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The ocean’s budget of biologically available (or “fixed”) N is dominated by inputs 
and outputs that are biologically controlled. Thus, the ocean’s N budget provides 
an important test case for the role of feedbacks in biogeochemical cycling. In this 
regard, it provides a platform for asking one of the core questions of global 
biogeochemical cycles: How is it that the actions of individual organisms and 
groups conspire with physicochemical conditions to produce a global Earth 
surface environment that has been continuously habitable for billions of years? 
The primary sources of fixed N to the ocean are terrestrial run-off, atmospheric 
deposition, and, most importantly, N fixation (Fig. 1). Most of the N fixation 
appears to be carried out by specific marine cyanobacteria in the warm, nutrient-
poor surface ocean. The main sink is denitrification, in continental shelf 
sediments and the water columns of the eastern tropical North and South Pacific 
and the Arabian Sea. Sediment records from modern denitrification zones show 
clear N isotopic evidence of reduced water column denitrification during the last 
ice age relative to the current interglacial, and the sea level drop during the last 
ice age should have substantially reduced sedimentary denitrification. However, 
the history of fixed N inputs, especially N fixation, has proven more difficult to 
reconstruct. 
The N isotopes are a powerful tool to study changes in the ocean N budget 
because the dominant sources and sinks influence the δ15N of oceanic nitrate in 
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distinct ways (δ15N = (15N/14Nsample / 15N/14Nreference – 1) where the reference is N2 
in air). In suboxic zones of the ocean water column (dark area in Fig. 1), 
denitrification preferentially consumes 14N-bearing nitrate, leaving the residual 
nitrate elevated in δ15N (Fig. 1). This high-δ15N residual nitrate is mixed through 
the global ocean, leading to a mean ocean nitrate δ15N that is elevated by 5‰ 
relative to atmospheric N2. The δ15N of new fixed N generated by oceanic N 
fixation is -2-0‰, such that the sinking of newly fixed N and its subsequent 
remineralization to nitrate lowers the δ15N of nitrate in the shallow subsurface, or 
thermocline, of some ocean regions (light area in Fig. 1), a phenomenon that has 
been most intensively studied in the subtropical and tropical North Atlantic. The 
low-δ15N nitrate of the North Atlantic thermocline is supplied to algae growing in 
the surface ocean, leading to a low δ15N in the organic matter that sinks to the 
seabed (Fig. 1). This raises the possibility that the North Atlantic sediment record 
can be used to reconstruct the δ15N of subsurface nitrate and thus indicate the 
rate of Atlantic N fixation in the past.  
However, bulk sedimentary N isotope records from the North Atlantic have 
yielded contradictory evidence for the ice age rate of N fixation. Altabet [2005] 
showed that bulk sedimentary δ15N was 1.5 – 2 ‰ lower during the last ice age in 
the Sargasso Sea, suggesting a higher N fixation rate. With lower denitrification 
and higher N fixation during the ice age, this would imply that the ice age N 
budget was out of balance and that the N inventory was rising. On the other 
hand, records from Cariaco Basin [Haug et al., 1998] suggest less N fixation 
during ice ages. Both records are susceptible to artifacts. The Cariaco records 
are complicated by the potential role of local basin effects, while the open North 
Atlantic records (and to some degree the Cariaco records as well) are vulnerable 
to changes in diagenesis, terrestrial N inputs and other seafloor processes.  
The organic matter contained within the calcium carbonate shell walls of 
planktonic foraminifera, deriving from the calcifiying foraminifera and 
subsequently protected from alteration, is a promising N isotope archive. 
However, its investigation has awaited the development of adequately sensitive 
methods. Using the recently developed “persulfate/denitrifier” strategy for 
analyzing the isotopic composition of minute quantities of organic N, we have 
begun to analyze planktonic foraminifera-bound N isotopes in net tows, sediment 
traps, surface sediments, and downcore records [Ren et al., 2009].  
In a deep sea sediment core from the tropical Atlantic, we find that the δ15N of 
foraminifera-bound organic matter from the last ice age is higher than that from 
the current interglacial, indicating higher nitrate δ15N in the ice age Atlantic 
thermocline (Fig. 2). Since N fixation depresses the δ15N of the thermocline 
nitrate in the modern Atlantic, this ice age δ15N elevation is best explained by less 
N fixation in the Atlantic during the last ice age. The development, during the last 
ice age, of δ15N differences among foraminifera species (Fig. 2) also appears 
consistent with a reduction of N fixation during ice ages. Briefly, we believe that N 
fixation in the Atlantic works to homogenize the δ15N of the particulate N within 
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the sunlit upper ocean, such that a lower N fixation rate would cause deeper 
dwellers (e.g., Orbulina universa) to rise in δ15N relative to shallower dwellers.  

The reconstructed ice age decrease in Atlantic N fixation was most likely a 
response to the previously recognized reduction in denitrification during ice ages, 
operating through a feedback that was once the centerpiece of conventional 
theory but has recently fallen out of favor. In this feedback, denitrification drives a 
deficit in nitrogen relative to phosphorus in the ocean interior, which lowers the 
N:P ratio of the nutrient supply to the subtropical surface and results in nitrate-
deplete, phosphate-bearing surface waters that encourage the growth of N fixers. 
While the data indicate the occurrence of this feedback in the Atlantic, the 
Atlantic response suggests that the denitrification changes occurring in the Indian 
and Pacific were not completely compensated by N fixation changes in those 
basins. Alternatively, others have suggested that the ice age N fixation decrease 
was largely a response to reduced sedimentary denitrification within the Atlantic, 
associated with lower sea level. More work will be required before it is known 
how tightly the N fixation feedback has regulated the ocean N reservoir size over 
glacial cycles. In any case, the ocean N budget was more sluggish during the last 
ice age, with lower rates of both input (N fixation) and output (denitrification). 
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Fig. 1. Processes affecting the distribution of N isotopes in the sea, focusing on the nutrient-poor 
low latitude ocean. The inputs and outputs (solid arrows) control the ocean’s inventory of fixed N, 
the majority of which is nitrate (NO3

-). Internal cycling is represented with dashed arrows. The 
δ15N of particulate suspended and sinking N, dissolved organic N (DON), and thermocline nitrate 
is taken from the western subtropical North Atlantic. “ε” refers to the isotope effect, which is 
approximately the δ15N difference between the substrate (e.g., nitrate) that is available for 
consumption and the substrate that is actually consumed by the process. While multiple inputs of 
fixed N are shown, oceanic N fixation is the dominant input term. 
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Fig. 2. Bottom panel: Foraminifera-bound δ15N in the Caribbean Sea from ODP 999A (12º 45’N, 
78º 44’W; 2827 m) during the past 30 ka, overlain on a bulk sediment δ15N record from the 
nearby Cariaco Basin. Top panel: Denitrification zone bulk sediment δ15N records from the east 
Pacific off Chile, the east Pacific off California (Santa Barbara Basin), and the Arabian Sea off 
Oman. Figure taken from Ren et al. [2009]. 
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The loss of combined nitrogen from the ocean is almost exclusively through the 
microbial production of N2 gas via pathways requiring suboxic conditions (e.g. heterotrophic 
denitrification and anammox, collectively termed here ‘denitrification’).  Such conditions are 
readily found in continental margin sediments as well as in open ocean regions of intermediate 
depth (100 to 1000 m) in the Arabian Sea and Eastern Tropical Pacific (ETP).  At present, total 
oceanic denitrification is roughly divided between these sediment and open ocean regimes, 
though there is some uncertainty regarding exact proportions.  Variations in either would produce 
a significant change in overall oceanic combined nitrogen balance.  Additional biogeochemical 
impacts of open ocean suboxic zones include input of N2O to the atmosphere through upwelling 
and possible stimulation of N2 fixation in geographically adjacent oligotrophic waters.  

Persistently suboxic open ocean conditions clearly require high subsurface respiration 
rates fueled by organic matter production from above.  While this condition is necessary, it is 
clearly insufficient and poor source water ventilation is the other major condition necessary for 
their existence. In the case of the suboxic zones of the Eastern Topical Pacific (ETP), the major 
water mass source is the eastward-flowing subsurface waters of the Equatorial Pacific known as 
the “13° water”.  While not suboxic, 13° water is already fairly low in O2 and thus does not 
require much additional respiration to become so. The 13° water and its extensions in the ETP are 
primarily composed of modified SubAntarctic Mode Water (SAMW) and that its low O2 is due to 
long transport distance and/or time from its outcrop/surface ventilation region in the Subantarctic 
Pacific.  The reduction of O2 with increasing SAMW age is readily mapped on relevant isopycnal 
surfaces (Fig. 1). Remote climatic control of ETP suboxia is likely through modification of 
Subantarctic ventilation processes. However, the roles of N. Pacific Intermediate Water (NPIW) 
inputs, regional subsurface circulation creating ‘shadow zones’, and biological productivity need 
to be further investigated. 

Climatic forcing of open ocean denitrification zones, can be studied on a variety of time 
scales through paleo-records of denitrification intensity.  Denitrification produces a large isotope 
effect, principally through the action of nitrate reductase in cleaving N-O bonds.  This results in a 
large increase in the 15N/14N ratio (δ15N) of the residual nitrate and this signal is transferred to 
and preserved in underlying sediments. Coastal upwelling of nutrient waters often occurs where 
suboxic zones impinge on continental margins.  This upwelling efficiently introduces 15N-
enriched NO3

- produced by subsurface denitrification into the euphotic zone where it is 
incorporated into organic matter via phytoplankton uptake.  A portion of this organic matter is 
incorporated into the underlying sediments forming a sediment record for δ15N.  Fidelity of this 
record requires 1) regionally quantitative NO3

- consumption to avoid additional isotope 
fractionation from partial phytoplankton utilization and 2) good preservation of sediment organic 
matter to avoid diagenetic effects.  Except where high nutrient, low chlorophyll (HNLC) 
conditions caused by Fe limitation exists, condition#1 holds in these environments.  Similarly, #2 
holds in particular for the case where suboxic water contacts the continental margin.  Specifically, 
the δ15N of coretop sediments have been shown to be equivalent of the δ15N of upwelled NO3

- in 
these environments.  

Downcore records in each of the main suboxic zones show large past changes in δ15N that 
have been interpreted as climate-forced changes in denitrification zone intensity.  In the Arabian 
Sea, variations over the last 100 kyr are very similar to the Greenland ice core record of climate 
change and related to S. Asian monsoon strength and corresponding upwelling-driven 
productivity. In the Northern ETP (ETNP), δ15N varies strongly with glacial-interglacial cycles 



for the past 4 Ma but shows dramatic decrease in average and amplitude of variation prior to 
establishment of a strong ETP cold tongue.  In the Southern ETP off Peru (ETSP), past 
denitrification intensity has showed a very sharp and early rise at the onset of the last 
deglaciation. Significantly, these events in the ETNP and ETSP are not correlated with 
productivity proxies. Instead, the high degree of similarity in these region’s δ15N records support 
a remote common forcing through SAMW ventilation. Such forcing was proposed for the ETNP 
denitrification zone in the form of change is the relative influence of well-ventilated NPIW and a 
poorly-ventilated southern source.  Numerical modeling has shown that changes in the production 
of SAMW as well as decreases in its initial O2 due to warming can dramatically alter subsurface 
oxygenation in the ETP. Together these results indicate important interactions and feedback 
between global climate and suboxic zone extent and intensity. These observations suggest that 
both deglacial hydrographic and biogeochemical reorganizations of the ocean may have acted in 
concert to enhance atmospheric CO2 at the end of the last Ice Age.  Reduction in ocean NO3

- 
inventory and increased deep ocean ventilation commenced simultaneously during the early 
deglacial.  This initial coincidence and their subsequent sequence may account for the 
pronounced stepwise CO2 rise found in the EPICA ice core and was a likely requirement for the 
global transition to persistent interglacial conditions. 

The Peru denitrification system presents additional unique features as compared to the 
Arabian Sea and ETNP.  It is part of the eastern Eq. Pacific HNLC region with persistent residual 
NO3

- in offshore surface waters.  While coastal upwelled waters are overall Fe replete, where a 
narrow shelf minimizes contact with sediments, Fe limitation of phytoplankton NO3

- utilization is 
evident.  Changes in fractional phytoplankton NO3

- utilization may thus also contribute to the 
sediment δ15N signal. The Peru system is also particularly sensitive to interannual ENSO forcing in 
which El Nino phases results in a deepening of the nitricline and oxyclines along the continental 
margin.  There would be a corresponding reduction in the upwelling of 15N enriched NO3

-. Downcore 
δ15N records (Fig. 3) show the Peru system to be unique in having clear, centennial to millennial-
scale oscillation in denitrification intensity especially during the late Holocene that are linked to 
productivity changes.  This variability is likely due to the particular ENSO sensitivity of this 
region and these records are evidence for longer period versions of the known interannual and 
decadal-scale phenomena.  In contrast to the deglacial period, strong linkage with productivity is 
suggestive of a mechanism for rapid response to future climate change.  It is a cautionary note 
that the last major transition to more intense suboxia occurred in the early 1800’s (perhaps after 
von Humboldt’s expedition), and that future large shifts in this system may very well be part of a 
natural cycle. 
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Fig. 1.  Map of apparent O2 utilization (AOU) and CFC-12 age along the density layer 
intersecting the cores of the Pacific Ocean denitrification zones off of Mexico and Peru.  Shown 
are the increasing removal of O2 and increasing age along the flow path between subpolar surface 
ocean ventilation zones and the denitrification zones. 
 

 
 
Fig. 2.  Nitrogen isotope records from sediment cores located in the ocean’s three principal 
denitrification zones for the last full glacial cycle.  Note the records are offset from one another 
for visual clarity.  Higher δ15N corresponds to more intense denitrification which varies closely 
with well known climate cycles.  The Arabian Sea follows a more N. Hemisphere climatic pattern 
whereas the ETNP and Peru records follow a more S. Hemispheric pattern. 



 

 

 
 
Fig. 3.  Denitrification (δ15N) and biological productivity records (grayscale, Ti%, Si/Ti, and N%) 
from a sediment core from the Peru denitrification zone spanning the last 2300 years.  Relatively 
high frequency variations are observed that are decadal to centennial in frequency that are 
possibly linked to ‘super’ ENSO events.  The correlation between the records suggest that on 
these times scales, productivity drives low subsurface O2 and denitrification. 
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Nitrogen is an essential nutrient for life on planet Earth and the transformations between 
dinitrogen and various states of reduced and oxidized Nitrogen comprise the extant Nitrogen cycle. Due 
to anthropogenic activities, especially within the last 50 years, the Nitrogen cycle has become 
significantly skewed and its imbalance – if not mitigated – threatens life as we know it. To feed the ever 
increasing world population, enormous amounts of ammonium have been introduced into the 
environment in form of fertilizer and manure leading to run-off and oxygen minimum zones in the 
oceans, a significant reduction in the planet’s methane sink and an enrichment of nitrous oxide in the 
oceans and atmosphere at levels that are unprecedented since the rise of molecular oxygen. There is, 
however, precedence for a rise in nitrous oxide levels to current or even higher levels during the mid-
Proterozioc, when most of the planet was covered with euxinic oceans. It is thus of keen interest to 
investigate whether both geochemical processes were facilitated by similar kinds of organisms utilizing 
similar pathways and employing similar or identical molecular inventory. 

With the beginning of cellular life, the environmental pools of fixed Nitrogen were differentially 
integrated into both biosynthetic (assimilatory) and catabolic (chemolithotrophic, respiratory) cellular 
pathways leading to significant shifts in these pools. The evolution of pertinent protein inventory involved 
in Nitrogen transformations from its humble beginnings in the Archean to the extant complex Nitrogen 
cycle appears to reflect bioavailability of transition metals and there are indications that extant N cycle 
enzymes are orthologues that evolved from inventory involved in sulfur and carbon cycles long before the 
rise of oxygen. 
 Comparison of genome inventory from all cohorts of catabolic ammonia oxidizers (aerobic and 
anaerobic obligate ammonia-oxidizing bacteria, aerobic obligate ammonia-oxidizing archaea) suggests 
that anammox electron flow may be the basis for all extant bacterial and archaeal ammonia oxidation 
mechanisms. While the evolution of all inventory essential to extant aerobic and anaerobic bacterial 
ammonia oxidation likely occurred before the big oxygenation event, archaeal ammonia oxidation is 
presently known to occur only in oxic environments. Because of this and the fact the nitrification 
inventories in aOAOB and aOAOA are not identical, a monophyletic origin of ammonia oxidation 
inventory that includes the Archaea (looking at the substrate of the pathway) and that of nitrite production 
(looking at the product of nitrification) is non-parsimonious. Like obligate and facultative ammonia-
oxidizing bacteria, the obligate ammonia-oxidizing archaea also utilize a Methane/Ammonia Oxidation 
Module; however, formation of HNO instead of NH2OH by a modified archaeal AMO is proposed. In 
contrast to ammonia-oxidizing bacteria, the rest of the catabolic and respiratory electron flow inventory in 
the ammonia-oxidizing archaea is solely copper-based including complexes III and IV, electron shuttles 
(plastocyanins instead of cytochrome c proteins) and – most importantly – the ubiquinone-reducing 
module that oxidizes the reductant-rich but highly toxic nitrogen-oxide intermediate. Instead of a 
{hydroxylamine oxidoreductase – quinone reductase} multi-heme cytochrome c protein module, aOAOA 
are proposed to use a {multicopper oxidase – quinone reductase} multi-copper-domain protein module to 
relay electrons extracted from (H)NO to the quinone pool. Since the archaea do not produce and utilize 
hydroxylamine or hydrazine as redox-active intermediates, extension of the Hydroxylamine/hydrazine-
Ubiquinone Redox Module (HURM) concept proposed for ammonia-oxidizing bacteria earlier by Klotz 
and Stein (2008) to N-oxide-Ubiquinone Redox Module (NURM) is proposed to describe the general 
principle by which a reductant-rich N-oxides (NH2OH, N2H4, HNO) can be utilized to provide universally 
accessible reductant in the membranes of obligate ammonia-oxidizing chemolithotrophs  Stein and Klotz 



2010). It was only recently discovered that HAO with its tetraheme cytochrome c protein redox partner 
(HURM) works as a reducing module with the Nap nitrate reductase complex and hybrid cluster protein 
to assimilate nitrate to ammonia in the sulfur-reducing deep-sea vent Epsilonproteobacterium Nautilia 
profundicola. This likely ancient mechanism for nitrate assimilation by an anaerobic sulfur-dependent 
chemolithotroph demonstrates the early emergence of the oxygen-independent HURM that is also central 
to the ammonia oxidation pathways as an oxidizing module. Both the reducing and oxidizing modules are 
obligatory to growth of their respective host bacteria. It could be envisaged that in anammox bacteria a 
reverse HURM is operative in which an octaheme cytochrome c protein may serve the obligatory function 
of NO-forming nitrite reductase. 
 Analysis of inventory encoded in ammonia-oxidizing bacteria and archaea as well as molecular 
evolutionary inference into the sequence and structure of nitrogen cycle inventory revealed that bacterial 
and archaeal ammonia oxidation pathways consist of two modules each: a Methane/Ammonia Oxidation 
Module and the reductant-rich N-oxide-Ubiquinone Redox Module (NURM), both of which functionally 
combined within different organisms in different geochemical backgrounds at different times during 
evolutionary history. This is supported by the fact that NURM in aerobic and anaerobic ammonia-
oxidizing bacteria are homologous but unrelated to the archaeal NURM whereas the Methane/Ammonia 
Oxidation Module is homologous in aOAOB and aOAOA (pMMO/AMO) but unrelated to the Ammonia 
Oxidation Module in anammox bacteria (an octaheme cytochrome c nitrite reductase  + hydrazine 
hydrolase). Because of the highly toxic nature of the substrates for NURM, it only makes sense to 
propose that the emergence of a functional NURM must have preceded the functional linkage with an 
efficient and high throughput Methane/Ammonia Oxidation Module. Given that the present number of 
drafted and finished whole-genome projects has unraveled, so far, only one gene suspected to be unique 
to aerobic ammonia-oxidizing bacteria (nitrosocyanin), a few genes encoding candidate inventory with 
meaning for niche adaptation, and that the annotated bacterial genomes by far outnumber those of 
archaeal ammonia-oxidizers, continued isolation of ecophysiologically representative pure cultures and 
the sequencing and characterization of their genomes is imperative to continued progress in nitrogen cycle 
research. Likewise, intensified broader “omics” studies – including comparisons between isolate-based 
genome information and that available from the growing number of metagenome projects from 
environments relevant to ammonia oxidation - are needed to assess the connection between inventory and 
function, from a single cell scale to physiological characterization of cohorts to a better ecological 
understanding. Given the pace of discovery during that last two decades, which started with the 
development of ever more sophisticated applications of the primer extension method pioneered by Ray 
Wu in the 1970s, long before Sanger sequencing and PCR, we will likely soon see a dramatic increase in 
available genome sequences but highly likely also to discover more biological novelty driven by 
bioprospecting, for instance, in extreme environments (cold, hot, saline, etc.), including the world’s 
oceans. 
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The past, present and future of the nitrogen cycle 
 

Paul G. Falkowski,  Environmental Biophysics and Molecular Ecology Program, 
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The sequence of the evolution of biogeochemical cycles remains enigmatic, yet it 
is clear that during the first half of Earth’s history metabolic processes evolved in 
marine microbes that ultimately came to couple the biogeochemical cycles of H, 
C, N, O via biologically catalyzed electron transfer (redox) reactions.  These 
reaction pathways led to a “core” metabolism of Earth, sustained to the present 
time with very few modifications. One of the earliest pathways to have evolved 
clearly had to have been nitrogen fixtion while last two almost certainly were 
oxygenic photosynthesis and aerobic respiration. Oxygenic photosynthesis 
allowed a virtually endless supply of reductant (the water in the ocean) to be 
used in conjunction with a virtually endless supply of energy (the Sun) to produce 
organic matter.  Oxygenic photosynthesis fundamentally altered the nitrogen 
cycle, allowing ammonium to be oxidized to nitrate and subsequently denitrified.  
The interaction between the oxygen cycle and the nitrogen cycle in particular 
produced a negative feed-back, in which increased production of oxygen led to 
decreased fixed inorganic nitrogen in the oceans.  This feedback, which is 
supported by isotopic analyses of fixed nitrogen in sedimentary rocks from the 
late Archean, continues to the present and controls primary production 
throughout much of the modern ocean. Altough the presence of oxygen in 
Earth’s atmosphere has led to the development of a network of interactive 
metabolic, microbially-mediated redox pathways, over the past 200 million years, 
there is evidence that the deep ocean basins have periodically become anoxic.  
The effect of global anoxia on the nitrogen cycle appears to have been to 
profoundly deplete the oceans of fixed inorganic nitrogen for 1000’s of years, if 
not longer.  How these ocean anoxic events developed and were sustained 
remains enigmatic, and it is unclear if the present trajectory of ocean stratification 
and eutrophication will trigger more widespread anoxic events in the coming 
centuries. Regardless, it is clear that we need to develop a much better 
understanding of how the nitrogen cycle is coupled to the other major elemental 
cycles on Earth. 
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