plants, respectively, based on the exchange of fixed N for
fixed C within root nodules. These types of symbiotic
diazotrophs account for the majority of terrestrial N2 fixation
and are primarily found in low and midlatitude systems.143,144

Consistent with fixed N control of symbiotic N2 fixation in
laboratory studies,145,146 rates of legume N2 fixation has been
found to vary inversely with N richness in tropical soils.147,148

Symbiotic N2 fixation is also known to combat N deficiency
associated with fast biomass accumulation during forest
secondary growth.149−151 However, high soil N supply does
not always repress fixation.152 This may be related to differences
in light-constrained N demand,153 an explanation consistent
with the physiological role of N2 fixation and its regulation by
cellular N status. Interactions of nutrients with each other and
biophysical factors are additional constraints on symbiotic
diazotrophs. For example, global patterns of terrestrial symbiotic
N2 fixation can be reproduced by a biogeochemical model that
incorporates the temperature dependency of nitrogenase
activity and variable N costs of P acquisition in different
environments.79

Asymbiotic diazotrophs also contribute to terrestrial N2
fixation and can be more important than symbiotic diazotrophs
in high latitude ecosystems.143,144 These N2-fixers account for
the bulk of diazotroph diversity in nature109 and comprise free-
living species in soils (e.g., aerobic heterotroph Azotobacter) and
freshwaters (e.g., heterocystous cyanobacterium Anabaena),
associative diazotrophs in the rhizosphere of grasses (e.g.,
microaerophilic Azospirillum), as well as those that engage in
mutualisms with nonvascular plants and lichens.123,154 The vast
majority remain uncultured, so our knowledge on the specific
environmental sensitivities of different organisms is poor.
However, nutrient addition experiments provide broad-scale
insight on their environmental controls. A recent meta-analysis
of such studies125 indicates that N fertilization strongly
suppresses free-living N2 fixation, while Mo additions have a
stimulatory effect. P limitation appeared to be confined to
tropical forests. C limitation of heterotrophic N2 fixation has also
been suggested to be based on positive relationships betweenN2
fixation rate, litter quality, and C/N ratios.123,128,155,156 The
importance of different controlling factors depends on the
specific organism and environment. For example, free-living N2
fixation in P-rich tropical soils is limited by Mo, but in P-
depleted soils, fixation is Mo and P colimited.131 However, Mo
limitation of N2 fixation could be relieved if diazotrophs produce
strongMo-binding molybdophores to facilitate Mo uptake157 or
utilize Mo-independent, alternative nitrogenases.57−61

Inmarine systems, themost important diazotrophs are pelagic
cyanobacteria. These belong to the bloom-forming, filamentous
genus Trichodesmium;158,159 to heterocystous genera such as

Richelia, which are endosymbionts of certain diatoms;160 and to
three groups of unicellular cyanobacteria, termed UCYN-A,
UCYN-B, and UCYN-C, which consist of uncultured, non-
photosynthetic symbionts (i.e., Atelocyanobacterium thalassa) of
prymnesiophyte algae,161 Crocosphaera, and uncultured Cyano-
cethe-like species,162 respectively. Trichodesmium species are
typically found in the warm, N-poor waters of the subtropical
and tropical ocean, where they can supply the N for a significant
portion of produced and exported organic matter.163,164 Field
studies demonstrate that N2 fixation by this organism is typically
limited by P or Fe,133−135 with Fe limitation depending on the
prevalence of dust borne Fe flux to regional waters. For example,
large inputs of dust from the Sahel and Sahara to the North
Atlantic Ocean promote high rates of N2 fixation that ultimately
push the system toward P limitation.135,162,165 In contrast, low
dissolved Fe levels are correlated with suppressed N2 fixation
rates in the South Atlantic Ocean.166 Culture studies
demonstrate that under Fe deficient conditions, Trichodesmium
reallocates cellular resources and upregulates Fe stress
genes.162,167,168 Under P limitation, Trichodesmium increases
its maximal uptake rate of dissolved inorganic P, relies more
heavily on dissolved organic P sources, and reduces its cellular P
requirements.162

Compared to Trichodesmium, the ecophysiologies of other
important marine diazotrophs are less understood. Diazotrophs
associated with diatoms are widely distributed in warm
oligotrophic waters, where they may contribute significantly to
N2 fixation

160,169 and play a role in exporting C to the deep
ocean, due to the tendency of diatoms to be incorporated into
sinking particles.170 Phosphorus starvation has been suggested
to limit Richelia activity in the ultraoligotrophic regions of the
Mediterranean Sea.171 In certain regions of the ocean, N2
fixation by small unicellular cyanobacteria and bacterioplankton
can equal or exceed those of larger diazotrophs like
Trichodesmium.172 Recent research has shown the unicellular
uncultured cyanobacterium, “Candidatus Atelocyanobacterium
thalassa” (also known as UCYN-A), to be a metabolically
streamlined N2-fixing algal symbiont that lacks the ability to
perform oxygenic photosynthesis.161 UCYN-A is present
throughout low-, mid- and high-latitude waters.161,173,174 An
analyses of gene expression in response to nutrient additions
suggested that UCYN-A might be P-limited in the tropical
North Atlantic.175 More recently, nutrient addition experiments
revealed Fe limitation and possibly Fe and P colimitation of
UCYN-A N2 fixation in the subtropical eastern North
Atlantic.176 Like other marine diazotrophs, Crocosphaera species
are most prevalent in warm, low-nutrient open ocean waters,
where they are subject to limitation by Fe and P, depending on
its particular oceanic habitat. To cope with Fe deficiency, C.
watsonii lowers its cellular Fe requirement by reducing its Fe
metalloprotein inventory.106 To combat P limitation, C. watsonii
can use a high affinity phosphate transporter to scavenge
inorganic P as well as certain dissolved organic P sources.177,178

Marine systems host a wide variety and distribution of
noncyanobacterial diazotrophs.179−181 These organisms, typi-
cally detected with molecular surveys of the dinitrogenase
reductase gene nifH,180 are thought to be predominantly
heterotrophic Proteobacteria. They have been identified in
aphotic, nutrient-rich, and cold environments that are not
normally associated with N2 fixation (e.g., coastal and deep
ocean waters and sediments166,182−188), as well as surface waters
of the open ocean.189 Recent studies suggest that organic matter
particles could be important sites of heterotrophic N2
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fixation.190,191 With regard to N flux, available data indicate that
heterotrophic N2 fixation rates are generally very low.

181 At this
stage, without further information on the temporal and spatial
distribution of heterotrophic N2 fixation and its environmental
controls, these diazotrophs are likely only a minor influence on
N budgets.
1.2.1.2. Abiotic Sources of Fixed N. Fixed N in the form of

ammonia (NH3) or nitrogen oxides (NOx = NO + NO2)
produced by natural and anthropogenic abiotic methods also
contribute to environmental reservoirs of fixed N. Once
deposited in terrestrial and marine systems, these compounds
enter the microbial N cycle (Figure 4).
The production of NOx by lightning in the atmosphere (5± 3

Tg N yr−1)192 is an important source of fixed N. The high-
temperature conditions associated with the lightning strike
result in the dissociation of O2 molecules and the formation of O
radicals, which can react with N2 to form NO (Zel’dovich
mechanism193), which is subsequently stabilized by mixing with
ambient air. Space-borne instruments show that most lightning
activity occurs over land in deep-convective regions.192 Volcanic
activity is also accompanied by the release of fixed N originating
from thermal fixation of atmospheric N2.

194,195 Paulot et al.
(2015)29 estimated an emission of volcanic NH3 of 0.9 Tg N
yr−1 by scaling global SO2 emissions (∼13 Tg S yr−1) using the
NH3:SO2 molar ratio reported by Uematsu (2004).196 Emission
factors for oxidized N range from 0 to 0.1 kgN/kg(SO2), with
most estimates below 0.01 kgN/kg(SO2). This suggests that
volcanoes are likely to emit less than 0.2 Tg N yr−1 of oxidized
nitrogen. Finally, mineral-catalyzed chemical reduction of N2 to
ammonium at the high temperatures and pressures observed in
hydrothermal vents is a pathway for abiotic fixed N production
that may have been particularly important early in Earth
history.197

Recently, the release of fixed N from bedrock by physical and
chemical weathering processes has been proposed to be a
substantive source of fixed N for plants in certain high altitude
and latitude terrestrial systems (∼10 to 30 Tg N yr−1).6 The
fixed nitrogen accumulated in rocks is ultimately derived largely
from the atmosphere via biotic and abiotic N2 fixation.

10 Thus,
the fixed N released by rock weathering could be cast as an
internal cycling term in the global fixed N cycle, which balances
fixed N burial on long time scales.
Abiotic processes associated with human activities are large

additional sources of new fixed N. The largest source of
anthropogenic fixed N is the Haber Bosch process, which
produces NH3 for the synthesis of fertilizers and other chemical
products46 through the reaction of N2 with H2 using a ferrite
catalyst under high temperature/pressure conditions. The
modern rate of Haber Bosch fixed N production (∼120 Tg N
yr−1 in 2010 5) is similar to the rates of natural biological N2
fixation on land and in the sea (Section 2.2). Fossil fuel
combustion for power generation, heating, and transportation
yields NOx compounds as byproducts198 either via the oxidation
of the fuel N or through the reaction of atmospheric N2 with
oxygen and hydrocarbon radicals.193,199 The release of fixed N
from heavy-oil furnaces and coal-fired power plants is controlled
by fuel N content. Radical mechanisms, favored by low-N fuel
(e.g., gasoline, natural gas), high temperatures, and low air-to-
fuel ratios, are responsible for the production of NOx from
transportation and natural gas-fired power plants.200 As of 2010,
fossil fuel use contributes ∼40 Tg N yr−1, primarily to terrestrial
systems.5 Increasing use of three-way catalytic converters,
improvements in combustion engines, and the switch from

coal to gas and renewable power sources201 have led to dramatic
reductions in NOx emissions in the US and Europe,202 and more
recently in China.203

1.2.2. Internal Cycling. 1.2.2.1. Nitrogen Assimilation.
Nitrogen assimilation refers to the cellular production of organic
nitrogen from external inorganic and organic nitrogen species
(step 2, Figure 4). The assimilation of dissolved inorganic N as
ammonium or nitrate is common in plants, phytoplankton,
fungi, and microbes.204−208 Ammonium assimilation into
biomass typically involves ammonia diffusion or ammonium
transport into the cell followed by incorporation of ammonia
into amino acids by the enzymes glutamine synthetase and
glutamate synthase.208 Nitrate assimilation is more metabol-
ically costly since nitrate must first be reduced to ammonia by
nitrate and nitrite reductases before assimilating its N into
biomolecules. When concentrations are low, ammonium is
generally preferred over nitrate by phytoplankton as an
inorganic fixed N source207 as its N is already at the redox
state of N in amino acids (Table 1). Plants show a preference for
ammonium or nitrate, depending on plant functional type and
environmental conditions (e.g., external ratios of ammonium/
nitrate).209−211 Because of its ease of assimilation into biomass,
ammonium accumulation is rarely observed in the environment,
except under dark, anoxic conditions when the absence of
autotrophic growth or chemical oxidants limits its removal.
Organic N assimilation, traditionally associated with animals,

has also been observed in plants, fungi, and microbes.208,212,213

However, it is generally much less important for primary
production than inorganic N209 and is not discussed further.

1.2.2.2. Mineralization. The return of biomass-derived
organic N (initially in the form of particulate organic nitrogen,
PON) into the inorganic (mineral) form of ammonium is
termed mineralization (or remineralization) (step 3, Figure 4).
This process is associated with excretion by organisms during
macromolecular recycling and the microbial degradation of
organic matter. During mineralization, biomass PON may be
first broken down into DON forms (e.g., by physical
disintegration, solubilization, breakdown at C−C bonds),
followed by deamination of protein and nucleotide macro-
molecules, ultimately resulting in the release of ammonium into
the environment. Ammonium and small organic N compounds
such as amino acids can be assimilated by organisms to make
biomass. In the ocean, mineralization is mainly carried out by
heterotrophic microbes, both prokaryotes and eukaryotes, while
in terrestrial systems, fungi and macroorganisms such as
earthworms are also important.209

1.2.2.3. Nitrification. The process of nitrification (steps 4−6,
Figure 4), in which ammonium is oxidized with O2 to nitrate, is
typically carried out by specialized groups of chemoautotrophic
nitrifying microbes that use ammonia or nitrite as a source of
energy and as sources of biomass N. Under low O2 availability,
the greenhouse gas nitrous oxide (N2O) is released during
nitrification by multiple pathways.214 Ammonia oxidizing
bacteria (e.g., proteobacterium Nitrosomonas) and archaea
(e.g., thaumarchaeon Nitrosopumilus) oxidize ammonia to
nitrite with O2 (steps 4 and 5, Figure 4). Nitrite oxidizing
bacteria (e.g., proteobacteria Nitrobacter, Nitrospina) oxidize
nitrite aerobically to nitrate with O2 (molecular O2 is not
involved in the reaction) (step 6, Figure 4). Recently, a very
restricted group of proteobacteria (Comammox) was found to
be capable of completely oxidizing ammonia to nitrate.215,216

Comammox proceeds by the same two steps, catalyzed by
versions of the same two enzymes that are used separately by
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ammonia- and nitrite-oxidizing nitrifiers. Diverse fungi and
heterotrophic bacteria oxidize inorganic and organic reduced
forms of N to nitrite and nitrate, in a process called
heterotrophic nitrification.217 Heterotrophic nitrification, gen-
erally less understood compared to autotrophic nitrification,
may be an important nitrification process in soils.217−219 The
mechanism may be similar to that in autotrophic ammonia
oxidizers or is linked, in some strains, to aerobic denitrifica-
tion.217,219,220

1.2.2.4. Dissimilatory Nitrate Reduction to Ammonium. In
dissimilatory nitrate reduction to ammonium (abbreviated
DNRA), nitrate is used as an electron acceptor for anaerobic
respiration of organic matter by chemoheterotrophs, being
reduced first to nitrite, and then ammonium (steps 7 and 15,
Figure 4). DNRA has been identified in a variety of prokaryotes
and eukaryotic microbes.221,222 In contrast to denitrification,
which removes fixed N (discussed below), DNRA recycles fixed
N within an ecosystem. DNRA is relatively less important in
marine systems than in terrestrial systems, where it can dominate
the fate of the nitrate pool.223 Microbes performing DNRA and
denitrification may be in competition for nitrate and organic
matter; DNRA is favored at higher organic C/nitrate ratios,
while lower ratios favor denitrification.224 Higher C/nitrate ratio
may also favor N2O production by incomplete DNRA if nitrite is
allowed to accumulate.225 DNRAmay be less sensitive to oxygen
concentrations (both DNRA and denitrification are predom-
inantly anaerobic), thus allowing for differential N retention
versus loss as a function of redox conditions.226

1.2.3. Output Processes. 1.2.3.1. Denitrification. Deni-
trification converts nitrate back into N2 (steps 7−11, Figure 4)
and is the primary route by which fixed N is lost from marine
systems. Even in terrestrial ecosystems, where runoff is a major
physical loss term for fixed N, denitrification can dominate total
N loss over large scales.227 Most denitrifying organisms are
facultatively aerobic, heterotrophic bacteria that use nitrate as a
terminal electron acceptor for respiration, when O2 is no longer
sufficiently available in their environment. Complete denitrifiers
can perform the complete reduction of nitrate to N2 using a
sequence of intermediate reductions (nitrate to nitrite, then to
nitric oxide NO, nitrous oxide N2O, ending in N2, eq 3). Aerobic
denitrification, using the same pathway, has been documented in
several bacteria, notably Paracoccus denitrif icans (formerly
Thiosphaera pantotropha, in which it was originally discovered
by Robertson and Kuenen (1984)228). Aerobic denitrification is
seen as a common variant among conventional denitrifiers and
results from differential regulation of aerobic and anaerobic
pathways, often under oscillating oxygen conditions. It is
potentially widespread in both natural and industrial systems;229

its contribution to total N loss is unknown, as most
denitrification occurs under anoxic conditions. Incomplete
denitrification can lead to the release of N2O and is assumed
to account for N2O accumulations in anoxic environments.
For the purposes of calculating the net loss of fixed N for

budgetary purposes (Section 2.2), it may be sufficient to
understand the loss processes as simply organic nitrogen→ N2.
Until the 1990s, the transformation of organic matter to N2, via
respiration of nitrogen oxides (i.e., denitrification), was the only
process known to convert fixed N into N2. Conventional
denitrification involves the consumption of organic matter by
heterotrophic bacteria, who respire nitrate in the absence of
oxygen, yielding ammonium as the main remineralized N
product, and N2 as the final respiratory product (eq 2).

(CH O) (NH ) H PO 94.4HNO

106CO 39.2N 16NH 16HNO H PO

145.2H O

2 106 3 16 3 4 3

2 2 3 2 3 4

2

+

→ + + + +

+ (2)

NO NO NO N O N3 2 2 2→ → → →− −
(3)

Our understanding of denitrification has changed dramati-
cally in the last 20 years, enlightened greatly by experiments with
natural microbial assemblages and analysis of molecular
biological data coupled to experimental manipulations.
Complete denitrification, the sequential reduction of nitrate

to dinitrogen gas (eq 3), is performed by many bacteria, using
the individual N oxides as terminal electron acceptors during
anaerobic respiration. The terminal reductase enzymes were
purified and characterized by the 1990s, and we refer to
Zumft230 for a comprehensive review of this process. The model
organisms were often Pseudomonads, and that model system
has dominated our understanding of the process for many years.
It is worth briefly reviewing some of the basics, but the reader is
referred to earlier reviews and original literature for the details.

1.2.3.2. Denitrification Enzymes.Nitrate reductases are Fe−
Mo proteins. There are four major types:231 EukNR is the
assimilatory protein in eukaryotes, Nas is the prokaryotic
assimilatory enzyme, Nap is the membrane-bound, periplasm-
facing dissimilatory enzyme in prokaryotes, and Nar is the
membrane-bound, cytoplasm-facing dissimilatory enzyme in
prokaryotes. Nar is the enzyme typically associated with
denitrification in bacteria, and its cytoplasmic orientation is
consistent with generation of proton motive force for energy
generation during denitrification. Although the mechanism of
energy generation for Nap is less clear, Nap is linked to nitrate
respiration and dissimilatory nitrate reduction to ammonium
(DNRA) and, rarely, complete denitrification. Nap is the version
of the enzyme found in microbes capable of aerobic
denitrification. Both Nap and Nar are involved in nitrate
reduction, the first step toward loss of fixed N as N2O or N2.
Nitrite reduction is performed by two structurally unrelated

enzymes: cdNiR (NirS) is a cytochrome-containing Fe protein,
while CuNir (NirK) contains both type-I and type-II copper
(Cu) sites. The active site of the CuNir has high affinity for both
NO and O2, suggesting mechanisms for both enzyme activity
regulation by product inhibition and for oxygen sensitivity of the
reaction.232

The capability for NO reduction is found very widely in the
biological world, due to both the toxicity of NO, and its short
lifetime, the latter making it an ideal signaling molecule. The
diversity of NO-reducing enzymes (NORs) thus makes it
difficult to identify them and assign function in genome
sequences and leads to continuing uncertainty about the
completeness of denitrification pathways even in cultivated
bacteria. Nevertheless, NORs occur in just two main types,
distinguished by the source of the electrons that they use to
reduce NO. qNOR obtains its electrons from membrane-bound
quinones (quinone-oxidizing), while cNOR gets its electrons
from soluble electron carriers, mostly cytochromes (cyto-
chrome-oxidizing). Both are found in denitrifying pathways.
cNOR is most common in bacteria, always cooccurring with
Nar, the cytoplasmic-facing nitrate reductase. qNOR occurs in
denitrifying haloarchaea, linked to the periplasmic Nap enzyme.
NORs are Fe-containing enzymes, closely related to oxygen
reductases such as cytochrome and quinol oxidases.233 Several
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other kinds of NO-reducing enzymes also produce N2O as part
of detoxification, rather than respiratory pathways.234

Nitrous oxide reductase (N2OR) is a complex Cu enzyme,
containing a unique “Z” form Cu−S moiety. Although
widespread and diverse in terms of gene sequence, there is
only one kind of N2OR.

235 There are, however, two clades of
N2OR, which differ mainly in their signal peptides,236 rather
than in the functional core of the enzyme. Clade I consists
almost entirely of Proteobacteria (plus a few divergent Archaea),
while Clade II includes members of numerous phyla (including
Archaea), many of which do not contain complete denitrifica-
tion pathways.236,237 The relative abundance of the two clades
varies widely across terrestrial environments, but Clade II N2OR
is generally more abundant.236 The distribution of Clade II
N2OR has not been quantified in the ocean, but it has been
detected, with relatively higher abundances in surface waters.238

Together, these individual respiratory enzymes encode what
is considered the complete canonical denitrification pathway.
The complete pathway is found in many cultivated denitrifying
bacteria, but evidence is accumulating that the functional
pathway in natural assemblages is actually more modular than
linear. That is, many different kinds of microbes possess only
part of the pathway, sometimes only one of the enzymes. Graf et
al.239 investigated the co-occurrence patterns of denitrification
genes across 652 microbial genomes in 18 phyla and found that
the nosZ gene had a significantly higher frequency of co-
occurrence with nirS than with nirK. Thus, nirS-type denitrifiers
are more likely to be capable of complete denitrification. Thirty
percent of the genomes that contained nosZ did not contain
either nitrite reductase gene, which implies a respiratory niche
related to N2O reduction, independent of the other nitrogen
oxides. The modularity of the pathway might be related to the
availability of substrates under different redox conditions or to
the relative favorability of the individual steps. Under standard
conditions,240 the last step, N2O → N2, is most favorable,
followed by NO→N2O, NO3

−→NO2
− and last, NO2

−→NO.
Thermodynamics alone does not explain the distribution of each
step among microbes, however, because the NO3

−→ NO2
− is

thought to be the most widely distributed, and it is not the most
favorable. The high redox potential of N2O → N2 might,
however, be a factor in selection for this step, especially since
neither product nor substrate is toxic, unlike other reactants in
the complete pathway (i.e., NO and NO2

−).
The modularity of the pathway in natural environments

implies that microbial community structure is important in
determining the fate of fixed N and the yield of N2O during
denitrification. It might also help explain the distribution of
denitrification intermediates, especially N2O and NO2

−, in
seawater. Both N2O and NO2

− often exhibit discrete maxima,
especially in low oxygen waters. For example, N2O consistently
shows a strong maximum (>10-fold above atmospheric
equilibrium241) in the upper oxycline of an oceanic oxygen-
deficient zone (ODZ). Although the oxycline occurs in stratified
waters, turbulent diffusion would quickly erode the maxima if
they were not maintained by production and consumption.242

The N2O maximum in the oxycline could be explained by the
greater sensitivity to oxygen of N2OR, relative toNOR, such that
complete denitrification is inhibited by the presence of even low
levels of O2, or by the assemblage at that depth being dominated
by incomplete denitrifiers, that is, lacking the capability for N2O
reduction.
The secondary NO2

− maximum is a consistent feature of
ODZs, and usually occurs in the ODZ core, where O2

concentrations are consistently essentially zero. This accumu-
lation could be due to the relative dominance of microbes
capable of reducing NO3

− to NO2
− but no further, such that the

NO2
− production rate exceeds the NO2

− removal rate. The
ultimate control over N reduction rates would be the supply of
organic matter.243,244 Greater supply of organic matter in the
upper oxycline supports high rates of N loss (complete
denitrification and anammox), while reduced organic matter
supply at depth limits N removal and results in the formation of
the secondary nitrite maximum.245

1.2.3.3. Denitrifying Organisms. Heterotrophic bacteria of
diverse genera are the best known and most widely distributed
denitrifiers. Gammaproteobacteria, such as in the genera
Pseudomonas and Marinobacter are perhaps the best known
complete denitrifiers, having been studied extensively in culture.
An extensive analysis by next-generation sequencing of nirS, a
traditional marker gene for denitrification, found that
Proteobacteria were indeed important members of marine and
sediment assemblages, but sequences closely related to
Marinobacter occurred only in sediments246 and Pseudomonads
were not abundant in either sediments or water column samples.
The vast majority of microbes containing nirS in the oceanic
ODZs were not closely related to any cultivated denitrifiers, and
saltmarsh sediments harbored even more diverse, and novel,
denitrifiers.246

Perhaps the only clade of potentially complete denitrifying
bacteria that has been documented to be common in oceanic
ODZs is Marinimicrobia. Detected in one of the first 16S rRNA
surveys of the ocean,247 metagenomic investigations have now
identified Marinimicrobia as a diverse clade with multiple
metabolisms that may be of importance in low-oxygen waters.248

With a relative abundance on the order of 10% of the total
assemblage, this is clearly an important clade, but many others
remain to be identified beyond their functional gene sequences.
Complete denitrification is also coupled to sulfur oxidation by

autotrophic sulfide oxidizing bacteria. These organisms are
thought to complete a cryptic sulfur cycle, in which
simultaneous activities of sulfate-reducing and sulfide-oxidizing
pathways are so closely coupled that locally produced sulfide
from sulfate-reducing bacteria is immediately oxidized back to
elemental sulfur or sulfate by sulfide-oxidizing bacteria using
nitrate, such that dissolved sulfide is not detectable. The
environmental presence of SUP05, a gammaproteobacterial
sulfur oxidizer and the first described representative249 of a
group now proposed to be named Thioglobus perditis,250 is taken
as an indication of the potential for cryptic sulfur cycling. T.
perditis/SUP05 is autotrophic, fixing CO2 by the Calvin Cycle,
and some clades are capable of complete denitrification (i.e.,
from NO3

− to N2). Gene sequences associated with the SUP05
clade have been found in sulfidic inner shelf waters of the Eastern
Tropical South Pacific Ocean (ETSP)251,252 and also in outer
shelf waters of the ETSP and Eastern Tropical North Pacific
Ocean (ETNP) where sulfide is undetectable.253,254 Callbeck et
al.250 found SUP05 genes in highly productive nearshore eddies
in the ETSP, which transported the microbes and associated
sulfur chemistry as much as 80 km from the coast. The degree to
which nitrate reduction linked to autotrophic sulfur oxidation
contributes to the total fixed N loss in ODZs is debated,255 but it
is likely to be most important in the coastal and sediment-linked
regimes.
It is likely that the net process of complete denitrification is

performed by diverse groups that may carry out only one or two
of the steps in the pathway. Evidence of modular denitrification
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is found in the metatranscriptomic data of Ganesh et al.,256 who
found that the phylogenetic affiliations of the nirS and nosZ
genes were quite different for the most highly expressed genes.
For example, at 300 m in the ETNP, the nar genes were
dominated by candidate phylum OP1, nirK/S by Gammapro-
teobacteria, norB/Z by OP1 and nosZ by uncultivated
prokaryotes (i.e., so novel as to be unassignable to a phylum).
This pattern suggests that a complex assemblage of interacting
microbes accomplishes the complete pathway and that the
intermediates must be passing between them.
One clade of the most abundant microbe on earth, the

oligotrophic heterotroph Pelagibacter ubique (SAR11), is very
abundant in the upper oxycline of oceanODZs and is apparently
responsible for NO3

− reduction in that depth interval.
Metagenomic and single amplified genome analysis did not
detect any other of the denitrification pathway genes in theODZ
SAR11. The ODZ SAR11 clade contains diverse nar genes and
constituted upward of 80% of the total cells in some samples
from the ODZ, implying that SAR11 is responsible for much of
the organic matter decomposition, coupled to NO3

− respiration
to NO2

−, in the upper region of the ODZ.257 Indeed, high rates
of NO3

− reduction to NO2
− are observed in ODZs,258,259 with

these exceeding the rate of N2 production from complete
denitrification. Comparably high rates of NO2

− oxidation are
reported in the same samples, at rates much higher than can be
accounted for by anammox bacteria.259−261 Known NO2

−

oxidizing bacteria (NOB) are all obligate aerobes, although
novel NOB have been detected in metagenomic investigations
of anoxic waters.262 This enigma remains to be resolved. One
possibility is that the measured rates are overestimated due to a
poorly understood N isotope exchange reaction between NO2

−

and NO3
− across the enzyme nitrite oxidoreductase.263 Coupled

NO3
− respiration and NO2

− oxidation implicates NO2
− as a

pivotal molecule in regulating the fate of fixed N − if NO2
− is

reoxidized to NO3
−, it is conserved in the biologically available

pool, rather than being further reduced to N2O or N2 and lost
from the fixed N pool.
Identification of novel N2OR enzymes that occur in microbes

not generally associated with complete denitrification (see
above, references236,237) suggests that as of yet undiscovered
microbes might be responsible for the consumption of N2O
produced by other modular denitrifiers. The novelty of nosZ
genes found in the ETNP256 motivates the search for N2O
consumers in both deep and surface ocean waters.
Denitrification was recently discovered in eukaryotic

microbes264 and rates attributed to foraminifera and other
Rhizaria can equal those of bacterial denitrification in marine
sediments.265−267 Although complete denitrification (NO3

− →
N2) has been verified in the eukaryotic microbes, and proven not
to be attributable to bacterial contaminants, the enzymes
responsible for the pathway are still under investigation. Both
nitrite reductase and NOR are found in the mitochondrion268

and Nar and N2OR are assumed to be present as well, but so far
unidentified. The NiR in the foraminiferan Globobulimina is a
novel NirK, only distantly related to the assimilatory NirK of
eukaryotes or the dissimilatory NirK of prokaryotes.268

1.2.3.4. Anammox. Anaerobic ammonium oxidation (or
“Anammox”) is a second route of fixed N loss that occurs in low-
O2 settings. Anammox bacteria, all of which belong to the
phylum Planctomycetes, oxidize NH4

+ using NO2
− as an electron

acceptor, generating N2 as a final product (steps 12−14, Figure
4). Unlike denitrifiers, anammox bacteria are autotrophic and
depend on heterotrophic mineralization to provide their

reduced N substrates. Anammox reactions are located inside a
specialized intracellular membrane-bound compartment com-
posed of unique ladderane lipids, which are thought to protect
the rest of the cell from the toxic, highly reactive reaction
intermediates, hydrazine and NO.269

Anammox was discovered as a biological process in
enrichment cultures from wastewater treatment plants.270,271

The net reaction272 (eq 4) oxidizes ammonium using nitrite and
results in the production of N2 and NO3

− under anaerobic
conditions, supporting autotrophic CO2 fixation by anammox
bacteria:

1NH 1.146NO 0.071HCO 0.057H

0.986N 0.161NO 2.002H O

0.071CH O N

4 2 3

2 3 2

1.74 0.31 0.20

+ + +

→ + +

+

+ − − +

−

(4)

In the proposed biochemical pathway (eqs 5−8), NH4
+ and

NO2
− are converted to dinitrogen gas. Nitrite is reduced first to

nitric oxide (NO) and then to hydroxylamine (NH2OH), which
is then combined with NH4

+ to form hydrazine (N2H4, in eq 6).
Hydrazine is then oxidized to dinitrogen (eq 7). The enzymes
that catalyze the last two steps, hydrazine synthase and
hydrazine dehydrogenase, are apparently unique to the pathway
and thus provide useful signature genes for diagnosis and
quantification:
Nitrite reductase

NO 2H e NO H O2 2F+ + +− + −
(5)

Hydrazine synthase

NO NH 2H 3e N H H O4 2 4 2F+ + + ++ + −
(6)

Hydrazine dehydrogenase or HAO-like

N H N 4H 4e2 4 2F + ++ −
(7)

Net reaction

NO NH N 2H O2 4 2 2F+ +− +
(8)

Although previously unknown in nature, the thermodynamic
favorability of the net reaction had been noted.273 Moreover,
prior to its discovery in wastewater treatment enrichment
cultures,270,271 the net process had been proposed from the lack
of an ammonium concentration maximum in the cores of
oceanic ODZs and from chemical distributions and observed
mineralization stoichiometries in suboxic marine sediments.274

Anammox is now known to be responsible for a portion of the
total fixed N loss previously attributed to denitrification. The
anammox reaction depends on inorganic N substrates that are
supplied from the remineralization of organic matter, which is
performed by heterotrophic denitrifying or oxygen respiring
microbes, and thus is indirectly but stoichiometrically depend-
ent upon the supply of organic matter.260 The global average
contribution of denitrification (71%) and anammox (29%) to
N2 production should be dictated by the average composition of
marine organic matter.275 Interestingly, however, anammox and
denitrification are frequently uncoupled, which may be a result
of the constraints of the different lifestyles of heterotrophic
denitrifiers and autotrophic anammox bacteria. The denitrifiers
may be able to respond rapidly to organic matter input and can
exhibit a bloom response,276 resulting in episodic rates of highly
variable magnitude.277 The modularity of the denitrification
process could enhance the flexibility of this response to changing
substrate supply. Anammox bacteria by contrast, have a very low
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energy yielding metabolism and cannot respond quickly to
changing substrate concentrations−anammox thus proceeds at a
more consistent rate than denitrification, occurring widely but
with less dynamic range.
1.2.3.5. Anammox Bacteria. Five anammox genera have

been described to date from environments including wastewater
treatment plants, lakes, marine sediments, and the three large
marine ODZs. The genera “Candidatus Kuenenia”, “Brocadia”,
“Jettenia”, and “Anammoxoglobus” have all been enriched from
freshwater environments, mainly wastewater treatment plant
outflows. The fifth genus, “Candidatus Scalindua”, predominates
in marine sediments and OMZs and was enriched from marine
sediments.278 Anammox bacteria have never been grown in pure
culture, presumably due to obligate syntrophy with other
microbes, especially ammonia oxidizing and denitrifying
bacteria.
Anammox metabolism is autotrophic, fixing CO2 using the

Acetyl CoA pathway.279 The ultimate source of reducing power
for CO2 fixation is the oxidation of NO2

− to NO3
−, catalyzed by

an enzyme that is homologous with the nitrite oxidoreductase of
aerobic nitrite oxidizing bacteria.
In a recent review, Oshiki et al.272 described considerable

physiological diversity leading to opportunities for niche
differentiation and distinct biogeography of anammox species.
Nonetheless, the fundamental metabolisms of anaerobic
ammonium oxidation by the pathway involving hydrazine and
of CO2 fixation by the acetyl CoA pathway are shared among all
known anammox bacteria. Within the marine genus Candidatus
Scalindua, region-specific clades containing only within-species
level sequence divergence, can be identified using the 16S rRNA
gene,272,280 but there is little information on ecologically
significant differences in function or biogeochemistry among
anammox species. This is in stark contrast to the diverse species
and physiologies that comprise the “denitrifying” assemblage.

On the basis of pyrosequencing to evaluate the diversity of
denitrifiers and anammox bacteria in ODZs, the abundance of
anammox genes is highly variable and Ca. Scalindua-like genes
contributed from zero to 81% of the total nirS genes at different
stations in the ETSP.246

1.3. Global Nitrogen Cycle and Its Anthropogenic
Perturbation

The biotic and abiotic transformations of N along with its
physical transport by the atmosphere and rivers result in the
global cycling of N in multiple chemical forms between
atmosphere, land, and ocean reservoirs (Figure 5).
Human activities related to food production and fossil fuel

combustion have perturbed the global N cycle since the
Industrial Revolution by introducing new N into terrestrial and
marine fixed N inventories7,47,281(red arrows 1−3, Figure 5).
The industrial scale production and widespread usage of N-rich
fertilizers was enabled by invention of the Haber Bosch process
for synthetic N2 fixation to ammonium (red arrow 1, Figure 5) in
the early 20th century. This has allowed agricultural yields,
previously limited by the amount of naturally available fixed N,
to expand to levels that support rapidly growing populations.
Agriculture-associated biological N2 fixation (e.g., legume
cultivation) and fossil fuel combustion, which emits nitrogen
oxides (NOx), are other important human derived N sources
(red arrows 2 and 3, respectively, Figure 5). Inefficiencies in food
production and the high mobility of inorganic N lead to the loss
of a significant fraction of anthropogenic N to surrounding soil,
water, and atmosphere, which in turn leads to greater fluxes
within the internal N cycle as well as the acceleration of N loss
processes (red arrows for biological N cycling, emissions,
denitrification/anammox, and transport, Figure 5).
The benefits of anthropogenic N for human society have not

come without significant costs to the environment and human
health. Galloway et al.282 introduced the term “nitrogen

Figure 5. Global N cycling between the atmosphere, land, and ocean. N fluxes that result from natural processes are indicated by the black arrows;
anthropogenically influenced fluxes are shown by the red arrows, with direct anthropogenic new N inputs indicated by the numbered arrows.
Perturbations to coastal waters can be comparable to those of land; to draw a useful distinction, the ocean fluxes refer to the global (i.e., open) ocean.
See Table 3 for estimated flux magnitudes.
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cascade” to highlight that a single atom of anthropogenic N can
induce multiple environmental effects before denitrification
removes it from the fixed N inventory. These effects, which we
summarize below, include decreases in ecosystem biodiversity
due to acidification and eutrophication, increases in greenhouse
gases and ozone depletion, and the higher incidence of air-
pollution-related illnesses.8 The cascade concept was later
extended to include “N footprints”, which quantify the amount
of N released at various stages in the human chain from fertilizer
to grain to meat.283

1.3.1. Eutrophication. Excessive additions of anthropo-
genic nutrients (N and P) from fertilizer runoff and atmospheric
deposition have promoted widespread eutrophication of fresh
and coastal water bodies. Characteristic effects include blooms
of harmful algal species, the development of O2-depleted dead
zones once aerobic bacteria draw down O2 levels during their
degradation of bloom biomass, associated fish kills and other
losses of biodiversity, as well as acidification due to the release of
CO2 by vigorous decomposition.284,285 A well-known example is
the annually recurring hypoxic zone in the Gulf of Mexico,286

which is a result of N and P added from agriculture and
urbanization in the Mississippi River Basin, but there are now
hundreds of such seasonally or episodic hypoxic zones
worldwide.
Whole lake studies since the 1970s have shown that P control

is key to combatting eutrophication in freshwater lakes,287−289

since planktonic N2-fixing cyanobacteria compensate for any
reductions in N input by fixing additional N. However, control
of both N and P appears to be necessary to mitigate coastal
marine eutrophication,290,291 as has most recently been shown
for the Chesapeake Bay.292 System-specific controls on the
growth of N2-fixing cyanobacteria, on the N:P of nutrient inputs,
and on nutrient cycling are important in determining whether
control strategies should focus on N, P, or both nutrients.290,291

While there is unambiguous evidence for the widespread
reach of anthropogenic N into even the most remote watersheds
of terrestrial systems,293 the influence of anthropogenic N on the
open ocean is less clear. Anthropogenic N on land that is not
stored or denitrified is transported to the ocean by rivers,
groundwater, or the atmosphere. Denitrification in coastal
waters fueled by organic matter from coastal primary production
appears to remove a significant fraction of riverine N
inputs,281,294−296 leaving the atmosphere as the main route for
anthropogenic N input to the open ocean. Field observations
show that N availability in the Northwestern Pacific marginal
seas under the immediate atmospheric outflow of East Asia has
increased, consistent with increasing N deposition.297−299 Duce
et al.300 estimated that atmospheric N deposition could account
for∼10% of the oceanC sink for anthropogenic C. This estimate
was recently downscaled by roughly half,295 partly due to studies
of the oligotrophic open North Atlantic Ocean indicating
significantly lower anthropogenic N influence on the open ocean
than originally proposed.301,302 As described below, even this
lower estimate fails to take into account downstream effects that
render it an upper limit.
1.3.2. Effect on Soil pH and Biodiversity. N deposition,

dominantly from anthropogenic N sources at biodiversity
hotspots,303 can cause soil acidification and associated major
losses in biodiversity once N inputs exceed a critical
load.282,299,304−307 Although sulfur dioxide emissions have
decreased since ∼1995−2000 across Europe, parts of North
America, and China,308,309 anthropogenic nitric acid deposition
associated with NOx emissions has accelerated.310 Deposition-

driven decreases in species richness, hypothesized to be
important in global biodiversity loss by 2100,311 is particularly
prevalent in plants,312 but has also recently been observed in soil
microbes.313 Differences in resource use traits appear to play a
large role in shaping the form and function of species responses
to N deposition.314 A relatively long and variable time lag for the
recovery of ecosystems to the biodiversity levels of their pre-N
saturated states is suggested by recent forest studies.315,316

1.3.3. Effects on Climate and Stratospheric Ozone.
Nitrogen cycling has a direct influence on climate through the
production of atmospheric trace constituents that affect Earth’s
radiative energy budget.
Nitrous oxide (N2O), the product of microbial nitrification

and denitrification, is a long-lived (114-year-lifetime) and potent
greenhouse gas that, per molecule, is ∼300 times stronger than
CO2.

317 It is currently the third most important greenhouse gas
contributor to global warming, accounting for ∼10% of global
radiative forcing.318 Anthropogenic activities related to
agriculture that stimulate microbial N2O production have led
to rising N2O concentrations in the atmosphere.319−321

Agriculture-related N2O emissions account for 60−80% of the
anthropogenic flux.322 Global N2O emissions have increased
from ∼10 Tg N yr−1319 before the industrial era to 17.9 Tg yr−1

in the 2010−2015 period, as recently estimated by Thompson et
al.321 Once transported to the stratosphere, N2O is involved in
photochemical reactions that destroy stratospheric ozone
(O3),

323 an important shield against harmful ultraviolet
radiation.
Nitrogen oxides (NOx as NO and NO2,) emitted by fossil fuel

combustion have both warming and cooling effects on climate
due their various chemical fates in the atmosphere. Over the
short-term, NOx emissions contribute to warming by promoting
the production of tropospheric O3, a strong greenhouse gas.

320

O3, a strong oxidant, can also damage plant tissue by entering
leaves through the stomata, which leads to a decrease in
photosynthesis and terrestrial CO2 sequestration.

324 On decadal
time scales, NOx can cool the climate by promoting methane
oxidation, which leads to decreased O3 formation.320,325 The
combined results of NOx on O3 depend strongly on where
emissions occur.320 However, it is thought that the net influence
of NOx on climate is likely to be a cooling effect.320,326 Further
negative radiative forcing (a tendency to cause cooling)
originates from the reaction of ammonia (NH3) with HNO3, a
product of NOx oxidation, and sulfate (SO4

2−), which produces
ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2
SO4). These aerosols raise Earth’s reflectivity by scattering light
and altering cloud properties.320 The ultimate fate of aerosol N
forms is deposition in surface environments, where they can
cause unintended fertilization of marine and terrestrial
ecosystems.295,327,328

As broached above, anthropogenic N can also indirectly affect
climate through its influence on CO2 sequestration by biological
productivity. This topic is discussed in Section 4.

1.3.4. Reductions in Air Quality. Over large areas,
particulate ammonium and nitrate burdens in the atmosphere
have increased by factors of two to five relative to preindustrial
conditions.329−331 Ammonium nitrate has been identified as an
important contributor to microscopic particulate matter (PM)
in many polluted regions.332−335 Fine PM (<2.5 μm diameter
PM) has been associated with increased respiratory irritation,
cardiovascular disease, and premature death.336 In addition to
PM production, nitrogen oxides also enhance the production of
tropospheric O3, a surface pollutant, which has been shown to
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exacerbate chronic diseases like asthma337 and cause ecosystem
damage.338,339 Globally, Lee et al.340 estimated that a 10%
reduction of NOx and NHx (i.e., NH3+NH4

+) would each
prevent 22,000 premature deaths annually. A complete removal
of agricultural emissions (primarily NH3 emissions) may
prevent as many as 800,000 deaths annually.341 N-based air
pollution also has hidden economic costs, as shown by Paulot et
al.’s estimate that the premature mortality associated with fine
PM produced fromU.S. food export could amount to 50% of the
gross food export value.342

At this stage, apart from the effects of anthropogenic N on
Earth’s radiative energy budget, substantial problems due to
human perturbation of the global N cycle are largely restricted to
land and coastal ecosystems. This conclusion is consistent with
the estimated budgets of N for terrestrial and marine systems
(Section 2).

2. NITROGEN BUDGETS AND THE SCALE OF HUMAN
PERTURBATION

Quantifying the scale of anthropogenic perturbation of the
global N cycle requires the comparison of global input/output
budgets of fixed N between preindustrial and modern times.

2.1. Methods to Assess Budgets

Input/output budgets are composed of estimates of gross N
input and losses from terrestrial and marine N reservoirs. Total
rates of N input by N2 fixation and N loss by denitrification and
anammox are typically inferred by extrapolating data from
incubation experiments and from geochemical signatures of N
flux. We describe some common methods below.
Total anthropogenic N inputs by Haber Bosch industrial N2

fixation, combustion, and agricultural N2 fixation are estimated
by compiling inventories from different source sectors; these
rates are generally better quantified than those of natural
processes.4

2.1.1. Incubation Methods. Incubation experiments
provide estimates of N flux over small spatiotemporal scales.
These can be categorized as direct or indirect tracers of N flow.
Direct methods to measure transformation rates involve the

addition of 15N-labeled substrate into a sample incubated under
controlled conditions followed by measurement of the rate of
15N transformation from substrate to product using mass
spectrometry.
2.1.1.1. 15N2 Tracer Method for Gross N2 Fixation Rates.

The rate of biological N2 fixation in marine and terrestrial
samples can be measured with the 15N2 tracer method, which
tracks the conversion of 15N2 into 15N-labeled particulate
organic N.343,344 If 15N-enrichment of the dissolved organic N
pool is negligible, then themeasured rate represents the gross N2
fixation rate.345 In this method, the 15N2 substrate for
nitrogenase is introduced to a closed bottle containing the
sample, followed by biomass collection over the time course, and
the analyses of biomass 15N content with elemental analyzer-
isotope ratio mass spectrometry (IRMS).344 An increase in the
biomass 15N upon label addition is the strongest evidence for N2
fixation. Rates can be under- or overestimated depending on a
range of factors.343 Release of a significant amount of fixed N by
N2-fixing organisms to their surrounding environment345 would
result in underestimated rates, as would inadequate capture of
small cells (<2 μm cell size) during filtration of aquatic samples
for measurement of 15N-particulate organic N.190 Under-
estimated rates can also originate from insufficient equilibration
of 15N2 gas with the sample at the start of incubation,346−348 but

issues of equilibration can be minimized by adjusting the
incubation time348 or directly measuring the substrate enrich-
ment. Incubations lasting longer than 12 h yield rates that are
only negligibly underestimated due to disequilibrium of gas and
dissolved phase 15N2

348. In addition to these issues, the use of
15N2 gas stocks contaminated by 15NH4 or 15NOx could
contribute to overestimated rates.349

2.1.1.2. 15N Tracer Methods for Gross N Loss Rates. The
gross rate of N loss by denitrification can be directly assessed
using the rate of 15NO3

− conversion to 15N2.
350,351 Samples,

typically amended such that the NO3
− pool is 5−10 atom% 15N,

are incubated in closed bottles, with gas samples taken over the
time course of incubation for quantification of product 15N2 by
gas chromatography-IRMS.352 Similarly, N loss by anammox is
directly measured by tracking the transformation of added
15NO2

− or 15NH4
+ into 15N2.

352 Production of N2O is measured
using separate incubations with 15NO3

−, 15NO2
− or 15NH4

+ to
independently assess the reductive and oxidative reactions.353

The consumption of N2O can be quantified by measuring the
production of 15N2 from

15N2O.
354

2.1.1.3. Flux Chamber and Eddy Covariance for Net
Transformation Rates. Net N2 transformation rates reflect
the balance of gross production through denitrification (and
anammox) and consumption by N2 fixation (i.e., net
denitrification = gross denitrification−gross N2 fixation). Such
rates can be estimated by measuring N2 concentrations within
gastight chambers containing samples over time using mass
spectrometry or gas chromatography, for example, see ref 351.
Gas fluxes are calculated based on the rate of change in N2
concentration, the ground area covered by the chamber, and the
chamber volume for a static, closed cover chamber setup, or the
air flow rate for a dynamic chamber setup. It is generally easier to
measure N2 measurements more precisely in aquatic systems
than in terrestrial systems because background N2 concen-
trations are lower in water and because gas exchange with the
atmosphere is slower in saturated systems.351 Measurement
precision for N2 can be increased by including a step that reduces
the high background of N2 prior to N2 measurement. This is
typically accomplished by flushing the chamber with a N2-free
inert gas, such as helium or argon (Ar). In aqueous samples,
improved precision can also be obtained by tracking N2:Ar
ratios, since gas ratio data from mass spectrometers are more
precise than concentration data. In the N2:Ar method, net
denitrification rates are obtained by correcting measurements of
dissolved N2:Ar ratios for the influence of air−liquid gas
exchange using the conservative tracer Ar. For example, Kana et
al.355 estimated net denitrification by measuring N2:Ar ratios in
water flowing over sediment cores in a benthic flux chamber
using membrane inlet mass spectrometry. Chamber methods
can also be used to measure gross rates using 15N tracer
addition356 or inhibitor methods357,358 (see below).
Approaches that track N2O concentration in flux chambers

over time can be applied to estimate net N2O production.359

More recently, eddy covariance methods, which quantify trace
gas fluxes between soil, vegetation and the atmosphere using
high resolution measurements of gas concentration, wind
direction and speed, have enabled estimates of net N2O flux
across natural, agricultural, and urban landscapes.360−362

Gross N2 fixation and denitrification rates can also be
estimated using indirect methods that typically rely on
quantification of the rate of a proxy reaction.

2.1.1.4. Acetylene Reduction Assay for N2 Fixation.
Nitrogenase, the enzyme responsible for N2 fixation, can reduce
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a variety of triple and double bonded molecules other than N2.
Its reduction of triple bonded acetylene (C2H2) to the double
bonded gaseous molecule ethylene (C2H4) forms the basis for
the “acetylene reduction assay” (ARA67), a simple, inexpensive,
and widely applied method to quantify N2 fixation rates. In ARA,
acetylene gas is added to a closed container at a saturating
concentration (typically 10% v/v) and the production of
ethylene is monitored over time by gas chromatography. The
acetylene reduction rate can be converted to an N2 reduction
rate by multiplication with the ratio of C2H2 to N2 reduction
(i.e., the R ratio), which is theoretically 3 forMo nitrogenase, the
most common nitrogenase isoform, but is lower for alternative
nitrogenases (i.e., R = 1 or 2) and known to vary widely in
environmental assays.347,363 Thus, it is recommended that
conversion ratios should be determined experimentally with
parallel 15N2 tracer incubations for different sample types, as
described above. Another possibility involves the correction for
variable R ratios, which can be made by directly measuring the
contribution of alternative nitrogenases to acetylene reduction
using natural abundance 13C fractionation.65 Aside from
complications in converting results from this proxy assay to
N2 reduction rates, another important limitation of ARA is
inhibitory effect of acetylene on certain microbes,364 including
N2-fixing methanotrophs.365

2.1.1.5. Acetylene Block Method for Denitrification. The
“acetylene block” technique is used to quantify N loss by
denitrification351,357,358,366,367 and is the most commonly used
method for terrestrial denitrification rate estimates.351 This
sensitive method involves injecting acetylene (C2H2) to an
incubation to inhibit the final step of denitrification (N2O

reduction to N2 by nitrous oxide reductase) and induce
accumulation of N2O, which reflects the denitrification rate
and can be easily quantified with gas chromatography. An
important limitation of the method is the underestimation of
denitrification rates in low combined NO2

− and NO3
−

environments due to acetylene inhibition of nitrification
(specifically, the enzyme ammonia monooxygenase368) and
the tight coupling of nitrification and denitrification.367 Other
limitations, such as the removal of C2H2 inhibition of N2O
reductase by sulfide,366 microbial C2H2 degradation,369 and
N2O diffusion into low NO3

− zones where N2O is
consumed,370,371 can also lead to underestimated rates. An
adaptation of the acetylene block method that includes protein
synthesis inhibitors and amendments of nitrate and carbon
substrates has been used to improve quantifications of maximal
potential denitrification rate.357,358 In situ denitrification rates
estimated from acetylene-block based potential rates and the
measured kinetic constants for natural denitrifying communities
were similar to rates estimated using benthic flux nutrient
stoichiometries.372 Supplementation of the acetylene block
method with direct measurements of N2O reductase activity that
track the disappearance of small amendments of N2O can
improve denitrification estimates in low NO3

− settings.373

2.1.2. Geochemical Methods. Complementing the active
experimental approaches described above, approaches have
been developed for estimating net N input and loss (generally,
N2 fixation and denitrification) that are based on in situ
(unaltered) properties in water collected from the environment.
These properties include the ratios of nitrate to phosphate
concentrations and of dissolved N2 to Ar concentrations, as well

Figure 6. Global distribution of annual mean N* (in micromolar) along the isopycnal (constant density) surface, σθ = 26.5. N* (200−600 m depth),
equivalent to [NO3

−]− 16*[PO4
3−] + 2.9 μmol/kg377, quantifies the excess or deficit in nitrate relative to the phosphate concentration expected from

production and remineralization of organic matter with the Redfield ratio of 16/1 N-to-P. Higher N*, as in the North Atlantic subtropical gyre,
suggests N has been added by N2 fixation. Lower N*, as found in suboxic zones of the Arabian Sea, and the Eastern Tropical North and South Pacific
Oceans, suggest local or regional fixed N loss due to denitrification or anammox. Reprinted in part with permission fromDeutsch andWeber, Nutrient
Ratios as a Tracer and Driver of Ocean Biogeochemistry, Annu. Rev. Mar. Sci., 2012, 4, 113−141. Copyright 2012, Annual Reviews.
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as the natural stable isotope (15N/14N) ratio of nitrate. These
approaches provide estimates that integrate over larger spatial
and temporal scales than the incubation- and experiment-based
techniques, which, given the patchiness of the environment, is
generally a benefit. Moreover, the lack of sample manipulation
theoretically ensures that the resulting rates are not an artifact of
non-natural incubation and experiment conditions. The geo-
chemical methods have been applied primarily in marine
settings, but stable isotope approaches are gaining broader use in
terrestrial systems.124,374,375

2.1.2.1. Nitrate-to-Phosphate Ratio (N*) Variations for
Fixed N Input and Loss. The deviation of the oceanic nitrate-to-
phosphate ratio relative to that expected from the production
and remineralization of organic matter with the “Redfield” N/P
ratio of 16/1, ref 376, has been used to estimate rates of marine
N2 fixation and denitrification. Popular terms in the community
such as N*, DINxs, and P*377−379 each refer to a different way of
quantifying the excess or deficit in nitrate relative to the
phosphate concentration and the Redfield N/P ratio. Below, we
refer solely to N*, which was first defined as [NO3

−] −
16×[PO4

3−] + 2.9 μmol/kg, where the terms in the brackets are
the nitrate and phosphate concentrations in the seawater
sample, respectively, and the intercept of 2.9 μmol/kg yields a
global mean N* of zero.15,377,380 Key assumptions are that (1)
phytoplankton uptake and organic matter remineralization
consume and release N and P with the Redfield ratio of 16
and (2) N2 fixation and denitrification (plus anammox and
similar metabolisms) are the only processes that cause the
nitrate-to-phosphate concentration of ocean water to substan-
tially deviate from the Redfield ratio. These assumptions assume
the negligibility of a range of processes that may affect oceanN:P
in a non-Redfield manner, such as organic P degradation by
microbial phosphatases,381 phosphonate degradation by C−P
lyase enzymes,382 phosphate adsorption on particles,383,384 and
non-Redfieldian nutrient uptake by phytoplankton (see below).
With these caveats, higher N*, such as that observed in the
thermoclines of subtropical gyres (especially of the North
Atlantic, Figure 6), indicates that nitrate that has been added by
N2 fixation and subsequent remineralization of the resulting
organic N to nitrate. Lower N*, as found in the oxygen-deficient
zones of the Arabian sea, and the Eastern Tropical North and
South Pacific (Figure 6), indicates local or regional fixed N loss
due to denitrification, anammox, or a related fixed N-consuming
metabolism.
We caution that inappropriate extrapolation of this logic is

common, mostly relating to the interpretation of N* as a rate as
opposed to a concentration. For example, a region of high N*
suggests that, at some time and in some region in
communication with the measured sample, the remineraliza-
tion/nitrification of newly fixed N has occurred.379 However, it
does not require that this process is currently ongoing. Such
confusion aside, the spatial patterns in N*, when combined with
data- or model-based constraints on ocean circulation, can
indeed be used to map rates of N2 fixation in the surface
ocean377,379,385 and denitrification in or near the oxygen-
deficient zones in the shallow ocean interior.380

In the last two decades, it has become clear that there are large,
environmentally systematic variations in the N/P (ratio) of
organic matter produced in and exported from the upper
ocean.386−388 Phytoplankton in the low-productivity subtropical
gyres produce organic matter with a N/P that is higher than the
Redfield ratio of 16, while the N/P of the organic matter
generated in more productive waters falls below the Redfield

value. In N*-based approaches for estimating N2 fixation and
denitrification rates, the previous assumption of non-N2-fixing
biomass as having a constant N/P is now seen as problematic.
For example, in early studies that used N* to track newly fixed N
in the subtropical thermocline,377,378 the assumption of constant
N/P among non-N2 fixing phytoplankton may have led to
overestimation of regional N2 fixation rates. Ignoring existing N/
P variability in approaches based on the spatial convergence/
divergence of N* in surface waters tends to cause inferred
regions of N2 fixation to be shifted eastward in ocean basins
toward upwelling regions.379,385 However, while non-Redfield
biomass production and remineralization influence the internal
cycling of N relative to P, they do not alter the global ocean N
inventory. This introduces a degree of compensation between
over- and underestimation of regional rates, reducing the error in
the estimated rate of N2 fixation at the basin scale or larger. In
any case, the use of full ocean models for N*-based flux
calculations385,389 should be able to mitigate the uncertainty
from variable biomass N/P.

2.1.2.2. Dissolved N2/Ar Ratio Method for Fixed N Loss.The
dissolved N2 concentration in ocean interior waters rises as a
consequence of fixed N loss, be it by canonical denitrification or
anammox. This excess N2 cannot be degassed to the atmosphere
until the interior water returns to the surface; thus, the N2
accumulates in the interior water, providing an integrated signal
of net fixedN loss. The ratio of dissolvedN2 to Argon (N2/Ar) is
precisely measured by mass spectrometers and reflects N2
concentration variations, and it partially corrects for variations
in the N2 concentration of the water prior to denitrification
additions of N2. Thus, as with N*, N2/Ar has been used to
quantify the fixed N loss in the oxygen-deficient zones.390,391

N2/Ar has theoretical benefits relative to N*, but the
measurements are much more challenging, the data are still
relatively sparse, and uncertain assumptions remain about the
influences of various aspects of air/sea gas exchange on the
“preformed” (initial) N2/Ar ratio of ocean interior water.392

Going forward, N2/Ar is a particularly promising approach for
quantifying fixed N loss in marine and other aquatic systems,351

and this approach can be extended by isotopic (15N/14N ratio)
analysis of the dissolved N2.

393

2.1.2.3. Natural Abundance Stable Isotopes for Fixed N
Input and Loss. Fixed N budgeting based on the stable isotope
ratio of fixed N (15N/14N ratio) has been deployed in both
marine394−396 and terrestrial systems.124,374,375,396,397 Such
methods have been most widely applied in marine systems to
study N budgets at the scale of the global ocean and of individual
ocean basins. The global budget has been used to provide a
constraint on the ratio of fixed N loss that occurs in the water
column, predominantly in the ocean’s oxygen-deficient zones,
versus in sediment porewaters. The basin budget approach has
so far been applied to estimating N2 fixation rates in the Atlantic
basin. We describe each in turn.

2.1.2.4. Global Ocean N Isotope Budget. The ratio of
denitrification occurring in the water column to that in the
sediment is a primary determinant of the average 15N/14N ratio
of ocean nitrate.394 Below, in describing this dependency, we use
“delta” terminology, where the δ15N of a N sample or pool is the
difference of its 15N/14N from the 15N/14N of atmospheric N2,
the universal reference, divided by the 15N/14N of atmospheric
N2: δ

15N (‰) = ((15N/14N)sample/(
15N/14N)atmN2− 1)× 1,000.

When the ocean N budget is at steady state, the δ15N of the fixed
N removed through the combination of water column and
sedimentary denitrification will equal the δ15N of the fixed N

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5324

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


added (Figure 7). The δ15N of oceanic newly fixed N appears to
be in the range of−2 to 0‰ versus air N2;

159 we will use a value

of −1‰ here. The δ15N of mean ocean nitrate is about + 5‰
versus air and thus ∼6‰ higher than that of N2 fixation. This
requires that a process is preferentially removing 14N from the
ocean, and that process is denitrification, in which nitrate
consumption occurs with a strong isotopic fractionation. At
steady state, denitrification must remove fixed N with a δ15N of
−1‰ (i.e., equivalent to the source). Therefore, on a global
basis, the “net isotope effect” of oceanic denitrification (i.e., the
isotopic fractionation of the entire process as it applies to the
ocean as a whole, εd) is about +6‰ (y-axis difference between
N2 fixation and mean ocean nitrate, Figure 7). Here, we define
the isotope effect, ε, as (1− 15k/14k) × 1000 in permil (‰),
where 14k and 15k are effective rate coefficients for the
consumption of 14N- and 15N-bearing substrate. Thus, this
positive value for εd indicates preferential consumption of 14N
relative to 15N. This net fractionation comprises the combined
fractionation from both water column and sedimentary
denitrification, weighted for their relative global rates.
Water column denitrification occurs in subsurface waters with

a high nitrate concentration and consumes only a fraction of the
NO3

− available, and the NO3
− remaining from the process is

eventually circulated or mixed out of the denitrification zone. In

this way, water column denitrification elevates the δ15N of ocean
NO3

− at both regional and global scales. In the first global ocean
N isotope budget seeking to partition N loss between water
column and sedimentary denitrification,394 the assumed isotope
effect for water column denitrification (εwcd) was taken to be
25‰. In contrast, sedimentary denitrification occurs with much
weaker net isotopic fractionation, because it consumes nearly all
of the nitrate at the site where the process occurs, such that
nearly no 15N-rich nitrate is able to escape back into the
overlying ocean water column.394,398−402 For simplicity, we
assume here that the isotope effect for sedimentary denitrifica-
tion (εsd, the net isotope effect for the entire process of
sedimentary N loss at the scale of the sediment/water interface)
is 0‰. Assuming that the ocean’s N budget approximates a
steady state (i.e., fluxes in equal fluxes out), the partitioning
between sedimentary and water column denitrification can be
calculated from the following equation:

X Xd wcd wcd sd sdε ε ε= · + · (9)

where Xwcd and Xsd are the fractional contributions of water
column and sedimentary denitrification to total ocean
denitrification (i.e., Xwcd + Xsd = 1). A range of uncertainties,
for example, in the water column denitrification isotope effect
(εwcd)

403,404 compromises this quantification. Nevertheless,
even with such uncertainties, the calculation appears to require
that the greater part of global ocean denitrification occurs in the
sediments (Figure 7).394 Coupling this estimation of the
proportions of water column and sedimentary N loss with
independent estimates of the water column N loss rate, a total N
loss rate can then be calculated. Moreover, this approach can be
applied to infer past changes in the relative importance of water
column and sedimentary denitrification, with a higher mean
ocean nitrate δ15N implying a greater proportion of water
column denitrification.405 This overall approach of taking
advantage of the distinct fractionations associated with different
N loss processes has also been applied to N budgets in terrestrial
systems.124,374,375,397,406

2.1.2.5. Regional N Isotope Budgeting. This strategy makes
use of nitrate isotopic variations to estimate N input and loss
rates, for example, see ref 407. As one version of this strategy,
hydrographic depth sections across ocean basins are used to
estimate the gross flows of water and nitrate at the different
depths of each section. These results are combined with nitrate
δ15N data to calculate the δ15N difference between gross nitrate
transports in each direction across each section. These
differences provide insight into N input and loss processes,
with N2 fixation adding low-δ

15N newly fixed N so as to depress
nitrate δ15N and water column denitrification removing low-
δ15N nitrate and thus raising the regional nitrate δ15N. This
approach has been applied to a suite of oceanographic sections
crossing the Atlantic Ocean basin at different latitudes to
estimate the distribution and overall rate of N2 fixation in the
Atlantic.404

2.2. Nitrogen Budgets

The global N budget is best understood as being composed of
two largely independent terrestrial and marine budgets that are
linked due to the transfer of fixed N through the atmosphere and
rivers (Figure 5). Natural and anthropogenic fluxes have been
estimated by numerous studies over the past few decades. We
provide a selection of these estimates (Tables 3 and 4), primarily
taken from global budget studies that incorporate widely
accepted values for global rates. Of particular note is Galloway

Figure 7. Whole ocean N isotope budget. The δ15N of global mean
ocean nitrate is controlled by the δ15N of newly fixed N from N2
fixation, the isotope effects of water column and sedimentary
denitrification, and the proportion of total oceanic N lost through
each route of denitrification. The δ15N of a given flux or pool is
indicated by the y-axis. The δ15N of N produced by marine N2 fixation,
the dominant N input, is ∼ −1‰ (“N2 fixation” arrow on the left).
Mean ocean nitrate has a δ15N of∼ + 5‰. Water column denitrification
removes nitrate with a low δ15N (“water column” arrow; i.e., water
column denitrification has a large isotope effect). Sedimentary
denitrification removes nitrate with a δ15N similar to that of mean
ocean nitrate (“sedimentary” arrow; i.e., sedimentary denitrification has
a small isotope effect). At steady state, the flux-weighted δ15N of the
total denitrification loss (“denitrification” arrow) must be equal to the
δ15N of the N input (∼−1‰). This results in estimates of roughly two-
thirds of total N loss by sedimentary denitrification. Limitations in this
calculation include uncertainties in the isotopic fractionations
(especially that of water column denitrification) and its neglect of the
impacts of strong isotopic gradients that exist in some regions of the
ocean (especially in the regions of water column denitrification).
Reprinted in part with permission from Sigman et al., Ocean Process
Tracers: Nitrogen Isotopes in the Ocean, Encyclopedia of Ocean
Sciences., 2009. Copyright 2009, Elsevier.
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Table 3. Contemporary and Pre-industrial N Cycle Flux Estimates

flux magnitude in Tg N yr−1 ref

Natural New N Inputs
Terrestrial N2 Fixation

170 (modern), 195 (preindustrial) Cleveland et al. (1999)144

107 (ca. 1990s), 120 (ca. 1860), 128
(preindustrial)

Galloway et al. (2004)281

110 (ca.1990s, preindustrial) Gruber and Galloway (2008)7

58 (modern, preindustrial) Vitousek et al. (2013)124, Schlesinger and Bernhardt (2013)209

128 (modern) Cleveland et al. (2013)143

128 (modern, preindustrial) Fowler et al. (2015)5

Marine N2 Fixation
110 (modern) Gruber and Sarmiento (1997)377

132 (modern) Codispoti et al. (2001)441

110−330 (preindustrial) Brandes and Devol (2002)394

121 (modern, preindustrial) Galloway et al. (2004)281

137 (modern) Deutsch et al. (2007)379

100 (ca. 2000) Duce et al. (2008)300

140 (modern, preindustrial) Gruber and Galloway (2008)7

177 (modern) Großkopf et al. (2012)432

137 (modern) Luo et al. (2012)448

225 (preindustrial) Somes et al. (2013)435

140 (modern) Voss et al. (2013)433, Fowler et al. (2015)5

164a (ca. 1990s), 160a (preindustrial) Jickells et al. (2017)295

163 (modern) Wang et al. (2019)385

Lightning 5 (modern, preindustrial) Galloway et al. (2004)281, Gruber and Galloway (2008)7, Schlesinger and Bernhardt
(2013)209, Fowler et al. (2013, 2015)4,5

Rock weathering 14−34 (modern, preindustrial) Houlton et al. (2018)6

Anthropogenic New N Inputs
Haber Bosch Fertilizer Production

100 (ca. 1990s), 0 (ca. 1860, preindustrial) Galloway et al. (2004)281

100 (ca. 1990s), 0 (preindustrial) Gruber and Galloway (2008)7

136 (modern) Schlesinger and Bernhardt (2013)209

160 (ca. 2100), 120 (ca. 2010), 0(preindustrial) Fowler et al. (2015)5

Fossil Fuel Combustion
25 (ca. 1990s), 0.6 (ca. 1860) Galloway et al. (2004)281

25 (ca. 1990s), 0 (preindustrial) Gruber and Galloway (2008)7, Schlesinger and Berhardt (2013)209

40 (ca. 2010), 0 (preindustrial) Fowler et al. (2015)5

Agricultural N2 Fixation
32 (ca. 1990s), 15 (ca. 1860), 0 (preindustrial) Galloway et al. (2004)281

35 (ca. 1990s), 0 (preindustrial) Gruber and Galloway (2008)7

60 (ca. 2010), 0 (preindustrial) Herridge et al. (2008)411, Schlesinger and Bernhardt (2013)209, Fowler et al. (2015)5

Outputs
Terrestrial Denitrification (Land, Rivers)

115 (ca. 1990s), 100 (ca. 1860), < 100
(preindustrial)

Galloway et al. (2004)281

115 (ca. 1990s), 100 (preindustrial) Gruber and Galloway (2008)7

28 (preindustrial, natural soils) Houlton and Bai (2009)397

44 (modern, soils), 27 (preindustrial, soils) Schlesinger and Bernhardt209

100 (ca. 2010) Fowler et al. (2013)4

Pyrodenitrification 12−28 (modern) Lobert et al.424

37 (modern), 12 (preindustrial) Schlesinger and Bernhardt (2013)209

Marine Denitrification
285 (modern) Middleberg et al. (1996)449

450 (150 water column, 300 sedimentary,
modern)

Codispoti et al. (2001)441

274−355 (75 water column, 200−280
sedimentary, preindustrial)

Brandes and Devol (2002)394

322 (ca. 1990s), 301 (ca. 1860) Galloway et al. (2004)281

260 (70 water column, 190 sedimentary,
preindustrial)

Deutsch et al.(2004)395

240 (ca. 1990s), 220 (preindustrial) Gruber and Galloway (2008)7
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Table 3. continued

flux magnitude in Tg N yr−1 ref

Marine Denitrification
230 (66 water column, 164 sedimentary,
modern)

Devries et al. (2012)390

225 (76 water column, 149 sedimentary,
preindustrial)

Somes et al. (2013)435

100−280 (modern) Fowler et al. (2013)4

300 (modern) Schlesinger and Bernhardt209

212a (ca. 1990s), 209a (preindustrial) Jickells et al. (2017)295

201 (69 water column, 132 sedimentary,
modern)

Wang et al. (2019)385

Marine Sediment Burial
25 (modern, preindustrial) Codispoti et al. (2001)441

25 (preindustrial) Brandes and Devol (2002)394

16 (ca. 1990s), 9 (ca. 1860) Galloway et al. (2004)281

25 (modern, preindustrial) Gruber and Galloway (2008)7

20 (modern, preindustrial) Fowler et al. (2013)4

58a (modern, preindustrial) Jickells et al. (2017)295

Terrestrial N2O Emissions
11 (ca. 1990s), 8 (ca. 1860), 7 (preindustrial) Galloway et al. (2004)281

12 (ca. 1990s), 8 (preindustrial) Gruber and Galloway (2008)7

13 (ca. 2010), 7 (preindustrial) Fowler et al. (2013)4

Marine N2O Emissions
6 Codispoti et al. (2001)441

4 (modern and preindustrial) Galloway et al. (2004)281, Gruber and Galloway (2008)7

5.5 (ca. 2010), 2.5 (preindustrial) Fowler et al. (2013)4

2.1 1 (ca. 1990s), 2.1 1 (preindustrial) Jickells et al. (2017)295

Transport between Reservoirs
Atmospheric Emissions (NH3, NOX)

64 (ca. 1990s), 16 (ca. 1860) Galloway et al. (2004)281

70 (ca. 1990s), 20 (preindustrial) Gruber and Galloway (2008)7

116 (ca. 2000), 34 (ca. 1860) Duce et al. (2008)300

100 (ca. 2010), 25 (preindustrial) Fowler et al. (2013)4

104 (ca. 2005), 30 (ca. 1850) Jickells et al. (2017)295

Atmospheric Deposition - Land (Net,2 Reduced, Oxidized N)
49 (ca. 1990s), 12 (ca. 1860) Galloway et al. (2004)281

75 (ca. 1990s), 20 (preindustrial) Gruber and Galloway (2008)7

70 (ca. 2010) Fowler et al. (2013)4

Atmospheric Deposition - Ocean (Net, Reduced, Oxidized N)
86 (modern) Codispoti et al. (2001)441

25 (preindustrial) Brandes and Devol (2002)394

33 (ca. 1990s), 8 (ca. 1860) Galloway et al. (2004)281

50 (ca. 1990s), 10 (preindustrial) Gruber and Galloway (2008)7

67 (ca. 2000), 20 (ca. 1860) Duce et al. (2008)300

54 (modern), 6 (preindustrial) Schlesinger and Bernhardt (2013)209

30 (ca. early 2000s) Fowler et al. (2013)4

39 (ca. 2005), 35a (ca. 1990s), 10−13a (ca.
1850)

Jickells et al. (2017)295

26 (modern) Wang et al. (2019)385

Rivers (DIN, DON, PON)
76 (modern) Codispoti et al. (2001)441

25 (preindustrial) Brandes and Devol (2002)394

48 (ca. 1990s), 27 (ca. 1860) Galloway et al. (2004)281

80 (ca. 1990s), 30 (preindustrial) Gruber and Galloway (2008)7

58 (modern), 27 (preindustrial) Schlesinger and Bernhardt (2013)209

80 (ca. 2010) Fowler et al. (2013)4

40−70 (modern) Voss et al. (2013)433

37 (ca. 2000), 19 (ca. 1900) Beusen et al. (2016)427

34 (total ocean), 16a(open ocean, ca. 1990s) Jickells et al. (2017)295

11 (modern) Wang et al. (2019)385

Groundwater 18 (modern), 0 (preindustrial) Schlesinger,16 Schlesinger and Bernhardt (2013)209

aValues are from Jickells et al. (2017)295 Table 4 for the model run without suppression of N2 fixation by enhanced atmospheric deposition.
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et al.’s comprehensive and quantitative analyses of human
perturbations of the global N cycle based on budget
constructions for early industrial (ca. 1860), modern (ca.
1990s), and future (ca. 2050) N cycles.281 Gruber and
Galloway7 provided an updated view comparing industrial (ca.
1990s) and preindustrial fluxes. More recently, Fowler et al.4,5

compiled global N cycle fluxes for the early 21st century by
including new estimates of anthropogenic N2 fixation.
Uncertainties for individual fluxes can be substantial. Anthro-
pogenic input fluxes from industrial fertilizer production, fossil
fuel combustion, and agricultural N2 fixation have estimated
uncertainties of 10 to 30% 4; errors for other processes typically
range from 30% to 50%.4,15 Quantifications of the preindustrial
N cycle are the most uncertain; natural fluxes (i.e., process rates
in unmanaged environments) for themodern era have been used
as a first order estimate of such fluxes.
2.3.1. Terrestrial N Budget. The terrestrial N reservoir

receives new bioavailable N from natural and anthropogenic N2
fixation and rock weathering, and it loses N to the atmosphere by

denitrification and emissions of reactive N gases and to the
ocean by hydrologic (e.g., riverine) transport (Figure 5).
Prior to the industrial era, the only significant sources of new

N were biological N2 fixation,4,16,124,209,281 the deposition of
atmospheric NOx produced from N2 fixation by light-
ning,4,16,209,281 weathering of fixed N from rocks,6,209 with
possible local augmentation frommigratory organisms408−410 or
deposition of marine-derived atmospheric reactive N species.
The global rate of natural terrestrial N2 fixation has been
estimated to fall within the range of 60 to 200 Tg N yr−1 (Table
3). Studies that have upscaled field-based measurements have
suggested ∼110 to 130 Tg N yr−1 inputs,15,143,281 whereas one
study that applied a 15N/14N isotope budgeting approach
suggested a lower rate of terrestrial N2 fixation (∼60 Tg N
yr1 124). The majority of these inputs (∼80%) originate within
evergreen broadleaf forests and savannahs,143 where symbiotic
N2 fixation by bacterial root nodule symbionts, which exchange
fixed N for fixed C from their higher plant hosts, is the dominant
form of fixation (Section 1.2.1.1). Asymbiotic N2 fixation,

Table 4. Terrestrial and Marine N Budgetsa

aGrey and white columns contain preindustrial and modern flux estimates, respectively, in Tg N yr−1. bImbalance value includes an estimated
biosphere N accumulation of 9 Tg N yr−1 and soil N accumulation of 48 Tg N yr−1. cMost probable value in model run with slowly evolving
disequilibrium.385
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defined as comprising all forms of fixation independent of root
nodules,123 is thought to account for only ∼20% of N2 fixation
globally, although it can be more important than symbiotic
fixation in select biomes.143 Compared to biological N2 fixation,
the amount of N2 fixed by lightning is much smaller (∼5 Tg N
yr−1, Table 3). Recently, fixed N released by rock weathering
(∼14 to 34TgN yr−1, Table 3) was suggested to be a substantive
of contributor to the terrestrial N budget, and particularly
important in certain environments.6

Anthropogenic N2 fixation has essentially doubled the global
fixation rate over the last century. Estimates of anthropogenic N2
fixation in the early 21st century4,411 indicate industrial fertilizers
and cultivation of naturally N2-fixing crops add an additional
∼120 Tg N yr−1 and ∼60 Tg N yr−1, respectively, to the land,
while NOx emissions from fossil fuel combustion add∼40 Tg N
yr−1 to the atmosphere, most of which is rapidly deposited on
land. Values in each category are ∼15 to 20 Tg N yr−1 higher
than estimates for the 1990s.281 Human activities such as
deforestation, peat and biomass burning, drainage of wetlands,
and erosion412 also increase N availability by freeing biologically
stored N. The consensus of inventories thus far is that
anthropogenic activities now outpace natural processes of N
addition to terrestrial ecosystems.
Food production by both plants and animals is notoriously

inefficient with respect to N utilization322 and varies widely
across the globe (∼30 to 80% efficiency for crops, much less for
livestock production413). N leakage results in a global average of
40 to 50% of total N inputs being lost to the natural system as
reactive N.322,414 Loss mechanisms include export through
rivers, volatilization as ammonia, denitrification toNO,N2O and
N2 in soils and surface waters, and accumulation in soils as
organic N. Not only is this loss wasteful and expensive, but the
lost “missingN” passes through theN cascade,282 includingN2O
emission to the atmosphere and N accumulation in soils. The
relative importance of denitrification versus accumulation varies
widely, depending on agricultural practices, crop varieties,
manure handling procedures, soil type, weather, and other
considerations. Recent metadata analyses have compiled results
from large regions,415,416 and they provide a consistent picture of
the fate of reactive N in agricultural systems. In the Mississippi
River Basin (the US corn belt), van Meter et al.416 found that
about 25% of the fixed N inputs (e.g., fertilizer, manure, N2
fixation) accumulated as organic N in soils. Such estimates are
likely to be highly dependent on time scale.
Within the terrestrial reservoir, natural and anthropogenic N

can be transformed by the metabolism of plants, animals, and
soil microbes (Figures 4 and 5, Section 1) and emitted to the
atmosphere in reactive (NOx, NH3, organic N) or less reactive
(N2, N2O) gaseous forms. Modern terrestrial emissions of
reactive N (∼100 Tg N yr−1 for ∼2000s, Table 3), which are
dominated by anthropogenic sources from livestock, agriculture,
and fossil fuel burning,4 are roughly four to five times higher than
natural emissions from soil and vegetation. Ammonia emitted
from fertilized soils and animal waste contributes over half of
modern emissions.4 With anticipated climate change and growth
in food demand, anthropogenic N emissions are expected to
increase.281,417 A rise of 5 °C in global surface temperature is
expected to result in a ∼ 50% increase in ammonia emissions by
2100; higher demand for animal products would cause
emissions to increase further.5 The amount of added N that is
volatilized as NH3 to the atmosphere varies with crop type but
can be as much as 50% of the N added through fixation and
fertilizer.322 Atmospheric deposition (of both NH3 and NOx)

returns some of this N to terrestrial ecosystems, such that
deposition is third in importance after fertilizer and biological N2
fixation418 (Table 3).
Permanent losses of N from land result from (1) the

production of N2 by microbial denitrification and anammox
(Section 1.2.3) and pyrodenitrification (biomass burning); (2)
the production of N2O by nitrification and denitrification
(Sections 1.2.2 and 1.2.3); and (3) the transport of fixed N from
the land to the ocean by rivers, groundwaters, and the
atmosphere (Figure 5). Of these routes, denitrification in
hypoxic and anoxic environments (e.g., sediments and water
logged soils) is the most important, removing ∼30 to 115 Tg N
yr−1 (Table 3), equivalent to roughly a tenth to a quarter of fixed
N inputs to the land. Van Meter et al.416 estimated the
denitrification loss for the US corn belt at ∼10% of fixed N
inputs. Wang et al.406 recently used natural N isotopes in a global
mass-balance model to estimate a ∼ 20% increase in soil
denitrification N losses between 1860 and 2000 due to
agricultural fertilizer use. This study along with others7,281

which show a similar moderate increase in modern versus
preindustrial denitrification fluxes indicate that denitrification in
agrosystems, streams, and rivers serves as an incomplete sink for
anthropogenic N.281,419,420 However, we note that, given
tremendous heterogeneity in environmental conditions and in
N inputs across terrestrial systems, the rate of global terrestrial
denitrification is likely to be the most uncertain component of
the N budget.281,421 Indeed, terms such as “hotspots” and “hot
moments” are frequently used to describe the fact that small
areas and brief periods of denitrification often account for much
of the denitrification activity in both terrestrial and aquatic
ecosystems.421,422 Understanding the fundamental drivers for
spatially and temporally inconsistent microbial N loss will be
fundamental to better constraining N budgets at all scales.
Compared to denitrification, estimates of the N loss due to

anammox, which accounts for a smaller absolute flux, are even
less constrained. Most of the terrestrial estimates come from rice
paddies, where anammox is estimated to range from ∼0 to 37%
of the loss conventionally attributed to denitrification.423 On the
basis of laboratory studies of biomass burning, Lobert et al.424

suggested that tropical biomass burning could lead to a N loss of
12 to 28 Tg N yr−1; an estimate consistent with that of
Schlesinger and Bernhardt209 (Tables 3 and 4).
Emissions of N2O also deplete terrestrial fixed N stocks, as its

ultimate fate is destruction in the stratosphere through
photochemical reactions. Terrestrial sources of N2O are
microbial nitrification and denitrification in natural soils and
agriculture (∼50% and 40%, respectively) with the remainder
derived from nonbiological sources (e.g., fossil fuel combustion,
biomass burning, and industrial processes).5 A global analysis by
Fowler et al.5 indicates that anthropogenic activities primarily
related to increased fertilizer use and livestock production have
caused terrestrial N2O emissions to nearly double from
preindustrial emission levels of ∼7 Tg N yr−1 to reach ∼13 Tg
N yr−1 (ca. 2010).
Rivers are an important route for N removal from land, as they

are sites for denitrification and also transport N to the ocean.
Fixed N that is not lost from streams and rivers by denitrification
(∼30 to 70% is retained419) is delivered in dissolved and
particulate forms to estuaries, where denitrification is estimated
to remove up to 80% of the remaining N.425,426 The fate of
riverine N on the continental shelf is not well-known; a common
assumption is that most of it is lost by denitrification in coastal
shelf regions.281,300 Current estimates295,427,428 suggest that

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5329

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


human activities have roughly doubled N fluxes to the coastal
ocean (Table 3), but most of this N appears to be lost locally to
redox processes yielding N2 and N2O.
The sum of various input/output flux estimates produces a

global terrestrial N budget for the preindustrial period7,209,281

that is approximately balanced, within error (up to −28 Tg N
yr−1 net imbalance, equivalent to 20% of inputs, Table 4). Given
an average lifetime of terrestrial N of decades to a century,5 it has
been suggested that the N budget for the recent geologic past
must have been balanced or nearly so281 to avoid drastic swings
in productivity. An analyses of N stable isotopes of lake
sediments across the globe by McLauchlan et al.429 suggested
long-term declines in N availability for terrestrial ecosystems
following the last deglaciation ∼15,000 years ago, but relatively
stable N availability during the past 500 years. The small
apparent net N deficit in the preindustrial terrestrial N budget
may be an artifact of underestimated rates of terrestrial N2
fixation and of geologic N input. For example, recent findings of
robust N2 fixation in peat systems430 and by geographically
widespread cryptogamic species such as lichens, biological soil
crusts, and mosses431 and the use of alternative N2-fixing
enzymes65,103 imply that terrestrial rates may be higher than
current estimates. Fixed N liberated from rocks by in situ
chemical weathering6 may also help to reconcile apparent
imbalances in the preindustrial N budget.
In contrast to the preindustrial budget, the modern N

inventory is characterized by net N gain at a substantial
rate4,5,209,281 (∼40 to 90 Tg N yr−1, Table 4), requiring the
storage of N in food, natural plant biomass, or soils. Some
evidence of this sequestration is provided by observations of N-
fertilization of plant and soil C storage in certain ecosys-
tems.16,327,328 Current projections indicate that new N inputs
could rise to ∼600 Tg N yr−1 to Earth systems by 2100 due to
higher rates of natural biological N2 fixation with global warming
and of anthropogenic N2 fixation driven by growth in food
demand.5,79 This is expected to be accompanied by greater
emissions and atmospheric processing of fixed N. The long-term
effects of anticipated rising anthropogenic N input on the
terrestrial budget are not well constrained, but will depend
greatly on the response of denitrification to continued N
addition and global change.
2.3.2. Marine N Budget. The marine N budget is

characterized by external inputs of fixed N from natural
biological N2 fixation, atmospheric deposition, and rivers and
by N loss from denitrification/anammox and sediment burial
(Figure 5).
The largest N input to marine systems is biological N2 fixation

(Table 3). The global marine N2 fixation rate has been the
subject of vigorous research. The extrapolation of sparse and
highly variable direct measurements has suggested a global rate
of 177 Tg N yr−1.432 This value falls within the range of other
estimates, including those based on geochemical data,377,379,385

which yield total marine N2 fixation rates typically between 100
and 200 Tg N yr−1 (Table 3). A recent study385 using inverse
and prognostic models of marine N biogeochemistry has
proposed ∼160 Tg N yr−1 (with ± ∼ 30% uncertainty) for the
global rate, a value that is only slightly higher than a previous
widely used estimate of 140 Tg N yr−1.4,7,433 Most global marine
N2 fixation is thought to occur in the surface of the low latitude
open ocean, where it is carried out by the bloom-forming
cyanobacterium genus Trichodesmium,158 diatom-associated
cyanobacteria,160 and a discrete set of unicellular cyanobacteria
and bacterioplankton161,172 (Section 1.2.1.1). The remainder is

attributed partly to benthic environments, including sediments,
saltmarsh, mangrove and reef settings; early studies suggest 15
Tg N yr−1 for the total benthic N2 fixation rate.434

At this point, it appears that anthropogenic activities on land
have yet to strongly influence marine N2 fixation. N budget
reconstructions for the recent Holocene using N stable
isotopes394,435 report global N2 fixation rates that are essentially
equivalent to modern rates of N2 fixation estimated using direct
experimental and geochemical methods (Table 3). More
recently, Jickells et al.295 modeled the impact of rising
atmospheric deposition due to anthropogenic activities on
marine N2 fixation rates and obtained only a small compensatory
decrease (<10%) in the open oceanN2 fixation rate for the 1990s
(see Sections 1.2 and 3 for the feedback mechanism). However,
a separate modeling study suggests that anthropogenic
suppression of global marine N2 fixation may be more
substantial by year 2100, decreasing the rate by more than
10%.436

Hydrologic transport of terrestrial N into the ocean is a
substantial source of external N. While estimates for modern
riverine fluxes have varied over the years (e.g., from 11 to 76 Tg
N yr−1, Table 3), recent studies have converged on values in the
low end of the range (∼30 Tg N yr−1). Groundwater N flux is
less important − Voss et al.433 estimated that the ocean receives
less than 10% of the total hydrologic N flux from subsurface
flows. It is thought that human activities have contributed to an
approximate doubling of riverine N fluxes since the preindustrial
period295,427,428 (Table 3). However, the effect of riverine
anthropogenic N on the open ocean is uncertain, as it depends
on howmuchN is lost by sedimentary denitrification in estuaries
and continental shelves, quantities that depend on denitrifica-
tion rate and the residence time of a water parcel in these
transitional environments.420 Recent studies suggest that, for
specific rivers, up to 75% of riverine dissolved inorganic N flux
(or ∼70% of total N flux) could reach the open ocean,295,296

mostly in areas near the equator where the Coriolis force is
weakest. However, these studies also suggest that variations
between modern and preindustrial river fluxes to the open ocean
are likely to be small, absent major changes in physical
oceanographic factors.
The atmospheric transport and deposition of N derived from

land sources to the ocean is thought to be the main route by
which human perturbation of the N cycle reaches the open
ocean. Estimates for contemporary N deposition to the total
ocean vary by a factor of 3 (Table 3). A recent synthesis of
anthropogenic impacts on the open ocean295 suggests 39 Tg N
yr−1 as the net atmospheric deposition flux for ∼2005, with
∼70% of this derived from human activities, consistent with
findings based on independent data constraints.301

The most important route for permanent loss of N from the
marine reservoir is denitrification in the water column and
sediments of the ocean. Estimates of the total denitrification rate
have varied widely from ∼200 to 450 Tg N yr−1 (Table 3),
primarily due to large uncertainties in sedimentary denitrifica-
tion within estuary, continental shelf, and deep sea settings. The
first N stable isotope budget for the ocean suggested
sedimentary denitrification to be ∼75% of the total rate.394

However, consideration of uncertainties and details in the N
isotope budget has subsequently lowered this esti-
mate389,395,403,404 (Section 2.1.2). Most studies propose a total
denitrification rate between 200 and 280 Tg N yr−1 (Table 3).
The degree to which human activities have increased total
denitrification rates is not well-known. Some studies propose a
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rise of ∼10% for rates from preindustrial to modern times;7,281

this value will depend strongly on the categorization criteria for
riverine, estuarine, and marine environments. Marine deni-
trification may increase in response to climate warming, which is
expected to generally reduce O2 supply to the ocean and expand
oxygen-deficient zones.437−439 However, uncertainties in future
atmosphere and ocean circulation as well as biological
productivity make predictions difficult.433,440

Compared to denitrification, N removal through the burial of
marine sediments and emissions of N2O from marine sediments
and oxygen-deficient zones account for minor losses from the
marine reservoir. Burial rate estimates range from ∼16 to 58 Tg
N yr−1, with many budget studies using a value of 25 Tg N yr−1

(Table 3). In contrast to the land emissions, it is currently
unclear whether human activities have caused marine N2O
emissions, estimated at ∼2−6 Tg N yr−1 (Table 3), to increase
significantly.
On the basis of the above estimates of input and output fluxes,

the marine N budget (Table 3) emerges as either balanced
within the substantial error associated with estimates of N2

fixation and denitrification or strongly imbalanced, with losses
exceeding inputs by as much as ∼200 Tg N yr−1 (Table 4).
Budgets with severe net N losses (e.g.,∼200 Tg yr−1) have been
suggested to reflect the stimulation of denitrification by
anthropogenic N additions.441 Early considerations suggested
a possible decline in the marine fixed N reservoir since the last
ice age ∼20 thousand years ago.442 Given the marine fixed N
reservoir’s apparent residence time of ∼2,500−5,000 years, for
example, see refs 395 and 443, the associated current imbalance
in the N budget would be minor and difficult to detect.
To resolve suggestions of a measured deficit in the marine N

budget, researchers are evaluating whether noncyanobacterial
organisms and oceanic regions such as aphotic waters and
sediments, traditionally not associated with N2 fixation, could be
important N sources. A recent study444 which employed high
resolution N2 fixation measurements in the western North
Atlantic ocean suggested that intensive N2 fixation in coastal
surface waters could be a source of ∼17 Tg N yr−1 of new N.
Extrapolation of limited observations showing low rates of
aphotic N2 fixation to the entire ocean yielded global estimates
of dark N2 fixation upward of 13 Tg N yr−1.179 Finally, studies of
sediment N2 fixation, for example, see refs 188, 445, and 446,
have proposed that it may be a more significant contributor of
fixed N than previously thought.
It is our view that the marine N budget is balanced over time

scales of decades to centuries because of stabilizing feedbacks
that result from the biochemical and environmental controls on
N2 fixation and denitrification (Sections 1.2 and 3). Human-
driven increases in atmospheric CO2 are causing the ocean to
warm, acidify, become more stratified, and generally lose
oxygen.438,439,447 The combined effect of these factors on N
cycling and the ocean’s N input/output budget is uncertain, as
each factor can lead to a variety of possible perturbations to
ocean biogeochemistry. However, any trajectory must be
considered in the context of system feedbacks. We next discuss
the dynamics of the N cycle and the potential for human
alteration of the fixed N budgets of land and ocean to enhance
natural C sequestration and thus slow the anthropogenic rise in
atmospheric CO2 concentration.

3. DYNAMICS AND FEEDBACKS OF THE NITROGEN
CYCLE

3.1. Fundamentals of Nutrient Limitation

Organisms require a suite of chemicals in addition to C for
growth, and these elements, especially those with the potential
to be scarce, are identified as “nutrients.” The concept of
nutrient limitation plays a central role in our understanding of
how the N budget responds to perturbations. The typical
organisms of interest are the primary producers, which
synthesize organic matter from CO2, mainly by photosynthesis,
and comprise the base of the food web in terrestrial and marine
systems. Accordingly, nutrient limitation has traditionally been
interpreted in the context of Liebig’s Law of the Minimum,
which states that plant growth will be as great as that allowed by
the least available resource, the “limiting nutrient” that sets the
productivity of the system.450 This view has been expanded to
include the concept of “co-limitation,” a condition in which
productivity is controlled by multiple factors (e.g., multiple
nutrients, energy) due to their interactions with each other. A
good example comes from the polar ocean, where higher iron
supply can increase the efficiency of light capture by
phytoplankton living in these dimly lit environments.28

Elser et al.1 performed a meta-analysis of over 27,500 studies
of nutrient addition experiments designed to identify the
limiting nutrient sensu Liebig. They found that marine systems
were predominantly N-limited, while N and P limitation were
equally prevalent in freshwater and terrestrial systems. In marine
systems, Moore et al.’s2 systematic review revealed twomodes of
phytoplankton nutrient limitation. Productivity is limited by N
availability in the vast regions of the subtropical gyres of the
Pacific and Atlantic Ocean, and in the equatorial Atlantic, where
subsurface nitrate supply is slow. Where upwelling causes nitrate
and phosphate to be plentiful in surface waters, as in high
latitude ocean regions and in the equatorial Pacific, iron is
limiting;2,451 this can be understood as the consequence of iron
being slowly scavenged out of deep waters.452 Among terrestrial
environments, temperate and high latitude forested ecosystems
are themost strongly N-limited.3,453 In contrast, N-richness (i.e.,
P limitation) is a typical feature of tropical forests.3,148

A frequently used rule of thumb to predict N limitation in a
given ecosystem is to compare the N/P ratio of its nutrient
reservoir to a canonical value for the N/P ratio of biomass (the
“Redfield ratio” of 16 in the case of marine plankton), with a
lower N/P ratio in the nutrient reservoir suggesting the potential
for N limitation. However, both in the ocean and on land, the N/
P ratio demanded for growth may vary for a range of
reasons.454,455 In particular, a lower N/P is expected for
phytoplankton and land plants that must grow quickly because
of any one of a diverse list of environmental drivers.454,456 Given
the evidence for variation in the N/P of plant and phytoplankton
demand, patterns in N/P (or the related parameter N*; Section
2.1.2) cannot be interpreted solely in terms of N versus P
limitation. On land, for example, one might be tempted to
interpret the relatively low average value of leaf N/P at high
latitudes (relative to the tropics)457 as solely a reflection of N
limitation in nontropical land ecosystems; yet, as a secondary
contributor, the seasonality of growth has also been implicated
as causing a lower biomass N/P.458 Similarly, in the ocean, the
subtropical gyres appear to develop a higher N/P partly due the
biomass N/P of the cyanobacterial phytoplankton dominating
in these regions.386,388 An important implication of these
examples is that regional variation in the N/P of biomass and

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5331

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


ecosystem nutrient reservoirs can be greater than the flexibility
of a given ecosystem relative to this ratio. If so, feedbacks that
stabilize the N/P of ecosystems may be stronger than imagined
from regional N/P variation. As discussed in the following
sections, stabilizing feedbacks dominate our understanding of
the input/output budgets of fixed N.
3.2. Marine Feedbacks

In the discussions above, frequent reference has been made to
feedbacks in the N cycle, in particular, with the regard to the
input/output budget of fixed N, in the global ocean or in
terrestrial ecosystems. The imagined feedbacks are “negative”, or
stabilizing. If an external pressure causes an imbalance in the N
budget, then these feedbacks operate to restore balance. The
stronger the feedback, the less the fixed N reservoir will change
before balance is restored. Two feedbacks have been proposed
(Figure 8). The first involves N2 fixation, the dominant N input

in many systems with a standing N reservoir to be considered.
The second involves denitrification, often the dominant N
output (or loss). Below, we will focus on the discussion of these
feedbacks as they have been considered in the ocean. However,
the same feedbacks have been considered in terrestrial and
freshwater systems. Indeed, some of the most compelling data
come from freshwater lakes.287−289

The N2 fixation feedback (left cycle, Figure 8) involves the
competitive advantage of diazotrophic organisms over those that
cannot fix N2 when N limitation occurs.139,459,460 If, for some
reason, N becomes depleted relative to P, the N/P ratio of the
nutrient supply to the sunlit ocean declines, and surface waters
will tend toward limitation by N as opposed to P. Organisms
capable of using the excess P by fixing their own N (i.e., the N2-

fixers) under conditions of low N availability find an expanded
ecological niche, and inputs of newly fixedN increase, raising the
N inventory. As the ocean’s N/P ratio approaches that needed
by phytoplankton, the energy- and iron-intensive process of N2
fixation becomes disadvantageous since theN supply is sufficient
to use the available P. Nonfixing phytoplankton once again
becomes effective competitors for P, and N2 fixation declines
back to the initial rate. The net result is a stabilization of the N/P
in the ecosystem’s nutrient reservoir. This feedback assumes that
non-N2-fixing plankton do not simply alter the N/P ratio of their
biomass (i.e., decrease their N needs relative to P) to match that
of the nutrient supply from the subsurface. Such dynamics are
consistent with the well-studied down-regulation of N2 fixation
under conditions of high ammonium and nitrate availability.76,88

In the ocean’s denitrification feedback395,461,462 (right cycle,
Figure 8), a higher ocean nitrate reservoir drives higher
biological productivity in the surface ocean and greater fluxes
of sinking organic matter to the subsurface water column and the
sediments. This increased flux of organic matter expands
oxygen-deficient (“suboxic”) environments in the subsurface
ocean and in marine sediments. The increased flux also
represents an increase in supply of reductant to these
environments. Both effects work to increase the global rate of
denitrification and associated redox processes (e.g., anammox)
that remove fixed N from the ocean, compensating for the
previous increase in the fixed N reservoir. The decline in ocean
oxygen and the rise in the flux of organic matter to the seabed
may also lead to an increase in organic N burial, but this loss
term is minor compared to denitrification in the ocean. A critical
assumption in this feedback is that phytoplankton and
ecosystems can vary their N/P (and thus C/P) ratio, raising it
as their N supply increases without a commensurate increase in
the supply of P. This is counter to the assumption of an inflexible
N/P of phytoplankton and ecosystems that underlies the N2
fixation feedback.
These two distinct N budget feedbacks may be competitive, if

not mutually exclusive. The more effectively any source/sink
term acts to diminish perturbations to the N inventory, the
smaller will be the effective perturbation to which other source/
sink terms respond. For example, the N deficits generated by a
hypothetical increase in denitrification might be rapidly and
completely compensated by an increase in N2 fixation. In this
case, there will be no change in the nitrate reservoir or in the flux
of organic matter to the ocean interior, and the denitrification
feedback will not operate. On the other hand, if N2 fixation
responds only weakly to the N deficit, the flux of sinking organic
matter out of the surface ocean will decrease, and a
denitrification feedback will be the dominant mechanism for
stabilizing the N reservoir.
The sensitivities of different feedbacks will determine their

relative importance. In turn, the flexibility of the N/P ratio of
non-N2-fixing plankton appears to play a major role in these
sensitivities.463 If there is no flexibility in this ratio, then the N2
fixation feedback will dominate; in contrast, if its flexibility is
very high, then the denitrification feedback will dominate. In
either case, the resulting change in the nitrate reservoir will
depend on the combined sensitivities of all of the feedbacks.395

Before proceeding to explore these negative feedbacks, it
should be recognized that other feedbacks may also be
important, including feedbacks not yet identified, and these
may be negative (stabilizing) or positive (amplifying). For
example, there is the possibility of a feedback among global
temperature, dust delivery, N2 fixation, and atmospheric CO2,

464

Figure 8. Hypothesized stabilizing feedbacks in the marine N budget.
Natural and human-driven perturbations to the N inventory have been
proposed to be stabilized by negative feedback cycles involving N2
fixation or denitrification. In the N2 fixation feedback, addition of N to
the inventory increases the N/P of the nutrient supply to ocean surface
waters, which reduces the competitive advantage of N2-fixing organisms
relative to nonfixing phytoplankton, resulting in a decrease in N2
fixation rate that compensates for the initial rise in N inventory (left
cycle). In the denitrification feedback, an increase in N input raises
surface N supply, which leads to greater biological productivity, a
greater flux of sinking organic matter into the ocean interior, greater
respiratory consumption of O2 in the ocean interior, greater volumes of
oxygen-deficient (suboxic) water in the ocean interior, and ultimately
higher rates of N loss by denitrification (right cycle). The two feedbacks
have contrasting sensitivities. In particular, the N2 fixation feedback is
weakened by flexibility in the N/P of phytoplankton, whereas the
denitrification feedback requires such flexibility. Reprinted in part with
permission from Deutsch et al., Isotopic Constraints on Glacial/
Interglacial Changes in the Oceanic Nitrogen Budget. Global
Biogeochem. Cycles. 2004. Copyright 2004, John Wiley and Sons Inc.
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which can be stabilizing or destabilizing depending on how dust
delivery responds to climate.
Both process studies in the modern environment and

investigations of past changes provide insight into the
occurrence of feedbacks. While a far broader range of
approaches is available for modern studies, the past provides
the unique potential to identify the response of the N budget to a
perturbation at the large scale.
At the small scale, laboratory studies and field incubations

indicate that N2-fixers will accelerate their rate of N2 fixation
when supplied with P alone as opposed to both N and P
together.133,465,466 At a somewhat broader scale, but still focused
on in situ conditions for plankton, it is observed that P limitation,
rather than N limitation, tends to occur in low-nutrient surface
regions where dust-borne iron fluxes are high.2 This suggests
that, when iron availability is adequate, marine N2-fixers
consume even trace levels of excess P.
At a larger scale, studies of nitrate-to-phosphate ratio variation

across the global ocean indicate that, in each of the ocean basins,
N2 fixation occurs at similar rates as denitrification.379,385 This is
consistent with the lowering of N/P by denitrification leading to
a compensatory response from N2 fixation, with this
compensation occurring in response to relatively modest N/P
variations. Thus, a strong negative feedback from N2 fixation is
implicated.
The Atlantic basin hosts no significant water column

denitrification and only a modest rate of sedimentary
denitrification. There, studies of the nitrate-to-phosphate
ratio467 and the N isotopes of nitrate404,407,468,469 suggest that
N2 fixation occurs with a spatial distribution and basin-wide rate
that are consistent with the process compensating for the
relatively modest amount of excess P imported into the basin
and upwelled into its surface waters. While the data allow for
possible iron-limitation of N2 fixation in the South Atlantic, this
does not apply to the equatorial and North Atlantic. Thus, even
if the rest of the global ocean had a substantial imbalance
between denitrification and N2 fixation, N2 fixation in the North
Atlantic would work to maintain the global ocean at a relatively
constant N/P ratio as the global ocean’s waters circulate through
this region.470 All totaled, the modern data provide strong
evidence for the N2 fixation-based stabilizing feedback.
Paleoceanographic data strengthen the case. Planktonic

foraminifera are CaCO3 shell-forming zooplanktonic protists
that live throughout the ocean, and their shells are abundant in
deep sea sediments. The organic N protected in the biomineral
walls of planktonic foraminifera shells can be analyzed for its
15N/14N, which tracks the 15N/14N of the subsurface nitrate
supply.471 In turn, the 15N/14N (or δ15N) of this nitrate declines
with higher N2 fixation in the basin. Thus, through the analysis of
the 15N/14N of foraminifera shell organic matter (FB-δ15N, for
foraminifera-bound δ15N) in deep sea sediment cores, N2
fixation rates have been reconstructed for the tropical North
Atlantic and the South China Sea.299,471,472

FB-δ15N records from both regions over recent glacial/
interglacial cycles indicate changes in N2 fixation that are best
explained as responses to changes in the N/P of the nutrient
supply to surface waters. The record of FB-δ15N from the South
China Sea covers the last 800,000 years473 (Figure 9). FB-δ15N
increases during ice ages (low sea level) and decreases into
interglacials (high sea level). The FB-δ15N changes are best
explained as the consequence of sea level change, with which it
shows the strongest correlation (Figure 9), in comparison to sea
surface temperature and other relevant ocean properties.473

During interglacial periods, the continental shelves of the region
are flooded, leading to high rates of sedimentary denitrification.
This appears to encourage N2 fixation in the South China Sea, as
signaled by lower FB-δ15N and as expected from the N2 fixation
feedback. During the ice ages, sea level is low, there are no
shelves to host sedimentary denitrification, and thus compensa-
tory N2 fixation rates are low, resulting in a high FB-δ15N.
In comparison to the N2 fixation feedback, the denitrification

feedback is far more difficult to document, in either the modern
or the past ocean. With regard to isotopic approaches, the δ15N
of global mean ocean nitrate is sensitive not to the rates of water
column and sedimentary denitrification alone, but rather to their
ratio (Section 2.1.2). The denitrification feedback is expected to
involve both water column and sedimentary denitrification, so
mean ocean nitrate δ15N does not provide a simple diagnostic
for the feedback. Regional δ15N elevation of nitrate accompanies
the water column denitrification of the suboxic zones, and this
nitrate δ15N elevation is reflected in the sinking N above and
nearby the suboxic zones.474,475 Thus, the regional isotopic
signal of water column denitrification could possibly be used to
identify the denitrification feedback as executed through water
column denitrification changes.
Deutsch et al.395 used marine sedimentary N isotope changes

since the last ice age and through the transition to the current
interglacial to diagnose the importance of the feedbacks related
to water column denitrification, sedimentary denitrification, and
N2 fixation. In this early numerical modeling effort, the available
data were found to indicate a strong stabilization of the ocean’s
fixed N reservoir by the combined feedbacks, with the reservoir
changing by less than 30%. However, given the limited data at
the time, conclusions of significant confidence could not be
made with regard to the relative feedback strength involving N2
fixation versus denitrification or water column versus
sedimentary denitrification. Information from new data

Figure 9. Foraminifera-bound δ15N (FB-δ15N, red) from a sediment
core in the South China Sea and a reconstruction of global sea level
(black) covary due to the N2 fixation feedback. A lower value for FB-
δ15N (upward on the left axis) implies a higher rate of N2 fixation in the
South China Sea. Sea level is in meters relative to modern sea level, and
downward on the plot (a higher magnitude negative value) indicates a
lower sea level. FB-δ15N decreases (i.e., shifts upward on the plot)
during interglacial periods, when sea level is high, and increases (i.e.,
shifts downward on the plot) during ice ages, when sea level is low. This
can be explained by high sedimentary denitrification rates caused by
flooding of the continental shelf regions during interglacials (high sea
level stands), which produces a N deficit relative to P that promotes N2
fixation, leading to a decrease in FB-δ15N. High FB-δ15N signals
reduced N2 fixation rates during the ice ages, when the continental
shelves are above sea level and thus do not host sedimentary
denitrification. Data from Ren et al.473
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generation and numerical modeling efforts might allow for this
next step.
Perhaps the strongest evidence for stabilizing feedbacks in the

ocean N budget is the lack of dramatic trends in global ocean
biological productivity and biogeochemical conditions over tens
of thousands of years and longer, even though systematic
regional oscillations are observed over glacial cycles.476−478 As
described above, changing the N inventory independently of the
P reservoir would require that the N/P ratio of non-N2-fixing
plankton can vary with the N/P ratio of the nutrients supplied to
surface waters (i.e., the lack of a conserved range of N/P in the
global stock of phytoplankton). In this case, an increase in the N
inventory would be expected to raise productivity in the low
latitude ocean, where N often limits phytoplankton growth.
The residence time of oceanic fixed N (calculated by dividing

the ocean N reservoir by the input or output) indicates how long
it will take for a given imbalance between N input and output to
materialize as a given proportional change in the N reservoir. For
example, if the input was removed but the output remained
constant, then the oceanic fixedN reservoir would be completely
depleted in one residence time. The residence time of ocean
fixed N is estimated to be 2,500 to 5,000 years, for example, see
refs 394, 395, and 443 (Section 2.3.2). This is short relative to
many periods of interest in Earth history, yielding the potential
for large N reservoir changes in marine biological productivity if
feedbacks do not push input and output toward a balance. For
example, imbalances in the input/output budget could have
dramatically changed the oceanic inventory of N during one of
the ice ages of the last million years; each lasted for 20,000−
100,000 years.
We consider just one of many possible dynamics: sea level

lowering during ice ages due to the sequestration of water as ice
on land. Most sedimentary denitrification in the modern ocean
is believed to occur on the continental shelves, for example, see
ref 479. During the ice ages, however, sea level dropped by up to
∼130 m (Figure 9), which would have exposed the shelves
almost completely, such that sedimentary denitrification should
have been substantially lower than in the modern ocean.479,480

Even a modestly lower rate of sedimentary denitrification during
the ice ages (e.g., by 30%), with all other fluxes constant, would
have doubled the oceanic fixed N inventory within ∼7,500−
15,000 years. The geologic record, however, provides no
evidence of dramatic trends in global ocean productivity during
recent ice ages, or on longer periods. Instead, the evidence
suggests that the fertility of the ocean has varied over glacial/
interglacial cycles on a regional basis but has been roughly stable
within ice ages on a global basis.476,477,481 The same appears to
apply to ocean interior oxygen concentrations,482 which are
sensitive to the globally integrated rate of organic matter export
to the ocean interior. The most straightforward explanation is
that one or both of the negative feedbacks of Figure 8 regulate
the N budget, stabilizing the size of the ocean N
reservoir.139,460,471−473,483,484 Similar arguments regarding the
need for a long-term N input/output balance apply to the
million-year time scale, when dramatic changes in ocean
denitrification appear to have occurred in response to the
tectonic evolution of ocean basins.405

3.3. Terrestrial Feedbacks

In the ocean, the distinction betweenN- and P-limited systems is
typically subtle, not being immediately obvious from standard
nutrient concentration measurements or the composition of the
resident plankton. Nutrient addition experiments must be

employed, and even these are somewhat uncertain due to the
manipulations involved. This state of affairs indicates that the
nutrient-poor tropical, subtropical, and temperate surface ocean
is rarely far from colimitation by N and P,2,451 as would be
expected from a strong N2 fixation feedback.
In comparison to marine and other aquatic systems, the

feedbacks on the fixed N budget in terrestrial ecosystems appear
to be weaker. For example, soil denitrification, while stimulated
by anthropogenic fixed N additions, fails to remove all of the
extra inputs, and declining N2 fixation is similarly incapable of
compensating for the N addition. As a result, fixed N
accumulates in the ecosystem or is lost to rivers and the
atmosphere (see Section 2.3.1).
The contrast in N status between tropical forests and higher

latitude ecosystems further suggests that stabilizing feedbacks
could be relatively weak on land. Elser et al.’s1 meta-analyses of
global nutrient limitation found that tropical forests responded
more strongly to added P (andN + P) than to N, consistent with
the long-held belief that P limitation (thus presumed N-
richness) in tropical forests with highly weathered soils is
widespread.148,453 In tropical forests, atmospheric deposition
and biological N2 fixation succeed in generating widespread N
richness at the ecosystem level, far surpassing the input rate
needed to prevent N limitation.148 One explanation for this
finding relates to the inherent heterogeneity of terrestrial
ecosystems in space, depth, and time.148,485 For example,
transient disturbance in a tropical forest by treefall, fire, clearing,
or cultivation may remove the N2 fixation inputs, while
denitrification and hydrologic loss continues to remove N
until N impoverishment is reached. This drives a burst of N
input during early secondary succession by facultative N2-fixing
trees, which can adjust their N2 fixation to soil N availability,
leading to a subsequent accumulation of fixed N.151,486 In
concert, N2 fixation in N-poor niches in the tree canopy and leaf
litter, isolated from the N-richness in below-ground soils, can
serve as additional ecosystem N inputs.148 Finally, it has been
proposed that N2 fixation may be favored in low-P tropical
systems because N2-fixers are able to invest in N-rich
phosphatase enzymes to increase local soil P availability.79

This last proposal involves concepts of colimitation, while also
implying a low barrier to N2 fixation in tropical forests.
In contrast, N limitation appears to be widespread in tundra1

and higher latitude (and altitude) forested ecosystems,122,453

where soils are younger, generally less weathered, and more P-
rich.487 Like the question of the persistent N-richness of the
tropics, the question of why N2 fixation has yet to compensate
for high latitude N impoverishment is longstanding. Deluca et al.
suggested that a tightly regulated N2 fixation feedback involving
canopy throughfall N and N2 fixation by cyanobacteria in the
moss carpets of northern boreal forests stabilizes fixed N inputs
in response to natural cycles of fire, succession, and human-
driven N dynamics.488 Nevertheless, boreal forests remain
frequently N-limited.489

A range of possible constraints on high latitude terrestrial N2
fixation have been considered. Energetic limitation of N2 fixation
is possible,122,124 but light is abundant on at least a seasonal basis
in most terrestrial ecosystems. Organic matter quality and
substrate C:N stoichiometry are important constraints on N2
fixation by asymbiotic heterotrophs;128,156 however, these
organisms are not typically as important to ecosystem N
budgets as photosynthetic symbiotic counterparts.123,143

Micronutrient limitation of N2-fixers is possible,124,490 but
iron, the most frequent driver of trace element limitation, is
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abundant in most terrestrial environments (relative to marine
ecosystems). In any case, mircoorganisms can secrete side-
rophores, strong Fe-chelators, to enhance iron bioavailability.491

Furthermore, N2-fixing trees have been recently found to mine
minerals nutrients from bedrock.492 The most abundant
nitrogenase requires molybdenum, and Mo limitation has
been documented in tropical as well as high latitude
systems.131,132,493,494 However, “alternative” nitrogenases that
utilize vanadium or iron in place ofMo are available to overcome
this limitation of N2 fixation.

56,65,102,103

Ecological arguments related to the biogeographical success
of different N2-fixer strategies (facultative N2 fixation in the
tropics versus obligate N2 fixation in temperate systems) have
also been suggested to explain N limitation in higher latitudes
and its disappearance in tropical forests.140 Below-ground N
dynamics between symbiotic ectomycorrhizal fungi that
exchange N for C from their host trees could shift in favor of
greater fungal N retention when soil N availability declines, thus
sustaining high latitude forest N deficits.495

Temperature constraints on nitrogenase activity may act
alternatively or in addition to such ecological explanations:
terrestrial nitrogenase activity is found to be substantially
reduced at the lower temperatures that apply to N-limited high-
latitude ecosystems.79 Interestingly, the role of temperature in
oceanN2 fixationmay be reduced by two previously undiscussed
considerations. First, high latitude waters in the ocean are often
nutrient-rich (in both N and P), such that they are not candidate
regions for N2 fixation. Second, any impairment of N2 fixation in
high latitude waters, such as in the coastal Artic ocean,496 may be
compensated by N2 fixation at low latitudes and subsequent
water exchange by circulation and mixing. In contrast, terrestrial
N budgets are inherently local, so that such large scale
compensation is not possible. We suggest that these distinctions
contribute to explaining why, relative to the ocean, terrestrial
systems are so much more variable in N- versus P-limitation.
Finally, relative to the ocean, any failure of terrestrial

denitrification and N2 fixation to compensate fully for
anthropogenic N input can more easily change the terrestrial
N reservoir. First, relative to the open ocean, land generally
receives far more anthropogenic N, such that the anthropogenic
perturbation of the N input is greater4,7,281 (Table 4). Second,
estimates of terrestrial fluxes and reservoirs (Figure 1, Table 3)
suggest a natural residence time for fixed N on land (∼500 yr)
that is roughly an order of magnitude less than the fixed N
residence time in the ocean (∼2,500−5,000 yr). The greater
anthropogenic perturbation and smaller N reservoir combine to
make the terrestrial N reservoir more prone to alteration by
anthropogenic effects.

4. IMPLICATIONS FOR ATMOSPHERIC CO2

4.1. Role of Fixed N in the Carbon Cycle

An increase in the fixed N reservoir increases the quantity of C
that may be removed from the atmospheric CO2 reservoir and
sequestered. On land, the additional sequestered C would be as
living or dead biomass or as organic C in the soil. In the ocean, it
would be largely in the form of dissolved inorganic C (dissolved
CO2, bicarbonate, and carbonate) in the ocean interior. This
increase in C sequestration will only occur, however, if the N
reservoir increase is accompanied by a stoichiometrically
equivalent increase in P, or if the N/P ratio of the organic
matter driving the C sequestration rises to account for the
increase in the availability of N relative to P. The latter is more

likely to occur in terrestrial ecosystems (specifically, in the
currently N-limited temperate and high latitude ecosystems)
than in the ocean. In the ocean, it is more likely that any rise in
the N reservoir not accompanied by a rise in P would simply be
removed by the stabilizing feedbacks described above.
It is helpful to relate changes in C storage to the frequently

used terminology of biological productivity. Primary productiv-
ity refers to the biological synthesis of organic matter from CO2,
mainly by photosynthesis (Figure 10). The total rate of organic

Figure 10. Biological productivity on land (A) and in the ocean (B) in
relation to carbon and nutrient cycling. Gross primary productivity
(GPP), representing gross photosynthesis, is the sum of primary
productivity that (1) fuels plant or phytoplankton respiration (green
arrow), (2) supports the respiration of heterotrophic organisms in the
system (red arrow), and (3) yields organic C that can be sequestered in
a long-lived terrestrial C reservoir or stored (mostly after oxidation to
CO2) in the deep ocean. The latter is also known as net ecosystem/
export production (NEP, blue arrow). The sum of blue and red lines
yield “net primary production” (NPP), which is equivalent to the
primary production that forms the base of the food web. Land
sequestration of biological C in living plant biomass and soil organic
matter is due to NEP. In the ocean, NEP accounts for the biological C
stored in the ocean interior. This is the result of the biological pump,
which exports organic C from the surface ocean mostly as sinking
particles, reducing the CO2 concentration in the surface ocean and the
atmosphere with which it equilibrates. The exported organic C is almost
entirely decomposed back to CO2 in the deep ocean by bacteria and
other heterotrophs. The resulting excess CO2 is sequestered for decades
to thousands of years in the deep ocean before circulation returns it to
the surface. The very small fraction of exported organic C that survives
to be buried in marine sediments is held in these sediments for millions
of years before they are re-exposed and weathered, releasing the C as
CO2 back to the atmosphere. Adapted from Sigman and Hain.452
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C production by photosynthesis is termed “gross primary
production” (GPP). “Net primary production” (NPP) is the rate
at which the total metabolism of photoautotrophs produces
biomass and is equivalent to GPPminus the organism’s own rate
of respiration. Land plants and single-celled marine phytoplank-
ton each account for roughly half of global NPP.497 “Net
ecosystem production” (NEP) refers to GPP minus the total
respiration of organisms in an ecosystem. Of these various terms,
NEP is the one with a direct consequence for atmospheric CO2
changes on interannual time scales and longer.
In terrestrial ecosystems, NEP leads to the accumulation of

biomass dominantly in the above- or below-ground vegetation
or in the soils (Figure 10A). This C will be stored until a change
in the ecosystem, either gradual or abrupt, causes NEP to
become negative, releasing CO2 back into the atmosphere.498

An increase in the fixed N reservoir (e.g., due to an increase in N
input from N2 fixation or atmospheric deposition) would allow
NEP to be positive for a period of time, allowing the terrestrial C
reservoir to rise. NEP would then decline to zero, indicating the
return to a balance between photosynthetic C production and
total ecosystem respiration, during which there would be neither
net withdrawal from, nor net addition to, the atmospheric CO2
reservoir. If the N reservoir were ever to decline, NEP would be
negative for a time, until the sequestered C reservoir has
adjusted to the new (lower) N reservoir. A very small fraction of
terrestrial NEP may escape to be buried in a geologic repository
such as a river delta or other continental margin sediments; this
C will be sequestered until geologic processes expose it at the
land surface.
In the ocean, NEP leads to export (mostly sinking) of organic

C into the ocean interior, where most it is respired by microbes
back to CO2 (Figure 10B). Because the interior waters do not
have direct access to the atmosphere, this C is then held as
dissolved inorganic C for decades to roughly a thousand years
before circulation returns it to the surface, where it has the
opportunity to escape back to the atmosphere as CO2. Rather
than escaping, this NEP-derived CO2 can be resequestered if (1)
it emerges in a region of complete nutrient consumption where
the biological pump (Figure 10B) operates efficiently (in the
tropics, subtropics or temperate latitudes as opposed to the polar
ocean) and (2) the fixed N allowing for its original sequestration
is still present in the water. If the sinking organic C survives
microbial processing in the water column or the biologically
active upper layer of seafloor sediments, it is buried, sequestering
the C for millions of years in sediments before they are re-
exposed and weathered; however, as on land, this represents a
very small fraction of NEP (less than 1%).24

4.2. Nitrogen Fertilization of the Terrestrial Carbon Sink

Anthropogenic N inputs are potentially important when
considering changes in the terrestrial C reservoir. N additions
from human activities to N-limited regions may stimulate
photosynthesis and result in greater ecosystem C storage,
helping to mitigate rises in anthropogenic CO2, so long as rates
of organic matter decomposition and N loss are not similarly
enhanced. This appears to be the case, at least in select terrestrial
ecosystems. Currently, enhancement of primary productivity on
land (largely due to enhanced forest growth related to CO2
fertilization, warming, and recovery from historical clearing498)
removes about a third of anthropogenic CO2 emissions from
industrial activity and land use change.498,499 Roughly ∼10% of
this increased land sink has been attributed to anthropogenic N

deposition418 incidentally fertilizing N-limited mid- and high-
latitude forests.327,328,500

Plant productivity is often increased by N fertilization.453,501

However, species-specific responses to N fertilization are
diverse, with certain plant species showing biomass increases
and others showing decreases within the same ecosystem.314

There is strong evidence for the stimulatory effects of N
deposition on above ground storage in forest biomes, for
example, see refs 327, 328, and 502. N deposition can also
induce greater levels of below-ground C storage as soil organic
matter by stimulating the production of litter and fine roots, the
production of more recalcitrant plant biomass, or altering soil
microbial activities. Evidence for increased soil C in response to
N addition was initially equivocal, as effects varied from positive,
negative, to neutral, for example, see refs 327 and 503−505.
However, it appears that recent studies506−510 are reaching a
consensus in support of a positive response. Soil fungi are
thought to play a particularly important role in below-ground N
and C dynamics.506,510 Consistent with Chen et al.’s509 meta-
analysis on the effects of added N on lignin-modifying enzyme
activity in soils, Zak et al.510 recently demonstrated that N
deposition was linked to the reduced activity of fungal
peroxidase enzymes critical for lignin decay, slower organic
matter mineralization, and higher soil C storage in temperate
forest ecosystems.
The relationship between N input and C storage in

nonforested systems is unclear. On the one hand, long-term N
enrichment of Arctic tundra led to an increased decomposition
rate that offset rises in above ground C sequestration due to
plant growth.511 Net C loss was also observed from peat bogs
subject toN deposition.512 On the other hand, mild C gains have
been observed for wet sedge systems exposed to anthropogenic
N.513 Understanding how N fertilization affects the function of
plant and microbes with different resource use traits will be
essential to constraining the terrestrial C sink.314

Taken together, anthropogenic N has had a modest fertilizing
effect in terrestrial ecosystems, slowing the accumulation of
anthropogenic CO2 in the atmosphere. Given predictions that
insufficient nutrient availability will limit the continued function
of the land C sink, particularly in boreal and temperate
forests,418,514 it is likely that anthropogenic N will continue to
aid biological C sequestration in the 21st century.515 However,
this N, prior to its storage in biomass, can causemyriad problems
for ecosystem and human health, and it is associated with
activities that increase atmospheric N2O concentrations. Thus,
any beneficial fertilizing effects of anthropogenic Nwill probably
be, in some fashion, offset by its negative environmental effects.

4.3. Nitrogen Fertilization of the Ocean

There are several considerations that make it highly unlikely that
human additions of N will raise the ocean’s biological
sequestration of CO2 to a degree that will significantly offset
ongoing C emissions from fossil fuels and land use change. The
first involves the circulation of water in the ocean subsurface. If
anthropogenic fixed N is deposited on the low-nutrient waters of
the tropical, subtropical, and temperate open ocean, it may well
drive a rise in biological productivity and thus an increase in the
flux of sinking organic matter out of the surface and into the
ocean interior.Much of this additional organicmatter flux will be
decomposed back to CO2 in the upper 1000 m of the ocean
interior. On a time scale of decades, the water in which the added
N and CO2 is stored will flow or mix to the high latitude ocean
regions, where the water will be exposed at the surface and
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exchange gases with the atmosphere (the water’s region of
“ventilation”). In these regions, neither N nor P tends to be
limiting; if nutrients are not limiting, the newly added N will not
be reconsumed in the high latitude surface waters, and the CO2

initially sequestered will escape back to the atmosphere. This
high latitude “ventilation” occurs on a time scale of decades to a
century, and it eventually undoes roughly half of the CO2

sequestration that would result from anthropogenic N
fertilization of the N-limited open ocean.24,516 This series of
events reduces the efficiency of any hypothetical N fertilization
of the ocean.
Second, because of the feedbacks described in Section 3

(Figures 8 and 9), anthropogenic N additions to the global
ocean are likely to be accommodated by compensatory changes
in oceanN2 fixation and denitrification. Indeed, there is evidence
that many eutrophied coastal systems return to N-limitation,517

which implies that denitrification is offsetting much of the
anthropogenic N released into these systems. In the open ocean,
the more important compensation is likely to be that of N2

fixation, which is forecast to decrease as anthropogenic
atmospheric N deposition grows.436,518 Such considerations
regarding feedbacks can alternatively be cast in terms of the
flexibility of the N/P ratio of phytoplankton and ecosystem
biomass. With the onset of anthropogenic N additions, N-
limited ocean regions will experience an initial increase in NPP
and NEP. However, N and P colimitation will develop quickly,
and NPP and NEP will not be able to rise further unless the
ecosystem shifts the N/P ratio of its nutrient demand. There is
no evidence that, as a compensation for the shift away from N
limitation and toward N and P colimitation, a shift in the N/P
ratio of plankton demand would win out over a reduction in in
situ N2 fixation. Finally, while the stoichiometric and isotopic
impact of rising anthropogenic atmospheric N deposition is
identifiable in the western Pacific,298,299 recent studies suggest
that the global flux has been substantially overestimated.301,302

Relative to anthropogenic N inputs to the ocean, a climate-
driven change in the ocean’s internal N (and P) cycling has
greater potential to impact the anthropogenic rise in
atmospheric CO2, for example, see ref 519. However, these
changes could either reduce or enhance the rate of atmospheric
CO2 rise, and the considerations are complex, for example, see
refs 520−522. One dynamic worth raising here is a tendency for
natural and anthropogenic C fluxes to change in ways that
compensate for one another. For example, consider the possible
scenario in which warming and freshening of surface waters of
the Southern Ocean (the ocean surrounding Antarctica)
reduces the rate of surface-deep exchange in this ocean region
and thus ventilation of the deep ocean by the region.520 The
Southern Ocean naturally vents biologically stored CO2 to the
atmosphere.523 Thus, a decline in its surface-to-deep circulation
would tend to reduce the venting of natural CO2, even as the
slowing of the circulation would reduce the rate at which fossil
fuel-derived CO2 is transported from surface waters into the
deep ocean.520 These offsetting effects would cause this scenario
of Southern Ocean circulation change to have only a modest
impact on the rate at which the ocean draws CO2 out of the
atmosphere. Moreover, it is possible that there will be multiple
effects of climate on ocean circulation, each with their own
implications for air/sea CO2 fluxes.

522 In any case, these possible
effects on the ocean’s internal N and C cycling are separate from
our focus here on anthropogenic N inputs to the environment.

5. SUMMARY AND OUTLOOK

In the ocean and freshwater systems such as lakes, the internal
cycling of nitrogen (N) is representative of nutrient cycling in
general. In contrast, the input/output budget for fixed N in these
systems is distinct from other nutrients in being dominated by
biological processes: biological N2 fixation as the N input and
denitrification as the N loss. Moreover, fixed N has the
interesting duality of being a critical factor for both biosynthesis
and redox cycling. The net result appears to be a budget that is
highly regulated by feedbacks.
Because of these feedbacks, human impacts on the aquatic N

cycle tend to be local and short-term. Consider, for example, an
anthropogenic input of N to an aquatic system. If phosphorus
(P) availability is high, excess N inputs tend to fuel
denitrification. When P is scarce, excess N inputs depress N2

fixation. In both cases, the tendency is to stabilize the fixed N
reservoir. Of course, these responses occur only once the aquatic
environment has been altered, so human impact is not avoided.
Nevertheless, the situation is very different than for fossil fuel
CO2 emissions, the impacts of which are global and long-
term.524 In part because of this regulation by feedbacks,
anthropogenic N inputs to aquatic systems are unlikely to fuel
additional biological C fixation to a degree that will significantly
mitigate the rise in atmospheric CO2 due to fossil fuel CO2

emissions.
While the same feedbacks apply to the input/output N budget

of terrestrial systems, they appear to regulate the terrestrial N
reservoir less strongly. This is most obviously suggested by (1)
the incomplete removal of anthropogenic fixed N by soil and
sediment denitrification and (2) the contrast of N richness in
tropical terrestrial ecosystems with N scarcity in higher latitude
systems. One contributor to this difference from aquatic systems
may be the inherent lack of mechanisms to compensate for
deviations from mean N/P across small spatial scales (i.e., the
lack of mixing in terrestrial systems that occurs in aquatic
systems). Other potentially complementary effects include
differences in resource use strategies and the proposed
impairment of N2 fixation by temperature at high latitudes.
On the one hand, the weaker regulation of the N reservoir in
terrestrial systems makes anthropogenic N pollution a more
pervasive concern than in aquatic systems (of course, the greater
proximity of anthropogenic N sources to terrestrial systems is
just as important). On the other hand, it implies that fertilization
by anthropogenic N inputs can contribute more significantly to
the terrestrial C sink that is currently mitigating anthropogenic
CO2 emissions.498,499

At this stage, the components of N cycling are relatively well-
known. However, their interactions and consequences remain
mysterious, with conceptual arguments currently playing an
outsized role. To improve our mechanistic understanding, the
field is expanding from a focus on culture experiments and field
incubations to techniques that illuminate a broader range of
scales in space and time. Biochemical, genomic, and metabolic
studies improve our understanding of the sensitivities of key
transformations. In parallel, geochemical budgets provide more
robust, integrative estimates of environmental rates. This
trajectory suggests that studies of the N cycle will continue to
benefit from methodological innovations in diverse fields of
science.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5337

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


AUTHOR INFORMATION

Corresponding Author

Xinning Zhang − Department of Geosciences and Princeton
Environmental Institute, Princeton University, Princeton, New
Jersey 08544, United States; orcid.org/0000-0003-2763-
1526; Email: xinningz@princeton.edu

Authors

Bess B. Ward − Department of Geosciences and Princeton
Environmental Institute, Princeton University, Princeton, New
Jersey 08544, United States

Daniel M. Sigman − Department of Geosciences, Princeton
University, Princeton, New Jersey 08544, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.9b00613

Notes

The authors declare no competing financial interest.

Biographies

Xinning Zhang received a B.S. in Biological and Environmental
Engineering from Cornell University and a M.S. and Ph.D. in
Environmental Science and Engineering from the California Institute
of Technology. After joining the Princeton University community as a
post doc, she is now a faculty member in the Department of
Geosciences and the Princeton Environmental Institute. Her research
aims at providing a mechanistic understanding of how microbial
metabolism influences biogeochemical cycling and climate in modern
and ancient environments.

Bess B.Ward received a B.S. in Zoology fromMichigan State University
and a M.S. and Ph.D. in Oceanography from the University of
Washington. Following a post doc at Scripps Institution of Ocean-
ography, she was a faculty member and department chair in Ocean
Sciences at the University of California, Santa Cruz. She is now a faculty
member in the Princeton Environmental Institute and the William J.
Sinclair Professor and chair of the Department of Geosciences at
Princeton University. Her research focuses on N cycling in the marine
environment, understanding the microbial processes that control
distributions and fluxes of N in the ocean.

Daniel M. Sigman received a B.S. in Geology from Stanford University
in 1991 and a Ph.D. from the MIT/WHOI Joint Program in
Oceanography in 1997. He came to Princeton in 1998 as a Harry
Hess Postdoctoral Fellow in the Department of Geosciences, joined the
faculty in 2000, and is currently the Dusenbury Professor of Geological
and Geophysical Sciences. His research seeks to merge our under-
standing of the modern cycles of biologically important elements with
their evolution over Earth history, including their roles in climate
change.

ACKNOWLEDGMENTS

We thank three anonymous reviewers and Fabien Paulot for
comments on the manuscript. X.Z. was funded by the Simons
Foundation (Grant No. 622944), the National Science
Foundation (Grant No. EAR1631814), and NASA (Grant No.
80NSSC17K0667) and D.M.S. by the National Science
Foundation (Grant No. OCE 1736652) and ExxonMobil
through the Andlinger Center for Energy and the Environment
at Princeton University. D.M.S. thanks Haojia Ren and Alfredo
Martinez-Garcia for providing Figure 9.

REFERENCES
(1) Elser, J. J.; Bracken,M. E. S.; Cleland, E. E.; Gruner, D. S.; Harpole,
W. S.; Hillebrand, H.; Ngai, J. T.; Seabloom, E. W.; Shurin, J. B.; Smith,
J. E. Global Analysis of Nitrogen and Phosphorus Limitation of Primary
Producers in Freshwater, Marine and Terrestrial Ecosystems. Ecol. Lett.
2007, 10, 1135−1142.
(2)Moore, C. M.; Mills, M.M.; Arrigo, K. R.; Berman-Frank, I.; Bopp,
L.; Boyd, P. W.; Galbraith, E. D.; Geider, R. J.; Guieu, C.; Jaccard, S. L.;
et al. Processes and Patterns of Oceanic Nutrient Limitation. Nat.
Geosci. 2013, 6, 701−710.
(3) Du, E.; Terrer, C.; Pellegrini, A. F. A.; Ahlstro m, A.; van Lissa, C. J.;
Zhao, X.; Xia, N.; Wu, X.; Jackson, R. B. Global Patterns of Terrestrial
Nitrogen and Phosphorus Limitation. Nat. Geosci. 2020, 13, 221−226.
(4) Fowler, D.; Coyle, M.; Skiba, U.; Sutton, M. A.; Cape, J. N.; Reis,
S.; Sheppard, L. J.; Jenkins, A.; Grizzetti, B.; et al. The Global Nitrogen
Cycle in the Twenty-First Century. Philos. Trans. R. Soc., B 2013, 368,
20130164.
(5) Fowler, D.; Steadman, C. E.; Stevenson, D.; Coyle, M.; Rees, R.
M.; Skiba, U. M.; Sutton, M. A.; Cape, J. N.; Dore, A. J.; et al. Effects of
Global Change During the 21st Century on the Nitrogen Cycle. Atmos.
Chem. Phys. 2015, 15, 13849−13893.
(6) Houlton, B. Z.; Morford, S. L.; Dahlgren, R. A. Convergent
Evidence for Widespread Rock Nitrogen Sources in Earth’s Surface
Environment. Science 2018, 360, 58−62.
(7) Gruber, N.; Galloway, J. N. An Earth-System Perspective of the
Global Nitrogen Cycle. Nature 2008, 451, 293−296.
(8) Erisman, J. W.; Galloway, J. N.; Seitzinger, S.; Bleeker, A.; Dise, N.
B.; Petrescu, A. M. R.; Leach, A. M.; de Vries, W. Consequences of
Human Modification of the Global Nitrogen Cycle. Philos. Trans. R.
Soc., B 2013, 368, 20130116.
(9) Sorai, M.; Yoshida, N.; Ishikawa,M. Biogeochemical Simulation of
Nitrous Oxide Cycle Based on the Major Nitrogen Processes. J.
Geophys. Res. 2007, 112 (G1), 1.
(10) Johnson, B.; Goldblatt, C. The Nitrogen Budget of Earth. Earth-
Sci. Rev. 2015, 148, 150−173.
(11) Wedepohl, H. K. The Composition of the Continental Crust.
Geochim. Cosmochim. Acta 1995, 59, 1217−1232.
(12) Li, L.; Bebout, G.; Idleman, B. Nitrogen Concentration and δ15N
of Altered Oceanic Crust Obtained on ODP Legs 129 and 185: Insights
into Alteration-Related Nitrogen Enrichment and the Nitrogen
Subduction Budget. Geochim. Cosmochim. Acta 2007, 71, 2344−2360.
(13) Chamiedes, W.; Perdue, E. Biogeochemical Cycles: A Computer-
Interactive Study of Earth System Science and Global Change; Oxford
University Press: Oxford, 1997.
(14) Berner, R. A. Geological Nitrogen Cycle and Atmospheric N2
over Phanerozoic Time. Geology 2006, 34, 413−415.
(15) Gruber, N. Nitrogen in the Marine Environment; Capone, D. G.;
Bronk, D. A.; Mulholland, M. R.; Carpenter, E. J., Eds.; Elsevier:
Amsterdam, The Netherlands, 2008.
(16) Schlesinger, W. H. On the Fate of Anthropogenic Nitrogen. Proc.
Natl. Acad. Sci. U. S. A. 2009, 106, 203−208.
(17) Nolan, B. T.; Hitt, K. J.; Ruddy, B. C. Probability of Nitrate
Contamination of Recently Recharged Groundwaters in the Con-
terminous United States. Environ. Sci. Technol. 2002, 36, 2138−2145.
(18) Lerman, A.; Mackenzie, F. T.; May Ver, L. Coupling of the
Perturbed C-N-P Cycles in Industrial Time. Aquat. Geochem. 2004, 10,
3−32.
(19) Batjes, N. H. Total Carbon and Nitrogen in the Soils of the
World. European Journal of Soil Science 2014, 65, 10−21.
(20) Emerson, S.; Stump, C.; Johnson, B.; Karl, D. M. In Situ
Determination of Oxygen and Nitrogen Dynamics in the Upper Ocean.
Deep Sea Res., Part I 2002, 49, 941−952.
(21) Nutrients in freshwater in Europe; European Environmental
Agency, 2015. https://www.eea.europa.eu/data-and-maps/indicators/
nutrients-in-freshwater/nutrients-in-freshwater-assessment-published-
6.
(22) Shiklomonav, I. Water in Crisis: A Guide to the World’s Fresh
Water Resources; Gleick, P. H., Ed.; Oxford University Press: New York,
1993.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5338

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinning+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2763-1526
http://orcid.org/0000-0003-2763-1526
mailto:xinningz@princeton.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bess+B.+Ward"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+M.+Sigman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00613?ref=pdf
https://dx.doi.org/10.1111/j.1461-0248.2007.01113.x
https://dx.doi.org/10.1111/j.1461-0248.2007.01113.x
https://dx.doi.org/10.1038/ngeo1765
https://dx.doi.org/10.1038/s41561-019-0530-4
https://dx.doi.org/10.1038/s41561-019-0530-4
https://dx.doi.org/10.1098/rstb.2013.0164
https://dx.doi.org/10.1098/rstb.2013.0164
https://dx.doi.org/10.5194/acp-15-13849-2015
https://dx.doi.org/10.5194/acp-15-13849-2015
https://dx.doi.org/10.1126/science.aan4399
https://dx.doi.org/10.1126/science.aan4399
https://dx.doi.org/10.1126/science.aan4399
https://dx.doi.org/10.1038/nature06592
https://dx.doi.org/10.1038/nature06592
https://dx.doi.org/10.1098/rstb.2013.0116
https://dx.doi.org/10.1098/rstb.2013.0116
https://dx.doi.org/10.1029/2005JG000109
https://dx.doi.org/10.1029/2005JG000109
https://dx.doi.org/10.1016/j.earscirev.2015.05.006
https://dx.doi.org/10.1016/0016-7037(95)00038-2
https://dx.doi.org/10.1016/j.gca.2007.02.001
https://dx.doi.org/10.1016/j.gca.2007.02.001
https://dx.doi.org/10.1016/j.gca.2007.02.001
https://dx.doi.org/10.1016/j.gca.2007.02.001
https://dx.doi.org/10.1130/G22470.1
https://dx.doi.org/10.1130/G22470.1
https://dx.doi.org/10.1073/pnas.0810193105
https://dx.doi.org/10.1021/es0113854
https://dx.doi.org/10.1021/es0113854
https://dx.doi.org/10.1021/es0113854
https://dx.doi.org/10.1023/B:AQUA.0000038955.73048.c1
https://dx.doi.org/10.1023/B:AQUA.0000038955.73048.c1
https://dx.doi.org/10.1111/ejss.12114_2
https://dx.doi.org/10.1111/ejss.12114_2
https://dx.doi.org/10.1016/S0967-0637(02)00004-3
https://dx.doi.org/10.1016/S0967-0637(02)00004-3
https://www.eea.europa.eu/data-and-maps/indicators/nutrients-in-freshwater/nutrients-in-freshwater-assessment-published-6
https://www.eea.europa.eu/data-and-maps/indicators/nutrients-in-freshwater/nutrients-in-freshwater-assessment-published-6
https://www.eea.europa.eu/data-and-maps/indicators/nutrients-in-freshwater/nutrients-in-freshwater-assessment-published-6
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


(23) Boyer, T. P.; Antonov, J. I.; Baranova, O. K.; Coleman, C.; Garcia,
H. E.; Grodsky, A.; Johnson, D. R.; Locarnini, R. A.; Mishonov, A. V.;
O’Brien, T. D. et al. World Ocean Database 2013, NOAA NESDIS 72;
Technical Ed.: Silver Spring, MD, 2013.
(24) Sarmiento, J. L.; Gruber, N. Ocean Biogeochemical Dynamics;
Princeton University Press: Princeton, NJ, 2006.
(25) Karl, D. M.; Lukas, R. The Hawaii Ocean Time-Series (HOT)
Program: Background, Rationale and Field Implementation. Deep Sea
Res., Part II 1996, 43, 129−156.
(26) Martin, J. H.; Fitzwater, S. E.; Gordon, R. M. Iron Deficiency
Limits Phytoplankton Growth in Antarctic Waters. Global Biogeochem.
Cycles 1990, 4, 5−12.
(27) Mitchell, B. G.; Brody, E. A.; Holm-Hansen, O.; McClain, C.;
Bishop, J. Light Limitation of Phytoplankton Biomass and Macro-
nutrient Utilization in the Southern Ocean. Limnol. Oceanogr. 1991, 36,
1662−1677.
(28) Sunda, W. G.; Huntsman, S. A. Interrelated Influence of Iron,
Light and Cell Size on Marine Phytoplankton Growth. Nature 1997,
390, 389−392.
(29) Paulot, F.; Jacob, D. J.; Johnson, M. T.; Bell, T. G.; Baker, A. R.;
Keene, W. C.; Lima, I. D.; Doney, S. C.; Stock, C. A. Global Oceanic
Emission of Ammonia: Constraints from Seawater and Atmospheric
Observations. Global Biogeochem. Cycles 2015, 29, 1165−1178.
(30) Zakem, E. J.; Al-Haj, A.; Church, M. J.; van Dijken, G. L.;
Dutkiewicz, S.; Foster, S. Q.; Fulweiler, R.W.;Mills, M.M.; Follows, M.
J. Ecological Control of Nitrite in the Upper Ocean. Nat. Commun.
2018, 9 (1206), 1−13.
(31) Martens-Habbena, W.; Berube, P. M.; Urakawa, H.; de la Torre,
J. R.; Stahl, D. A. Ammonia Oxidation Kinetics Determine Niche
Separation of Nitrifying Archaea and Bacteria. Nature 2009, 461, 976−
979.
(32) Smith, J. M.; Chavez, F. P.; Francis, C. A. Ammonium Uptake by
Phytoplankton Regulates Nitrification in the Sunlit Ocean. PLoS One
2014, 9, e108173−e108173a.
(33) Aluwihare, L.; Meador, T. InNitrogen in the Marine Environment,
2nd ed.; Capone, D. G.; Bronk, D. A.; Mulholland, M. R.; Carpenter, E.
J., Eds.; Academic Press, 2008.
(34) Letscher, R. T.; Hansell, D. A.; Carlson, C. A.; Lumpkin, R.;
Knapp, A. N. Dissolved Organic Nitrogen in the Global Surface Ocean:
Distribution and Fate. Global Biogeochem. Cycles 2013, 27, 141−153.
(35) McCarthy, M.; Pratum, T.; Hedges, J.; Benner, R. Chemical
Composition of Dissolved Organic Nitrogen in the Ocean. Nature
1997, 390, 150−154.
(36) Sipler, R. E.; Bronk, D. A. Biogeochemistry of Marine Dissolved
Organic Matter, 2nd ed.; Hansell, D. A.; Carlson, C. A., Eds.; Academic
Press: Boston, 2015.
(37) Aluwihare, L. I.; Repeta, D. J.; Pantoja, S.; Johnson, C. G. Two
Chemically Distinct Pools of Organic Nitrogen Accumulate in the
Ocean. Science 2005, 308, 1007−1010.
(38) Cao, X.;Mulholland,M. R.; Helms, J. R.; Bernhardt, P.W.; Duan,
P.; Mao, J.; Schmidt-Rohr, K. AMajor Step in Opening the Black Box of
High-Molecular-Weight Dissolved Organic Nitrogen by Isotopic
Labeling of Synechococcus and Multibond Two-Dimensional NMR.
Anal. Chem. 2017, 89, 11990−11998.
(39) Follett, C. L.; Repeta, D. J.; Rothman, D. H.; Xu, L.; Santinelli, C.
Hidden Cycle of Dissolved Organic Carbon in the Deep Ocean. Proc.
Natl. Acad. Sci. U. S. A. 2014, 111 (47), 16706−16711.
(40) Hansen, B.; Dalgaard, T.; Thorling, L.; Sørensen, B.; Erlandsen,
M. Regional Analysis of Groundwater Nitrate Concentrations and
Trends in Denmark in Regard to Agricultural Influence. Biogeosciences
2012, 9, 3277−3286.
(41) Schulten, H. R.; Schnitzer, M. The Chemistry of Soil Organic
Nitrogen: A Review. Biol. Fertil. Soils 1997, 26, 1−15.
(42) Lambers, H.; Raven, J. A.; Shaver, G. R.; Smith, S. E. Plant
Nutrient-Acquisition Strategies Change with Soil Age.Trends Ecol. Evol.
2008, 23, 95−103.
(43) Bingham, A. H.; Cotrufo, M. F. Organic Nitrogen Storage in
Mineral Soil: Implications for Policy and Management. Sci. Total
Environ. 2016, 551−552, 116−126.

(44) Burk, D. Azotase and Nitrogenase in Azotobacter. Ergeb.
Enzymforsch. 1934, 3, 23−56.
(45) Bulen, W.; LeComte, J. The Nitrogenase System from
Azotobacter: Two Enzyme Requirement for N2 Reduction, ATP
Dependent H2 Evolution, and ATP Hydrolysis. Proc. Natl. Acad. Sci.
U. S. A. 1966, 56, 979−986.
(46) Hoffman, B. M.; Lukoyanov, D.; Yang, Z. Y.; Dean, D. R.;
Seefeldt, L. C. Mechanism of Nitrogen Fixation by Nitrogenase: The
Next Stage. Chem. Rev. 2014, 114, 4041−4062.
(47) Smil, V. Enriching the Earth: Fritz Haber, Carl Bosch, and the
Transformation of World Food Production; MIT Press: Cambridge,
2004.
(48) Dingler, C.; Kuhla, J.; Wassink, H.; Oelze, J. Levels and Activities
of Nitrogenase Proteins in Azotobacter vinelandii Grown at Different
Dissolved Oxygen Concentrations. J. Bacteriol. 1988, 170, 2148−2152.
(49) Eady, R. R. Structure-Function Relationships of Alternative
Nitrogenases. Chem. Rev. 1996, 96, 3013−3030.
(50) Seefeldt, L. C.; Hoffman, B. M.; Dean, D. R. Mechanism of Mo-
Dependent Nitrogenase. Annu. Rev. Biochem. 2009, 78, 701−722.
(51) Rees, J. A.; Bjornsson, R.; Schlesier, J.; Sippel, D.; Einsle, O.;
DeBeer, S. The Fe-V Cofactor of Vanadium Nitrogenase Contains an
Interstitial Carbon Atom. Angew. Chem., Int. Ed. 2015, 54, 13249−
13252.
(52) Sippel, D.; Einsle, O. The Structure of Vanadium Nitrogenase
Reveals an Unusual Bridging Ligand. Nat. Chem. Biol. 2017, 13, 956−
960.
(53) Raymond, J.; Siefert, J. L.; Staples, C. R.; Blankenship, R. E. The
Natural History of Nitrogen Fixation. Mol. Biol. Evol. 2004, 21, 541−
554.
(54) Boyd, E.; Peters, J.W.New Insights into the EvolutionaryHistory
of Biological Nitrogen Fixation. Front. Microbiol. 2013, 4, 1−4.
(55) Zehr, J. P.; Jenkins, B. D.; Short, S. M.; Steward, G. F.
Nitrogenase Gene Diversity and Microbial Community Structure: A
Cross-System Comparison. Environ. Microbiol. 2003, 5, 539−554.
(56) McRose, D. L.; Zhang, X.; Kraepiel, A. M. L.; Morel, F. M. M.
Diversity and Activity of Alternative Nitrogenases in Sequenced
Genomes and Coastal Environments. Front. Microbiol. 2017, 8, 267.
(57) Betancourt, D. A.; Loveless, T. M.; Brown, J. W.; Bishop, P. E.
Characterization of Diazotrophs Containing Mo-Independent Nitro-
genases, Isolated from Diverse Natural Environments. Appl. Environ.
Microbiol. 2008, 74, 3471−3480.
(58) Bishop, P. E.; Jarlenski, D. M. L.; Hetherington, D. R. Evidence
for an Alternative Nitrogen-Fixation System in Azotobacter vinelandii.
Proc. Natl. Acad. Sci. U. S. A. 1980, 77, 7342−7346.
(59) Masepohl, B. Regulation of Nitrogen Fixation in the Photo-
trophic Purple Bacterium Rhodobacter capsulatus. J. Mol. Microbiol.
Biotechnol. 2002, 4, 243−248.
(60) Thiel, T.; Pratte, S. B. Regulation of Three Nitrogenase Gene
Clusters in the Cyanobacterium Anabaena variabilis ATCC 29413. Life
2014, 4, 944−967.
(61) Bellenger, J. P.; Wichard, T.; Xu, Y.; Kraepiel, A. M. L. Essential
Metals for Nitrogen Fixation in a Free-Living N2-Fixing Bacterium:
Chelation, Homeostasis and High Use Efficiency. Environ. Microbiol.
2011, 13, 1395−1411.
(62) Raugei, S.; Seefeldt, L. C.; Hoffman, B. M. Critical Computa-
tional Analysis Illuminates the Reductive-Elimination Mechanism That
Activates Nitrogenase for N2 Reduction. Proc. Natl. Acad. Sci. U. S. A.
2018, 115, E10521−E10530.
(63) Harris, D. F.; Lukoyanov, D. A.; Kallas, H.; Trncik, C.; Yang, Z.-
Y.; Compton, P.; Kelleher, N.; Einsle, O.; Dean, D. R.; et al. Mo-, V-,
and Fe-Nitrogenases Use a Universal Eight-Electron Reductive-
Elimination Mechanism to Achieve N2 Reduction. Biochemistry 2019,
58, 3293−3301.
(64) Luxem, K. L.; Kraepiel, A. M. L.; Zhang, L.;Waldbauer, J.; Zhang,
X. Carbon Substrate Re-Orders Relative Growth of a Bacterium Using
Mo-, V-, or Fe-Nitrogenase for Nitrogen Fixation. Environ. Microbiol.
2020, 22, 1397−1408.
(65) Zhang, X.; McRose, D. L.; Darnajoux, R.; Bellenger, J.-P.; Morel,
F. M. M.; Kraepiel, A. M. L. Alternative Nitrogenase Activity in the

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5339

https://dx.doi.org/10.1016/0967-0645(96)00005-7
https://dx.doi.org/10.1016/0967-0645(96)00005-7
https://dx.doi.org/10.1029/GB004i001p00005
https://dx.doi.org/10.1029/GB004i001p00005
https://dx.doi.org/10.4319/lo.1991.36.8.1662
https://dx.doi.org/10.4319/lo.1991.36.8.1662
https://dx.doi.org/10.1038/37093
https://dx.doi.org/10.1038/37093
https://dx.doi.org/10.1002/2015GB005106
https://dx.doi.org/10.1002/2015GB005106
https://dx.doi.org/10.1002/2015GB005106
https://dx.doi.org/10.1038/s41467-018-03553-w
https://dx.doi.org/10.1038/nature08465
https://dx.doi.org/10.1038/nature08465
https://dx.doi.org/10.1371/journal.pone.0108173
https://dx.doi.org/10.1371/journal.pone.0108173
https://dx.doi.org/10.1029/2012GB004449
https://dx.doi.org/10.1029/2012GB004449
https://dx.doi.org/10.1038/36535
https://dx.doi.org/10.1038/36535
https://dx.doi.org/10.1126/science.1108925
https://dx.doi.org/10.1126/science.1108925
https://dx.doi.org/10.1126/science.1108925
https://dx.doi.org/10.1021/acs.analchem.7b02335
https://dx.doi.org/10.1021/acs.analchem.7b02335
https://dx.doi.org/10.1021/acs.analchem.7b02335
https://dx.doi.org/10.1073/pnas.1407445111
https://dx.doi.org/10.5194/bg-9-3277-2012
https://dx.doi.org/10.5194/bg-9-3277-2012
https://dx.doi.org/10.1007/s003740050335
https://dx.doi.org/10.1007/s003740050335
https://dx.doi.org/10.1016/j.tree.2007.10.008
https://dx.doi.org/10.1016/j.tree.2007.10.008
https://dx.doi.org/10.1016/j.scitotenv.2016.02.020
https://dx.doi.org/10.1016/j.scitotenv.2016.02.020
https://dx.doi.org/10.1073/pnas.56.3.979
https://dx.doi.org/10.1073/pnas.56.3.979
https://dx.doi.org/10.1073/pnas.56.3.979
https://dx.doi.org/10.1021/cr400641x
https://dx.doi.org/10.1021/cr400641x
https://dx.doi.org/10.1128/JB.170.5.2148-2152.1988
https://dx.doi.org/10.1128/JB.170.5.2148-2152.1988
https://dx.doi.org/10.1128/JB.170.5.2148-2152.1988
https://dx.doi.org/10.1021/cr950057h
https://dx.doi.org/10.1021/cr950057h
https://dx.doi.org/10.1146/annurev.biochem.78.070907.103812
https://dx.doi.org/10.1146/annurev.biochem.78.070907.103812
https://dx.doi.org/10.1002/anie.201505930
https://dx.doi.org/10.1002/anie.201505930
https://dx.doi.org/10.1038/nchembio.2428
https://dx.doi.org/10.1038/nchembio.2428
https://dx.doi.org/10.1093/molbev/msh047
https://dx.doi.org/10.1093/molbev/msh047
https://dx.doi.org/10.3389/fmicb.2013.00201
https://dx.doi.org/10.3389/fmicb.2013.00201
https://dx.doi.org/10.1046/j.1462-2920.2003.00451.x
https://dx.doi.org/10.1046/j.1462-2920.2003.00451.x
https://dx.doi.org/10.3389/fmicb.2017.00267
https://dx.doi.org/10.3389/fmicb.2017.00267
https://dx.doi.org/10.1128/AEM.02694-07
https://dx.doi.org/10.1128/AEM.02694-07
https://dx.doi.org/10.1073/pnas.77.12.7342
https://dx.doi.org/10.1073/pnas.77.12.7342
https://dx.doi.org/10.3390/life4040944
https://dx.doi.org/10.3390/life4040944
https://dx.doi.org/10.1111/j.1462-2920.2011.02440.x
https://dx.doi.org/10.1111/j.1462-2920.2011.02440.x
https://dx.doi.org/10.1111/j.1462-2920.2011.02440.x
https://dx.doi.org/10.1073/pnas.1810211115
https://dx.doi.org/10.1073/pnas.1810211115
https://dx.doi.org/10.1073/pnas.1810211115
https://dx.doi.org/10.1021/acs.biochem.9b00468
https://dx.doi.org/10.1021/acs.biochem.9b00468
https://dx.doi.org/10.1021/acs.biochem.9b00468
https://dx.doi.org/10.1111/1462-2920.14955
https://dx.doi.org/10.1111/1462-2920.14955
https://dx.doi.org/10.1007/s10533-016-0188-6
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


Environment and Nitrogen Cycle Implications. Biogeochemistry 2016,
127, 189−198.
(66) Zhang, X.; Sigman, D. M.; Morel, F. M. M.; Kraepiel, A. M. L.
Nitrogen Isotope Fractionation by Alternative Nitrogenases and Past
Ocean Anoxia. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 4782−4787.
(67) Hardy, R. W. F.; Holsten, R. D.; Jackson, E. K.; Burns, R. C.
Acetylene-Ethylene Assay for N2 Fixation - Laboratory and Field
Evaluation. Plant Physiol. 1968, 43, 1185−1207.
(68) Dilworth, M. J.; Eady, R. R.; Robson, R. L.; Miller, R. W. Ethane
Formation from Acetylene as a Potential Test for Vanadium
Nitrogenase in vivo. Nature 1987, 327, 167−168.
(69) Zheng, Y.; Harris, D. F.; Yu, Z.; Fu, Y.; Poudel, S.; Ledbetter, R.
N.; Fixen, K. R.; Yang, Z.-Y.; Boyd, E. S.; Lidstrom, M. E.; et al. A
Pathway for Biological Methane Production Using Bacterial Iron-Only
Nitrogenase. Nature Microb 2018, 3, 281−286.
(70) Luxem, K. E.; Leavitt, W. D.; Zhang, X. Large Hydrogen Isotope
Fractionations Distinguish Nitrogenase-Derived Methane from Other
Sources. bioRxiv 2020, DOI: 10.1101/2020.04.10.036657.
(71) Burgess, B. K.; Lowe, D. J. Mechanism of Molybdenum
Nitrogenase. Chem. Rev. 1996, 96, 2983−3012.
(72) Gallon, J. R. The Oxygen Sensitivity of Nitrogenase: A Problem
for Biochemists and Micro-Organisms. Trends Biochem. Sci. 1981, 6,
19−23.
(73) Rees, J. A.; Bjornsson, R.; Kowalska, J. K.; Lima, F. A.; Schlesier,
J.; Sippel, D.; Weyhermu ller, T.; Einsle, O.; Kovacs, J. A.; DeBeer, S.
Comparative Electronic Structures of Nitrogenase FeMoco and FeVco.
Dalton Trans 2017, 46, 2445−2455.
(74) Zehr, J. P.; Turner, P. J. In Methods in Microbiology; Academic
Press, 2001; Vol. 30.
(75) Dos Santos, P. C.; Fang, Z.; Mason, S. W.; Setubal, J. C.; Dixon,
R. Distribution of Nitrogen Fixation and Nitrogenase-Like Sequences
Amongst Microbial Genomes. BMC Genomics 2012, 13, 162.
(76) Dixon, R.; Kahn, D. Genetic Regulation of Biological Nitrogen
Fixation. Nat. Rev. Microbiol. 2004, 2, 621−631.
(77) Morel, F.; Hering, J. Principles and Applications of Aquatic
Chemistry; 2nd ed.; John Wiley: New York, 1993.
(78) Brooks, S. J.; Collins, J. J.; Brill, W. J. Repression of Nitrogen
Fixation in Klebsiella pneumoniae at High Temperature. J. Bacteriol.
1984, 157, 460−464.
(79) Houlton, B. Z.; Wang, Y.-P.; Vitousek, P. M.; Field, C. B. A
Unifying Framework for Dinitrogen Fixation in the Terrestrial
Biosphere. Nature 2008, 454, 327−330.
(80) Drozd, J. W.; Tubb, R. S.; Postgate, J. R. A Chemostat Study of
the Effect of Fixed Nitrogen Sources on Nitrogen Fixation, Membranes
and Free Amino Acids in Azotobacter chroococcum. J. Gen. Microbiol.
1972, 73, 221−232.
(81) Bu hler, T. R.; Sann, U.;Monter, C.; Dingler, J.; Kuhla, J.; Oelze, J.
Control of Dinitrogen Fixation in Ammonium-Assimilating Cultures of
Azotobacter vinelandii. Arch. Microbiol. 1987, 148, 247−251.
(82) Jacobitz, S.; Bishop, P. E. Regulation of Nitrogenase-2 in
Azotobacter vinelandii by Ammonium, Molybdenum, and Vanadium. J.
Bacteriol. 1992, 174, 3884−3888.
(83) Postgate, J. R.; Kent, H. M. Derepression of Nitrogen Fixation in
Desulfovibrio gigas and Its Stability to Ammonia or Oxygen Stress in
vivo. Microbiology 1984, 130, 2825−2831.
(84) Ohki, K.; Zehr, J. P.; Falkowski, P. G.; Fujita, Y. Regulation of
Nitrogen-Fixation by Different Nitrogen Sources in the Marine Non-
Heterocystous Cyanobacterium Trichodesmium Sp. NIBB1067. Arch.
Microbiol. 1991, 156, 335−337.
(85) Eady, R. R.; Issack, K. R.; Kennedy, C.; Postgate, J. R.; Ratcliffe,
H. D. Nitrogenase Synthesis in Klebsiella pneumoniae: Comparison of
Ammonium andOxygen Regulation. J. Gen. Microbiol. 1978, 104, 277−
285.
(86) Daesch, G.; Mortenson, L. E. Effect of Ammonia on the Synthesis
and Function of the N2-Fixing Enzyme System in Clostridium
pasteurianum. J. Bacteriol. 1972, 110, 103−109.
(87) Kleiner, D. Quantitative Relations for the Repression of
Nitrogenase Synthesis in Azotobacter vinelandii by Ammonia. Arch.
Microbiol. 1974, 101, 153−159.

(88) Holl, C. M.; Montoya, J. P. Interactions between Nitrate Uptake
and Nitrogen Fixation in Continuous Cultures of the Marine
Diazotroph Trichodesmium (Cyanobacteria). J. Phycol. 2005, 41,
1178−1183.
(89) Robson, R. L.; Postgate, J. R. Oxygen andHydrogen in Biological
Nitrogen Fixation. Annu. Rev. Microbiol. 1980, 34, 183−207.
(90) Stal, L. J.; Krumbein, W. E. Oxygen Protection of Nitrogenase in
the Aerobically Nitrogen Fixing, Non-Heterocystous Cyanobacterium
Oscillatoria sp. Arch. Microbiol. 1985, 143, 72−76.
(91) Poole, R. K.; Hill, S. Respiratory Protection of Nitrogenase
Activity in Azotobacter vinelandiiRoles of the Terminal Oxidases.
Biosci. Rep. 1997, 17, 303−317.
(92) Berman-Frank, I.; Lundgren, P.; Chen, Y.-B.; Ku pper, H.; Kolber,
Z.; Bergman, B.; Falkowski, P. Segregation of Nitrogen Fixation and
Oxygenic Photosynthesis in the Marine Cyanobacterium Trichodes-
mium. Science 2001, 294, 1534−1537.
(93) Schlesier, J.; Rohde, M.; Gerhardt, S.; Einsle, O. A Conforma-
tional Switch Triggers Nitrogenase Protection fromOxygenDamage by
Shethna Protein II (FeSII). J. Am. Chem. Soc. 2016, 138, 239−247.
(94) Miller, R. W.; Eady, R. R. Molybdenum and Vanadium
Nitrogenases of Azotobacter chroococcum. Low Temperature Favours
N2 Reduction by Vanadium Nitrogenase. Biochem. J. 1988, 256, 429−
432.
(95) Kutsche, M.; Leimku hler, S.; Angermu ller, S.; Klipp, W.
Promoters Controlling Expression of the Alternative Nitrogenase and
the Molybdenum Uptake System in Rhodobacter capsulatus are
Activated by NtrC, Independent of Sigma54, and Repressed by
Molybdenum. J. Bacteriol. 1996, 178, 2010−2017.
(96) Hamilton, T. L.; Ludwig, M.; Dixon, R.; Boyd, E. S.; Dos Santos,
P. C.; Setubal, J. C.; Bryant, D. A.; Dean, D. R.; Peters, J. W.
Transcriptional Profiling of Nitrogen Fixation in Azotobacter vinelandii.
J. Bacteriol. 2011, 193, 4477−4486.
(97) Demtro der, L.; Narberhaus, F.; Masepohl, B. Coordinated
Regulation of Nitrogen Fixation and Molybdate Transport by
Molybdenum. Mol. Microbiol. 2019, 111, 17−30.
(98) Zerkle, A. L.; House, C. H.; Cox, R. P.; Canfield, D. E. Metal
Limitation of Cyanobacterial N2 Fixation and Implications for the
Precambrian Nitrogen Cycle. Geobiology 2006, 4, 285−297.
(99) Walmsley, J.; Kennedy, C. Temperature-Dependent Regulation
by Molybdenum and Vanadium of Expression of the Structural Genes
Encoding 3 Nitrogenases in Azotobacter vinelandii. Appl. Environ.
Microbiol. 1991, 57, 622−624.
(100) Lehman, L. J.; Roberts, G. P. Identification of an Alternative
Nitrogenase System in Rhodospirillum rubrum. J. Bacteriol. 1991, 173,
5705−5711.
(101) Oda, Y.; Samanta, S. K.; Rey, F. E.; Wu, L.; Liu, X.; Yan, T.;
Zhou, J.; Harwood, C. S. Functional Genomic Analysis of Three
Nitrogenase Isozymes in the Photosynthetic Bacterium Rhodopseudo-
monas palustris. J. Bacteriol. 2005, 187, 7784−7794.
(102) Darnajoux, R.; Zhang, X.; McRose, D. L.; Miadlikowska, J.;
Lutzoni, F.; Kraepiel, A. M. L.; Bellenger, J.-P. Biological Nitrogen
Fixation by Alternative Nitrogenases in Boreal Cyanolichens:
Importance of Molybdenum Availability and Implications for Current
Biological Nitrogen Fixation Estimates. New Phytol. 2017, 213, 680−
689.
(103) Darnajoux, R.; Magain, N.; Renaudin, M.; Lutzoni, F.;
Bellenger, J.-P.; Zhang, X. Molybdenum Threshold for Ecosystem
Scale Alternative Vanadium Nitrogenase Activity in Boreal Forests.
Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 24682−24688.
(104) da Silva, J. J. R. F.; Williams, R. J. The Biological Chemistry of the
Elements: The Inorganic Chemistry of Life; Oxford University Press:
Oxford, 2001.
(105) Hu, Y.; Ribbe, M. W. Biosynthesis of the Metalloclusters of
Molybdenum Nitrogenase. Microbiol. Mol. Biol. Rev. 2011, 75, 664−
677.
(106) Saito, M. A.; Bertrand, E. M.; Dutkiewicz, S.; Bulygin, V. V.;
Moran, D. M.; Monteiro, F. M.; Follows, M. J.; Valois, F. W.;
Waterbury, J. B. Iron Conservation by Reduction of Metalloenzyme

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00613
Chem. Rev. 2020, 120, 5308−5351

5340

https://dx.doi.org/10.1007/s10533-016-0188-6
https://dx.doi.org/10.1073/pnas.1402976111
https://dx.doi.org/10.1073/pnas.1402976111
https://dx.doi.org/10.1104/pp.43.8.1185
https://dx.doi.org/10.1104/pp.43.8.1185
https://dx.doi.org/10.1038/327167a0
https://dx.doi.org/10.1038/327167a0
https://dx.doi.org/10.1038/327167a0
https://dx.doi.org/10.1038/s41564-017-0091-5
https://dx.doi.org/10.1038/s41564-017-0091-5
https://dx.doi.org/10.1038/s41564-017-0091-5
https://dx.doi.org/10.1101/2020.04.10.036657
https://dx.doi.org/10.1101/2020.04.10.036657
https://dx.doi.org/10.1101/2020.04.10.036657
https://dx.doi.org/10.1101/2020.04.10.036657?ref=pdf
https://dx.doi.org/10.1021/cr950055x
https://dx.doi.org/10.1021/cr950055x
https://dx.doi.org/10.1016/0968-0004(81)90008-6
https://dx.doi.org/10.1016/0968-0004(81)90008-6
https://dx.doi.org/10.1039/C7DT00128B
https://dx.doi.org/10.1186/1471-2164-13-162
https://dx.doi.org/10.1186/1471-2164-13-162
https://dx.doi.org/10.1038/nrmicro954
https://dx.doi.org/10.1038/nrmicro954
https://dx.doi.org/10.1128/JB.157.2.460-464.1984
https://dx.doi.org/10.1128/JB.157.2.460-464.1984
https://dx.doi.org/10.1038/nature07028
https://dx.doi.org/10.1038/nature07028
https://dx.doi.org/10.1038/nature07028
https://dx.doi.org/10.1099/00221287-73-2-221
https://dx.doi.org/10.1099/00221287-73-2-221
https://dx.doi.org/10.1099/00221287-73-2-221
https://dx.doi.org/10.1007/BF00414820
https://dx.doi.org/10.1007/BF00414820
https://dx.doi.org/10.1128/JB.174.12.3884-3888.1992
https://dx.doi.org/10.1128/JB.174.12.3884-3888.1992
https://dx.doi.org/10.1099/00221287-130-11-2825
https://dx.doi.org/10.1099/00221287-130-11-2825
https://dx.doi.org/10.1099/00221287-130-11-2825
https://dx.doi.org/10.1007/BF00248706
https://dx.doi.org/10.1007/BF00248706
https://dx.doi.org/10.1007/BF00248706
https://dx.doi.org/10.1099/00221287-104-2-277
https://dx.doi.org/10.1099/00221287-104-2-277
https://dx.doi.org/10.1128/JB.110.1.103-109.1972
https://dx.doi.org/10.1128/JB.110.1.103-109.1972
https://dx.doi.org/10.1128/JB.110.1.103-109.1972
https://dx.doi.org/10.1007/BF00455935
https://dx.doi.org/10.1007/BF00455935
https://dx.doi.org/10.1111/j.1529-8817.2005.00146.x
https://dx.doi.org/10.1111/j.1529-8817.2005.00146.x
https://dx.doi.org/10.1111/j.1529-8817.2005.00146.x
https://dx.doi.org/10.1146/annurev.mi.34.100180.001151
https://dx.doi.org/10.1146/annurev.mi.34.100180.001151
https://dx.doi.org/10.1007/BF00414771
https://dx.doi.org/10.1007/BF00414771
https://dx.doi.org/10.1007/BF00414771
https://dx.doi.org/10.1023/A:1027336712748
https://dx.doi.org/10.1023/A:1027336712748
https://dx.doi.org/10.1126/science.1064082
https://dx.doi.org/10.1126/science.1064082
https://dx.doi.org/10.1126/science.1064082
https://dx.doi.org/10.1021/jacs.5b10341
https://dx.doi.org/10.1021/jacs.5b10341
https://dx.doi.org/10.1021/jacs.5b10341
https://dx.doi.org/10.1042/bj2560429
https://dx.doi.org/10.1042/bj2560429
https://dx.doi.org/10.1042/bj2560429
https://dx.doi.org/10.1128/JB.178.7.2010-2017.1996
https://dx.doi.org/10.1128/JB.178.7.2010-2017.1996
https://dx.doi.org/10.1128/JB.178.7.2010-2017.1996
https://dx.doi.org/10.1128/JB.178.7.2010-2017.1996
https://dx.doi.org/10.1128/JB.05099-11
https://dx.doi.org/10.1111/mmi.14152
https://dx.doi.org/10.1111/mmi.14152
https://dx.doi.org/10.1111/mmi.14152
https://dx.doi.org/10.1111/j.1472-4669.2006.00082.x
https://dx.doi.org/10.1111/j.1472-4669.2006.00082.x
https://dx.doi.org/10.1111/j.1472-4669.2006.00082.x
https://dx.doi.org/10.1128/AEM.57.2.622-624.1991
https://dx.doi.org/10.1128/AEM.57.2.622-624.1991
https://dx.doi.org/10.1128/AEM.57.2.622-624.1991
https://dx.doi.org/10.1128/JB.173.18.5705-5711.1991
https://dx.doi.org/10.1128/JB.173.18.5705-5711.1991
https://dx.doi.org/10.1128/JB.187.22.7784-7794.2005
https://dx.doi.org/10.1128/JB.187.22.7784-7794.2005
https://dx.doi.org/10.1128/JB.187.22.7784-7794.2005
https://dx.doi.org/10.1111/nph.14166
https://dx.doi.org/10.1111/nph.14166
https://dx.doi.org/10.1111/nph.14166
https://dx.doi.org/10.1111/nph.14166
https://dx.doi.org/10.1073/pnas.1913314116
https://dx.doi.org/10.1073/pnas.1913314116
https://dx.doi.org/10.1128/MMBR.05008-11
https://dx.doi.org/10.1128/MMBR.05008-11
https://dx.doi.org/10.1073/pnas.1006943108
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00613?ref=pdf


Inventories in the Marine Diazotroph Crocosphaera watsonii. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108 (6), 2184−2189.
(107) Rueter, J. G.; Ohki, K.; Fujita, Y. The Effect of Iron Nutrition on
Photosynthesis and Nitrogen Fixation in Cultures of Trichodesmium
(Cyanophyceae). J. Phycol. 1990, 26, 30−35.
(108) Paerl, H. W.; Prufert-Bebout, L. E.; Guo, C. Iron-Stimulated N2

Fixation and Growth in Natural and Cultured Populations of the
Planktonic Marine Cyanobacteria Trichodesmium. Appl. Environ.
Microbiol. 1994, 60, 1044−1047.
(109) Gaby, J. C.; Buckley, D. H. In Biological Nitrogen Fixation; de
Bruijn, F. J., Ed.; John John Wiley & Sons, Inc: Hoboken, NJ, 2015.
(110) Gaby, J. C.; Buckley, D. H. Database 2014, 2014, bau001.
(111) Kumar, K.; Mella-Herrera, R. A.; Golden, J. W. Cyanobacterial
Heterocysts. Cold Spring Harbor Perspect. Biol. 2010, 2, a000315−
a000315a.
(112) Mohr, W.; Intermaggio, M.; Laroche, J. Diel Rhythm of
Nitrogen and Carbon Metabolism in the Unicellular, Diazotrophic
Cyanobacterium Crocosphaera watsonii WH8501. Environ. Microbiol.
2010, 12, 412−421.
(113) Wilson, S. T.; Aylward, F. O.; Ribalet, F.; Barone, B.; Casey, J.
R.; Connell, P. E.; Eppley, J. M.; Ferroń, S.; Fitzsimmons, J. N.; Hayes,
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