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Abstract

Soils are both a major source and sink of nitrous oxide (N,O), but the proportion of soil N,O production released to
the atmosphere (termed the N,O yield) is poorly constrained due to the difficulty in measuring gross N,O produc-
tion. The quantification of gross N,O fluxes would greatly improve our ability to predict N,O dynamics across the
soil-atmosphere interface. We report a new approach, the ">N,O pool dilution technique, to measure rates of gross
N>O production and consumption under laboratory and field conditions. In the laboratory, gross N,O production
and consumption compared well between the '"N,O pool dilution and acetylene inhibition methods whereas the
15NO; ™ tracer method measured significantly higher rates. In the field, N>O emissions were not significantly affected
by increasing chamber headspace concentrations up to 100 ppb 5N,O. The pool dilution model estimates of NLO
and ""N,O concentrations as well as net N,O fluxes fit observed data very well, suggesting that the technique yielded
robust estimates of gross N,O production. Estimated gross N,O consumption rates were underestimated relative to
rates calculated as the difference between gross and net N,O production rates, possibly due to heterogeneous and/or
inadequate tracer diffusion to deeper layers in the soil profile. Gross N,O production rates were high, averaging
8.4 =32 mg N m > day ', and were most strongly correlated to mineral nitrogen concentrations and denitrifying
enzyme activity (R* = 0.73). Gross N,O production rates varied spatially, with the highest rates in soils with the best
drainage and the highest mineral N availability. Estimated and calculated N,O consumption rates constrained the
average N,O yield from 0.70 to 0.84. Our results demonstrate that the '°N,O pool dilution technique can provide
well-constrained estimates of N,O yields and field rates of gross N,O production correlated to soil characteristics,
improving our understanding of terrestrial N,O dynamics.
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directed at measuring or estimating N, emissions from

Introduction . . . . .
soils, less attention has been paid to directly measuring

Nitrous oxide (N,O) is a potent greenhouse gas and cat-
alyst for stratospheric ozone depletion that has been
accumulating in the atmosphere since the Industrial
Revolution (Prather et al., 1995). Nitrous oxide emis-
sions from natural and agricultural soils represent over
half of global N>O emissions (Stein & Yung, 2003).
Nitrification and denitrification, both dominantly
microbial processes, are primarily responsible for N,O
production in soil. Denitrifiers can also consume N,O
to dinitrogen (Ny), an inert gas that constitutes 78% of
Earth’s atmosphere. Soil N, production is very difficult
to detect against the high background atmospheric N,
concentration, and methods to indirectly measure soil
N, emissions have well-recognized limitations (Groff-
man ef al., 2006). While considerable effort has been
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gross (i.e. total) N,O production. The inability to accu-
rately quantify soil N, emissions or gross N,O produc-
tion contributes to uncertainty in the amount of
nitrogen (N) denitrified in terrestrial ecosystems (Kulk-
arni et al., 2008). This leaves ecosystem N budgets
poorly constrained and also limits our ability to predict
the effects of global change and human activities on
future ecosystem N budgets and soil N,O emissions
(Boyer et al., 2006).

Theory suggests that the proportion of gross N,O
production that results in N,O emissions (termed the
N,O yield) should follow predictable patterns, varying
as a function of substrate availability and micro-envi-
ronmental conditions. For example, high soil nitrate
(NO;") availability inhibits N,O consumption (Black-
mer & Bremner, 1978; Firestone et al., 1979, 1980; Weier
et al., 1993), leading to higher N,O yields in N rich eco-
systems. However, a recent review reported that N,O
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yields for agricultural soils span the entire possible
range from 0 to 1 (Schlesinger, 2009). This broad range
may reflect uncertainties associated with the existing
methods for measuring gross soil N,O production rates
that often require soil to be incubated in the laboratory
(Groffman et al., 2006). Both nitrification and denitrifi-
cation are redox sensitive processes and as such,
changes in oxygen (O,) availability can affect N,O
yields (Firestone et al., 1979, 1980; Goreau et al., 1980;
Bollmann & Conrad, 1998). In situ measurements of
gross soil N,O production could help constrain N,O
yields for terrestrial ecosystems.

The stable isotope pool dilution technique has been
widely employed to study gross N mineralization and
nitrification in soils (Kirkham & Bartholomew, 1954;
Booth et al., 2005) and can also be used to measure
simultaneous production and consumption of trace
gases in soil. The trace gas approach is based on the
addition of a heavy stable isotope tracer to the product
pool in the headspace of a closed laboratory incubation
chamber containing soil or in a field flux chamber
inserted into the soil surface. Gross process rates can be
estimated from concurrent isotopic dilution of the isoto-
pically labeled pool by production at natural abun-
dance isotopic composition and the disappearance of
the isotopic tracer by biological consumption. For trace
gas pool dilution, isotope tracer loss due to physical
processes (i.e. diffusion and advection) is accounted for
using a conservative tracer such as sulfurhexafluoride
(SFe). This technique has been successfully used to mea-
sure simultaneous soil production and consumption of
methane (von Fischer & Hedin, 2002) and methyl
halides (Rhew et al., 2003; Rhew & Abel, 2007) in the
field and laboratory. The use of 5N,O as a tracer for
N,O consumption has been explored in a laboratory
soil column (Clough et al.,, 2006), in ground water
(Clough et al., 2007), and in estuarine waters (Punshon
& Moore, 2004), but the N,O pool dilution technique
has not been previously tested.

Here we report on the application of the pool dilu-
tion technique to surface flux measurements of gross
N,O production and consumption in soil. As opposed
to methane and methyl halides, which are generally
produced at depth in soil and consumed by oxidative
processes at the soil surface, N,O could be produced
or consumed at the soil surface or at depth depending
on environmental conditions. The steady state diffu-
sion of N,O from soil into a surface flux chamber inte-
grates over time and space so that gross N,O
production rates estimated by pool dilution are valid
regardless of where in the soil profile N,O production
occurs. This steady state assumption is likely valid for
the short time period over which the measurement
occurs.

In contrast to gross N,O production, gross N,O con-
sumption rates may be overestimated by the pool dilu-
tion technique if '"N,O additions stimulate
consumption or underestimated if the isotopic tracer
does not diffuse to sites of consumption within the soil
profile. Stimulation of consumption is a long standing
problem with isotope dilution techniques (Davidson
et al., 1991; reviewed by Booth et al., 2005), which are
generally best suited for estimating gross production
rates. With °N,O pool dilution, however, underestima-
tion of gross consumption rates may be more impor-
tant, especially in compacted or wet soils in which
tracer diffusion through the vadose zone is slow.

The potential for underestimation of N,O consump-
tion by the '°N,O pool dilution technique can be tested
and constrained using several different approaches.
First, diffusion modeling can be used to estimate iso-
tope tracer penetration into the unsaturated soil profile
(von Fischer et al., 2009). Second, the distribution of
denitrifying enzyme activity, a good index of denitrifi-
cation potential (Smith & Tiedje, 1979), can be mea-
sured through the vadose zone. Biased distribution of
the '°N label by depth can impact gross N transforma-
tion rates estimated using the pool dilution technique,
but this impact is limited when N enrichment
decreases with depth and gross N transformation rates
also decrease with depth or are uniform throughout the
soil profile (Davidson et al., 1991). Third, assuming
steady state N,O dynamics during the relatively short
measurement interval, N,O consumption rates esti-
mated by pool dilution can be compared with N,O con-
sumption rates calculated as the difference between
gross N,O production rates and observed net N,O
fluxes. This last approach can be used to quantitatively
evaluate gross N,O consumption rates measured by
>N tracer loss as well as provide a second estimate to
constrain gross N,O consumption rates.

In this study, we tested the N,L,O pool dilution tech-
nique in a N-rich managed grassland. The objectives of
this study were to: (i) evaluate the application of the
pool dilution technique to N,O dynamics, (ii) constrain
the N,O yield for this site, and (iii) examine the controls
on gross N,O production and consumption rates and
the N,O yield.

Methods

Trace gas pool dilution model

Gross N>O production rates were determined using the mod-
eling approach described by von Fischer & Hedin (2002) for
gross methane production. The trace gas pool dilution model
uses the following two equations (Eqns 1 and 2), with input
variables of ['*N,0], and ["°N,Ol,, the concentrations of *N,O
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and ®N,O at time t; Fy; and Fjs, the “N,O and ®N,O mole
fractions of N,O produced; ki4 and k;s, the first-order rate con-
stants for N,O and ®N,O reduction to Ny; k;, the first-order
rate constant for loss of the conservative tracer, SF¢. P, the
gross N,O production rate (mg N m 2dY, is the unknown
variable in each equation.

[14Nzo] _

F14 x P <F14 x P 14 )
(SN0
Cr

x exp{—kig x (t —to)}

1)

Fi5 x P Fi5 X P
15 R ) (X s
[PN20] = kis — ki, <k15 — ki [ NZO]0> (2)

x exp{—(kis + ki) x (t —to)}.

The concentration of ”N,O (['°N,0],) is calculated as the
product of N,O concentration and ""N-N,O atom% excess
assuming that the "N isotopic composition of background
N,O is the average tropospheric value of 6.72 per mil (relative
to atmospheric N,) or 0.3688 atom% (Kaiser et al., 2003).
['*N,0]; is calculated as the product of N,O concentration and
"N-NO atom% (i.e. 100 minus '"N-N,O atom%).

The mole fractions of N,O and °N,O produced (Fy4 and
Fi5) were calculated assuming that the initial substrates were
at natural abundance '°N (0.3663 atom%). The average litera-
ture values for the fractionation factors associated with N,O
production are 0.9188 + 0.0308 (mean + SD) for nitrification
(Table S1) and 0.9703 + 0.0118 for denitrification (Table S2).
Assuming that nitrification and denitrification contributed
equally to N,O production (i.e. averaging the mean fraction-
ation factors for nitrification and denitrification), the isotopic
composition of the N,O produced is calculated to be
0.3431 atom% '“N. We performed sensitivity analyses to
evaluate the effect of variations in the assumed “N,O and
’N,0 mole fractions of N,O produced on gross N,O produc-
tion and consumption rates estimated by the pool dilution
model. We assumed relative contributions of nitrification and
denitrification to N,O production that ranged from all nitrifi-
cation and no denitrification to all denitrification and no
nitrification; the model output changed by <1% in response
to the range of the MNLO and ®N,O mole fractions of N,O
produced.

The first-order rate constant for "*N,O reduction to Ny (k14)
is calculated from the fractionation factor (o) and the observed
first-order rate constant for ?N,O reduction to N, (k;5) for
each measurement using the definition, o = ky5/ky4. The frac-
tionation factor associated with N,O reduction to N, is
assumed to be the average literature value, 0.9924 + 0.0036
(Table S3). Sensitivity analysis using the range of literature
values (0.9860-0.9976) showed that the model output is not
sensitive to the fractionation factor value, changing by <1%
over the entire range.

The first-order exponential decay constant for observed
N,O concentrations over time (k;s) represents biological and
physical loss whereas ki, the first-order exponential decay
constant for SF, concentrations over time, represents only
physical loss (i.e. diffusion and/or advection). Thus, the dif-
ference in the k-values is deduced to be the biological loss of
BNLO due to N,O consumption to Ny through denitrification.
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The use of SF as a tracer for physical loss of N,O is reasonable
based on observations of similar loss rates for SFs and CFC-
113 despite different molecular properties (Rhew et al., 2003).
Sulfurhexafluoride has been used as a conservative tracer to
follow N,O dynamics in soil (Clough ef al., 2006) and aquatic
ecosystems (e.g. Addy et al., 2002, 2005; Clough et al., 2007). In
the field, the tracer loss can be approximated as a first-order
process based on observed loss rates (Fig. S1; Rhew & Abel,
2007). Nitrous oxide production and consumption also follow
first-order kinetics (Vieten et al., 2007, 2009).

We solved the trace gas pool dilution model iteratively for
gross N,O production rate, P; the initial concentrations of
N,0 and ®N,0O, ["*N,0], and [*°N,Oly; and k;5 The model
seeks to minimize the error estimated by the following equa-
tion (Eqn 3), where ['*N,Ol.s and [°N,Ol.; are the estimated
N,O and ®N,O concentrations; [“*N,Oly,e and [°NoOlope
are the observed N,O and ®N,O concentrations; and p is the
instrument precision. The instrument precision (expressed as
standard deviation) is calculated by Gaussian error propaga-
tion from the standard deviation of all standards analyzed on
the IRMS and GC on the days the relevant samples were ana-
lyzed (Zar, 1998). The model goodness of fit was evaluated by
regressing [14N20]Pred against ["*N,Olops; a slope of 1 for the
regression line represents a good fit.

E=3 {("N2O](t) — N2l (#)*} x p
+ > ANl (1) = [PN2OJ ()} x . (3)

Gross N,O consumption rates can be determined using
multiple approaches. First, it can be determined empirically
from the losses of ®N,O and SF, from the chamber headspace
over time. The measured gross N,O consumption rate is calcu-
lated as the product of the biological N,O loss rate (i.e.
kis — ki) and the N,O concentration of background field air.
This approach will lead to underestimated N,O consumption
rates if gross N,O production rates are high (see below).
Second, the observed N,O loss rate (ki5) can be used as the
initial value in the iterative pool dilution model that solves for
kis to best fit estimated *N,O and ®N,O concentrations
to observed ®N,O and ®N,O concentrations. With this
approach, gross N,O consumption rates are estimated by the
pool dilution model. Third, the gross N,O consumption rate
can be calculated as the difference between the estimated
gross N,O production rate and measured net N,O flux. Mea-
sured net N,O fluxes are determined from the change in N,O
concentration in the chamber headspace over time.

The trace gas pool dilution model includes terms for the
N,0 and ®N,O mole fractions of N,O produced and the
fractionation that occurs during N>O consumption, but these
effects are not transmitted to kqs if it is fixed at the observed
value. In situations in which gross N,O production and con-
sumption rates are very high, nontrivial increases in the
amount of N,O in the chamber headspace can occur for
two reasons. First, naturally occurring ""N,O accumulating
in the chamber headspace from N,O production can cause a
smaller observed loss of the "N,O tracer at high N,O pro-
duction rates, leading to underestimates of N,O consump-
tion rates. Second, discrimination against reduction of *N,O
can cause a lower observed dilution of the N,O pool at
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high N,O consumption rates, leading to underestimates of
gross N,O production. Theoretically, these problems can be
avoided by increasing the '°N enrichment of the chamber
headspace N,O pool to a level at which the accumulation of
N,O becomes trivial against the initial ®N,O pool and
atom% '°N enrichment. However, to further enrich the
N,O pool, we would also further increase the chamber
headspace N,O concentration and risk stimulating N,O con-
sumption. Thus, we addressed these potential problems by
using k5 as a floating variable rather than a fixed variable in
the model so that k5 was estimated by the model using the
observed ks as an initial value (i.e. the second approach
described above).

Site description

We tested the N,O pool dilution technique in a managed
grassland that had previously exhibited high N,O emissions
(average 6.4 = 0.4 mg N m 2 day '; Teh et al, 2011). This
suggested that site had the potential for high total denitrifica-
tion rates and would exhibit N,O dynamics ideal for testing
the technique. The study site is located on Sherman Island
(38.04 N, 121.75 W) in the Sacramento-San Joaquin River
Delta region of northern California. The climate is Mediterra-
nean with a winter wet season. The mean annual temperature
is 15.6 °C, and the mean annual precipitation is 325 mm (Teh
et al., 2011). The soils consist of an oxidized layer over buried
peat and are classified as fine, mixed, superactive, thermic
Cumulic Endoaquolls (Drexler et al., 2009). We divided the
study area (0.38 km?) into four microtopographical landforms
that differ primarily in drainage characteristics: crown, slope,
hollow /hummock, and irrigation ditch (from faster to slower
drainage).

Diffusion modeling

We modeled vertical diffusive transport of the BN,O tracer
through the soil profile using the analytical solution for the
Fick’s law equation presented by von Fischer et al. (2009). Soil
tortuosity was calculated for each landform on each sampling

date using the Millington & Quirk (1961) model, which uses

soil bulk density and moisture as parameters. We used soil
bulk density values previously measured across all four land-
forms (Y. Teh, unpublished data) and gravimetric soil mois-
ture measured from each flux chamber measurement. Nitrous
oxide diffusivity in air at standard temperature and pressure
is 0.1436 cm? s™! and changes with temperature according to
the scaling factor, (T/ To)'®' (Massman, 1998). The free-air
N,O diffusion coefficient at 15 °C, 0.1582 cm? s~ !, was used.
We modeled diffusion over a 22.5 min time period because
we are interested in the potential for the tracer to diffuse
through the soil and then back into the chamber headspace
during a 45 min sampling period. This accounts for the tracer
diffusing to a certain depth in the first 22.5 min and then dif-
fusing back to the soil surface in the next 22.5 min. This model
does not account for lateral movement of the tracer which
becomes important at longer time scales (von Fischer ef al.,
2009).

Laboratory methods

We measured ammonium (NH;*) and NO;~ concentrations as
well as denitrification enzyme activity (DEA) in depth profiles
in the crown and slope landforms to determine spatial patterns
in substrate availability and potential denitrifier activity. We
sampled two profiles within each of five replicate plots (1 m
diameter) located 10 m apart on a transect in each landform.
For each profile, we bulked soil from 20 cm depth intervals
down to the water table at 60 cm depth. The soils were trans-
ported to UC-Berkeley (UCB) in gas permeable bags at ambi-
ent temperature and assayed the next day as detailed below.

In the laboratory, each soil core was homogenized, and
ca. 15 g soil (oven dry equivalent) was extracted in 75 mL of
2 M KCl1. The 2 M KClI extracts were analyzed colorimetrically
for NO;~ and NHy" (Lachat Quik Chem flow injection ana-
lyzer; Lachat Instruments, Milwaukee, WI, USA). A 10 g sub-
sample from each core was oven-dried at 105 °C for
determination of gravimetric soil water content. DEA was
measured according to a modified protocol based on those
described in Tiedje (1994) and Silver ef al. (2000): 100 mL of
de-gassed 1 mm glucose, 1 mm KNO3, and 1 g L' chloram-
phenicol in DI water to 20 g soil in a 250 mL Mason jar. The
jar was sealed with a lid equipped with a rubber septum port,
and then it was flushed with N, for 3 min to create an anaero-
bic headspace. Acetylene (C,H,) was added to achieve a con-
centration of 10 kPa. The jar was shaken to slurry the soil and
then placed on an orbital shaker at 100 rpm. The jar headspace
was sampled at 10, 20, 30, and 40 min after vigorously shaking
the jar each time and the gas samples were analyzed for N,O
concentration. Denitrifying enzyme activity was calculated
from the linear increase in N,O concentration over time.

In the laboratory, we compared the 15NZO pool dilution
technique against two existing methods for measuring N, pro-
duction, C,H, inhibition and ®NO;~ tracer. While both of
these methods have well-recognized shortcomings (Groffman
et al., 2006), they can provide general benchmarks for compari-
son. For the C;H, inhibition technique, we used three head-
space treatments: 0 Pa C;H, (control), 10 Pa C,H, (nitrification
inhibited), and 10 kPa C,H, (nitrification + N,O reduction
inhibited). The C,H, was produced by adding deionized water
to calcium carbide in an evacuated gas bag. For the "NO;~
tracer technique, 2 mL of 99.7 atom% '*N-potassium nitrate
(KNO3) solution was added to soil, which increased the NO3™
concentration by 5 pg N g . The soil was lightly mixed to
distribute the "N label. For the 'N,O pool dilution technique,
5 mL of a 98 atom% '°N,O spiking gas was added to increase
the headspace N,O concentration by 1 ppm.

Soil was collected from 0 to 10 cm depth in the crown topo-
graphic zone and stored in a gas permeable bag at ambient con-
ditions for 5 days before the experiment. The soil was gently
homogenized, preserving aggregates up to 1 cm diameter and
then 100 g was weighed into each sample jar (490 mL). The jars
were sealed on viton gaskets with aluminum lids equipped
with Swagelok o-seal fittings containing septa for gas sam-
pling. The jars were flushed with N, to create an anaerobic
headspace and then the appropriate gas treatment was added.

For the C,H, inhibition and N,O pool dilution treatments,
the jars were sampled at 0.25, 1, 2, and 3 h. For 15N03’ tracer
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treatment, the jars were only sampled at 0.25 and 3 h because
detectable changes in '"N-N, atom% were not expected at
earlier time points based on net N,O fluxes previously mea-
sured at the study site (Teh ef al., 2011). For all treatments,
60 mL headspace gas was removed and stored in a pre-evacu-
ated glass Wheaton vial sealed with an aluminum crimp and a
Teflon coated septum; 60 mL ultra-high purity helium (He)
was injected into the incubation jars to keep the headspace at
atmospheric pressure without changing the isotopic composi-
tion of the headspace N, or N,O. For the C,H, treatments,
C,H, was also added back to maintain the desired C,H, con-
centration. We corrected for the dilution of headspace gases
caused by adding He.

Field methods

We performed eight pairs of field measurements in the crown
and slope zones in February 2009 to determine if N,O dynam-
ics were affected by increasing the N,O concentration in the
surface flux chamber headspace for the '"N,O pool dilution
technique. For each pair, we measured net N,O fluxes with
and without the injection of spiking gas (*’N,O and SF, in
N>,), allowing the soil to re-equilibrate with the atmosphere
for 1 h between the two measurements. We reversed the
order of the measurements for half of the pairs to avoid sys-
tematic bias in the measurements. We compared net N,O
fluxes with and without the spiking gas injection using
regression analysis; a slope for the regression line deviating
from unity would suggest a significant effect of spiking gas
injection on N,O dynamics. We also evaluated the accuracy
of the N,O pool dilution technique using regression analysis
to compare the measured and estimated net N,O fluxes for
the spiked measurements (including measurements from later
sampling dates). Estimated net N,O flux was determined as
the difference between gross N,O production and consump-
tion rates estimated by the BN,O pool dilution technique
described below. This comparison allowed us to evaluate
how well the estimated net N,O fluxes fit measured net N,O
fluxes. If the estimated net N,O fluxes were significantly
higher than measured net N,O fluxes, then this would sug-
gest that gross N,O production rates were overestimated
and/or gross N,O consumption rates were underestimated
by the N,O pool dilution model. If the estimated net N,O
fluxes were significantly lower than measured net N,O fluxes,
then this would suggest that gross N,O production rates were
underestimated and/or gross N,O consumption rates were
overestimated.

Twelve '"N,O pool dilution measurements were performed
across all landforms (n = 3 per landform) in March 2009 and
again in April 2009. For field measurements, we used a two-
piece aluminum static flux chamber with a square basal area
of 0.14 m* and approximate volume of 17 L. The chamber lid
was equipped with two fans, a 60 cm long 1/8" stainless steel
pigtail vent that could be sealed, and two septum ports (one
for sampling and one for spiking gas injection). The chamber
was covered in two layers of reflective bubble wrap to mini-
mize heating of the chamber headspace under sunny condi-
tions. The chamber sealed on a 1/8" thick viton gasket using
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spring clamps or C-clamps. The leak rate from the chamber
was determined to be 0.3% per hour by placing the sealed
chamber over a tray of water, injecting SF, and determining
the change in SF; concentration over 3 h.

The chamber base was inserted ca. 3 cm into the soil and
allowed to equilibrate for 3045 min before sampling. The
chamber lid was then sealed to the base and the fans turned
on to mix the chamber headspace. We injected 10 mL of spik-
ing gas at 100 ppm of 98 atom% '"N-N,O and 10 ppm of SF
through a septum port in the chamber lid using a syringe. This
increased chamber headspace concentrations by ca. 60 ppb
N,O and 6 ppb SF, and increased the '"N-enrichment of the
headspace N,O by ca. 14 atom%. The spiking gases were
made volumetrically in gas bags using certified 99.8% of
98 atom% "N-N,O (Isotech), 99.8% SF, (Scotty Specialty
Gases), and ultra-high purity N, (Praxair).

The chamber headspace was sampled from a different sep-
tum port in the chamber lid at 3, 8, 15, 30, and 45 min after
spiking gas injection. The vent was sealed when the chamber
was not being sampled so that loss of "’N,O and SF, through
the vent could be minimized. The samples were stored in pre-
evacuated glass vials sealed with aluminum crimps and Tef-
lon septa. The vial septa were immediately coated in silicone
sealant to minimize the potential for leakage and the samples
were stored for up to 5 days before analysis.

After the last sampling time point, we measured the tem-
perature of the ambient air, chamber headspace, and soil
(0-10 cm depth). The chamber height was measured at three
points along each side of the chamber and then averaged to
calculate the chamber volume. Four 5 cm diameter soils cores
(0-10 cm depth) were taken, one from each quadrant of the
chamber footprint. The intact cores were transported to UCB
in gas permeable bags at ambient temperature and processed
on the same day for NH,* and NO;~ concentrations, soil mois-
ture, and DEA as previously described. In addition, pH of air-
dried soil was measured using 10 g soil in a 4 : 1 ratio of 1 M
KCl to air-dried soil.

In April 2009, we measured soil oxygen (O,) concentrations
from twelve soil O, chambers based on the design described
by Silver et al. (1999). The chambers consisted of a polypropyl-
ene centrifuge tube (3 cm diameter and 12 cm length) with a
1/8" Swagelok union inserted through a hole drilled into the
round end. The union was sealed to the tube with marine
goop, and a septum was inserted into the fitting on the
exposed side of the union. The chambers were pushed into
10 cm deep holes slightly wider in diameter than the chamber
so that the bottom 2 cm of the chamber was filled with soil
and the Swagelok end barely protruded from the soil surface.
Soil was packed back in around the chambers to create a seal
against atmospheric air. The chambers were allowed to equili-
brate for 1 week before sampling. A 30 mL gas sample was
drawn from the chamber and immediately analyzed using a
dissolved O, meter (Model 52; Yellow Springs Instruments,
Yellow Springs, OH, USA) and Clark-type electrode fitted
with an airtight cell. The electrode was calibrated in the field
using atmospheric air as well as ultra-high purity N, stored in
a gas bag. Each of the surface flux measurements in April 2009
were taken within 50 cm of a soil O, chamber.
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Gas analyses

In February 2009, when we performed method testing in the
field, samples were analyzed for N,O isotopic composition on
a PDZ Europa 20-20 IRMS (Crewe, UK) and a SerCon Cryo-
prep trace gas concentration system (Crewe, UK) at the Uni-
versity of California, Davis Stable Isotope Facility. For the rest
of the samples, isotope analyses were performed at UCB on an
PDZ Europa IRMS with a manually operated custom-built
trace gas concentration system that included a liquid nitrogen
trap and a 25 m x 0.32 mm Poraplot Q column operated at
30 °C. N, analyses were performed on the UCB IRMS by
directly injecting 100 pL sample into the He carrier stream
upstream of a heated copper reduction tube to remove O;
samples were injected using a glass gas-tight syringe with a
zero-volume stopcock. Samples were analyzed for N,O, SF,
and carbon dioxide (CO,) concentrations on a Shimadzu GC-
14A equipped with an electron capture detector (ECD) and
thermal conductivity detector at UCB. A 4 m x 1 mm Haye-
sep Q column was used to allow adequate peak separation
between N,O and SFg on the ECD. We used a 10.1 ppb SFg in
N, standard gas as well as a 998 ppm CO,, 10.4 ppm N,O in
N, standard gas for one-point calibrations because previous
work showed that the detector responses were linear in the
concentration range of our samples and standards.

Statistical analysis

We used systaT Version 10 (SPSS Inc., Evanston, IL, USA) to
perform statistical analyses and the Microsoft Excel 2007
(Microsoft Corporation, Redmond, WA, USA) to run the itera-
tive pool dilution model. We log-transformed variables with
non-normal distributions (all except soil moisture, soil O,, and
pH) to meet the normality assumptions of ANOVA and linear
regressions. We used ANOVA and Tukey tests to compare
N,O dynamics and soil variables among the four landforms as
well as to compare soil characteristics among the depth inter-
vals measured in the soil profiles. We used linear regressions
to explore patterns in N,O and N, dynamics with possible
explanatory variables including soil O,, NO;~, and NH," con-
centrations; CO, emissions (as a proxy for labile C avail-
ability); pH; soil moisture; soil and air temperature; and gross
N,O production rates. Mean values are reported in the text
followed by standard errors (+SE). Statistical significance was
determined at P < 0.05 unless otherwise noted.

Results

Method evaluation

In the laboratory, gross N,O production and consump-
tion rates estimated by '"N,O pool dilution were
2.29 +0.68 and 0.12 + 0.09 pug g ' day ', respectively.
By contrast, gross N,O consumption rates calculated
from the difference between estimated gross N,O
production rates and measured net N,O fluxes (1.13 £
0.50 pg g ' day ") averaged 1.17 + 0.84 pug g~ ' day .

The estimated gross N,O production rates and calcu-
lated gross N,O consumption rates from N,O pool
dilution were not significantly different than gross N,O
production and consumption rates estimated using
the C,H, inhibition technique (3.91 + 1.30 and 3.27 £
1.32 pug g ' day ', respectively). Gross N,O production
and consumption rates estimated by the 15NO37 tracer
method (10.62 + 1.41 and 10.58 + 1.41 ug g{1 dayil,
respectively) were significantly higher than those esti-
mated by BN,LO pool dilution and C,H, inhibition
(P < 0.05). The background soil NO;™ concentration was
2.0 £ 1.0 pg N g ' so the addition of 5 pg ""N-NO;~
g ! for the 15NO;~ tracer method increased the soil
NO;~ by a factor of 2.5. Measured net N,O fluxes
(046 +0.27 ug g ' day ' for C,H, inhibition and
0.77 £ 0.97 pg g ' day ' for ""NO; " tracer) did not dif-
fer significantly among the three methods tested.

In the field, increasing the N,O concentration of the
chamber headspace by up to 100 ppb did not signifi-
cantly alter net N,O fluxes. Across the eight pairs of
measurements unspiked and spiked with "N,O, net
N,O fluxes decreased by 1+ 2% (Fig. 1a). Observed
N,O concentrations across all sampling time points
were strongly correlated with “N,O concentrations
predicted by the pool dilution model to estimate gross
N,O production rates (R*=1, y = 1.003x + 0.008).
Observed '"N,O concentrations were also strongly cor-
related with ®N,O concentrations predicted by the
pool dilution model (R* = 0.91, y = 1.044x + 0.003). SF,
and '°N,O concentrations Estimated net N,O fluxes,
calculated as the difference between gross N,O produc-
tion and consumption rates estimated by the pool dilu-
tion model, were 11 + 1% greater than measured net
NO fluxes (Fig. 1b).

Using a diffusion model, we estimated that the
5N, 0 and SF, concentrations in the soil reached at least
10% of the initial headspace concentrations to 63 cm
soil depth within 22.5 min in soils with the highest
diffusivity. In soils with the lowest diffusivity, tracer
concentrations were at least 10% of the initial head-
space concentrations only to 15 cm depth. The tracer
concentrations reached at least 1% of the initial head-
space concentrations at maximum depths of 23 cm to
>70 cm. The range in tracer penetration into the soil
profile was due to differences in soil bulk density and
soil moisture that affected soil diffusivity, which ran-

ged from 2.5 to 6.6 cm? min ™.

Gross nitrous oxide fluxes: field rates and controls

We observed high N,O emissions across all landforms
and sampling dates, averaging 6.4 +2.6 mg N m >
day . Gross N,O production rates averaged 8.4 +

© 2011 Blackwell Publishing Ltd, Global Change Biology, 1-12
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Fig. 1 (a) Net N,O flux without "*N,O spiking gas addition vs. net N,O flux with "’N,O spiking gas addition. (b) Measured net N,O
flux (from change in chamber headspace N,O concentration over time) vs. estimated net N,O flux (from difference between predicted
gross N,O production and consumption rates). Regression lines are shown in each panel.

32 mg N m 2 day ' across landforms and sampling
dates. Nitrous oxide emissions were significantly lower
in the slope compared with the crown and irrigation
ditch (P < 0.001). Gross N,O production rates were
greatest in the crown zone compared with all of the
other landforms (P = 0.1; Fig. 2).

Gross N,O consumption was a relatively small pro-
portion of gross N,O production (Fig. 2). As expected,
gross N>O consumption rates were underestimated
using the pool dilution approach when compared with
rates calculated as the difference between gross and net
N,O production rates. Calculated N,O consumption

401
B Net N,O production
B Gross N,0 consumption
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Fig. 2 Mean gross N,O production rates across all sampling
dates and by landform are shown by the cumulative bars. The
landforms are presented in order of decreasing drainage. The
gray portion of the bars represents calculated gross N,O con-
sumption rates and the black portion of the bars represents mea-
sured net N,O production rates. Error bars represent standard
errors for gross N,O production rates.
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rates averaged 2.0+ 0.8 mg N m *day ' and rates
estimated by the pool dilution model were 55 + 1%
lower. The N,O yield (i.e. the proportion of gross N,O
production released to the atmosphere) averaged
0.70 + 0.04 using calculated N>O consumption rates
and 0.84 + 0.03 using the estimated gross consumption
rates. Calculated gross N,O consumption rates were
greater in the crown compared with the hollow/hum-
mock (P = 0.04) but did not differ significantly among
the other landforms. The N,O yield did not differ sig-
nificantly among landforms.

Most soil characteristics varied significantly among
landforms (Table 1). Gravimetric soil moisture content
was lower in the crown and slope compared with the
hollow/hummock and irrigation ditch, with landform
means ranging from 0.29 to 0.48 g H,O g{1 (P < 0.001).
Soil mineral N concentrations averaged 27 + 8 g
N g ' overall. Soil NH,* concentrations were highly
variable (Table 1) and thus did not differ significantly
among landforms; soil NO;  concentrations were
higher in the crown compared with the other landforms
(P <0.001). Soil pH also varied among landforms
(Table 1), with higher pH in the crown than in the slope
(P = 0.03). Soil O, concentrations were spatially hetero-
geneous within and across landforms (1-20%), except
for the slope where soil O, concentrations were all rela-
tively aerobic, averaging 17 + 1%. Denitrifying enzyme
activity was lower in the slope compared with the irri-
gation ditch (P = 0.04) and was most strongly corre-
lated to pH (R?=0.72; Fig. 3). The combination pH and
soil O, concentration explained 91% of the variability in
DEA (Table 2).

We sampled soil depth profiles in the crown (highest
N,O fluxes) and slope (lowest N,O fluxes) to explore
patterns in DEA and substrate availability with depth.
Denitrifying enzyme activity was greater in surface
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Table 1 Soil characteristics (0-10 cm depth) by landform

Soil Soil NO; ™~ Soil NH," Denitrifying enzyme
moisture concentration  concentration activity
Landform n  (gHOg") Soil pH (g Ng™h (g N g™ N,Oyield (ugNg'h™
Crown 10 029 +0.02a 546=+0.12a 14.65 +436a 44.73 +20.05a 0.68 +£0.08 1.23 £ 0.53 ab
Slope 10 035+0.02a 5.08+0.05b 125+034b 5.92 +1.50 a 0.60 £0.08 0.19 £0.02b
Hollow/ 6 046 +0.04b 519+0.12ab 0.69 + 0.18 b 9.56 + 5.46 a 0.87 £0.06 0.53 + 0.13 ab
hummock
Irrigation ditch 6 048 £0.02b  5.36 £ 0.05 ab 0.88+039b 19.19 +7.03a 0.71 £0.10 071 +0.11a

Means + standard errors are reported. Letters indicate significant differences at P < 0.05.

10.0 T T T

Log(y) = 1.011x - 5.725
R?=0.72,n=32

Denitrifying enzyme activity

6.5

Fig. 3 Log-transformed denitrifying enzyme activity vs. pH.
The linear regression line is shown.

soils (020 cm depth) compared with soils at depth (20—
40 and 40-60 cm; P = 0.003, n = 10; Fig. 4a). Mineral N
concentrations tended to be lower with soil depth but
did not differ significantly among soil depths (Fig. 4b).
Across landforms, mineral N concentration was the
strongest predictor of gross N,O production (R*> = 0.57;
Fig. 5a). Mineral N concentration together with DEA
explained 73% of the variability in gross N,O produc-
tion (Table 2). As a single variable, DEA had a strong
positive relationship with gross N,O production
(R? = 0.47; Fig. 5b), but only a weak positive relation-
ship with calculated gross N,O consumption (R* =

Table 2 Linear regressions describing predictors of N,O dynamics

0.25). Calculated gross N,O consumption rates were
most strongly correlated to gross N,O production
(R% = 0.61; Table 2). There were no statistically signifi-
cant relationships between the measured soil charac-
teristics and N,O yields.

Discussion

Method evaluation

Gross N,O production and consumption rates mea-
sured in the laboratory were comparable using the
15NLO pool dilution and acetylene inhibition methods.
Not surprisingly, the large '’NO; addition necessary to
detect changes in "N, caused greater measured gross
N>O production and consumption rates when using the
"NO; "~ tracer method compared with the other meth-
ods. Acetylene inhibition can sometimes underestimate
N,O consumption to N, for a variety of reasons, includ-
ing limited diffusion of C;H, to microsites of denitrifi-
cation, the ineffectiveness of C,H, in blocking N,O
reduction in some organisms and the metabolism of
C,H, (Knowles, 1990). Thus, the fact that N,O con-
sumption rates measured by °’N,O pool dilution were
not lower than those measured by acetylene inhibition
(which tends to underestimate consumption) or higher
than those measured by '"NO;™ tracer (which tends to
overestimate consumption) suggests that '"N,O pool

Dependent variable

Independent variable

Regression

coefficient SE)  P-value n R?

Log(gross N,O production, pg N m~2 day~ ')  Constant

Log(mineral N concentration, ug N g™')
Log(DEA, pjg N g™ ' h™")

Log(1 + N,O consumption, ug N m 2 day™')  Constant

Log(gross N,O production)

Constant
pH

Log(DEA)

Log(soil O, concentration)

2.88 +0.24 <0.01 24 073
0.73 £ 0.16 <0.01
0.57 +0.22 <0.01
0.01 = 0.07 0.83 32 0.6l
0.59 £ 0.09 <0.01

-3.39 £ 0.79 <0.01 12 091
0.65 + 0.14 <0.01

—0.03 = 0.01 <0.01

© 2011 Blackwell Publishing Ltd, Global Change Biology, 1-12
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dilution technique provides reasonable estimates of
N>O dynamics.

The addition of '"N,O to the chamber headspace
N,O concentration (up to 100 ppb) did not signifi-
cantly impact measured net N,O fluxes. Due to the
high N,O production rates at our study site, we added
a relatively large amount of 5N,LO to the chamber
headspace to minimize the potential for the ">N,O pool
to be isotopically diluted down to natural abundance
N enrichment levels before the end of the sampling
period. Isotopic dilution to near natural abundance
N enrichment would have caused difficulties in accu-
rately modeling the change in the '°N isotopic compo-
sition of the chamber headspace N,O over time (von
Fischer & Hedin, 2002).

One test of the "’N,O pool dilution model is a com-
parison of measured net N,O fluxes with net N,O
fluxes calculated as the difference between gross N,O
production and consumption rates estimated by the
pool dilution model. Net N,O fluxes estimated by the

© 2011 Blackwell Publishing Ltd, Global Change Biology, 1-12

pool dilution technique were on average 11% greater
than the observed net N,O fluxes, which is a relatively
small error compared with the variability in net N,O
fluxes that spanned four orders of magnitude at this
site. The greater estimated net N,O fluxes reflect over-
estimates of gross N,O production and/or underesti-
mates of N,O consumption. Gross N,O production
rates are unlikely to be overestimated using the pool
dilution technique because anomalously fast isotopic
dilution of the '°N,O pool is improbable. A comparison
of estimated and calculated gross N,O consumption
rates suggests that the ">N,O pool dilution technique
underestimated N,O consumption rates by ca. 55%.
Underestimates of N,O consumption using the '°N,O
pool dilution technique could occur as a result of lim-
ited '®N,O diffusion to microsites of denitrification or
complete denitrification of NO;~ to N, intracellularly.
We therefore deduce that calculated N,O consumption
rates more accurately reflect actual gross N,O con-
sumption rates.
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We used multiple approaches to explore factors that
contribute to errors in the gross N,O consumption rates
estimated by the pool dilution model. We found that
DEA was significantly greater in the top 20 cm of soil
in both the crown and slope zones, which spanned the
highest and lowest gross N,O production rates. Min-
eral N concentrations exhibited a similar though not
statistically significant trend. These data suggest that
gross N,O production and consumption rates were
likely greatest in surface soils, which is consistent with
depth profile measurements of N,O and N, production
as well as denitrification potential in similar managed
grasslands (Koops et al., 1996, 1997, van Beek et al.,
2004). Vertical diffusion modeling suggested that we
achieved a tracer concentration of ca. 10% of the initial
chamber headspace concentration at 15-63 cm depth in
the soil within half of the flux measurement time
(22.5 min), depending on the estimated soil diffusivity.
The water table fluctuates between 30 to 70 cm depth
at our study site (Deverel et al., 2007). This suggests
that in many cases the tracer was able to penetrate the
unsaturated soil profile. Thus, heterogeneous tracer
distribution that followed the same trend as N,O
dynamics within the soil profile likely led to a moder-
ate error in gross N,O consumption rates estimated by
the pool dilution technique (Davidson et al., 1991).
Inadequate tracer movement to soil depth may have
contributed to underestimates in the gross N,O con-
sumption rates measured in sampling locations with
wetter and more compacted soil. To address this issue,
a longer sampling time period could be used to allow
the ""N,O tracer to diffuse deeper into the soil profile.
This should be accompanied by a deeper insertion of
the chamber into the soil to reduce lateral diffusion of
the tracer, which increases with time (von Fischer et al.,
2009).

Although the N,O pool dilution model solves for
gross N>O production and consumption rates simulta-
neously, the error in N,O consumption rates would not
cause substantial error in estimated gross N>O produc-
tion rates for several reasons. First, inadequate or heter-
ogeneous '°N,O tracer diffusion into soil microsites of
denitrification does not affect rates of isotopic dilution
of the chamber headspace 15N 2O pool, which is used to
estimate gross N,O production rates. Second, the con-
sumption of N,O weakly discriminates against 15N,0O
(o0 = 0.9924 £ 0.0036; see Table S3) so that the accumu-
lation of °N,O in the chamber headspace due to dis-
crimination against 5N during N,O consumption
should have a small impact on the 15N enrichment of
the N,O pool. Third, the pool dilution model estimated
MN,LO concentrations that fit the observed “N,O con-
centrations very well; estimated 5N,O concentrations
also fit observed "N,O concentrations well. This sug-

gests that the model provided robust estimates of gross
NO production rates.

The average N,O yield estimated from calculated
N,O consumption rates was 0.70 + 0.04, suggesting that
a large proportion of soil N,O is released to the atmo-
sphere rather than being denitrified to N, at our study
site. High soil NO3;~ concentrations can inhibit N,O
consumption, resulting in high N,O yields (Blackmer &
Bremner, 1978; Firestone et al., 1979, 1980; Weier et al.,
1993). The high soil mineral N concentrations at our
study site were dominated by NH," rather than NO;~,
but high gross nitrification rates at the site (E. Portier
and W. Yang, unpublished data) could supply ample
NO;™ for incomplete denitrification.

N,O dynamics

We observed consistently high N,O emissions that
were comparable with those measured previously at
this site (Teh et al., 2011) and reported for other rela-
tively N-rich grasslands (e.g. Koops et al., 1997; van
Beek et al., 2010). The magnitude of N,O emissions
results from both gross N,O production rates and the
relative importance of N,O to N, as denitrification end-
products (Firestone & Davidson, 1989). At this site, the
high N,O emissions reflected both high gross N,O pro-
duction rates and high N,O yields.

Mineral N concentrations were very high in surface
soils (0-10 cm depth) at this site and were the strongest
predictor of gross N,O production rates. Across all
landforms, mineral N concentration together with DEA
explained 73% of the variability in gross N,O produc-
tion rates. The strength of the relationship suggests that
the N,O was produced in surface soils rather than dif-
fusing upward from groundwater below the vadose
zone. Gross N>O consumption rates were most strongly
correlated to gross N,O production rates and were not
correlated with any of the properties measured in the
bulk soil. It is possible that N,O consumption may have
occurred in soil microsites where localized NO3~ limi-
tation led to N,O reduction. Nitrous oxide yields were
also not related to any soil properties we measured. In
laboratory studies, the ratio of N,O : N, emissions has
been related to O, concentrations, redox, pH, NO3~
availability, and labile C availability (Firestone et al.,
1979, 1980; Weier et al., 1993; Del Grosso et al., 2000).
However, in the field where heterogeneous soil condi-
tions occur, the controls on N,O consumption, and thus
the N,O yields, may be more complex.

The crown landform exhibited the highest N,O emis-
sions and the highest mineral N concentrations. This is
the only landform on which the invasive pepperweed,
Lepidium latifolium, was found at the time of the study.
Pepperweed can stimulate microbial enzyme activity to

© 2011 Blackwell Publishing Ltd, Global Change Biology, 1-12



increase soil N mineralization and thus mineral N con-
centrations (Blank, 2002; Blank & Young, 2004). Nitrous
oxide emissions in these soils could increase in the
future, if the pepperweed invasion spreads downslope
(Sonnentag ef al., 2011).

Conclusions

The '"N,O pool dilution technique has never before
been applied in upland soils or in the field setting. Here
we demonstrated that the 'N,O pool dilution tech-
nique provides robust field and laboratory estimates of
gross N,O production rates across a wide range of
gross N>O fluxes and soil characteristics. A major
advantage of this technique is that it allows for the
measurements of N>O dynamics in unmanipulated soil
so that rates of nitrification and denitrification are not
altered by changes in redox conditions. Gross N,O con-
sumption rates were significantly underestimated by
the pool dilution model, likely due in part to heteroge-
neous "N tracer distribution within the soil profile and
inadequate "N tracer diffusion to sites of N,O con-
sumption. However, we obtained reasonable estimates
of N,O consumption rates calculated from the differ-
ence between gross N,O production and net N,O
fluxes. These two approaches to estimating gross N,O
consumption rates provided well-constrained estimates
of the N,O yield for this site.

The high N,O emissions observed in the managed
grassland studied here are likely a result of high mineral
N concentrations that drove high rates of incomplete
denitrification in the surface soils. The drivers of the
N,O yield, however, were less clear. It is critical to
understand the controls on N,O dynamics in ecosys-
tems with high N,O emissions because these ecosystems
have substantial impacts on atmospheric N,O concen-
trations. However, this method could also be applied to
ecosystems with low N,O emissions and potentially
provide insight into the growing evidence of net N,O
uptake by soils (Chapuis-Lardy et al., 2007). The 5N,LO
pool dilution approach provides a valuable tool for
estimating gross N,O fluxes and N,O yield under field
conditions and will likely facilitate future experiments
to identify drivers of these important N dynamics.
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