The Nitrogen Cycle:

Matter Moving Through Living Systems

® Nitrogen is essential: builds DNA, m

proteins, and chlorophyll in all organisms " 3 s

® Major reservoirs: atmosphere (N,),
oceans, soils, and terrestrial biomass

® A biogeochemical pathway connecting
air, land, water, and life

® Atmospheric N,: ~4.0 x 10° Tg N; ‘_
oceans: ~6.6 x 10° Tg N; soils: ~8.1x 10° Tg N;
biosphere: ~1.4 x 10 Tg N




Chemical Species and Oxidation States: The Molecular Backbone
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e N, gas dominates the atmosphere (78%)
but its triple bond requires high energy
to break

e Biological nitrogen fixation (BNF) is driven
by symbiotic (e.g., Rhizobium-legume)
and free-living bacteria via nitrogenase

Natural BNF ~65 Tg N yr~'; agricultural
BNF ~56 Tg N yr~', boosting terrestrial
BNF by 64% over pre-industrial levels

e Industrial Haber-Bosch process uses
high temperatures, pressures, and
fossil fuels to fix nitrogen at massive scale




Nitrogen in Soil: Ammonification and Nitrification
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Ammonification:

Fungi and bacteria
decompose organic N from
dead matter/waste into NH,*

Nitrification:

Two-step oxidation —

NH,* — NO," (Nitrosomonas),
then NO,~ = NO;~ (Nitrobacter)

Key controls:

0, availability, NH,* supply,
soil pH, and temperature
drive rates

Immobilization:
Microbes temporarily lock up

inorganic N when decomposing
high C:N material
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Waterborne Nitrogen
Pathways and
Eutrophication

,@ s Highly mobile nitrate leaches from
i) soils into groundwater and coasts

Agriculture and atmospheric
deposition are primary aquatic N sources

Excess N fuels algal blooms and
creates hypoxic dead zones

Dead zones now cover over
95,000 square miles globally




Denitrification: Returning Nitrogen to the Atmosphere
e

® Anaerobic reduction: NO;” —
NO,~ = NO — N,0 — N,,
using N-oxides as electron acceptors

* N,O is a potent greenhouse
gas (~300x CO,) and
ozone-depleting intermediate

® Dominant control: oxygen—
denitrification surges when O,
is depleted in waterlogged soils
and anoxic microsites

® Hotspots form around particulate
organic matter (POM) where
local respiration consumes O,

® Anammox: alternative pathway
0 converting NH,* + NO,™ directly
to N,, mainly in marine and
engineered environments




Nitrogen Assimilation into Living Systems

7 e Plants primarily absorb NO,-
| _ (29%) and NH,* (42%),

plus 29% organic N

® NO; reduced to NH,*
via nitrate/nitrite reductases

NH,* fixed into amino acids
by GS/GOGAT pathway

e N flows from producers to
consumers, controlled by
C:N ratios

e Waste forms: ammonia (fish),
urea (mammals),
uric acid (birds)
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Human Alteration of the Global Nitrogen Cycle

.

e Human activities have more than doubled
the rate of reactive N entering ecosystems

e Fertilizer production (Haber-Bosch) and
fossil fuel burning are the dominant drivers

Anthropogenic reactive N creation approaches
190 Tg N yr', far exceeding the 62 Tg boundary
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® Key agricultural sources: synthetic fertilizers,
livestock waste, concentrated feeding operations

NOx and NH3 deposition creates regional
' hotspots; wastewater plants serve as urban N nodes
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Environmental Consequences: The Nitrogen Cascade

A single reactive N atom
triggers sequential impacts
across air, land, and water

@

C) * N,O drives ~6.5% of global
warming and depletes
stratospheric ozone

* PM2.5 from NH, and NO,
harms respiratory and

cardiovascular health

/\s N deposition above 5-10 kg
é\} S N ha™yr causes terrestrial
biodiversity loss

* Coastal eutrophication creates
AAN over 500 marine dead zones
covering 95,000 sq mi
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' Planetary Boundaries and the Nitrogen Crisis

Biogeochemical flows
(N and P) are a core
planetary boundary now
deeply transgressed.

As of the 2025 Planetary
Health Check, seven of
nine boundaries are
breached.

Safe operating space for

industrial N fixation:
62 Tg N yr',

Synthetic fertilizer
application alone now
reaches 112 Tg N yr-.

Regional inequalities:
some regions suffer

from N pollution, others
lack N for food.
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Measuring and Tracing

Air N2 spectrometer

Nitrogen Flows
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Natural abundance method (6'°N)
traces sources without added tracers

Key signatures: air N, ~0%;
fertilizer ~0+3%o; manure ~+10 to +20%

B | Fertilizer Manure | Smlorgach
Enriched "N tracers quantify fate, ~0+3% [N - +10 10 +20% [ variable

uptake efficiency, and gaseous losses & / J

NH4 0 v " N2

O A
\ Cycling and losses: /

uptake, mineralization,
nitrification, denitrification,
volatilization, leaching

Dual isotopes (8"°N, §®0) and
N, isotopomers reveal microbial pathways



Nitrogen Cycling in a Changing Climate
7y

* Climate warming accelerates
soil processes, creating a
positive N20-climate feedback

* Rising CO2 and shifting
precipitation alter N limitation
vs. saturation dynamics

* Under SSP5-8.5, total
biological N fixation could
reach 178 Tg N yr”-1 by 2100

¢ Soil N20 emissions hit
record growth rates in 2020-2022,
highest since 1980

* Warmer temperatures increase
mineralization and denitrification
rates regionally




Strategies for Sustainable
Nitrogen Management

® "-Precision agriculture optimizes
fertilizer timing and dosage to boost
nitrogen use efficiency"

® "-Circular economies recover N from
waste, compost, and livestock-crop
integration”

® "-Policies target national N footprints,
emission controls, and riparian buffer
restoration”

® "-Europe cut N,O emissions 31% since
the 1980s; China is reducing fertilizer
loads"
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