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Identifying the agricultural imprint on the global N,O budget
using stable isotopes

T. Pérez,' S. E. Trumbore,' S. C. Tyler,! P. A. Matson,” I. Ortiz-Monasterio,’ T.
Rahn,* and D. W. T. Griffith®

Abstract. Agricultural soils are the most important anthropogenic source of nitrous oxide to the
atmosphere. We observed large shifts with time in the emission rate (from 170 to 16 ng N cm”
h") and in 8"°N of N;O emitted (from -46%o to +5%o relative to atmospheric N;) from a urea-
fertilized and irrigated agricultural field in Mexico. We calculated overall instantaneous enrich-
ment factors for the sampling period, which suggest that the microbial N,O production shifts from
nitrification (week 1) to denitrification (week 2). Isotopic signatures of N:O emissions were not
always in accord with other proxies (such as NO/N;O emission ratio or water-filled pore space)
used to estimate the relative importance of nitrification and denitrification as N,O sources. These
observations strongly suggest that the soil surface emissions integrate processes occurring at dif-
ferent depths in the soil and a decoupling of NO and N;O production in this system. Further
clues as to the source of N;O come from the positional dependence of "°N in the emitted N,O, re-
ported here for the first time in soil emissions. Enrichment at the central N position increased rela-
tive to the terminal N position by 9.3%o during the first 4 days after irrigation, implying that ni-
trification preferentially enriches the central N position compared to denitrification. The overall
8N signature we measured for N,O emitted from N-fertilized agricultural systems is more de-
pleted than observed 8"°N values for N>O emitted from more N-limited forest soils. Assuming
that one half of the total agricultural N,O emissions associated with the global increase in soil ni-
trogen fertilizer use have an isotopic composition comparable to those of the agricultural fields re-
ported here, we predict a decline in the isotopic signature of tropospheric N;O during this century
of as much as 3% for °N. Although many uncertainties remain, we suggest that measurements of
8"°N-N;O in fimn air will provide constraints on how the N>O budget has changed during the past

century.

1. Introduction

Nitrous oxide (N,O) is a greenhouse gas primarily pro-
duced by bacteria in soils and oceans during the processes of
nitrification and denitrification. The principal global N2O
sources are tropical rain forest soils, agricultural fields, and
oceans, whereas the major sink is stratospheric destruction
[Khalil and Rasmussen, 1992]. Most of the observed increase
of N,O in the troposphere (~0.25% per year) has been attrib-
uted to increased N2O emissions associated with the expan-
sion of agriculture since ~1900 [Kroeze et al., 1999; Machida
and Nakazawa, 1995; Minami, 1987]. Attempts to balance
the global N,O budget have been hampered by the limited
number of emission studies coupled with the high spatial and
temporal variability associated with N;O fluxes [Cicerone,
1989; Prather et al., 1995].
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Recent publications suggest that the use of stable isotopes
of N and O in atmospheric N,O and its sources may better
constrain the global N,O budget [Cliff and Thiemens, 1997,
Dore et al., 1998; Kim and Craig, 1993; Nagvi et al., 1998,
Rahn and Wahlen, 1997; Yoshinari et al., 1997; Yung and
Miller, 1997]. A very simplified interpretation of the global
isotopic budget for N;O assumes that “light” (or '*N de-
pleted) N2O from sources such as soils and the ocean surface
are balanced by “heavy” (or "N enriched) N,O that mixes
down from the stratosphere [Kim and Craig, 1993]. However,
significant uncertainties remain in estimating the global iso-
topic signature of both oceanic and soil sources because of the
paucity of measurements. Isotopic signatures fall victim to the
same problem that is notorious for flux measurements: large
spatial and temporal variations. Most previous studies have
determined isotope signatures from measurements made at a
single place or time [Dore et al., 1998; Kim and Craig, 1993;
Nagvi et al., 1998; Pérez et al., 2000, Yoshinari et al., 1997].
In this paper we examine the causes of short-term temporal
variation in isotopic signatures within an agricultural system
and explore the implications of these spatial and temporal
variations for the use of isotopes as a tool to identify the rela-
tive contributions of different microbial pathways for N.O
production and the changing importance of agriculture in the
global N>O budget over time.

2. Field Study and Site Characteristics

Field studies were performed following experimental fertili-
zation and irrigation of an agricultural field in the Yaqui Val-
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Table 1. Soil Physical and Chemical Properties at Different Soil Depths During the Experiment

Depth pH CEC (NH4Oac) Clay Silt Sand Soil Texture
cm H,0 cmol, kg" % % %
0-15 8.5 41.10 48.5 20.3 312 clay
15-30 8.6 41.82 51.2 15.0 338 clay
30-60 8.3 44,76 48.7 17.5 33.8 clay
60-90 8.0 51.01 449 28.9 26.2 clay

CEC is the cation exchange capacity of the soil.

ley of Sonora, Mexico, during November 1998. This area is
part of the Sonora desert and has a long history of agricul-
turaluse. The Yaqui Valley area (40 m above sea level) has
225,000 ha of cultivated and irrigated land located from
26°45°N to 27°33’N and 109°30'W to 110°37°W. The mean
annual precipitation is 292 mm with highest precipitation
during late summer (J. 1. Ortiz-Monasterio, personal communi-
cation, 1998.). The soils in the Yaqui Valley are classified as
typic caliciorthid (U.S. system). They are a combination of
coarse sandy clay and montmorillonitic clay. Soil properties
are given in Table 1. The Yaqui Valley has been the location
of a number of studies on genetic progress in wheat grain
yield and quality and nitrogen use efficiency under different
nitrogen fertilization rates as well as the effect of nitrogen
management on greenhouse emissions and nitrogen leaching
[Graham et al., 1997, Matson et al., 1998; Ortiz-Monasterio
et al., 1997a,b; Riley et al., 2001].

The typical sequence of events associated with wheat agri-
culture in this region begins with the burning of plant resi-
dues (when present) from the previous crop in October. In
November, a first fertilizer application of 150 to 190 kg N ha’'
is applied as urea (broadcast) or anhydrous ammonia (in-
jected). The fertilizer is incorporated with a disk before the
formation of beds where planting will take place. A few days
after bed formation, the field is furrow-irrigated and the soils
are left to drain for a period of 2 to 4 weeks, after which plant-
ing takes place. A second, smaller fertilizer application (63 to
100 kg N ha') occurs with the first so-called "riego de aux-
ilio" (postplanting irrigation) 6 weeks after planting. This last
procedure completes the total annual fertilizer application of

Soil sampling
(5 cm depth x 4
cm long x 50 cm
wide) each day

le— 50 cm —>je— 15 —»

Bed Furrow

~250 kg N ha™'. The crop is irrigated four to five times more
before the fields are harvested in April-May. Previous studies
of gaseous N loss from these fields [Matson et al., 1998;
Panek et al., 2000; Riley et al., 2001] show that the largest
losses of N,O for the entire planting cycle occur during the ir-
rigation period following the first fertilization. We selected
this time period for our study. Overall loss of fertilizer nitro-
gen from fertilization to harvest (as N, N>O, NO, NH; vola-
tilization, and NOj3" leaching) can be as high as 28% [Matson
et al., 1998].

3. Fertilization and Sampling Procedure
3.1. Fertilization Experiment

The study site was at Centro Internacional de Mejoramiento
de Maiz y Trigo (CIMMYT) experimental fields and focused on
changes following first fertilizer application. The field was fer-
tilized with 150 kg N ha™ (15 g N m?) as broadcast urea on
November 3, 1998, and incorporated to ~20 cm to make beds
that were ~50 cm wide. Furrows were ~15 cm wide each and
were spaced 80 cm apart (Figure 1). Irrigation took place on
November 5.

3.2. Soil Measurements

32.1. Soil water content and inorganic nitrogen concen-
trations. During the 2-week period of the experiment starting
from the day of irrigation, we sampled soils each day to meas-
ure the water content, the *0 composition of soil H,0, total
soil carbon and nitrogen content, the NH4" and NO;™ concen-

*———NO flux chamber

Figure 1. Diagram illustrating the dimensions of soil beds and furrows, soil sampling techniques, NO and N,0O

flux chambers, and the N;O isotope trapping system.
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tration in soils, and the isotopic composition of these ni-
trogenous species. Integrated soil samples were taken across
the beds (4 cm long x 50 cm wide x 5 cm depth) so as to aver-
age the total nitrogen content per bed (see Figure 1). A previ-
ous study has shown that N concentrations vary significantly
across the beds (J. I. Ortiz-Monasterio, personal communica-
tion, 1998). Soil samples were collected at the same time each
day (1030 to 1130 local time). Soil temperatures were meas-
ured using a thermocouple at 3 cm depth.

Approximately 200 grams of homogenized soil were
weighed and oven dried at 105°C for 48 hours. After that time
the samples were weighed again and gravimetric water content
was determined by weight loss. Bulk density values (0-15
cm) were obtained previously by collecting soil sample cores
from 5 to 10 cm depth (J. I. Ortiz-Monasterio, personal commu-
nication, 1998). The values used are 1.11 g cm® (beds) and
1.21 g cm? (furrows). We extracted soluble N on the day of
soil collection. An aliquot of 10 g of soil was added to 100
mL of 2 M KCl, shaken for 1 min, and left at room temperature
to equilibrate for 24 hours [Matson et al., 1996]. The solu-
tion was filtered with a KC1 prewashed Whatman 42 filter and
stored at 4°C prior to analysis for NHs" and NO; at the Uni-
versity of California Irvine (UCI). Concentrations of NH," and
NO;" were determined using the salicylate—hypochlorite and
modified Griess-Illosvay methods, respectively [Mulvaney,
1996]. Reported NO3™ concentrations are the sum of NO3™ +
NO,. Both ions were measured using a spectrophotometer
(HACH DR/2010).

3.2.2. Total carbon and nitrogen content. Soil samples
taken every day from 0-5 cm depth were dried at 60°C for 24
hours. Samples were sieved and milled, and total carbon and
nitrogen content was determined by combustion using a
Fisons 5200 elemental analyzer. Nitrogen content analyzed
this way is the sum of organic and inorganic N. Measurements
are reported in mg N kg™ dry soil.

3.2.3. The 8N measurements in NO, and NH,'and
5'30-H,0 from soil water. Natural abundance *N in the in-
organic nitrogen pool (NHs" and NOj) was analyzed at R.
Mulvaney’s laboratory (University of Illinois, Urbana) using
methods described elsewhere [Mulvaney, 1997]. Water soil
extraction and '®0 and isotopic composition were determined
by conventional methods [4llison et al., 1983; Socki et al.,
1992].

3.3. Trace Gas Emissions and Isotopic Measurements

N;O and NO fluxes were measured between 1100 am to
0200 pm local time to minimize diel effects on fluxes.

3.3.1. NO emissions. NO was measured using a dynamic
chamber method [Davidson et al., 1993, Davidson et al.,
1991]. A lid was placed on a PVC ring (25-cm diameter, 10-cm
height) that was previously inserted 2 cm into the ground. A
mixture of CO, free and dry ambient air (=680 mL min™") and
soil chamber air (=100 mL min™) was passed through a CrO;
converter that oxidized NO to NOi;. NO: was detected by
chemiluminescence using a Scintrex LMA detector (Scintrex,
Inc., Ontario, Canada) and using luminol solution as an oxi-
dizer. Calibration curves were made each day prior to sam-
pling NO soil emissions by diluting a NO standard (115.2
ppb NO in N3, Scott Specialty gases) with different amounts of
ambient air. In each case the calibration curve was corrected
for background NO concentration present in the ambient air.

3.3.2. N;O emissions and 5'*N and §'°0-N;0. N;O emis-
sions were determined by collection of four samples with 20
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mL syringes at 10-min intervals after chamber closure and
measured by electron capture detector (ECD) gas chromatog-
raphy. The natural abundance N and 0 were collected after
syringe sampling by circulation of air from the chamber
through a trapping system. The N»O was trapped using a mo-
lecular sieve 5A trap, then transported to UCI for purification
of N2O and measurements of N2O isotopes. A more detailed
description of these methods is given elsewhere [Pérez et al.,
2000].

3.3.3. The !N positioning of N;QOisotopomers. We deter-
mined the changes in '*N positioning of N;O isotopomers by
Fourier transform infrared (FTIR) spectrometry [Esler et al.,
2001] for the first four samples taken in this experiment. The
technique required a relatively large amount of pure N,O (7
pumol); only the high emissions of N2O early in the experiment
permitted collection of sufficient N>O. The site position pref-
erence of nitrogen isotopomers in the N2O molecules is ex-
pressed as the difference between the site-specific delta values
for the two isobaric isotopomers (8'“N'NO - 3'°N!*NO) after
Yoshida and Toyoda [2000].

3.3.4. Isotope units. Isotopic data are reported as & values,
where 0=[(Rsample/Rstandard)-1] 1000, and Rsample and Rsandard are
R =PN/"N or '80/'%0 for sample and standard, respectively.
Delta values are reported as deviations from 3'°N of atmos-
pheric N, and 5'®0 of atmospheric O. The conversion for the
5'®0um standard to SMOW standard is 8'80um={-23
+[8"*0smow/1.0235]} [Kim and Craig, 1990].

4. Results

4.1. The 8N in Emitted N.O

During week 1 (starting from the day of irrigation) when
N2O emissions were the highest (Figure 2b), both §'°N and
530 values were very light (depleted in the heavy isotope)
(Figures 2a and 2f). The first two measurements immediately
following irrigation showed heavier 8'°N values (the average
3'°N-N,O value from two different chambers was -41.42 +
0.93%0) compared to the N2O emitted 2 days after irrigation
(-46.6%o0). Through the course of the experiment (from days 3 to
14 after irrigation) the N,O emissions decreased and 8'°N-
N0 increased, as did the §'°N signature of NH,".

4.2. N;0 and NO Fluxes

The instantaneous N,O emissions, measured at the same
time we collected samples for stable isotope analysis, ranged
from 246 to 1.7 ng N cm2 h”', N;O emissions were the highest
the first 4 days after irrigation and then progressively de-
creased to very small values from day S to day 14 after irriga-
tion (Figure 2b). NO instantaneous emissions were bimodal
with a smaller peak during the first week (105 to 168 ng N cm’
2h' on the 3rd day after irrigation), which decreased at the
end of week 1. During week 2 after irrigation, NO emissions
increased again to the highest observed values during the
middle of the 2nd week (209 to 283 ng N cm” h”' on the 9th
day after irrigation), and then diminished by the end of the
2nd week (Figure 2b).

4.3. Concentrations and Natural Abundance 5N in Inor-
ganic Nitrogen (NH,", NOy’) and Total Carbon and Nitro-
gen Content

The 8'°N values of NH4' extracted from 0- to 5-cm soil be-
come enriched during the 1st week following irrigation (Fig-
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ure 2¢). This increase is due to the preference by the soil bac-
terial population for the lighter (**N) isotope as the nitrogen
pool is consumed [Nadelhoffer and Fry, 1994]. The 31°N-
NH," values increase linearly with time (+ = 0.89), while
NH;" concentrations drop exponentially during the first 7
days after irrigation (from 255 to ~16 mg N kg dry soil, Fig-
ure 2d). Both isotope and concentration values plateau during
2nd week, suggesting that a steady state condition with NH,*
production matching NH4" loss rates has been reached.

The amount of KCl-extractable nitrate increased from 281 to
500 mg N kg dry soil (Figure 2d). The increase in NOjy’
matches the decline in NH,4*, and the 3N signature of NOj™ is
depleted compared to 5'°N-NH,*, suggesting that most of the
NOj is produced from NH," via mitrification. The isotopic
signature of '*N in NOy™ during 1st week of the experiment is
not available. During the 2nd week the 3'°N-NO; reached a
maximum of 10.2% and then progressively decreased with
time.
The total nitrogen content (organic plus inorganic) from 0-
5 cm (Figure 2d) derives mostly from applied fertilizer N be-
cause these soils have a very low organic matter content (or-
ganic C was 9.03 % 0.3 gC kg™’ soil, n=15). During the time
we sampled, the sum of extractable N (NH," + NO;") averaged
87% of the total N (organic + inorganic). No change in or-
ganic C content was observed during the experiment, al-
though C inputs to the soil were zero. This indicates that or-
ganic matter decomposition is not a significant source of
available nitrogen in these soils. We attribute the total N,
NO;™ concentration and 3'°N-NOj;" decrease during the 2nd
week after irrigation to NO; leaching to deeper layers in the
soil. Riley et al. [2001] found leaching of NO;™ and NO;" from
the surface to 1 to 5 mdepth accounted for between 5% and
28% of the applied nitrogen after a similar fertiliza-
tion/irrigation procedure at this site.

4.4. Water Content and 5'°0 of Emitted N,O and Soil H;0

Water-filled pore space (WFPS) decreased from 0.86 to 0.46
in 15 days (Figure 2¢). The 3'3%0-H,Ovalues increased from
-26 to —20%o (Figure 2f). During the same time, 5'%0-N,O in-
creased from -3%o to +9%o (Figure 2f). The overall magnitude of
the §'%0-N,O increase was not as great as that observed for
3'°N-NO (Figure 2a).

4.5. The N Positioning of N,O Isotopomer

Changes in the '*N/"N ratio of N,O emitted from the day of
irrigation until 4 days later were accompanied by a significant
change in the relative positional '*N values in the N2O mole-
cules as shown in Figure 2g. Isotopomeric site preference
shifted 9.3%o over the first 4 days after irrigation, in the sense
that the N2O molecules were heavier by 9.3%0 in the central
15N relative to the terminal N on the 4th day compared to the
day of irrigation. The actual site preference ranged from +4.9%o
to + 14.2% relative to the N>O reference gas Standard Nitrous
Oxide Working-gas (SNOW) [Rahn & Wahlen, 1997]. If we
assume that SNOW has an absolute site preference close to
zero, the absolute site preferences are within the range re-
cently published by Yoshida and Toyoda [2000] for soil and
oceanic N,O sources, -0.5%o0 to +15%o.

5. Discussion

5.1. Differentiation Between Nitrification and Denitrifica-
tion as Sources of N;O Using Stable Isotopes
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Figure 3. Calculated overall bacterial community instantane-
ous enrichment factors ¢, for each day, assuming that the emit-
ted N,O was produced by either nitrification (€overailnit= 8"°N-
N2Oemted- 8 "N-NH4", solid circles) or denitrification (€overall-
domt= 8" °N-N2Oemutted-6'°N-NO5", open triangles). Shaded ar-
eas indicate the range of enrichment factors for nitrification
and denitrification available in the literature [Barford et al.,
1999; Ueda et al., 1999; Wada and Ueda, 1996; Yoshida,
1988, and references therein]. Dashed lines indicate the time
period when there is disagreement between our calculated
Eoversl Values and literature € values for nitrification and deni-
trification.

Spatial and temporal variability in the 8'°N of N,O emitted
from soils is caused by variations in substrate availability, the
isotopic content of substrate, and shifts in microbial processes
controlling N,O production and consumption [Pérez et al.,
2000]. The §'°N signature of N,O emitted from the Yaqui Val-
ley agricultural field (Figure 2a) showed dramatic shifts over
time, ranging from highly depleted values (-46%o) during the
1st week when N2O emissions were the highest, to enriched
values (+5%») at the end of the 2nd week when emissions were
low.

N0 is produced as a reaction byproduct or intermediate
during nitrification (NHs">NO3") and denitrification (NO3
>N,). Both processes produce N2O molecules with distinct
isotope signatures. The difference between 8'°N of emitted
N,O and the substrate NH," or NO; is expressed as an en-
richment factor €, where € = 1000 (o-1) and o is the isotopic
fractionation factor of the reaction {0 = Rproduct/Revbstrate; R =
(SN/"*Nsampte)/(*N/**Nitanaard)}. Published enrichment factors
for nitrification (NH4*->N,0), €1, range from -45 to ~66%o
[Ueda et al., 1999; Yoshida, 1988]. N,O produced via deni-
trification by soil denitrifiers has two characteristic enrich-
ment factors reflecting the role of N,O as an intermediate in
this process: €dgenu-1 of =13%0 to —28%o for the NO;™ to N2O
step [Barford et al., 1999; Wada and Ueda, 1996 and refer-
ences therein] and €genir.2 0f —13%0 to —27%o0 for the N>O to Nj
step [Barford et al., 1999; Wada and Ueda, 1996]. Therefore,
if the substrates (NHs* and NO5') have a BN isotopic signa-
ture equal to 0%., we expect to see differences in the isotopic
signature of emitted N0, with nitrification producing N,O
that is more depleted in '*N (-45 to —66%0) and denitrification
producing less '*N depleted values (~13 to —28%o).

With our data it is impossible for us to estimate quantita-
tively the relative contribution of nitrification versus denitri-
fication during the sampling period because of the lack of in-
formation on the amount of N,O reduced to N; (which would
further enrich the *N values of unconsumed N2O; see Pérez et
al. [2000] for discussion). However, we can qualitatively es-
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timate which process predominates by comparing observed
instantaneous enrichment factors, which integrate the influ-
ence of the whole bacterial community, with published values
for the different processes that generate N,O. We
used measured 3'°N values for NHs* and NO; substrates
(Figure 2c) and emitted N,O (Figure 2a) to calculate instanta-
neous enrichment factors (€ = 8" Nproduct-8" Naubstrate) [Goericke
et al., 1994] for N,O each day assuming that the entire N,O
production was either via nitrification (€overall-nit = 5'°N-
N2Oemined — 8°N-NH4") or denitrification (Eoverali-denst = 8 °N-
N2Oemtted — S‘SN-N03') (Figure 3). We calculated €gverall.
demt values for the 2nd week of the experiment only, because
8”N-NOs" values were not available during the 1st week.

During the 1st week following irrigation, the calculated
€overall-nt Values generally were within the range of published
enrichment factors for nitrification (bottom shaded area in Fig-
ure 3). An important exception occurred on the day of irriga-
tion, when the highest N,O emission rates observed were as-
sociated with 8'°N2O values that were several per mil more en-
riched (-42%o) than those measured on the three subsequent
days (-46 to —42%o) (Figure 2a). This enrichment may have
been caused by addition of some N2O produced via denitrifi-
cation. During the 2nd week, when N,O fluxes decreased and
much of the NH,* had been converted to NO;~ (Figure 2d), in-
stantaneous Eoveran-nit values fell above the range of published
€ values. In contrast, instantaneous Eoverall-denit values were
within the range of €genit in the literature during most of the
2nd week. Despite the fact that we cannot calculate values for
Eoverall-denn during the 1st week, these results suggest that most
of the N,O emission in the 1st week was derived from nitrifica-
tion of abundant ammonium derived from the hydrolysis of
urea. Once most of the NH,* was converted to NO; (Figure
2d), denitrification increased in importance and overall N,O
emissions decreased. Enrichment factors on the final day of
the experiment did not correspond to published ranges of € for
either nitrification or denitrification; either N2O was being
produced outside of the range of published fractionation fac-
tors or another mechanism was controlling the isotopic signa-
ture of N2O at that time.

5.2. Differentiation Between Nitrification and Denitrifica-
tion as Sources of N>O Using N,O/NO Ratlos and Soil Wa-
ter Content

Soil water content regulates the redox condition in soils
and hence controls the degree to which nitrification (an aero-
bic process) and denitrification (an anaerobic process) can oc-
cur. In addition, the NO and N>O emitted from soils are gener-
ally assumed to be derived primarily from nitrification and de-
nitrification, respectively. Hence N2O/NO emission ratios <1
are usually observed when soils are mesic or dry (WFPS
<0.65) and nitrification is the dominant process, while high
N,O/NO ratios indicate more anaerobic conditions at higher
soil water content (WFPS >0.65) with denitrification the
dominant process [Davidson, 1993]. Our N,O and NO emis-
sion results (Figure 2b) show a dramatic decrease in the
N20/NO ratios over the 2-week period following irrigation
(values dropped from 42 on day 1 to 1.1 on day 3 and de-
creased to <0.57 during the 2nd week following irrigation).
These results suggest that denitrification was an important
source of N,O only for the first 2 to 3 days following irriga-
tion, while nitrification was the dominant source of N>O after
the 5th day. Soil conditions measured during the same time
suggest anaerobic soil conditions continued through about

PEREZ ET AL.: N;O STABLE ISOTOPES FROM AGRICULTURAL SOILS

day 5 (when 0-10 cm WFPS decreased to 0.6; at the end of the
2-week period it was 0.46; see Figure 2¢). Both proxies sug-
gest that the primary N»O source shifts from denitrification in
the first few days to nitrification following the 5th day after ir-
rigation; the 2-day period between days 3 and 5 when WFPS
is high but nitrification appears to be the dominant N,O
source could be explained if the first few centimeters of the soil
dried more than the deeper layers. Panek et al. [2000] ana-
lyzed the same soils and fertilization procedure using an '*N
labeling technique and found that the emitted N2O was pro-
duced equally by denitrification and nitrification during the
Ist week and nitrification during week 2. Our interpretation
based on N2O/NO ratios agrees with that of Panek et al.
[2000].

5.3. Reconciling Stable Isotope Data With Other Proxies
for Nitrification and Denitrification

Our interpretation of the processes responsible for N,O
emissions from soils during the 2 weeks following irrigation
based on stable isotope data (section 5.1) clearly does not al-
ways agree with interpretations based on other proxies such
as the N,O/NO ratio and WFPS (see section 5.2). The isotope
data suggest that nitrification is the most important source of
N20 during the 1st week following irrigation (with the excep-
tion of some denitrification the 1st day), followed by denitrifi-

cation as the dominant N,O source during week 2. In con-
trast, N2O/NO ratios suggest that denitrification is as impor-
tant a source of N2O as nitrification during the first few days
following irrigation, while nitrification dominates after about
day 5. The apparent inconsistency of the interpretations
based on stable isotopes and other indicators of nitrification
and denitrification can be reconciled if (1) nitrification is tak-
ing place throughout the experiment at the soil-air interface
where drying or equilibration allows aerobic microbial activ-
ity, while denitrification becomes increasingly important at
depth in the soil where WFPS remains high; or (2) nitrifica-
tion continues to be the most important process producing
N:0O during the whole 2-week period, but the enrichment fac-
tors for nitrification increase with progressively limiting sub-
strate availability (NH4").

The first explanation relies on vertical separation of nitrifi-
cation and denitrification in the soil column. We suggest that
nitrification is the major source of N,O emitted during the first
week following irrigation, in accord with the isotope meas-
urements. Drying of the very top of the soil, or rapid equili-
bration with atmospheric O; at the air-soil interface, will al-
low aerobic conditions for nitrification to occur.  Initial
N,0/NO emission ratios may be high even with nitrification
occurring if the NO reacts with water before it can be emitted
to the air above the soil [Firestone and Davidson, 1989]. The
increase in NO emissions toward the middle of the 1st week
occurs as the surface dries further; from day 3 to the end of the
1st week both isotopes and N2O/NO emission ratios support
nitrification as the major N,O source, although WFPS (inte-
grated over the top 10 cm of soil) remains high. Denitrifica-
tion occurring at depth may contribute to, but does not domi-
nate N;O emissions the Ist week after irrigation, either be-
cause the NOj'substrate is increasing during this time or be-
cause denitrification may reduce N,O to N before it can be
emitted [Panek et al., 2000].

During the 2nd week after irrigation, the isotope data sug-
gest denitrification as the major source of N2O, but NO emis-
sions are the highest observed for the 2-week period. We sug-
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gest that denitrification occurring deeper in the soil (below
10 cm), where WFPS remains high and where the necessary
NO; substrate has leached from surface layers [Riley et al.,
20011, is responsible for N2O emissions, while NO emissions
primarily derive from continued nitrification in surface layers.
While Panek et al. [2000] suggested that nitrification was the
dominant process producing N,O during week 2, their label-
ing study was done at the soil surface and does not account
for processes occurring deeper than 10 cm. We conclude that
N;O emitted during the 1st week after irrigation is mostly de-
rived from nitrification and is produced near the soil surface,
while N>O emitted during the 2nd week derives from denitrifi-
cation in deeper soil layers where anaerobic conditions pre-
vail. During the 2nd week, sources of NO and N,O are de-
coupled into different vertical layers of the soil.

The second plausible explanation for the N,O isotope shift
is that nitrification continues to be the most important process
producing N,O during the whole 2-week period following ir-
rigation, but the NO produced from nitrification becomes
more enriched with progressively limiting substrate availabil-
ity (NHs). We found excellent agreement comparing the
variation in 8'°N and 8'%0 of emitted N,O with the fraction of
NH," remaining in the soil during the 1st week, with the same
observations obtained in a study done using a chemostat cul-
ture of ammonium oxidizing bacteria [Ueda et al., 1999]. We
therefore postulate that nitrogen isotope enrichment fractiona-
tion of N2O produced in soil systems with fertilizer-enhanced

nitrogen pools is greater than for systems in which the sub-
strate is at or near limiting levels. In other words, the product
(N;0) will always have the lightest "N isotopic values when
the amount of substrate (NH4") is unlimited. On the other
hand, when nitrogen availability is limited, our results sug-
gest that overall isotope enrichment for nitrification is less
negative. In this limiting case the N,O isotopic composition
is closer to the isotopic composition of its substrates.

Both hypotheses, the separation of nitrification and deni-
trification by depth and changes in the enrichment factor for
nitrification depending on substrate availability, are plausi-
ble, and we cannot rule either out at this time, Changes in '*N
positioning of N2O isotopomers can potentially reflect shifts
in microbial metabolism that influence the N,O emissions from
the soil and might provide information for differentiating be-
tween the two hypotheses. The average enrichment of 8°N in
N,0 produced on the irrigation day (-42%.) compared to the
subsequent 3 days (-46 to —42%o) (Figures 2a and 3) is con-
sistent with denitrification being a small contributor to N,O
emissions on the 1st day, when soil WFPS was very high
(0.86). The site preference (central minus terminal N abun-
dance) of the N2O isotopomers on irrigation day (when deni-
trification is suggested by isotopic signature to contribute to
N0 production) was lower by ~9%o than the value found 4
days later, when nitrification appears to be a more important
contributor to N>O production. This would imply that nitrifi-
ers produce N2O more enriched in '°N in the central position
than do denitrifiers. Although very preliminary, this observa-
tion suggests that microbial processes have a distinct
positional dependence in their '*N fractionation, which may
provide a valuable new and independent isotopic marker for
distinguishing the processes producing N;O in soils. We
were unable to collect sufficient N2O to measure the iso-
topomers during the 2nd week after irrigation; such measure-
ments would certainly help to distinguish between the two
hypotheses and should be emphasized in the future.
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Figure 4. Average emission-weighted N;O isotopic signa-
tures for all agricultural fields (open circle) and unfertilized
tropical rain forest soils from Costa Rica (solid circle) [Pérez
et al., 2000] and Brazil (open diamond) [Pérez et al., 2000].
The isotopic signatures for N;O emitted from the surface ocean
(solid diamond) [Dore et al., 1998], tropospheric N.O (open
triangle) and stratospheric N2O (solid triangles) [Rakn and
Wahlen, 1997] are shown for comparison. The size of the
ovals represents the standard deviation (16) of the §'°N and
3'80 emission-weighted averages from soils.

We conclude that in agroecosystems where nitrogen pools
and water content change dramatically through the soil col-
umn, the use of N>O/NO and bulk soil characteristics as
proxy for differentiation of nitrification versus denitrification
may not be adequate, because it assumes that both gases are
being produced uniformly throughout the soil column. Future
studies should recognize the possibility of vertical heteroge-
peity in trace gas production suggested by the comparison of
isotopic and flux data and should include measurements of the
soil air mixing ratio of N2O and NO over the entire depth in-
terval to assess these effects.

5.4. Identifying the Oxygen Source of Emitted N2O Using
Stable Isotopes

The §'%0-N,O values are close to those of molecular O,
(8'30-02 = 0%o) and enriched by 22%. to 30%c compared to
soil water. This suggests that incorporation of oxygen from
molecular O, during N,O formation from nitrification is greater
than that of oxygen from water. There are no published '*0 en-
richment factors for the NHs" to N;O nitrification step. Be-
cause it is an oxidation process, the 8'%0 of N,O produced
should be more depleted in '*0 than the substrates (H,O and
0;). However, we found that the '*0 in the emitted N;O is en-
riched compared to atmospheric O, which may indicate that
the molecular oxygen in the soil air pore space itself became
enriched by microbial consumption. Our results are in dis-
agreement with previous work done in a waste water facility
where less than half of the oxygen atoms in N>O were derived
from atmospheric O; and the rest came from environmental wa-
ter [Yoshinari and Wahlen, 1985]. Our results suggest that
whether the pathway of N,O production is (1) abiological
oxidation of NH,OH (NHOH->NOH->N,0), (2) “nitrifier
denitrification” (NO;»NO->N0), and/or (3) denitrification
(NO3>NO; >NO2>N,0) [Wada and Ueda, 1996, and refer-
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ences therein], the bacteria are more likely to use the O,-
derived oxygen in each of the N>,O precursors. In the future it
will be necessary to characterize the '®0 isotopic composition
of N>O precursors to have a better understanding of the §'%0-
N,O signature from these soils.

5.5. Implications for the Global N:O Budget

A similar agricultural field in the Yaqui Valley has
been studied by Matson et al. [1998] over ~85% of the entire
crop cycle and under the same management regime. Matson et
al. [1998] found that the majority of N loss as N>O and NO in
this system occurred during the period we studied, following
initial fertilization and irrigation and before planting. We
therefore used the emission-weighted &'°N-N;O average
(8" Nweighted) as the best estimate of the isotopic fingerprint
representative of the N2O emitted throughout the year at this
site

n

ZSISN, xF,

SISN = 1=1 -
Y F
=1

where 8'°N, and F, are the 3'°N-N,O and the N,O emission
for a given day, respectively. The calculated 8'*Nyeightea Was
—37.9 * 8.6%0 (+ standard deviation, n = 17) (Figure 2a).

The only other fertilizer study we are aware of that tracked
natural abundance stable isotopes in N,O emissions was con-
ducted in an NH4NOs—fertilized papaya plantation in Costa
Rica. There, the 8'*N of N,O emissions following fertilization
were similar to those observed in this study (§'°N-N,O =-30.0
+5.6%o0, + standard deviation, n = 2; N,O flux: 28.91-117.17
ng N cm? h')[Pérez et al., 2000]. As in the Yaqui Valley
study, N>,O emissions following fertilizer application in Costa
Rica dramatically exceeded those for unfertilized soils. The
3!°N-N,O values have also been reported for a fertilized tem-
perate lawn near San Diego, California (8"°N-N,0 = -24.5
£1.4%o, + standard deviation, n=2; N,O flux: 15 ng N cm?
bY) [Casciotti et al., 1997]. If we include these studies and
calculate an overall N isotope emission-weighted average
for all three fertilized sites, the 8'°N of N,O emitted is
—-36.6+9.2%0 (+ standard deviation, n = 21). This value is
10%o to 30%o depleted in '*N compared to unfertilized tropical
forest soils, which have reported emission-weighted average
8'°N values 0f-26+2.5%o (+ standard deviation, n = 3) (Costa
Rican forest, ultisol and inceptisol soils) and —-6.6+11.3%0 (%
standard deviation, n = 14) (Brazilian forest, oxisol soils)
[Pérez et al., 2000]. Although we observe large spatial vari-
ability in natural systems [Pérez et al., 2000] and dramatic
variations with time after fertilization in agricultural systems,
the overall effect of synthetic fertilizer N application is to in-
crease N,O emissions and decrease the 3'°N of emitted N,O
(Figure 4).

Application of N fertilizer to agricultural soils dramatically
increases N>O emissions [Kroeze et al., 1999; Prather et al.,
1995]. The global N fertilizer production is expected to in-
crease ~60% by the year 2020; two thirds of that increase will
occur in Asia [Galloway et al., 1995]. Urea represents 48% of
the world synthetic fertilizer use and from that amount, 41% is
used in the developing countries (Food and Agricultural Or-
ganization (FAO), FAOSTAT Statistical database, 1999,
available at http://apps.fao.org/c/s.dll/nph-db.pt). Develop-
ing countries are located mostly in tropical and subtropical
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regions where N>O emission rates from soils are generally the
highest. Our results show that the high N,O emissions fol-
lowing fertilization of subtropical (Mexico; this work) and
tropical (Costa Rica [Pérez et al., 2000]) agricultural soils are
significantly depleted in the '*N isotope compared to una-
mended soils. Therefore we expect a decrease in the '°N of tro-
pospheric N,O if global agricultural N fertilizer application is
a significant contributor to the observed increase in the mix-
ing ratio of tropospheric N2O. We further expect that changes
in tropospheric 8'"N-N,O may be large enough to be useful in
estimating the magnitude of the global N.O agricultural
source.

Rahn and Wahlen [2000] published a model predicting the
changes in °N of tropospheric N,O assuming 8'°N values for
various sources. Their estimate, which assumed agricultural
intensification increased the amount of N.O emitted but did
not change its isotopic signature from natural soil emissions,
predicted a decrease in 8'°N-N;O of 1.6%o to 1.9%0 1900 AD.
If we use the same model but change the isotopic signature of
N:0 emitted from new agricultural sources to reflect our result
of decreased 3'°N for N,O derived from this study, we predict a
decrease of 5%o in 8'°N-N,O. This is likely an overestimate,
since agricultural intensification has involved not only the
synthetic N fertilizer application studied here but also the ap-
plication of organic and animal waste fertilizers and associ-
ated indirect emissions (N2O derived from nitrate leaching and
runoff). Stable isotope measurements do not yet exist for these
sources, which together can make up approximately two-
thirds of the total increased N.O emissions due to agriculture
[Kroeze et al., 1999; Mosier et al., 1998]. A more realistic es-
timate of 3'°N changes in the troposphere, derived assuming
that only half of the increased N,O emission from agriculture
during the past century has been from application of ammo-
nium-based inorganic fertilizers, nitrogen fixation, and other
direct emissions that are largely derived from nitrification (and
therefore associated with a large depletion in 8N values
compared to natural soil emissions), predicts a net decrease in
the isotopic signature of tropospheric N>O from preindustrial
times to the present of 2.2%o to 3.0%o for '*N (here the range
reflects values assuming the average plus and minus one
standard deviation of 8" *Nuweighted = -36.6 + 9.2%0). Assuming
that present rates of fertilizer use continue into the future, we
predict continued changes in tropospheric N,O at rates of -
0.04% to -0.06 %o yr' for 8'°N. While our estimate of recent
changes in the isotopic signature of tropospheric N>O is ad-
mittedly uncertain, our results suggest that N,O trapped in
firn air in polar regions will show significant and measurable
changes in the N2O isotopic composition when developments
in analytical methods permit its measurement. If the uncer-
tainty in the N2O isotopic measurement is reduced to 0.1%. for
PN (presently it is + 0.2%o) [Dore et al., 1998; Nagvi et al.,
1998; Pérez et al., 2000; Rahn and Wahlen, 1997, Yoshinari
et al., 1997] and if the rate of isotope decrease calculated from
this work is an appropriate estimate, then a tropospheric N,O
isotopic shift may be observable over several years of monitor-
ing.

6. Conclusions

The observed changes in '*N of N,O and changes in the po-
sition of nitrogen isotopomers in the N,O molecules follow-
ing fertilization and irrigation of a subtropical agricultural
field demonstrate shifts in the microbial processes producing
N>O with time. Instantaneous enrichment factors for nitrifica-
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tion and denitrification calculated for the sampling period
suggest that the microbial N,O production shifts from nitrifi-
cation (week 1 after irrigation) to denitrification (week 2 after
irrigation). These data are reconciled with evidence from
N,O/NO ratios if nitrification and denitrification are decou-
pled spatially in the 2nd week, with nitrification dominating
NO production near the soil surface and denitrification domi-
nating N,O production in deeper layers of the soil. The 3'%0-
N0 values suggest that incorporation of oxygen from molecu-
lar O; during N>O formation by both nitrification and denitri-
fication pathways is greater than that of oxygen from water.
However, we cannot at this time determine the relative contri-
bution of the different oxygen sources, because no enrichment
factors for %0 are available in the literature and 3'30-NOjy
values are not available for this study. For the same reasons
we also refrain from incorporating N,'®0 in our modeling re-
sults.

The overall §'°N signature we measure from N-fertilized ag-
ricultural systems is more depleted than those observed for
more N-limited forest soils. The relationship we observe be-
tween very high emission rates and '*N depletion for N;O fol-
lowing the use of inorganic fertilizer suggests that changes in
tropospheric 3'°N-N,O should have a measurable imprint from
the increased use of inorganic N fertilizers in agriculture. At-
tempts to constrain the changes in tropospheric N,O since
preindustrial times using isotopes will require better charac-
terization of the isotopic composition of all N>O agricultural
sources.
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