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Abstract 

Nitrogen is the most abundant gas in Earth's atmosphere, yet for most living organisms it remains frustratingly 

out of reach in its elemental form. The nitrogen cycle describes the remarkable set of biological, chemical, and 

physical processes that transform nitrogen into forms that sustain all life on Earth — and then return it to the 

atmosphere to begin again. This article traces the full arc of that cycle: from atmospheric nitrogen fixed by 

specialized bacteria, through the chain of nitrification and ammonification, to the final act of denitrification that 

closes the loop. Along the way, it examines the organisms that drive each stage, the environmental conditions 

that regulate them, and the profound ways in which human agricultural and industrial activity has disrupted 

what was once a finely balanced system. The consequences of that disruption — eutrophication, dead zones, soil 

acidification, and greenhouse gas emissions — are explored alongside emerging strategies for restoring 

nitrogen balance. Written for a broad scientific audience, this article aims to make the complexity of 

biogeochemical nitrogen cycling both accessible and genuinely compelling. 
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I. Introduction 
Walk outside and take a breath. About 78% of what you just inhaled is nitrogen gas — N₂, two nitrogen 

atoms locked together in one of the strongest chemical bonds in nature. And yet your body cannot use a single 

molecule of it. Neither can a wheat plant, a forest tree, or a coral reef. Despite being literally surrounded by 

nitrogen at all times, most life on Earth is effectively nitrogen-starved, dependent on a tiny community of 

specialized microorganisms to crack that triple bond and make the element biologically available. 

That dependency shapes everything. Nitrogen is a core component of amino acids, the building blocks 

of proteins. It is essential to nucleic acids — the stuff of DNA and RNA. Without a steady supply of reactive 

nitrogen, growth stops, cells cannot divide, and ecosystems stall. The entire productivity of the living world, 

including every crop that feeds humanity, rests on the continuous cycling of nitrogen through soil, water, 

atmosphere, and biology. 

What makes the nitrogen cycle so fascinating — and so important — is that it is fundamentally a 

microbial story. While plants and animals play their roles, the critical transformations happen in the microscopic 

world. Bacteria and archaea in soil and ocean sediments do the heavy lifting that keeps reactive nitrogen 

flowing. They are, in a very real sense, the engines of life on Earth. 

That cycle has been running for billions of years, long before humans arrived. For most of that time, it 

stayed in rough balance: nitrogen fixed from the atmosphere roughly equaled nitrogen returned to it. Then came 

synthetic fertilizer, industrial combustion, and large-scale livestock farming. In the span of roughly a century, 

humanity has more than doubled the amount of reactive nitrogen entering the environment each year. The 

consequences are still playing out — in algae-choked waterways, in acidifying soils, in the slow accumulation 

of nitrous oxide in the atmosphere. 

This article traces the nitrogen cycle from first principles, examines what happens when it runs off-

balance, and considers what a more ecologically literate approach to nitrogen management might look like. 

 

II. Why Nitrogen Is Both Abundant and Scarce 
There is something almost paradoxical about nitrogen. It makes up the bulk of the air we breathe, yet it 

acts as a growth-limiting nutrient in most of Earth's ecosystems. The reason comes down to chemistry. 

Atmospheric nitrogen exists as dinitrogen gas (N₂), and the triple bond holding those two atoms 

together requires an enormous amount of energy to break — roughly 945 kilojoules per mole. Only a small 

group of organisms, equipped with a highly specialized enzyme called nitrogenase, can do that job under normal 

biological conditions. Everyone else has to wait for reactive nitrogen to come to them. 

Reactive nitrogen — forms like ammonia (NH₃), ammonium (NH₄⁺), nitrate (NO₃⁻), and nitrite (NO₂⁻) 

— is the biologically usable stuff. Plants absorb it through their roots. Animals get it by eating plants or other 

animals. Microbes consume and transform it constantly. But reactive nitrogen is in limited supply in natural 

systems, which is why plant growth in most terrestrial and marine ecosystems is directly constrained by how 

much reactive nitrogen is available. 
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This scarcity is not a flaw in the system. It is a regulatory mechanism. By keeping reactive nitrogen 

relatively scarce, the natural cycle prevents runaway algal growth in waterways, maintains the ecological 

balance between different plant species, and regulates the overall productivity of ecosystems. When that scarcity 

is suddenly removed — say, by dumping large quantities of fertilizer nitrogen into a watershed — the 

consequences can be severe. 

 

III. The Major Stages of the Nitrogen Cycle 
3.1 Nitrogen Fixation: Cracking the Triple Bond 

Biological nitrogen fixation is the entry point for most reactive nitrogen in natural ecosystems. The 

organisms responsible — collectively called diazotrophs — include free-living soil bacteria like Azotobacter, 

cyanobacteria in aquatic environments, and the famously productive rhizobial bacteria that form symbiotic 

relationships with leguminous plants like soybeans, clover, and alfalfa. 

The legume-rhizobia partnership stands out as a fundamental demonstration of biological cooperation 

that exists in the natural world. The plant gives its carbon-rich sugars to the bacteria which use them to perform 

the energy-demanding process of nitrogen fixation. The bacteria establish their home inside root nodules to help 

the plant by providing ammonia which serves as fixed nitrogen for protein synthesis. The process creates 

advantages for both partners while simultaneously improving the soil quality. Worldwide traditional agricultural 

systems established this practice before scientists discovered the underlying chemical principles because they 

used legume rotation to replenish fertility in exhausted fields. 

In marine environments, cyanobacteria — particularly genera like Trichodesmium — are the dominant 

nitrogen fixers, and their activity drives a substantial portion of ocean productivity. The open ocean is nitrogen-

limited over much of its surface, and the input from these organisms has an outsized influence on how much 

carbon the ocean can absorb from the atmosphere — which gives the nitrogen cycle a direct connection to 

climate. 

Lightning also fixes a small amount of nitrogen. The intense energy of a lightning strike can break N₂ 

and combine it with oxygen to form nitrogen oxides which dissolve into rainwater and fall to Earth as dilute 

nitric acid. The process creates biological fixation as its main pathway but the process contributes minor 

nitrogen output throughout geological time periods. 

 

3.2 Ammonification: Returning Nitrogen from the Dead 

The nitrogen from biological molecules gets released into the environment through plant death and 

animal waste disposal and leaf decay and organic material decomposition. Ammonification — sometimes called 

mineralization — is the process by which decomposer bacteria and fungi break down organic nitrogen 

compounds and release ammonia or ammonium into the soil. 

The popular descriptions of the nitrogen cycle typically concentrate on nitrogen fixation and nitrogen 

loss while they ignore this particular nitrogen cycle stage. Ammonification serves as the main recycling process. 

The process transforms dead organic matter back into usable nitrogen which plants and microbes can utilize. 

The process runs continuously because any soil with active decomposer communities will produce amphorae 

through the process. Degraded soil systems show less effective nitrogen cycling compared to healthy 

ecosystems which contain abundant organic matter and active decomposer organisms. Agricultural practices 

require soil organic matter maintenance through cover crops and composting and reduced tillage because this 

practice delivers essential agricultural benefits. 

 

3.3 Nitrification: The Two-Step Oxidation 

Once ammonia is present in the soil, a different group of microorganisms takes over. Nitrification is a 

two-step oxidation process carried out by specialized bacteria (and some archaea). In the first step, ammonia-

oxidizing organisms — such as Nitrosomonas — convert ammonia to nitrite. In the second step, nitrite-

oxidizing bacteria like Nitrobacter convert nitrite to nitrate. 

Why does this matter? Because nitrate is the form most commonly taken up by plants, and it is also 

highly mobile in water. Unlike ammonium, which binds to negatively charged soil particles and stays put, 

nitrate moves freely with soil water. That mobility is a double-edged sword: it makes nitrate easily available to 

plant roots, but it also means excess nitrate leaches readily into groundwater and streams, where it causes the 

pollution problems we will examine later. 

Nitrification generates nitrous oxide (N₂O) which acts as a powerful greenhouse gas. Nitrifying 

bacteria generate N₂O as a byproduct when environmental conditions reach their most unfavorable state. The 

agricultural sector serves as the primary worldwide source of nitrous oxide emissions because most emissions 

originate from microbial nitrogen transformation in fertilized soils. 
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3.4 Denitrification: Closing the Loop 

Denitrification is the process by which nitrate and nitrite are converted into nitrogen gas (N₂) or nitrous 

oxide (N₂O) which then enters the atmosphere. The process is executed by various bacterial species which 

include Pseudomonas and Paracoccus and other bacteria that utilize nitrate to acquire electrons under conditions 

of low oxygen. The conditions that support denitrification occur in wet environments where oxygen is absent 

which include waterlogged soils and river sediments and lake bottoms and coastal wetlands.  

Wetlands function as vital systems that perform denitrification at extremely high efficiency. Coastal 

wetlands which maintain good health can remove a substantial portion of agricultural runoff nitrate before it 

enters the ocean because they function as natural water treatment systems. The agricultural and development 

activities which led to widespread wetland destruction have created a situation where critical nitrogen cycle 

buffering systems no longer exist which enables reactive nitrogen to enter sensitive aquatic ecosystems freely. 

As shown in Figure 1, the full nitrogen cycle links these four major transformation processes — 

fixation, ammonification, nitrification, and denitrification — into a continuous loop, with soil, water, 

atmosphere, and living organisms all playing interconnected roles. 

 

 
Figure 1: Schematic Diagram of the Major Pathways in the Global Nitrogen Cycle, Source: Author Generated 

 

The conceptual diagram shows how nitrogen cycle transformations progress through four main stages 

which form a closed loop system. The diagram shows atmospheric N₂ located at the top, while arrows show 

downward paths for biological fixation through rhizobia and free-living bacteria and through lightning fixation. 

Arrows from the soil nitrogen pool show ammonification, which transforms organic nitrogen back into 

ammonium, while nitrification proceeds to convert ammonium into nitrite and subsequently into nitrate. 

Denitrification arrows show the cycle completion through their upward movement from soil and sediment pools 

to the atmosphere. Human inputs — synthetic fertilizer, combustion, and sewage — are shown as additional 

arrows entering the soil pool, visually emphasizing that they bypass the natural fixation bottleneck. Human 

activities produce a continuous input into the cycle, which does not have an equivalent return system, that 

results in ongoing buildup of reactive nitrogen in both land and water systems. 

 

IV. The Organisms Behind the Cycle 
It would be easy to read a description of the nitrogen cycle and think of it as a collection of chemical 

reactions. The reality is that virtually every transformation in the cycle is mediated by living organisms, and the 

diversity of those organisms is extraordinary. 

Nitrogen-fixing bacteria include both free-living forms in soil and water and symbiotic forms 

associated with plant roots. Cyanobacteria fix nitrogen in both freshwater and marine environments, and some 

have been doing so since before the ozone layer existed. The nitrifying bacteria that oxidize ammonia to nitrate 

were long thought to operate only in a strict relay — one group doing the first step, another doing the second. 

Recent research has overturned that assumption, with the discovery of complete ammonia oxidizers (called 

comammox bacteria) that can perform both steps on their own. 

Denitrifying bacteria are even more diverse — the capacity for denitrification has evolved 

independently many times across the bacterial tree of life. Some archaea can also denitrify. There is even a 
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recently discovered process called anaerobic ammonia oxidation, or anammox, in which specialized bacteria 

combine ammonium and nitrite directly to produce N₂, bypassing the usual denitrification pathway. Anammox 

turns out to be responsible for a significant fraction of nitrogen loss in marine sediments — a finding that 

revised global nitrogen budgets considerably when it was discovered in the late 1990s. 

The point is that the nitrogen cycle is not a simple, linear machine. It is an intricate web of microbial 

activities, shaped by oxygen levels, temperature, pH, carbon availability, and a host of other factors. When we 

alter any of those conditions — by draining wetlands, adding fertilizer, or warming the climate — we alter the 

microbial community and the rates of nitrogen transformation in ways that can be difficult to predict. 

 

5.1 Human Disruption of the Nitrogen Cycle 

For most of human history, agriculture was nitrogen-limited. The amount of food a society could grow 

was constrained by how much reactive nitrogen was available in the soil, which in turn depended on natural 

fixation rates, organic matter management, and the use of manure and legumes. That constraint began to erode 

in the early twentieth century with the development of the Haber-Bosch process. 

 

5.2 The Haber-Bosch Process and Its Legacy 

Fritz Haber and Carl Bosch's synthesis of ammonia from atmospheric nitrogen and hydrogen gas — 

first scaled industrially around 1913 — is one of the most consequential technological achievements in human 

history. The process uses high temperature, high pressure, and an iron catalyst to crack the N₂ triple bond and 

combine nitrogen with hydrogen to form ammonia. That ammonia can be made into synthetic fertilizers that are 

immediately available to crops. 

The green revolution of the mid-twentieth century, which dramatically increased crop yields and fed 

billions of people who might otherwise have starved, was built on synthetic nitrogen fertilizer. It would not have 

been possible without Haber-Bosch. By some estimates, roughly half the nitrogen in the proteins of every 

person alive today passed through a synthetic fertilizer plant at some point. That is an astonishing dependency. 

The problem is that synthetic nitrogen is applied to fields in quantities far exceeding what crops can 

absorb. Estimates suggest that in many intensive agricultural systems, less than half the applied nitrogen ends up 

in the harvested crop. The rest enters the environment — leaching into groundwater as nitrate, washing into 

rivers and coastal waters, volatilizing as ammonia, or being converted by soil bacteria into nitrous oxide. 

Combustion adds another layer of disruption. Burning fossil fuels at high temperatures causes nitrogen and 

oxygen in the air to react, forming nitrogen oxides (NOx) that contribute to smog, acid rain, and the deposition 

of reactive nitrogen on ecosystems far from any farm. 

 

5.3 Eutrophication and Dead Zones 

Human activities that discharge excessive amounts of reactive nitrogen into aquatic systems bring 

about eutrophication which leads to excessive algae growth that results from sudden nutrient influxes. Algal 

blooms can block light while they deplete oxygen through biomass decomposition and they release toxins that 

kill fish and create unsafe drinking water for humans and animals. 

The Gulf of Mexico dead zone, which results from nitrogen and phosphorus runoff that travels through 

the Mississippi River from Midwestern agricultural areas, expands to thousands of square kilometers every 

summer because it creates a zone with oxygen-deficient waters that prevents most aquatic species from 

surviving. The Baltic Sea and Chesapeake Bay region plus more than 100 coastal bodies of water across the 

globe contain identical hypoxic zones. These are not natural phenomena. The nitrogen surplus created by 

industrial agriculture operations has caused these outcomes to occur. 

Figure 2 shows how synthetic nitrogen fertilizer application correlates with the development of hypoxic 

zones which have been documented in coastal marine environments during the second half of the twentieth 

century. The analysis demonstrates that reactive nitrogen loading has increased beyond the natural 

environment's ability to control and treat the additional nitrogen that has entered the system. 
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Figure 2: Parallel Trends in Global Synthetic Nitrogen Fertilizer Application and the Number of Documented 

Coastal Hypoxic Zones, 1950–2008, Source: Author Generated 

 

This dual-axis line graph plots two variables over a 58-year period from 1950 to 2008. The left vertical 

axis shows global synthetic nitrogen fertilizer application in teragrams of nitrogen per year, rising from 

approximately 4 Tg N/yr in 1950 to over 100 Tg N/yr by 2008. The right vertical axis shows the number of 

documented coastal hypoxic zones worldwide, increasing from fewer than 10 in 1950 to over 400 by 2008. The 

two curves exhibit strong upward growth patterns, which demonstrate that fertilizer application directly causes 

oxygen depletion in coastal regions. The key finding shows that coastal ecosystems have lost their ability to 

process reactive nitrogen because human nitrogen inputs have exceeded their natural capacity, which has caused 

ecological damage that has become increasingly severe through time. 

 

V. Nitrous Oxide and Climate 
Nitrogen's role in climate change is less well known than carbon dioxide's, but it is significant. Nitrous 

oxide (N₂O) — produced during nitrification and denitrification — has a warming potential about 265 times that 

of CO₂ over a 100-year horizon. It also destroys stratospheric ozone. Agriculture is responsible for about two-

thirds of global N₂O emissions, and with fertilizer use projected to increase further to feed a growing world 

population, those emissions are expected to rise. 

The irony is sharp. The same fertilizer that increases food production also intensifies a greenhouse gas 

cycle that threatens the agricultural systems it was meant to support. Managing nitrogen more efficiently — 

reducing emissions while maintaining yields — is therefore not just an environmental priority but a matter of 

food security. 

 

VI. The Nitrogen Cycle in Aquatic Systems 
Much of the nitrogen cycle discussion focuses on soils and terrestrial ecosystems, but aquatic systems 

— rivers, lakes, estuaries, and oceans — play an equally important role, both as sites of nitrogen transformation 

and as repositories for reactive nitrogen that has escaped from land. 

In freshwater systems, streams and rivers are not just passive conduits for nitrogen. They actively 

process it. Streambed sediments are hotspots of denitrification, where nitrate-laden water contacts organic 

matter under oxygen-limited conditions. Stream and river networks can remove a substantial fraction of the 

nitrate that enters them before it reaches the coast — if the waterway has the right conditions and hasn't been 

channelized or its riparian vegetation stripped away. 

In the ocean, nitrogen cycling is more complex. The surface ocean is generally nitrogen-limited, and 

biological nitrogen fixation by cyanobacteria partially compensates for this. Deep ocean sediments are major 

sites of denitrification and anammox. Upwelling zones — where nutrient-rich deep water rises to the surface — 

are among the most productive marine ecosystems on Earth precisely because they supply reactive nitrogen to 

the sunlit surface waters where photosynthesis can occur. 

Ocean nitrogen cycling connects intimately with the carbon cycle. When nitrogen is scarce at the surface, the 

biological pump — the process by which photosynthesis draws down CO₂ and sinks organic carbon to the deep 
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ocean — slows down. Understanding how changes in nitrogen availability will affect ocean carbon uptake under 

future climate conditions is one of the more pressing questions in earth system science. 

 

VII. Conclusion 
The nitrogen cycle is one of the great unsung mechanisms of life on Earth. Without it, there would be 

no protein synthesis, no nucleic acids, no food webs, and no ecosystems as we know them. For billions of years, 

it ran largely on microbial power, transforming atmospheric nitrogen into life and back again with remarkable 

efficiency. 

Human industrial and agricultural activity has disrupted that balance in fundamental ways. By roughly 

doubling the annual input of reactive nitrogen into the global environment, humanity has triggered a cascade of 

consequences — eutrophication, hypoxia, soil acidification, ozone depletion, and climate forcing — that are still 

unfolding and still being fully characterized. Understanding those consequences requires understanding the 

cycle itself: how nitrogen moves, who transforms it, and what conditions govern each step. 

At the same time, the nitrogen cycle offers a model for how to think about sustainability more broadly. 

Nutrients are not wasted in nature — they cycle. The "waste" stream from one process feeds the next. Human 

nitrogen management has been extraordinarily linear: extract, apply, lose. Moving toward something more 

circular — recovering nitrogen from waste streams, reducing losses at every stage, restoring the microbial 

infrastructure that processes excess nitrogen — is both an ecological imperative and a practical challenge. 

The bacteria and archaea doing this work have been at it for billions of years. They know how the 

system should function. The question is whether human management of the nitrogen cycle can learn to work 

with them rather than against them. 
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