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a b s t r a c t

Southern Californian urban shrublands are exposed to high nitrogen (N) deposition, which can poten-
tially enhance soil nitric oxide (NO) efflux; however, environmental controls on NO emission are still
uncertain. We conducted a laboratory experiment to evaluate the NO efflux response of chaparral soil to
variations in N availability, temperature and moisture. We hypothesized that NO efflux would increase
with N addition, have an optimum response to soil moisture, and increase exponentially with temper-
ature. Our results supported our hypotheses. Nitrogen addition caused a linear increase in NO efflux,
primarily because of an increase in NHþ

4 . NO efflux reached a peak at intermediate soil moisture (25%
water-filled pore space (WFPS)), and the temperature response of NO flux was well-described by the
Arrhenius model. However, there were statistically significant interactions between N, temperature and
soil water content, making the NO response complex. Our results suggest that southern California urban
shrublands may be important sources of NO, and that chronic, high levels of anthropogenic N deposition
will enhance NO efflux from these ecosystems.

© 2015 Published by Elsevier Ltd.
1. Introduction

Human alteration of the nitrogen (N) cycle is a significant
global-scale problem (Vitousek et al., 1997; Townsend et al., 2003;
Galloway et al., 2004; Fenn et al., 2008), and chronic, high levels of
anthropogenic N inputs can lead to “N saturation,” where N inputs
exceed ecosystem N storage capacity (Aber et al., 1989; Fenn et al.,
2003b, 2008; Vourlitis and Fernandez, 2012; Homyak et al., 2014).
This is especially true for urban areas of southern California, which
are “hot spots” for air pollution and atmospheric N deposition
(Bytnerowicz and Fenn, 1996; Fenn et al., 2003a). Urban shrublands
of the Los Angeles, Riverside, and San Bernardino basins receive an
estimated 25e45 kgN ha�1 a�1 (Fenn et al., 2003a; Meixner and
Fenn, 2004); however, exposed high elevation chaparral and
coniferous forests may receive up to 145 kgN ha�1 a�1 from
throughfall of inorganic N that accumulates on tree and shrub
biomass (Fenn and Poth, 2004).

High rates of anthropogenic N deposition have the potential to
amplify gaseous N losses (Davidson, 1992; Vitousek et al., 1997;
Skiba et al., 2004; Homyak and Sickman, 2014; Homyak et al.,
).
2014); thus, one of our main goals was to evaluate how gaseous
N emission varied as a function of experimental N input. According
to the “hole-in-pipe” model (Firestone and Davidson, 1989), an
increase in N deposition can enhance nitric oxide (NO) and/or
nitrous oxide (N2O) emissions because of an increase in nitrifica-
tion, the microbial oxidation of NHþ

4 to nitrate (NO�
3 ), and/or

denitrification, the microbial reduction of NO�
3 to nitrite (NO�

2 ), NO,
nitrous oxide (N2O), and ultimately N2. However, the relative pro-
portions of NO and N2O also depend on other factors such as soil
moisture and temperature (Davidson, 1991; Remde and Conrad,
1991; Roelle et al., 2002; Schindlbacher et al., 2004). For example,
low soil moisture can limit rates of denitrification more than
nitrification, thus favoring NO efflux relative to N2O, while high soil
moisture can limit rates of nitrification more than denitrification,
thus favoring N2O efflux over NO (Davidson, 1991). For this reason,
NO efflux tends to be higher in low-intermediate soil moistures
depending on soil type (Andersen and Poth, 1989; Schindlbacher
et al., 2004); however, re-wetting of soil after long periods of
drought can lead to large transient losses of NO from semi-arid soils
(Homyak and Sickman, 2014). N2O and NO emissions also increase
with soil temperature, provided that other factors, such as soil
moisture, are not limiting, because of a concomitant increase in
enzyme kinetics (Roelle et al., 2002; Schindlbacher et al., 2004).

Interactions between N availability and other environmental
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factors, such as soil temperature andmoisture, on NO emissions are
still poorly understood, especially in urban semi-arid chaparral
shrublands where episodically high N losses are thought to be a
symptom of N saturation (Fenn et al., 2008; Vourlitis and
Fernandez, 2012; Homyak et al., 2014). However, chaparral ex-
hibits high rates of nitrification (Sirulnik et al., 2007; Vourlitis et al.,
2007a, b, 2009; Vourlitis and Zorba, 2007; Vourlitis and Fernandez,
2012), regardless of N input, and pulsed resource dynamics that can
result in high rates of N losses followed by periods of N storage
(Meixner and Fenn, 2004; Vourlitis et al., 2007a; Vourlitis and
Fernandez, 2012; Homyak et al., 2014). Thus, to better understand
how N enrichment interacts with soil environmental factors to
affect NO efflux from semi-arid shrubland soils we conducted a
short-term laboratory incubation experiment that simultaneously
manipulated soil N availability, temperature, andwater content.We
focused on NO efflux because previous research in semi-arid
chaparral soils suggests that NO emissions are approximately 3-
orders of magnitude higher than N2O emissions (Andersen and
Poth, 1989; Fenn et al., 1996). Based on previous research, we hy-
pothesized that NO efflux from southern California chaparral soils
would i) increase as a function of N addition, ii) have an optimum
response to variations in soil moisture, and iii) increase as a func-
tion of temperature.

2. Materials and methods

2.1. Field sampling and laboratory analysis

Surface soil from the upper 10 cm layer (A-horizon) was
collected in September 2008 from a chaparral stand located on a
flat hilltop at California State University, San Marcos in San Diego
County, California, USA. The vegetation of the field site was a
Chamise-Black Sage series chaparral (Sawyer and Keeler-Wolf,
1995), which was dominated by Adenostoma fasciculatum Hook &
Arn. (Chamise), Salvia mellifera Green (Black sage), and Eriogonum
fasciculatum Benth. (California buckwheat). The soil type is a coarse
sandy-loam of the Cieneba series, which are Typic Xerorthents
(Bowman et al., 1973). Average bulk density is 1.34 g/cm3, and
average (±1sd) total soil N and C are 0.22 ± 0.01% and
3.27 ± 0.16%, respectively. Average (±1sd) extractable NHþ

4 is
9.7 ± 0.8 mg N/g dry soil (1.30 g N/m2) and average extractable NO�

3
is 12.3 ± 1.8 mg N/g dry soil (1.65 g N/m2).

Soil samples were collected using a 4.7 cm diameter� 10 cm
deep (173.5 cm3) bucket auger from approximately 20 random lo-
cations. Samples were immediately returned to the lab to be air-
dried and stored at room temperature until laboratory in-
cubations and analyses were completed. In the lab, the soil was
sieved (Test Sieve No. 10, mesh size ¼ 2 mm, Newark Wire Cloth
Company, Clifton, NJ, USA) and homogenized to eliminate organic
and mineral material >2 mm, and all samples were mixed to ach-
ieve a uniform composite soil (Cho and Peirce, 2005). The initial soil
water content was determined by weighing fresh soil samples
(Sartorius MC1 Analytic AC 210S, Data Weighing Systems, Elk
Grove, IL), oven-drying (Gravity Oven GO1350C-1, Lindberg/Blue,
Asheville, NC, USA) at 105 �C for 4 days, and reweighing them to
account for the loss in soil moisture.

2.2. N addition experiment

To determine the relationship between N addition and NO flux,
25 g of air-dried soil was weighed into 56 cm3 (5.7 cm2

diameter� 9.9 cm tall) sterile polystyrene incubation chambers
(BD Falcon, Franklin Lakes, NJ, USA) and exposed to 0, 2, 4, and
6 g N/m2 (n ¼ 6 per treatment) in the form of granular ammonium
sulfate ((NH4)2SO4), which encompasses the typical N deposition
gradient in southern California (Fenn et al., 2003a). Given a soil
background level of approximately 3.0 g N/m2 for extractable NHþ

4
and NO�

3 combined (see section 2.1 above), total extractable N in-
puts for the N treatments above were approximately 3, 5, 7, and
9 g N/m2 (0.07, 0.11, 0.16, and 0.20mg N/g dry soil, respectively).We
used (NH4)2SO4 because rates of nitrification are high in these soils
(Sirulnik et al., 2007; Vourlitis et al., 2007a, b; 2009; Vourlitis and
Zorba, 2007; Vourlitis and Fernandez, 2012) and we were inter-
ested in relating the NO efflux to the rate of nitrification. Thus, we
did not want to add a NO3 source to the experimental soil. Soil
moisture levels were brought to 15% (by weight) by adding
deionized water, which following Linn and Doran (1984) corre-
sponded to 42% water-filled pore space (WFPS¼ (qv/TP)*100;
where qv is the percent volumetric soil water content calculated as
the product of percent gravimetric water content and bulk density
and TP is the total soil porosity ¼ 1 � (bulk density/particle
density) � 100, assuming that the particle density is 2.65 g/cm3).
After wetting, soil was shaken until it appeared to be uniformly
mixed and wet. Following Varella et al. (2004), the incubation
chambers were covered with Parafilm to allow gas exchange but
reduce water loss and left at room temperature for 24 h before NO
flux measurement.

Soil NHþ
4 and NO�

3 was extracted after NO flux measurements to
measure inorganic N availability. Ten grams of soil from each
sample was weighed into 125 ml Erlenmeyer flasks and exposed to
40 ml of 0.5 M K2SO4. The flasks were placed on an orbital shaker
table (Max Q 2000, Barnstead International, Dubuque, IA) for 1 h
and the supernatant was filtered into plastic sample bottles (1 oz.
wide mouth, Fischer Scientific, Santa Clara, CA) using glass funnels
and filter paper (0.2 mm; No.1e125 mm, Whatman International
Ltd., Maidstone, England). Extracts were stored at �20 �C until
analysis, and NHþ

4 and NO�
3 concentrations were analyzed with a

flow injection analyzer (Lachet Quikchem 3000, Lachet In-
struments, Milwaukee, WI, USA) using QuikChemMethods 12-107-
04-1B and 12-107-06-2-A, respectively.

2.3. Soil nitrogen, moisture and temperature experiment

A second experiment was conducted to determine the in-
teractions between soil N availability, moisture, and temperature
on NO flux. As in the previous experiment, 25 g of air-dried field soil
was weighed into 56 cm3 sterile polystyrene incubation chambers.
Soil moisture levels were brought to 3.7, 8.9, 20.3, and 25.7% water
(by weight) by adding deionized water, which corresponded to
10.5, 25.0, 57.3, and 72.7% WFPS (n ¼ 5 per treatment). These soil
moistures were used because they span a wide range of potential
soil moisture for southern Californian chaparral soils, with 8.9 and
3.7% water (by weight) being the average soil moisture observed
during the spring and summer, respectively (Vourlitis et al., 2007a).
Nitrogen was added in the form of granular (NH4)2SO4, at levels of
0 (control), 2, and 5 g N/m2, which given the background level of
3.0 g N/m2, corresponded to an available N of approximately 3
(control), 5, and 8 g N/m2, or 0.07, 0.11, and 0.18 mg N/g dry soil,
respectively. After the N and water were added, the soil within the
incubation chamber was shaken to ensure uniform wetting and
fertilization. Incubation chambers were left at room temperature
for 24 h and covered with Parafilm to reduce water loss.

After a 24 h incubation period, NO fluxes were measured as
described below (section 2.4). Soil temperatures were measured
prior to each NO flux measurement by inserting a thermocouple
probe into the first 3 cm of soil within each tube. The NO flux was
first measured at room temperature (ca. 25 �C), then all incubation
chambers were transferred to an ice-water bath (ca. 2 �C), and then
a hot-water bath (ca. 35 �C; Chicago Surgical and Electrical Com-
pany, Chicago, IL) to measure the NO efflux under varying



Fig. 1. The mean (±SE, n ¼ 6) soil extractable NHþ
4 (a) and NO�

3 (b) as a function of
added N. Shown is the best-fit line and equation calculated using linear regression,
coefficient of determination (r2), and the p-value. Note that with panels lacking a
regression line the linear trend was not significantly different from zero. Measure-
ments were taken from samples at room temperature and 42% water-filled pore space
(WFPS).
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temperatures. Soil temperature adjusted rapidly (typically within
1e5 min) after incubation chambers were moved to a new tem-
perature, and NO efflux was measured after soil temperature sta-
bilized to the new temperature treatment. This temperature range
was used because it is a typical maximum and minimum annual
soil temperature range for chaparral soils (Johnson-Maynard et al.,
2004). After NO flux was measured, soil NHþ

4 and NO�
3 were

extracted as described above.

2.4. NO flux measurements

NO was measured using a chemiluminescence analyzer (Model
42i, Thermo Electron Corporation, Waltham, MA, USA). The
analyzer was an open system that vented to the atmosphere at a
constant flow rate of 0.3 L/min. However, at this flow rate, the
chamber volume (50 ml) exchanged rapidly (i.e., every 10 s), which
was too rapid for the NO efflux to equilibrate to the airflow and
allow fluxes to be measured in a true open-system mode. Thus, we
used the NO analyzer like a gas chromatograph and injected the NO
that accumulated within each incubation chamber over 1, 5, and
10-min intervals. For each measurement, the incubation chamber
was affixed with a screw-top cap that was perforated with two
pieces of 4.4 mm diameter (inside) Teflon tubing, one piece was
approximately 10 cm long and reached to the soil incubating inside
the chamber (the chamber outflow) and the other was approxi-
mately 4 cm long and allowed ambient air to enter and equalize the
pressure between the incubation chamber and the ambient air
during measurement. During each measurement, the chamber
outflow tube was attached to the NO analyzer inlet, and the entire
volume of air in the chamber headspace was evacuated. As the
chamber atmosphere was analyzed by the chemiluminescence
detector, the NO density (mgN m�3) increased, reached a maximum
value, and then declined back to the ambient baseline, a process
that took approximately 15e30 s. With a sensor response time of
1 s, the maximum NO density based on factory software and cali-
bration was recorded for each measurement. The maximum den-
sity was taken as the chamber NO density, because with chamber
mixing by the pump, the maximum density is likely the closest to
the average NO density that accumulated within the chamber
headspace during incubation.

After each measurement, the incubation chamber was detached
from the NO analyzer, the Teflon tubing was clamped to eliminate
gas exchange between the chamber and ambient atmosphere, the
incubation chamber was returned to the appropriate incubation
environment, and NO was allowed to accumulate for the appro-
priate (i.e., 1, 5, or 10 min) amount of time. NO flux was calculated
from linear regression as the change in maximum NO density
(dependent variable) as a function of incubation time (independent
variable) over the measurement period. Average (±SD) coefficients
of determination (r2) values were approximately 0.95 ± 0.05,
indicating a linear change in NO density during the measurement
period.

2.5. Statistical analyses

All data were analyzed using Number Cruncher Statistical Sys-
tem software (NCSS V7.1.12; Hintz, 2004). Linear regression was
used to determine the functional relationship between N addition,
extractable NHþ

4 , extractable NO�
3 (independent variables), and NO

(dependent variable). The Arrhenius equation was used to deter-
mine the temperature response of NO flux due to its ability to
model the relationship between temperature and biologically
mediated processes across the temperature range 0e40 �C (Fang
and Moncrieff, 2001; Sj€ogersten and Wookey, 2002;
Schindlbacher et al., 2004). NO efflux data were log transformed
before analysis to linearize the response (Schindlbacher et al.,
2004). The activation energy (Ea; kJ/mol), which is an estimate of
microbial temperature sensitivity, was calculated by the Arrhenius
equation (equ. 1),

LNðFNOÞ ¼ LNðaÞ � Ea=RT (1)

where a is the frequency factor, R is the universal gas constant
(8.314 J K�1 mol�1), and T is the soil temperature (K). Ea was
determined from the slope of the linear regression line of the in-
verse temperature (independent variable) versus ln NO flux
(dependent variable). A three-way analysis of variance (ANOVA)
was used to test the effects of added N, soil moisture, and soil
temperature on NO efflux. Two-way ANOVA was used to test the
effects of soil moisture and N addition on the Arrhenius intercept
and Ea.
3. Results

3.1. Effects of N addition on soil N availability and NO efflux

Mean (±standard error (SE), n ¼ 6) soil extractable NHþ
4 con-

centration increased linearly with experimental N addition (Fig.1a),
but NO�

3 concentration remained unchanged (Fig. 1b). The increase
in N availability led directly to an increase in NO efflux (Fig. 2a).
Mean (±SE, n¼ 6) NO flux increased linearly with added N (Fig. 2a),
and this increase was due almost entirely to an increase in NHþ

4
availability (Fig. 2b), as the correlation between extractable NO�

3



Fig. 2. The mean (±SE, n ¼ 6) NO flux as a function of added N (a), soil extractable NHþ
4

(b), and NO�
3 (c). Also shown is the best-fit line and equation calculated using linear

regression and the coefficient of determination (r2). Note that with panels lacking a
regression line the linear trend was not significantly different from zero. Measure-
ments were taken from samples at room temperature and 42% water-filled pore space
(WFPS).

Fig. 3. The mean (±SE, n ¼ 5) NO flux as a function of water-filled pore space (WFPS)
and temperature in soil exposed to 0 g N/m2 (control; top panel), 2 g N/m2 (middle-
panel), and 5 g N/m2 (top-panel). The plotting symbols indicate temperature treat-
ments; ice-water bath (inverted-triangles), room temperature (black-circles), and hot-
water bath (white-circles).
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and NO was not statistically significant (p > 0.05; Fig. 2c).

3.2. Interactions between NO flux, N addition, soil moisture, and
temperature

Mean (±SE, n ¼ 5) instantaneous NO fluxes (ngN m�2 s�1)
increased significantly as a function of added N and temperature,
but with soil moisture there was a consistent optimum at
approximately 25% water-filled pore space (WFPS) (Fig. 3). In
general, NO efflux was highest in the 5 g N/m2, hot-water bath (ca.
35 �C), and 25%WFPS treatment combination, however, the NO flux
response to the treatments was complex leading to significant 2-
and 3-way interactions (Table 1; Fig. 3). NO flux from soil exposed
to the ice bath temperature treatment (ca. 2 �C) was substantially
lower than the other temperature treatments at 25% WFPS and
above, and NO flux varied from a peak of 6.7e9.7 ngN m�2 s�1 in
the 25% WFPS treatment to a low of 0.17e0.33 ngN m�2 s�1 in the
10.5% WFPS treatment. Differences in NO flux from soil exposed to
the room temperature (ca. 25 �C) and 35 �C varied as a function of
added N and soil water content. In the low N (control) treatment,



Table 1
Three-way analysis of variance results displaying the effects of added N (N), soil
moisture (W), and soil temperature (T

�
) on NO efflux.

Source of variation DF Sum of squares Mean square F-ratio p value

Nitrogen (N) 2 13,162 6581 16.3 <0.001
Soil moisture (W) 3 84,596 28,199 69.9 <0.001
Temperature (T) 2 53,075 26,538 65.8 <0.001
N � W 6 13,639 2273 5.6 <0.001
N � T 4 9231 2308 5.7 <0.001
W � T 6 33,430 5572 13.8 <0.001
N � W � T 12 11,314 943 2.3 <0.01
Error 144 58,118 404
Total 180 276,566
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NO flux in the 25 �C and 35 �C treatments increased from the 10.5%
WFPS, reached a peak of 42.2 and 50.9 ngN m�2 s�1, respectively at
25% WFPS, and declined as WFPS increased (Fig. 3). In the inter-
mediate N (2 g N/m2) treatment, NO flux at 35 �C/25% WFPS was
>2-times higher than in the 25 �C/25% WFPS temperature treat-
ment (Fig. 3), while in the highest N treatment (5 g N/m2), differ-
ences in NO flux between the 25 and 35 �C treatments at 25%WFPS
became negligible (Fig. 3).

The temperature response of NO flux was well-described by the
Arrhenius model, with coefficient of determination (r2) values
ranging from 0.66 to 0.93 (Fig. 4; Table 2). However, there was a
significant interaction between soil water content (WFPS) and soil
temperature such that the intercept and the activation energy (Ea)
of the Arrhenius model depended on WFPS (Table 2). Values of Ea
Fig. 4. Arrhenius plots with ln NO flux (±SE, n ¼ 5) as a function of inverse temperature (K�

(bottom-right panel) water-filled pore space (WFPS). The plotting symbols indicate ammoni
m2 (dotted-lines and open-circles), and 5 g N/m2 (dashed-lines and inverted-triangles). N
regression statistics).
ranged from 42.4 to 113.6 kJ mol�1, with the lowest values observed
in the 25% WFPS treatment and the highest values observed in
10.5% WFPS treatment (Table 2). Variations in the intercept were
more complex, with the highest values observed in the 10.5% and
72.7% WFPS treatments (Table 2).

4. Discussion

4.1. Effects of N addition on extractable N and NO flux

Our results support the hypothesis that NO efflux from chaparral
soil would increase with experimental N addition, which has im-
plications for N cycling in urban shrublands exposed to chronic,
high rates of atmospheric N deposition (Fenn et al., 2003b; Vourlitis
and Fernandez, 2012; Homyak and Sickman, 2014). According to
the conceptual “hole-in-pipe” model of gaseous N production
(Firestone and Davidson, 1989), NO flux is regulated in part by the
amount of N cycling through the ecosystem (the size of the pipe).
NO efflux was significantly correlated with soil extractable NHþ

4 ,
but not NO�

3 , which is somewhat surprising given that NO emission
is a byproduct of nitrification and/or denitrification (Firestone and
Davidson, 1989; Davidson, 1991). Furthermore, extractable NO�

3
was not correlatedwith N ((NH4)2SO4) addition (Fig.1b), which is in
contrast to previous research that indicated that experimental N
addition increased nitrification rates in semi-arid soils (Fenn et al.,
1996; Vourlitis and Zorba, 2007; Vourlitis et al., 2007a, b; Sirulnik
et al., 2007). However, it is possible that the short incubation
period (24 h) was not long enough to result in a significant increase
1) at 10.5% (top-left panel); 25% (top-right panel); 57.3% (bottom-left panel); and 72.7%
um sulfate ((NH4)2SO4) addition levels; 0 g N/m2 (solid-lines and closed-circles), 2 g N/
ote that the corresponding line patterns represent regression lines (see Table 2 for



Table 2
Mean (±95% confidence interval; n¼ 5) y-intercept (b) and activation energy (Ea) calculated from Arrhenius plots of the ln (NO) flux as a function of inverse temperature (K�1)
for different values of water-filled pore space (WFPS) and N addition. Also shown is the coefficient of determination (r2) of the regression and the results of a 2-way ANOVA that
assessed differences in the Arrhenius coefficients as a function of nitrogen addition and soil moisture.

Nitrogen addition

0 g N/m2 2 g N/m2 5 g N/m2

Soil moisture
(%WFPS)

b Ea b Ea b Ea
(ng m�2 s�1) (kJ/mol) r2 (ng m�2 s�1) (kJ/mol) r2 (ng m�2 s�1) (kJ/mol) r2

10.5 29.7 ± 9.6 70.7 ± 12 0.77 39.9 ± 6.5 95.5 ± 8 0.93 47.3 ± 10.1 113.6 ± 15 0.88
25.0 20.6 ± 7.9 42.5 ± 11 0.66 28.1 ± 5.0 59.9 ± 6 0.90 28.6 ± 6.4 60.1 ± 3 0.84
57.3 31.0 ± 8.4 71.3 ± 8 0.81 25.6 ± 7.6 57.4 ± 6 0.78 26.3 ± 7.1 58.1 ± 7 0.80
72.7 28.6 ± 6.8 66.2 ± 8 0.85 32.1 ± 7.6 73.7 ± 11 0.85 30.4 ± 8.3 68.8 ± 8 0.81

Source DF Intercept (b) Activation energy (Ea)

SS MS F-ratio p-value SS MS F-ratio p-value

Nitrogen addition (N) 2 360 180 2.6 0.09 1768 884 2.2 0.13
Soil moisture (W) 3 1545 515 7.4 <0.001 12,893 4298 10.4 <0.001
N � W 6 724 121 1.7 0.13 4539 757 1.8 0.11
Error 48 3342 70 19,766 412
Total 60 5970 38,966
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in soil extractable NO3
- , as nitrification rates may require several

days to respond to NHþ
4 enrichment (Chen and Stark, 2000;

Venterea and Rolston, 2000). Correlations between NO flux and
extractable NO�

3 can be variable, and perhaps the most important
first-order regulation of NO emission is excess N availability relative
to C availability, which causes more N to flow through the nitrifi-
cation and denitrification pipes (Davidson, 1991). Thus, our data
suggest that soil N enrichment from anthropogenic N input will
“increase in the size of the pipe” and cause an increase in NO efflux
(Fenn et al., 1996; Li et al., 2006; Homyak and Sickman, 2014).

NO efflux is also influenced by the ecosystem N transformations
(the holes) such as nitrification and denitrification. Nitrification is a
two-step process involving the oxidation of NHþ

4 to nitrite (NO�
2 ),

an intermediary, and the further oxidation of NO�
2 to NO�

3 , while
denitrification is the reduction of NO�

3 to N2, with NO2
- , NO, and

nitrous oxide (N2O) as intermediate products (Firestone and
Davidson, 1989). Both of these biological transformations result in
the production of NO. In turn, protonation of NO�

2 can produce
nitrous acid (HNO2), and chemical degradation of HNO2 can ac-
count for an additional abiotic source of NO (Remde and Conrad,
1990; Davidson, 1992; Venterea and Rolston, 2000; Venterea
et al., 2005). Excess NHþ

4 can accelerate both the biotic and
abiotic production of NO by enriching NO�

3 , NO
�
2 , and Hþ pools

through the oxidation of NHþ
4 (Davidson, 1991).
4.2. Interactions between added N, soil moisture, and temperature

In general, the highest NO effluxwas observed from soil samples
treated with 5 g N/m2 (NH4)2SO4, 25% WFPS, and 35 �C, which is
comparable to results reported for other natural (Schindlbacher
et al., 2004) and managed (Laville et al., 2009) ecosystems. These
environmental conditions are also typical of the early-summer and
late-fall in urban chaparral ecosystems exposed to high levels of
anthropogenic N deposition (Vourlitis et al., 2007a, 2009; Fenn
et al., 2003b; Meixner and Fenn, 2004; Li et al., 2006).

Soil temperature is an important control on microbial activity
(Lloyd and Taylor, 1994; Fang and Moncrieff, 2001), and the tem-
perature response of NO flux was well described by the Arrhenius
function, which has been observed in a variety of soils (Williams
et al., 1987; Schindlbacher et al., 2004; Yu et al., 2010). Maximum
rates of NO flux were observed at a soil temperature of ~35 �C, and
there was a statistically significant interaction between the
Arrhenius coefficients and soil water content indicating that the
temperature response of NO flux varied as a function of soil water
content. For example, activation energy (Ea) values varied between
42.4 and 113.6 kJ mol�1, and were lowest in the 25% WFPS treat-
ment (Table 2), indicating less kinetic energy was required to drive
NO flux at this soil water content (del Prado et al., 2006). These Ea
values are similar to those reported for other Mediterranean soils
(Williams et al., 1987; Schindlbacher et al. 2004).

However, patterns of NO efflux in the various N, temperature
and soil water treatment combinations were complex, indicating
that microbial responses to temperature and/or water content
depend on soil resource availability (Billings and Ballantyne, 2013).
For example, rates of NO efflux in the room (25 �C) and hot water
bath (35 �C) treatments peaked at 25% WFPS, but the magnitude of
this peak varied as a function of N availability (Fig. 3). Considering
only these treatment combinations, an increase in N availability
from 0 to 2 g N/m2 resulted in a small (9.1 ngN m�2 s�1) increase in
NO flux at 25 �C but a >2-fold increase in NO flux at 35 �C, while an
increase in N availability from 2 to 5 g N/m2 resulted in a >2-fold
increase in NO flux at 25 �C but a small (9.6 ngN m�2 s�1) in-
crease in NO flux at 35 �C. The reason for these complex dynamics is
unclear, but higher temperatures might decrease microbial N
transformations because of high rates of respiration, especially in
N-rich environments (Manzoni et al., 2012), and/or higher tem-
peratures may decrease the thermal bridging of water between soil
particles, which decreases water availability to nitrifying bacteria
(Sakaguchi et al., 2007). Thus, the actual volume of water that was
available to nitrifying bacteria may have been lower in the 35 �C/
25% WFPS treatment combination, which may have limited the
microbial response to an increase in available N.

Water content is the environmental factor that determines
whether nitrification or denitrification will predominate in a
particular soil (Davidson, 1992), and we hypothesized that NO
would present an optimum response as a function of soil moisture.
This hypothesis was supported from the data collected here, and
these results are consistent with previous studies that have sug-
gested that both sub- and super-optimal soil moisture levels
inhibited NO efflux (Linn and Doran, 1984; Davidson, 1991; Parsons
et al., 1996; Schindlbacher et al., 2004). At low soil moisture levels
(�10% WFPS) soil microbial activity may be limited by soil mois-
ture, while at higher soil moistures, a decline in NO productionmay
occur because of a reduction in O2 diffusion rates and reduced
diffusivity of NO, leading to the production of N2O, and ultimately
N2 in the wettest soils (Davidson, 1991; Skiba et al., 1993). However,
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in other chaparral soils Homyak and Sickman (2014) found that the
highest rates of ambient NO efflux occurred in soils with <10%
WFPS, which typically occurred during the warm summer when
rates of plant N uptake were low but rates of N mineralization and
nitrification were still high enough to support NO production and
efflux. Furthermore, large episodic pulses of NO have been
observed upon soil re-wetting, especially in response to fall rainfall
events that mobilize labile N and C that accumulates during the dry
season (Davidson, 1991; Smart et al., 1999; Homyak and Sickman,
2014). It is likely that a similar phenomenon occurred during our
laboratory experiment, as mean instantaneous fluxes in excess of
120 ngN m�2 s�1 were observed in the intermediate-high N and
25% WFPS treatments after dry soils were experimentally rehy-
drated, which are similar in magnitude to field NO fluxes measured
in response to simulated rainfall pulses.

5. Conclusions

We found that NO flux from chaparral soil was significantly
altered by variations in soil temperature, moisture, and available N;
however, patterns were complex, resulting in significant 2- and 3-
way interactions between NO flux and the soil environmental
variables. Clearly, increases in N availability lead to large increases
in NO efflux, and maximum rates of NO efflux were observed at
low-intermediate soil moistures (25% WFPS), which are indicative
of early-summer and late-fall soil moisture conditions in southern
California chaparral. NO efflux increased exponentially as a func-
tion of temperature up to 35 �C, suggesting that summer rates of
NO efflux could also be high, especially after episodic rainfall events
which could mobilize available N and cause a flush of NO from both
biotic and abiotic processes. Our results indicate that semiarid ur-
ban shrublands in southern California can be appreciable sources of
NO. Given the positive relationship between NO flux and N input,
chronic, high levels of anthropogenic N depositionwill enhance NO
efflux from these semi-arid shrublands.
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