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How is N2O produced?
In agricultural systems, N2O is primarily produced 
through two microbial pathways: nitrification, which 
converts ammonium (NH4

+) to NO3
−, and denitri-

fication, which converts NO3
− to N2 (Box 1). Both 

processes produce N2O as a byproduct and can occur 
simultaneously in soil. However, nitrification is an 
aerobic process that requires oxygen, while denitrifica-
tion is an anaerobic process that is inhibited at high 
oxygen concentrations. In soil, the oxygen content is 
largely controlled by soil moisture; when soil moisture 
is high, oxygen content is low and vice versa. Soil oxy-
gen content is also controlled by microbial respiration 
and is related positively to the moisture content up to 
levels near saturation when a lack of oxygen inhibits 
many microbial processes. During periods of high 
microbial activity, soil oxygen is consumed, leading to 
an increase in N2O production from nitrification (Zhu 
et al. 2013). Denitrifiers also consume N2O when soil 
moisture is very high (Firestone and Davidson 1989). 
Therefore, soil moisture plays a large role in determin-
ing which process occurs and how much N2O is even-
tually emitted from the soil. Soil bulk density, texture 
and structure also strongly influence soil moisture, 
oxygen and gas exchange, and therefore influence many 
microbial processes, including N2O production and 
consumption. 

Along with soil oxygen content, which is mostly 
determined by soil moisture and microbial activity, 
other soil environmental conditions (i.e., pH and tem-
perature) and substrate availability (NH4

+, NO3
− and 

soil carbon [C]) control microbial N2O production and 
consumption rates (see Box 1). The magnitude of each 
of these controls is in turn subject to their own set of 

biological and abiotic controls. Thus, much of the dif-
ficulty in predicting, measuring and managing N2O 
emissions lies in understanding the interactions among 
these controlling factors. 

California cropping systems 
and climate 
The relatively arid, Mediterranean climate of Califor-
nia tends to favor nitrification, which occurs at lower 
soil moisture (Bateman and Baggs 2005). However, 
any irrigation event will increase soil moisture and 
microbial activity leading to the potential to increase 
N2O pulses from both nitrification and denitrification 
(Scheer et al. 2008). The release of N and C from sud-
den soil wetting such as in irrigation events has been 
shown to fuel N2O production from both nitrification 
and denitrification (Harrison-Kirk et al. 2013). In a 
review of N2O emissions in Mediterranean systems, 
Aguilera et al. (2013) reported mean emissions four 
times higher in irrigated compared to rain-fed sys-
tems. Warm soil temperatures, which occur often 
in California, also tend to increase N2O emissions 
(Smith et al. 1998). Denitrification derived N2O emis-
sions generally increase with increases in soil organic 
matter and C inputs, and rates may be partially C lim-
ited in low soil C systems, which could be the case for 
many California agroecosystems (Harrison-Kirk et al. 
2013; Kennedy, Decock and Six 2013).

Unique to California is the growing importance 
of perennial orchard and vineyard cropping systems, 
which cover roughly half of the irrigated production 
acreage (CDFA 2016; NASS 2014) but are underrepre-
sented in the global body of scientific literature on N2O 
emissions. Perennial systems pose unique challenges 
to N2O emission quantification because of the discrete 
management practices in the tree/vine row (cropped 
area) versus the tractor row (noncropped area). 

Data collection 
The data set we present here consists of 12 studies in 
which one or more of the authors of this article were 
involved and four additional studies that were found to 
meet our criteria for sampling frequency. Only studies 
with a minimum sampling frequency of two times per 
month were considered. All studies meeting this crite-
rion utilized “event based” sampling, where sampling 
occurred daily for 3 to 7 days or until fluxes returned to 
background levels following fertilization, precipitation 
and selected additional management events dependent 
on the crop (i.e., tillage, irrigation, mowing, drain-
age, flooding). Three studies were found that did not 
meet these criteria for sampling frequency (Lee et al. 
2009; Smukler et al. 2012; Townsend-Small et al. 2011). 
Together, this body of work comes from four research 
groups at UC Davis. 

Within the 16 studies we identified 26 distinct 
treatment x year combinations (observations, n = 26) 

Gas flux chambers 
deployed in two functional 
locations — the tree row 
and tractor row — in 
a prune orchard. It is 
important to measure 
emissions from both 
locations because 
of differences in soil 
moisture, the availability 
of nitrogen compounds, 
soil temperature and 
other factors.
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TABLE 1. Management characteristics, measured annual emissions and calculated emission factors for the 16 studies reviewed 

Crop Study County
Soil texture class
(soil series)

Irrigation 
method

N application 
(method)* Observation†

Annual N2O 
emissions
(pounds per 
acre)

Emission 
factor‡

Wine 
grape

Garland et al. (2014) Colusa Silty clay (Willows) Surface drip 4.5 (Fg); 42 (cc) Year 1 3.50 ± 0.50 7.5%

Colusa Silty clay (Willows) Surface drip 5 (Fg) Year 2 0.50 ± 0.09 10.4%

Verhoeven and Six 
(2014)

Sacramento Sandy clay loam 
(Dierssen)

Surface drip 8.6 (Fg); 107 (cc) Year 1 1.79 ± 0.17 na¶

Sacramento Sandy clay loam 
(Dierssen)

Surface drip 9.0 (Fg); 121 (cc) Year 2 1.43 ± 0.50 1.5%

Garland et al. (2011) Colusa Silty clay (Willows) Surface drip 4.5 (Fg) No till 0.16±0.02§ na

Colusa Silty clay (Willows) Surface drip 4.5 (Fg) Conv. till 0.11±0.04§ na

Almond Decock et al. (2017) Colusa Sandy loam 
(Arbuckle)

Microjet 240 (Fg) Year 1 0.65 ± 0.12 0.4%

Colusa Sandy loam 
(Arbuckle)

Microjet 240 (Fg) Year 2 0.58 ± 0.22 0.2%

Alsina et al. (2013) Colusa Gravelly sandy loam 
(Arbuckle)

Microjet 210 (Fg) Microjet 0.54 ± 0.22 0.3%

Colusa Gravelly sandy loam 
(Arbuckle)

Surface drip 201 (Fg) Drip 1.44 ± 0.61 0.7%

Schellenberg et al. 
(2013)

Kern Sandy loam (Milham) Microjet 200 (Fg) UAN 0.71 ± 0.17 0.4%

Kern Sandy loam (Milham) Microjet 200 (Fg) CAN 0.47 ± 0.10 0.2%

M. Burger 
(unpublished)

Colusa Sandy loam 
(Arbuckle)

Microjet 200 (Fg) Year 1 1.17 ± 0.52 0.6%

Colusa Sandy loam 
(Arbuckle)

Microjet 200 (Fg) Year 2 0.63 ± 0.28 0.3%

Walnut Pereira et al. (2016) Yolo Silt loam (Yolo) Overhead 
sprinkler

71 (cc) Year 1 1.09 ± 0.24 1.6%

Yolo Silt loam (Yolo) Overhead 
sprinkler

71 (cc); 110 
(feather meal)

Year 2 1.61± 0.15 0.9%

Prune Verhoeven et al. 
(unpublished)

Yolo Clay loam/silt loam 
(Brentwood/Yolo)

Microjet 80 (Fg) Year 1 1.01 ± 0.23 1.1%

Rice Pittelkow et al. (2013) Colusa Clay (Clearlake) Ponded 125 (broadcast 
aq. NH4

+)
Year 1 0.46 ± 0.08 0.4%

Colusa Clay (Clearlake) Ponded 125 (broadcast 
aq. NH4

+)
Year 2 0.37 ± 0.04 0.3%

Adviento-Borbe et al. 
(2013)

Sutter Clay (Clearlake) Ponded 89 (broadcast 
urea)

Site 1 0.77 ± 0.14 0.9%

Sutter Clay (Marcum) Ponded 89 (broadcast 
urea)

Site 2 1.68 ± 0.13 1.9%

Tomato Kennedy et al. (2013) Yolo Clay loam 
(Brentwood)

Subsurface 
drip

5 
(transplanting); 
179 (Fg)

Drip (UN32) 0.85 ± 0.04 0.5%

Yolo Clay loam 
(Brentwood)

Furrow 146 (AN side 
dress); 65 (Fg)

Furrow (CAN) 2.73 ± 0.17 0.8%

M. Burger 
(unpublished)

Yolo Silt loam (Yolo) Furrow 161 (banded) Year 1 1.72 ± 0.44 1.1%

Continued next page
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(table 1). Complete data and methodological details 
for 13 of the 16 studies are reported in individual pa-
pers (Adviento-Borbe et al. 2013; Alsina et al. 2013; 
Angst et al. 2014; Decock et al. 2017; Garland et al. 
2011; Garland et al. 2014; Kennedy, Suddick, Six 2013; 
Lazcano et al. 2016; Pereira et al. 2016; Pittelkow et al. 
2013; Schellenberg et al. 2012; Verhoeven and Six 2014; 
Zhu-Barker et al. 2015). Our intent was to report only 
data representing standard regional practices; thus, 
only values from treatments following established 
management and N application rates were used. Data 
for four additional observations are part of unpub-
lished data sets (E. Verhoeven et al., unpublished; M. 
Burger, Department of Land, Air and Water Resources, 
UC Davis, unpublished). 

In each study, in-situ N2O measurements were 
taken using vented, static flux chambers as described 
by Parkin and Venterea (2010) and Hutchinson and 
Mosier (1981). Briefly, headspace air samples were 
collected at discrete intervals, injected into pre-
evacuated Exetainer vials and later analyzed on a gas 
chromatograph. Mean annual emissions were linearly 
interpolated from daily flux values. When emissions 
were measured at multiple spatial locations in a given 
field, weighted averages based on spatial coverage 
were calculated and are reported in table 1. For full 
methodological details see Verhoeven and Six (2014). 
Comparisons between functional locations (fig. 1) or 
season (fig. 2) were done on studies where disaggre-
gated data was available. 

Crop Study County
Soil texture class
(soil series)

Irrigation 
method

N application 
(method)* Observation†

Annual N2O 
emissions
(pounds per 
acre)

Emission 
factor‡

Dairy 
forage/
pasture

Lazcano et al. (2016) San Joaquin Coarse loam Flood 613 (mixed 
manure + 
synthetic N)

Farm A 5.79 ± 0.11 1.0%

San Joaquin Coarse loam Flood 749 (mixed 
manure + 
synthetic N)

Farm B 5.46 ± 0.57 0.8%

Yolo Clay loam Flood 939 (mixed 
manure + 
synthetic N)

Farm C 12.43 ± 3.40 1.3%

Angst et al. (2014) Sonoma Fine sandy loam 
(Bucher)

Rain-fed 366 (solid 
manure)

Year 1 16.96 ± 2.68 4.6%

Winter 
wheat

Zhu-Barker et al. 
(2015)

Solano Silty clay (Capay) Flood 100 (AA); 81 
(urea top dress)

Year 1, field 1 1.17 ± 0.31§ 0.6%§

Solano Silty clay (Capay), silty 
clay loam (Yolo)

Furrow 100 (AA); 88 
(urea top dress) 

Year 2, field 2 1.86 ± 0.29§ 1.0%§

Treatment x year combinations are presented individually along with the standard error of the mean measured emissions, calculated from the reported number of replications. For studies where emissions were 
measured at multiple functional locations, spatially weighted emissions are reported. Emission factors were calculated by dividing annual emissions by annual N application rate.

*	 N application and method provides the available and relevant information on form of N applied and method of application. Fg = fertigation, cc = cover crop, AN = amonical nitrogen, AA = anhydrous ammonia.
†	 Distinguishing observation characteristic(s).
‡	Emission factors = percent of N applied emitted as N2O (annual, unless noted). Emission factors were uncorrected for zero N treatments (i.e., background emissions).  
§	Growing season data only.
	¶ na = Annual emission factor data was not available. Cover crop residue N inputs from the previous year could not be determined (Verhoeven and Six 2014) or emissions were not measured for a full year (Garland et al. 

2011).

Tree/vine/berm Side/tractor row Furrow

Wine grapes (n=4)

85% ± 6%

16% ± 6%
34% ± 5%

27% ± 2%
39% ± 7%

70% ± 7%

31% ± 7%

38% ± 1%

62% ± 1%

Almond (n=2) Walnut (n=2) Tomato (n=2)

Wine grapes (n=4) Almond (n=2) Walnut (n=2)

Tomato (n=2) Rice (n=4)

Fallow / winter 
season

Active growing 
season 

64% ± 24%

36% ± 24%

32% ± 5%

67% ± 4% 71% ± 11%

29% ± 11%

37% ± 3%

63% ± 3%

54% ± 20%

46% ± 20%

Fig. 2. Percent of annual emissions occurring during the winter/fallow season 
(September/October through March/April) or active growing season (March/April 
through September/October).

TABLE 1 (continued). Management characteristics, measured annual emissions and calculated emission factors for the 16 studies reviewed

Fig. 1. Percent of annual emissions occurring from a given functional location. Values are 
means from studies reporting emissions at discrete functional locations. 
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Basic field site characteristics, including irriga-
tion and fertilization rates and methods, are reported 
in table 1. The growing season was defined as April-
September or March-August (i.e., budding/planting) 
and the fallow/winter season as September-March or 
October-April (i.e., harvest/dormancy). When fertil-
izer was applied through irrigation systems, it was 
termed “fertigation”. For all studies, we report system 
EFs uncorrected for background (zero N) emissions. 
Adviento-Borbe et al. (2013), Pittelkow et al. (2013) 
and Zhu-Barker et al. (2015) report fertilizer-induced 
emission factors (EFfertilizer) in their original papers; 

therefore, our calculated emission factors differ 
from these. 

Farm management effects on 
N2O emissions
Agricultural management and cropping systems 
strongly affect N2O production by altering C and N 
availability and environmental soil conditions (Box 1). 
Excluding dairy systems, mean annual N2O emissions 
for the cropping systems reviewed ranged from 0.77 
pounds N2O-N per acre per year for almonds to 10.16 

Photos show gas flux chambers and vegetation growth in the tractor row of a vineyard (A) early in cover crop growth, (B) at peak growth and (C) after 
mowing (with vine row in background). The images illustrate the dramatic differences in vegetation between functional locations and at different 
points in the year, and thus the need for field measurements of N2O emissions across functional locations and throughout the year. 

(A) January 30, 2012 (B) April 5, 2012 (C) April 28, 2012

Author Gina Garland (left) records chamber temperatures and (right) takes chamber gas samples in a vineyard. 
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pounds N2O-N per acre per year for dairy forage sys-
tems (fig. 3). Aguilera et al. (2013) also found similar 
values for Mediterranean horticulture systems, 1.34 
pounds N2O-N per acre per year, but observed lower 
emissions, 2.68 pounds N2O-N per acre per year, for 
liquid slurry systems than our dairy systems. N2O 
emissions in the majority of systems reported here were 
only marginally higher than background agricultural 
emissions (uncropped agricultural soil) or emissions 
from natural systems at 0.83 pounds N2O-N per acre 
per year and 0.37 to 0.82 pounds N2O-N per acre per 
year, respectively (Kim et al. 2013; Stehfest and Bouw-
man 2006). 

Spatial distribution 
In perennial systems, management of the tractor row 
(noncropped area) is particularly variable across re-
gions, farms and seasons. Tractor rows typically are 
not deliberately irrigated, but they may be wetted to 
varying degrees depending on the irrigation system 
(substantial wetting with overhead sprinkler or furrow 
irrigation versus little or no wetting with surface/sub-
surface drip or microjet sprinkler). Tractor rows also 
may be planted to a leguminous or grass cover crop, or 
allowed to self-seed with noncultivated vegetation, and 
they may be tilled or mowed with varying frequency. 
Since the management of these areas is not as time 
sensitive nor critical to crop production, the practices 
are inherently more variable and often no manage-
ment records are kept for these activities. Among the 
studies with defined distinct functional locations, the 
tractor row accounted for 40%, 50%, 73%, and 70% to 
82% of spatial coverage and corresponded to 31%, 62%, 
57%, and 85% of total weighted emissions for almonds, 

walnuts, prunes, and wine grapes, respectively (fig. 1). 
Significantly different patterns of emissions between 
functional locations imply that both cropped and non-
cropped locations must be managed to effectively miti-
gate N2O emissions. Among the perennial systems, tree 
or vine row emissions peaked at fertilization events 
while tractor row emissions were most influenced by 
climatic (i.e., first fall rain) events and were coupled 
with plant residue management. 

Many annual systems are also characterized by 
distinct spatial heterogeneity between functional 
locations, typically in relation to how irrigation and 
fertilizer is applied. For example, working in a tomato 
system, Kennedy, Suddick and Six (2013) defined three 
distinct functional locations: berm, side and furrow. 
The authors observed higher variation in N2O emis-
sions between functional locations in a furrow-irri-
gated versus drip-irrigated system.

Irrigation 
A total of six irrigation practices are represented in 
our data set: furrow, flood, overhead sprinkler, micro-
jet sprinkler, surface drip and subsurface drip. In all 
of the microjet sprinkler and drip irrigation systems, 
fertilizer was applied through the drip system. For the 
remainder of the systems, fertilizer N was banded, dis-
solved in flood water, or spread as compost or residue 
(table 1). Irrigation with microjet or drip irrigation 
may improve water use efficiency by applying small 
amounts of water to match daily soil/crop evaporation. 
However, effects can be crop dependent (Bryla et al., 
2003; Sharmasarkar et al. 2001). 

In almonds, Alsina et al. (2013) observed a signifi-
cant reduction in N2O emissions in a microjet- versus 
drip-irrigated system. However, emissions across all 
almond studies were low compared to other crops. 
Kennedy, Suddick and Six (2013) reported significant 
reductions for buried drip irrigation versus furrow ir-
rigation in tomatoes, namely due to increased fertilizer 
and water use efficiency with fertigation techniques 
via the drip. While we do not have sufficient coverage 
across crops and irrigation systems to draw broad con-
clusions, irrigation techniques that allow for dosing of 
N and water to match daily crop requirements appear 
to reduce N2O emissions. 

Fertilization 
It has been well established that N2O emissions in-
crease with increasing fertilizer N application (Cole et 
al. 1997). However, a nonlinear relationship has often 
been observed, and emissions increase most rapidly 
when N rate exceeds crop demand (McSwiney and 
Robertson 2005; Van Groenigen et al. 2010). The chal-
lenge remains of better predicting the extent and tim-
ing of crop N uptake and finding a balance of reduced 
N input without sacrificing yield, thereby mitigating 
N pollution losses, including N2O. However, reduced 
N input may not be necessary in micro-irrigation sys-
tems that dose N and water inputs and generally have 
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Fig. 3. Average annual N2O emissions for each cropping system. Error bars represent 
the standard error of the mean. n = number of observations reporting annual emissions; 
wine grape (n = 4), almond (n = 8), walnut (n = 2), prune (n = 1), tomato (n = 3), rice (n = 4), 
dairy systems (n = 4). Dairy systems were defined by the production of forage or pasture 
with high manure N inputs; they include sites with pasture ryegrass, corn + forage mix, 
corn + winter wheat, corn + ryegrass. 
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