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Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Three questions to ask yourself when
someone hands you something and you seek
to become an sourcerer…….
• What isotopic sources are being mixed
together?
• What fractionation events might have
occurred?
• Is the source pool open, closed or something in
between?

N2
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Things to help you conceptualize the terrestrial nitrogen cycle:
•

Chemical transformations are key

•

Isotope
Although
there composition
are exceptions,varies
the inter-conversion of
because
of: material is often the primary interest
organic
to inorganic
• Source
differences
• Drives
productivity
• Fractionation
• Pool
utilization
Separate
internal
cycling from additions and losses

•
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Powerpoint sucks, so I wrote cool stuff in my notes here……
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Endomycorrhizal

Ectomycorrhizal
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Ectomycorrhiza
*Arbutoid
Endomycorrhiza
Arbuscular
*Ericoid
*#Orchid
*#Monotropoid

*Found in the Ericacea or the Orchidacea
# Heterotrophic or mixitrophic
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Things to help you conceptualize the terrestrial nitrogen cycle:
•

Chemical transformations are key

•

Isotope
Although
there composition
are exceptions,varies
the inter-conversion of
because
of: material is often the primary interest
organic
to inorganic
• Source differences
• Fractionation
Separate
internal cycling from additions and losses
• Pool utilization
Sources and losses!

•
•

2.
4.
6.

1.
3.
5.

N2 + 8H+ + 8e- + 16 ATP = 2NH3 + H2 + 16ADP + 16 Pi
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• Industrial fixation
– Fritz Haber!
– Human generation of fertilizers
– Industrially completing the same
reaction as biological fixation
– 2N + 3H2 Yields 2NH3
– Fractionation close to zero, but can vary by the process
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δ15N of soil (‰)

%N of soil

More enriched à

More nitrogen à

Soil depth

Templer et al. 2007

10

Templer et al. 2007

•Nitrate reductase and glutamine
synthetase both fractionate against
15N; observed discrimination by
nitrate reductase and glutamine
synthetase are 15‰ and 17‰,
respectively

Sharkey and Berry 1985
Evans 2001
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•significant differences
between the δ15N of the plant
and nitrogen in solution will
occur if the rate of uptake
exceeds assimilation

Isotope composition varies
because of:
• Source differences
• Fractionation
• Pool utilization

Hogberg 1997

Sharkey and Berry 1985
Evans 2001

Soper et al. 2014
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Robinson et al. 1998
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Direct assessment of soil solution
• Requires complete extraction of compound of interest
– KCl or K2SO4 soil extracts
– Ion-exchange resin extracts
– Water
• Potential methods (all require complete conversion!)
– Microdiffusion (volatilization of ammonium to ammonia and then
trapped on an acidified filter, further conversion to nitrate for nitrate
determination)
– Sodium azide method (chemical conversion of nitrate to N2O.
Ammonium can be measured by adding in a microdiffusion step
followed by digestion to nitrate)
– Denitrifier method (aqueous samples are incubated with pure culture of
denitrifying bacteria, which convert nitrate to N2O. By adding
additional steps such as persulphate digestion, TDN or ammonium can
also be measured)

Casciotti, K., D. Sigman, et al. (2002). "Measurement of the oxygen isotopic composition
of nitrate in seawater and freshwater using the denitrifier method." Analytical
Chemistry 74: 4905-4912.
Heiling, M., J. Arrillaga, et al. (2006). "Preparation of Ammonium‐ 15N and Nitrate‐ 15N
Samples by Microdiffusion for Isotope Ratio Analysis by Optical Emission
Spectrometry." Communications in Soil Science and Plant Analysis 37(3-4): 337-346.
Isobe, K., Y. Suwa, et al. (2011). "Analytical Techniques for Quantifying 15N/14N of Nitrate,
Nitrite, Total Dissolved Nitrogen and Ammonium in Environmental Samples Using a
Gas Chromatograph Equipped with a Quadrupole Mass Spectrometer.” Microbes and
Environments 26(1): 46-53.
Lachouani, P., A. Frank, et al. (2010). "A suite of sensitive chemical methods to determine the
!15N of ammonium, nitrate and total dissolved N in soil extracts." Rapid
Communications in Mass Spectrometry 24: 3615-3623.
McIlvin, M.., K.L. Casciotti (2011) “Technical updates to the bacterial method for nitrate
isotopic analyses.” Analytical Chemistry 83:1850-1853
Morkved, P., P. Dorsch, et al. (2007). "Simplified preparation for the [delta] 15N-analysis in soil
by the denitrifier method." Soil Biology and Biochemistry: 1907-1915.
Rock, L. and B. Ellert (2007). "Nitrogen-15 and oxygen-18 natural abundance of potassium
chloride extractable soil nitrate using the denitrifier method." Soil Science Society of
America Journal 71: 335-361.
Stephan, K. and K. Kavanagh (2009). "Suitability of the diffusion method for natural abundance
nitrogen-15 analysis." Soil Science Society of America Journal 73: 293-302.
!

14

Disadvantages
• Complete extraction and conversion
required at each step
• Each sampling period only one snapshot in
time
– Lack of integration through time and space
– Subject to short term variation
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Templer et al. 2007

Mineralization is measured by adding I5NH4+ and observing the rate at which the
atom % 15N enrichment of the NH4+ pool declines as microorganisms mineralize
native soil organic 14N to 14NH4+ .
Similarly, nitrification is measured by adding 15NO3- and observing the rate at
which the 15N enrichment of the NO3- pool declines as autotrophic nitrifiers oxidize
native soil 14NH4+ to 14NO3- or as heterotrophic nitrifiers oxidize native soil organic
14N to 14NO -.
3
Consumption of NH4+ and NO3- changes the size of these pools but does not affect
their 15N enrichments, thus permitting calculation of gross mineralization and gross
nitrification from rates of dilution of pool enrichments.
Gross rates of NH4+ and NO3- consumption (which include microbial assimilation
and any other consumptive process) are calculated from disappearance of the
15N label.
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Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Elliot et al. 2009

Carol Kendall
USGS-Menlo Park
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In all oxygen bearing terrestrial materials, there is a consistent
relationship between δ18O and δ17O values because kinetic and
equilibrium isotope fractionations depend on the relative
differences in atomic mass.
However, ozone (O3) formation exhibits a unique kinetic isotope
effect, producing δ17O values higher than statistically expected
(Mauersberger et al. 2003).
This “mass independent fractionation” (MIF) results in ozone
having anomalous or excess 17O.
Because ozone is a photochemically reactive species, this
isotopic anomaly is transferred to several other oxygen-bearing
atmospheric compounds (Thiemens 1999, 2006; Lyons 2001).

δ17O and D17O can trace atmospheric deposition!
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Bourgeious et al. 2018

Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Create a signal large enough that it will overwhelm all known
fractionations without altering the nature of the system
In the most basic terms, you create a system where the element
can be clearly followed and identified and are forgoing any
Isotope
varies
information
youcomposition
would otherwise
get from fractionation
because of:
• Source differences
• Fractionation
• Pool utilization
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%N Incorporated from Foliar 15NO2 Uptake

Tomato

Tomato

mg N Incorporated from Foliar 15NO2 Uptake
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Vallano and Sparks 2008
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• Add labeled nitrogen at low
amount, but high 15N
content
• Assess amount of 15N in all
pools (requires high
recapture rate)
• Presence of 15N in pool
gives information about
mechanism
• Amount of incorporation of
15
N over time provides
process rate
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• Addition of labeled nitrate into
stream ecosystem
• Paired with a non-reactive tracer to
calculate influence of volumetric
flow
• Expressed as an uptake length

Hubbard et al. 2010
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δ17O and D17O can trace atmospheric deposition!

Direct plant uptake of atmospherically derived nitrate!
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Dactylis glomerata
Festuca paniculata

Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Hasselquist et al. 2017

Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Baker et al. 2010

!

Baker et al. 2010
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Common approach- foliar δ15N method
FIXER

NON-FIXER
d15N

Foliar
measured

Fixed d15N
~0‰

Soil solution d15N
unknown

Soil solution d15N
unknown

Shearer & Kohl 1986
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Zanthoxylum

Prosopis
8
7
6
δ15N

5
4
3
2

xyl em

1
0

so il inorgani c N

Jan

May

Aug

Jan

May

Aug

Soil inorganic N: concentration-weighted combination of d15N-NO3- and d15N-NH4+
in soil KCl extracts

Soper et al. 2015
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Soper et al. 2015
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Zanthoxylum

Prosopis
8
7
6
δ15N

5

*

4
3
2

xyl em

1
0
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May

Aug
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Aug

Soper et al. 2015

Seasonal variation is significant
Fractionation is not constant over time
Zanthoxylum

Prosopis
8
7
6
δ15N

5

*

4
3

*

2

xyl em

1
0

so il inorgani c N
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May

Aug
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May

Aug

Soper et al. 2015
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Xylem to foliar 15N fractionation
4

Δ

Prosopis

3

Zanthoxylem

Difference
between
foliar and
xylem sap
d15N

Δ15N

2
1
0
-1
-2
August

January

May

August

Soper et al. 2015

Prosopis

1!

Zanthoxylum

Jan

Δ15Nsoil inorganic
N-xylem (‰)
a
4.42 ***

Δ15Nxylem –
foliage (‰)
a
1.23 ***

May

2.91 ***

a

1.05 ***

Aug

4.37 ***

a

0.51 ***

Δ15Nsoil inorganic
N-xylem (‰)
ab
2.67 ***

a

1.16

b NS

b

3.35 **

a

Δ15Nxylem –foliage
(‰)
a
-0.65 *
a

-0.91 *
b

-2.64 ***

!

Soper et al. 2015
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Soper et al. 2015

Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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Global N2O Budget

Units: Tg N/yr (Tg=1012 g)
Stratosphere
1.3 (combustion)

Net sink = 12.3
Total sources = 17.7
Atmospheric increase = 3.9

0.5 (biomass burning) 4 (tropical soils)
2 (temperate soils)
Net source = 3

4.2
2.1
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Major sources of N2O
Dominant microbial processes in soils and the ocean
• nitrification
• denitrification
N2O is increasing because microbial processes are amplified
by:
• fertilizer application
• production of N2 fixing crops (legumes)
• atmospheric deposition of N
other sources (first NOx or NH3 then N2O)
• biomass burning
• fuel combustion
• Ammonia volatilization (animal wastes)

Major sinks for N2O
Reactions in stratosphere
UV photolysis (90% of sink)
N2O + hv -> NO + O(1D)
oxidation
N2O + O(1D) -> 2NO -> N2 + O2
Both reactions fractionate leaving both N and O enriched in the
stratosphere – details in Rahn (2005)
Because of very slow mixing between troposphere and
stratosphere, the residence time of N2O is long (~114 years)
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Stable isotopes of nitrous oxide
Average terrestrial abundance
14
N
99.64 %
15
N
0.36 %

16

O
O
18
O
17

99.763 %
0.0375 %
0.1995 %

Average atmospheric content (332 ppb)
14N14N16O
331 ppb
15 14 16
N N O
1 ppb
14 14 18
N N O
<1 ppb
Typical isotope ratios in well-mixed troposphere
d15N of N2O
+ 7 ‰ (vs air-N2)
18
d O of N2O
+ 20.7 ‰ (vs air-O2)
+ 44.7 ‰ (vs SMOW)

Perez (2005)
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First 2 steps deplete
N2O relative to source
Last step enriches
remaining N2O as
N2 is formed

Perez (2005)

N2O fractionation factors

Perez (2005)
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aerobic

anaerobic

Firestone and Davidson (1989), Chapin et al. (2002)

Isotopomers of N2O
•

15N

can exist in two positions within the molecule
(a and b)
• Denitrification tends to preferentially place the 15N
in the a position
• Nitrification places the 15N equally in both the a
and b positions
• The intramolecular distribution is referred to as the
site preference:
(SP = d15Na - d15Nb) in ‰
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•
•
•
•
•

Measure N2O+ and NO+ fragment
5 cup system (cups 1, 3, & 5 have wider collector slits)
For N2O+, cups 1, 2, & 4 measure m/z 44, 45, and 46
For NO+, cups 1, 3, & 5 measure m/z 30, 31, and 32
See Toyoda & Yoshida 1999 for full calculations

Large site preference in
organisms oxidizing ammonia

Sutka et al. 2006
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• Little to no site preference in NO2-/NO3- reduction
• Does this provide an ability to potentially source
N2O from nitrification and denitrification?

Therefore, the known enzymatic reaction pathways suggest that the
alpha-15N-isotopomer preference and the 18O-signature of the
produced N2O is not essentially characteristic for its origin from
nitrification or denitrification, respectively, but rather from the
involved population of microorganisms and the type of their nitric
oxide reductases.
-Schmidt et al. 2014
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Learning objectives
• Be able to conceptualize the terrestrial
nitrogen cycle as a grouping of
transformation reactions and transport
events
• Understand how transformations and
transport change nitrogen isotope ratios
• Have exposure to some applications of 15N
to STIR (Source, Trace, Integrate, Record)
• Blank pages/writing stuff/~15 minutes look
at data/methane/nitrous oxide
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•

Higher CH4 in the Northern hemisphere, more sources in this
hemisphere

•

Seasonal variation in CH4 is controlled by change in
atmospheric sink strength (oxidation by hydroxyl radical
higher in summer)

•

increase since pre-industrial baseline is from increased
agriculture (plants and animals) and natural gas extraction
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Major sources of CH4

(numbers in Tg CH4/yr from Fung et al. 1991)

microbial production occurs in
• wetlands (115)
• rice agriculture (100)
• ruminant guts (e.g., cows, 80)
• insect guts (e.g., termites, 20)
• oceans (10)
other sources
• biomass burning (55)
• energy (75)
• landfills (40)
• methane hydrates (5)

Major sinks for CH4
Reaction with hydroxyl radical in troposphere (506)
CH4 + OH -> CH3 + H2O (eventually becomes CO2)
Consumption by methanotrophic bacteria in soils
(also called methane oxidation or methanotrophy)
Stratospheric loss - transport and eventual destruction (OH,
Cl, O(1D))
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Stable isotopes of methane
Average terrestrial abundance
12C
98.89 %
13
C
1.11 %

1H
2

D

99.9844 %
0.0156 %

Typical isotope ratios in air
- 47 ‰ (V-PDB)
d13C of CH4
dD of CH4
- 87 ‰ (SMOW, N. Hem)
- 77 ‰ (SMOW, S. Hem)

Chanton et al. (2005)
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Snover et al. (2000)
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Major source of CH4
microbial production (anaerobic)
acetate fermentation
CH3COOH -> CH4 + CO2
CO2 reduction (with hydrogen)
2CH2O + 2H2O -> 2CO2 + 4H2
CO2 + 4H2 -> CH4 + 2H2O

Chanton et al. (2005)
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Fen
•wetland with neutral-basic pH
•shallow-rooted vascular plants
(sedges and grasses)
•labile root exudates stimulate acetate
production and fermentation

Bog
•wetland with acidic pH
•low pH inhibits acetate fermentation
•sphagnum mosses
•black spruce

Chanton et al. (2005)
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Chanton et al. (2005)
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