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Abstract Emissions of reactive N compounds produced

during terrestrial N cycling can be an important N loss

pathway from ecosystems. Most measurements of this

process focus on NO and N2O efflux; however, in alkaline

soils such as those in the Mojave Desert, NH3 production

can be an important component of N gas loss. We

investigated patterns of NO and NH3 emissions in the

Mojave Desert and identified seasonal changes in tem-

perature, precipitation and spatial heterogeneity in soil

nutrients as primary controllers of soil efflux. Across all

seasons, NH3 dominated reactive N gas emissions with

fluxes ranging from 0.9 to 10 ng N m-2 s-1 as compared

to NO fluxes of 0.08–1.9 ng N m-2 s-1. Fluxes were

higher in April and July than in October; however, a fall

precipitation event yielded large increases in both NO and

NH3 efflux. To explore the mechanisms driving field

observations, we combined NO and NH3 soil flux mea-

surements with laboratory manipulations of temperature,

water and nutrient conditions. These experiments showed

a large transient NH3 pulse (*70–100 ng N m-2 s-1)

following water addition, presumably driven by an

increase in soil NH4
+ concentrations. This was followed

by an increase in NO production, with maximum NO flux

rates of 34 ng N m-2 s-1. Our study suggests that

immediately following water addition NH3 volatilization

proceeds at high rates due to the absence of microbial

competition for NH4
+; during this period N gas loss is

insensitive to changes in temperature and soil nutrients.

Subsequently, NO emission increases and rates of both

NO and NH3 emission are sensitive to temperature and

nutrient constraints on microbial activity. Addition of

labile C reduces gaseous N losses, presumably by

increasing microbial immobilization, whereas addition of

NO3
- stimulates NO and NH3 efflux.

Keywords Nitrification � Microbial activity �
Biological soil crust � Larrea tridentata

Introduction

In the presence of sufficient water, N is thought to limit

productivity in many arid environments; however, our

understanding of the processes that control N availability in

these systems is still limited (Verstraete and Schwartz

1991). Relative to internal storage and turnover, N losses

from deserts are small (Rundel and Gibson 1996), yet

understanding these fluxes is intrinsic to the understanding

of long-term ecosystem N dynamics. In comparison to

other terrestrial environments, N loss mechanisms such as

leaching are typically small in deserts. For example, fluxes

for the Mojave Desert have been approximated at \
2 kg N ha-1 year-1 for leaching and erosion losses com-

bined (Rundel and Gibson 1996). This means that in such

environments, understanding gaseous emissions will be

necessary for closure of the N cycle.

To date, studies have focused on measuring emissions of

NO and N2O to quantify gaseous N loss from soils; how-

ever, many arid environments have highly alkaline soils,

meaning that NH3 volatilization may be an important and

largely unstudied N loss term (Dawson 1977; Schaeffer

et al. 2003). Measurements in the Mojave Desert indicate
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that N2O efflux is highly variable both spatially and tem-

porally and is unlikely to be a substantial form of N loss

(Billings et al. 2002) and NO and NH3 emissions are pre-

dicted to dominate trace N gas fluxes. Multiple studies

have identified nitrification and denitrification as sources of

NO (e.g. Davidson et al. 1993; Firestone and Davidson

1989; Parton et al. 2001; Skiba et al. 1993), with fluxes

regulated by factors that include the concentration of

inorganic N (NO3
- and NH4

+), soil moisture, temperature,

accessibility of labile C, and physical soil properties (Hall

et al. 1996; Parton et al. 2001; Skiba et al. 1993). Similar to

NO production from nitrification, rates of NH3 volatiliza-

tion should be sensitive to soil conditions that influence

NH4
+ concentrations and turnover in the soil (Nelson 1982;

Schlesinger and Peterjohn 1991). Given this overlap in

substrate use between nitrification and NH3 volatilization,

it is important to not only quantify rates and controls over

NH3 production from desert soils, but also identify the

relationships between soil fluxes of NH3 and NO.

Turnover of N in arid ecosystems is characterized by

brief periods of intense biological activity following pre-

cipitation events (Austin et al. 2004; Belnap et al. 2005;

Noy-Meir 1973). Rates of N cycling during these periods

are controlled by abiotic factors, especially temperature, as

well as soil nutrient availability (Fernandez et al. 2006;

Gallardo and Schlesinger 1995). Arid environments have

high spatial heterogeneity in soil resources, resulting in

variation in N dynamics across the landscape, with patterns

often associated with the accumulation of soil nutrients

beneath shrubs (Schlesinger et al. 1996).

In addition to being sensitive to the size and composi-

tion of the soil N pool, microbial transformations of N also

depend on C availability. C provides fuel for heterotrophic

microbial processes including N mineralization and

immobilization, and therefore natural variations in soil C as

well as C additions have been shown to influence soil N

dynamics (Gallardo and Schlesinger 1995; Schaeffer et al.

2003; Zaady et al. 1996). It is clear that C, N, and water

availability influence N transformations that lead to pro-

duction of N gases, but what remains unclear is whether

these factors exert similar controls over both NO and NH3

emission and whether our understanding of NO efflux from

less alkaline systems still holds for systems with high rates

of NH3 volatilization.

The field component of this study was designed to

characterize the role of reactive N gas emissions in desert

N cycling, specifically addressing the relative importance

of NO and NH3 efflux. These measurements provided us

with baseline data on temporal and spatial variation in the

size and composition of reactive N gas efflux. In the lab-

oratory, we focused on the response of NO and NH3

emissions to a simulated rain event and examined how

changing temperature, C and N availability altered this

response. We hypothesized that: (1) emissions of both NO

and NH3 would increase following water addition and

fluxes would remain elevated for several days, but that the

magnitude and timing of this response would be different

for the two gas species; (2) the direct role of biological

processes, nitrification and denitrification, in NO produc-

tion as compared to the indirect role of biological processes

in NH3 production would result in NO efflux being more

sensitive to temperature, with higher NO fluxes occurring

at higher temperatures; and (3) NO and NH3 emissions

following water addition would increase with the addition

of N and decrease with the addition of C due to similar

responses to changes in N mineralization and immobili-

zation. In addition, we predicted that the higher resource

availability in ‘‘islands of fertility’’ associated with the

dominant shrub Larrea tridentata (Romney et al. 1980;

Titus et al. 2002) would yield consistently higher rates of

NO and NH3 efflux. In contrast, lower resource availability

in interspace soils should make effluxes from these areas

generally lower and more sensitive to changes in nutrient

conditions.

Materials and methods

Study site

Field measurements and soil collections were conducted at

the Mojave Global Change Facility located in Nye County,

Nevada (36�490N, 115�550W), 90 km northwest of Las

Vegas, Nevada, USA at an elevation of 970 m. The site lies

within the Nevada test site (NTS), administered by the

USA Department of Energy (DOE) and has been protected

from recreation and grazing disturbances for approximately

50 years (Jordan et al. 1999). Mean annual rainfall is

140 mm and precipitation occurs primarily as winter

storms and as short, localized summer events. Tempera-

tures range from winter minima of -10�C to summers

[47�C. The site is a Larrea tridentate—Ambrosia dumosa

plant community and has intact biological soil crusts cov-

ering *20% of the soil surface (Titus et al. 2002). Soils are

Aridsols derived from calcareous alluvium with a loamy

sand texture (89% sand, 6% silt and 5% clay). Subsoils

lack a caliche layer, resulting in well-drained soils. Soil pH

at the site ranges from 9 to 11 (Evans unpublished data)

and soils are spatially heterogeneous in nutrients, texture

and infiltration (Romney et al. 1980).

Field measurements

Field measurements were made using soil collars, which

were 25.5 cm in diameter, 15 cm tall, and were installed

approximately 7.5 cm into the soil profile in June 2004.
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There were a total of 16 soil collars, four in each of the

following cover types: under the evergreen shrub L.

tridentata (creosote bush), under the C4 bunchgrass Ple-

uraphis rigida (big gaelleta), soil interspace with visible

biological soil crust, and soil interspace with no visible

crust. Visibility of the biological soil crust was determined

qualitatively by the presence or absence of lichen and

moss. Instantaneous flux measurements of NO, NOy (all

oxidized forms of N) and NH3 were made once in each

collar during 2-week periods in October 2004, April 2005,

and July 2005 (only ten collars were sampled in April and

12 in October). All measurements were made between mid

morning and late afternoon. In addition to background flux

measurements, a large natural rain event (37.8 mm) in

October 2004 enabled us to make pre- and post-rain event

measurements (fluxes were measured in three collars per

cover type prior to the rain event and all 16 collars after the

rain event). Due to logistical constraints, the post-rain

event measurements were spread across several days and

each collar was sampled once during a 6-day period.

Soil profile collection

Intact soil profiles were collected on 17 April 2005 in areas

with visible biological soil crust, no visible biological soil

crust and soils beneath L. tridentata. Eight soil profiles

were collected in each soil type. PVC pipes measuring

25.5 cm in diameter and 15 cm in depth were driven

7.5 cm into the ground using a rubber mallet. They were

then excavated such that a stiff canvas cloth could be

placed under the piping, ensuring the integrity of the pro-

file. The soil cores were then placed in plastic tubs filled

with 3–5 cm sand, installed in a custom-designed transport

container and driven with minimal disturbance to Cornell

University where they were stored in a greenhouse at 21�C.

After arrival at Cornell, paraffin wax was used to seal the

sand surface surrounding the PVC-encased soil profile.

This set-up allowed a system where water could drain

naturally from the profile and collect in the sand below.

Laboratory incubations

We conducted two laboratory incubation experiments in

growth chambers (CMP 3244, Conviron). Environmental

conditions for both experiments were 12-h day length,

photosynthetically active radiation of 350 lmol m-2 s-1,

and 20% relative humidity. One month prior to the first set

of experimental measurements, the soil profiles were

moved from the greenhouse and into the growth chambers

where half were incubated at 17.5�C and half at 35�C.

At the time of measurement, each profile received dis-

tilled water in the form of a 20-mm rain event and NO and

NH3 flux measurements were made before (day 0), within

30 min of watering (day 1), and 1, 2 and 5 or 6 days after

the water addition.

The soil cores were then stored in a greenhouse (21�C)

for 3 months before a second laboratory incubation

experiment was conducted. One month prior to the second

experiment all cores were transferred to growth chambers

and incubated at 35�C. Again each core received a 20-mm

rain event; however, this time half of the cores also

received a N addition in the form of 20 lg KNO3-N g-1

dry soil, approximately 5 times the ambient concentration

of inorganic N in the soil, and the other half received a C

addition in the form of 400 lg dextrose-C g-1 dry soil.

Nutrient addition amounts were calculated using an aver-

age dry mass per soil core of 7 kg and additions were based

on concentrations used by Schaeffer et al. (2003) when

measuring N cycling responses of Mojave Desert soils to

nutrient additions. NO and NH3 flux measurements were

made before (day 0), within 30 min of watering (day 1),

and 1, 2 and 5 or 6 days after the water and nutrient

addition.

Reactive N gas flux measurements

N gas fluxes (NO, NOy, and NH3) were measured using

selective thermal and chemical decomposition converters

to reduce or oxidize all reactive N trace gases (e.g., oxi-

dized forms and NH3) to NO. During measurement, a

sealed top constructed of UV-transparent material (FEP

Teflon) was placed over the collar. The collar top had two

Teflon ports and a small mixing fan to ensure natural tur-

bulent conditions within the collar. This system is open to

the atmosphere, which minimizes induced pressure differ-

ences associated with chamber-based measurement

techniques.

To make a measurement, outside air is passed, at

1 l min-1, through a large-volume (750 ml) charcoal filter

to scrub out reactive N and then through the collar and into

the measurement system. Air concentrations of reactive N

at the time of measurement were \0.5 p.p.b. NO and

\2 p.p.b. NH3 making it unlikely that changes in the dif-

fusion gradients caused by scrubbing incoming air were

large enough to alter soil fluxes. The measurement system

consists of two conversion cells that reduce NOy (total

oxidized N) and total reactive N (NOy + NH3) to NO,

respectively, and a chemiluminescence NO detector. Each

converter can be isolated by Teflon valves and independent

measurements can be made for NO (no conversion), NOy

(NOy converter only), and total reactive N (NH3 + NOy

conversion). Fluxes were calculated based on steady-state

concentrations using the equation C 9 q/A where C is

concentration (nmol l-1), q is the flow rate (l s-1) and A is

area (m2) of the soil surface, and NH3 fluxes were calcu-

lated by subtracting the NOy flux from the total reactive N
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flux. Measurements of NO, NOy and NH3 were made

sequentially and total measurement time averaged 20–

30 min. The NH3 conversion cell consists of a 30-cm

length of nickel-chromium alloy tubing (INCONEL 600)

passed through a mini tube furnace (model F21125;

Barnstead International) heated to 825�C. Laboratory cal-

ibrations of the converter have shown 86% conversion

efficiency for NH3 with no influence on NO concentration.

The NOy converter is a heated glass catalytic converter that

contains a 60-cm piece of 1/4’’ gold tube heated to 300�C.

A small flow of H2 (30 ml min-1) is introduced just prior

to the heated region to facilitate the reduction of oxidized

N to NO. Laboratory calibration tests have shown a 100%

conversion of NO2 and HONO and conversion efficiencies

between 78 and 99% for other components of NOy (i.e.,

peroxyacetyl nitrate, alkyl nitrate, HNO3 and other forms

of NOy usually formed in the atmosphere).

After conversion (or directly in the case of the NO only

measurement), air is passed through an NO analyzer

(model CLD 770; Ecophysics). The CLD 770 detects light

from the chemiluminescence reaction between NO and O3:

NOþ O3 ! NO2 þ O2 þ ht

The analyzer avoids interferences (a common problem with

many NO analyzers) using a pre-reaction chamber where

O3 is used to consume NO before entering the reaction

chamber. Because the rate of reaction with NO is very fast

and the reaction with most interference compounds is rel-

atively slower, two sequential runs (the first utilizing the

pre-reaction cell and second going directly to the sample

cell without pre-reaction) allows for the quantification of

NO independent of all interferences and gives instrument a

detection limit of 50 p.p.t.v. The instrument was calibrated

by sequential dilution of an NO standard (Scott Specialty

Gases, Irvine, Calif.) daily.

Statistical analysis

We used analysis of variance (PROC MIXED, SAS 9.1)

with a Tukey post hoc test to determine the effects of

season, cover type, and precipitation on field fluxes of NO

and NH3 as well as the effects of temperature, cover type

and water/nutrient addition on NO and NH3 fluxes through

time under laboratory conditions. All analyses were per-

formed using SAS statistical software (Cary, N.C.).

Statistical significance was determined at a = 0.05. Errors

are presented as ±1 SE.

Results

NH3 and NO fluxes from dry soils varied significantly with

season, NH3 fluxes were significantly higher in April than

in either October (P = 0.02) or July (P = 0.04), while NO

fluxes were significantly lower in October than in either

April (P = 0.002) or July (P = 0.006) (Fig. 1). Variation

in fluxes among cover types did not influence seasonal

patterns; therefore cover types were pooled for clarity.

Total losses of reactive N in the spring were double those

measured in the fall, and although NO fluxes were elevated

in the summer, overall summer N gas losses were only

marginally larger than those measured in the fall. NH3 was

the dominant reactive N gas species emitted from dry soils.

NH3 fluxes ranged from 0.9 to 10 ng N m-2 s-1 whereas

NO fluxes were smaller, with values ranging from 0.08 to

1.6 ng N m-2 s-1.

Following a natural rain event there was a significant

increase in soil fluxes of NO (P = 0.002) and NH3

(P \ 0.0001) (Fig. 2). Increases in soil emissions were
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substantial; post-rain NO and NH3 fluxes were 8–40 and 5–

10 times higher than pre-rain fluxes, respectively. There

was a significant rain by cover type interaction for NO

efflux (P = 0.02); post-rain fluxes of NO were significantly

higher in soils under L. tridentata than in soils from the

other cover types (P = 0.0009). Similar to dry soils, NH3

dominated post-rain reactive N gas fluxes, with 4 times

higher efflux compared to NO.

Under laboratory conditions, temperature had an

opposing effect on NO compared to NH3 emission from

dry soils (Fig. 3). In all soils, NO emissions were higher

from soils incubated at 35�C compared to 17.5�C

(P \ 0.04), whereas NH3 emissions were significantly

higher at 17.5�C from crust soils (P = 0.001) and there

was a trend towards this pattern in non-crust soils

(P = 0.1). At both incubation temperatures, NH3 efflux

was higher than NO efflux. This difference was particularly

pronounced at 17.5�C, where soil fluxes of NH3 were more

than 10 times greater than NO fluxes. In contrast, at 35�C

there was only a 1.5–twofold difference between NH3 and

NO efflux. In terms of overall magnitude of emission,

interspace soils (crust and no crust soils) exhibited nearly

double the total reactive N gas fluxes at 17.5�C compared

to those measured at 35�C. In contrast, emissions from

soils derived from under L. tridentata were similar (*5–

6 ng N m-2 s-1) regardless of temperature.

The addition of water to soil profiles caused significant

changes in emissions of NO (P \ 0.0001) and NH3

(P \ 0.0001) (Fig. 4). Immediately following water addi-

tion (day 1), there was a large, transient NH3 pulse. This

pulse was particularly pronounced in crust and non-crust

soils where fluxes averaged 94 and 70 ng N m-2 s-1,

respectively. NO fluxes also increased following water

addition; however, this response was delayed relative to the

NH3 response, with fluxes peaking 1 to 2 days after the

addition of water. Peak post-water fluxes of NO were

highest in Larrea soils; with maximum NO effluxes of

34 ng N m-2 s-1 as compared to 18 ng N m-2 s-1 in

interspace soils.

There were significant interactions between the response

of reactive N gas emissions to soil wetting, cover type

(P \ 0.0001) and incubation temperature (P \ 0.0001)

(Fig. 4). Crust and non-crust soils had similar patterns of

NO and NH3 efflux following water addition and this

response was different from that observed from Larrea-

influenced soils. The NH3 pulse observed immediately

following soil wetting was substantially higher in inter-

space soils as compared to Larrea-influenced soils, with

interspace fluxes approximately double those measured

from Larrea soils. NO efflux showed the opposite pattern,

with peak fluxes from Larrea soils being double those

measured from interspace soils. All cover types exhibited

similar responses to increasing temperature from 17.5 to

35�C, with higher incubation temperature yielding higher

post-water fluxes of both NH3 and NO. Temperature had a

particularly strong effect on post-water NO efflux: peak
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NO fluxes from soils incubated at 35�C were 3 times those

from soils incubated at 17.5�C.

C (dextrose) and N (KNO3) had a significant effect on

post-wetting fluxes of NO (P \ 0.0001) and NH3

(P \ 0.0001) (Fig. 5). N addition stimulated both NO and

NH3 efflux in all soils, prolonging the period of elevated

NH3 emissions from one to several days and more than

doubling the maximum NO efflux for all cover types. In

contrast, C addition caused a dramatic reduction in reactive

N gas emissions, especially from crust and non-crust soils.

As with the water addition, crust and non-crust soils

showed a similar response to nutrient additions, while

Larrea-influenced soils responded differently. The effect of

cover type is apparent when comparing the response of soil

NO efflux to labile C additions (Fig. 5, closed triangles). In

crust and non-crust soils, treatment with C virtually elim-

inated the post-water NO pulse and caused NH3 emissions

to rapidly return to baseline levels following the simulated

rain event. In contrast, treatment of Larrea soils with labile

C did not have a large effect on the magnitude of NO or

NH3 emissions; however, it did cause a shift in the timing

of the response, with fluxes peaking on day 1 instead of day

3.

Discussion

This study simultaneously quantified soil emissions of NO

and NH3 and indicated that in alkaline soils, such as those

found in the Mojave Desert, NH3 is the dominant form of

reactive trace N gas loss. Our estimates of NH3 volatili-

zation also suggest that the acid trap method employed in

previous studies underestimate instantaneous NH3 emis-

sions. Field fluxes of NH3 from dry soils were 1.5–3.5

times those measured by Billings et al. (2002) and were

similar in magnitude to those measured in wet soils by

Schaeffer et al. (2003). Additionally, our range of post-

wetting NH3 pulses of *28–140 ng N m-2 s-1 were

comparable to the maximum pulse of *112 ng N m-2 s-1

reported in Schaeffer and Evans (2005) for the Colorado

Plateau.

NO flux estimates of 0.14–2.5 ng N m-2 s-1 from dry

soils in this study fall within the range of measurements

reported for other arid and semi-arid environments. Mea-

surements from semi-arid grassland and shrubland sites

range from 0.2 to 2.8 ng N m-2 s-1 (Smart et al. 1999)

and 2.6–5.7 ng N m-2 s-1 (Martin et al. 1998) for short-

grass steppe ecosystems and 0.4–8.7 ng N m-2 s-1 across

a mesquite gradient (Martin et al. 2003). In the Chihuah-

uan Desert, Hartley and Schlesinger (2000) measured

fluxes of \0.3 ng N m-2 s-1 in the dry season and

0.3–97 ng N m-2 s-1 during the wet season. Wetting of

Mojave soils produced an NO pulse ranging from

*7–35 ng N m-2 s-1, similar to pulses of 37 and

14 ng N m-2 s-1 from grassland and shrubland soils,

respectively, in the Chihuahuan Desert. When looking at

NO flux estimates for a range of natural ecosystems, fluxes

from the Mojave Desert are larger than or comparable to

estimates for temperate forests, comparable in magnitude

to several flux estimates from dry soils in tropical forests

and savannas (Davidson et al. 1991; Johansson et al. 1988;

Rondon et al. 1993; Sanhueza et al. 1990), and lower than

estimates from more mesic tropical forest and savanna

ecosystems (Cardenas et al. 1993; Johansson et al. 1988;

Johansson and Sanhueza 1988; Serca et al. 1994). The peak

NO pulses measured in our laboratory experiment were

lower than the approximately 140 ng N m-2 s-1 NO pulse

measured by Davidson et al. (1993) in a seasonally dry

tropical forest in Mexico or the 150–250 ng N m-2 s-1

post-rain flux measured by Johansson and Sanhueza (1988)

in a tropical savanna. However, the combined NO + NH3

pulse (39–112 ng N m-2 s-1) following wetting of
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Mojave soil in our study suggests that pulse rain events in

arid environments, especially those with high alkalinity,

lead to total losses of reactive N gases comparable to other

systems.

The seasonal measurements of NO and NH3 fluxes

collected under ambient soil conditions in this study can be

used to develop an estimate of the contribution of N gas

emission to the annual N budget in the Mojave Desert.

Assuming that each of the three seasons measured in this

study represent one quarter of the total year, with the fourth

quarter being winter months whose N gas production is

likely to be minimal (estimated at 1/2 the N gas flux

measured in October), then N gas losses in the form of NO

and NH3 are *1 kg N ha-1 year-1, with NH3 comprising

*90% of the flux. If you factor in the considerably larger

N gas pulses that occur following precipitation, an addi-

tional 0.4–0.6 kg N ha-1 year-1 (30–45 days of elevated

fluxes) is lost as NO and NH3. Rundel and Gibson (1996)

working at a similar site in the Mojave Desert estimated

plant uptake at *4.5 kg N ha-1 year-1 and erosion losses

(including leaching) at \2 kg N ha-1 year-1. These num-

bers suggest *30–40% of the loss of N from this system

could be in the form of gaseous NO and NH3.

In addition to providing an estimate of the contribution

of NO and NH3 efflux to N losses from Mojave Desert

soils, the field measurements in this study enabled us to

develop general characterizations of the pattern of reactive

N loss from an intact arid ecosystem. Measurements made

over multiple seasons suggest that throughout the year

there is a continuous, small flux of reactive N gases,

dominated by NH3, interspersed with short-term precipi-

tation-induced large pulses of reactive N gases. In general,

fluxes were higher in the spring than in the summer or fall

(Fig. 1). These observations are consistent with the

mechanism that warmer temperatures and periodic rain

events stimulate nutrient turnover during the spring grow-

ing season (Fernandez et al. 2006; Rundel and Gibson

1996).

Although seasonality was a significant factor in the

characterization of N gas loss from soils, spatial variability

associated with cover type did not influence NO or NH3

flux estimates from dry soils in this study. This may be

because under dry soil conditions, fluxes were not large

enough for such patterns to be detectable or, alternatively,

that plant cover does not play an important role in

describing spatial patterns of NO or NH3 emission in this

system.

A rain event in October 2004 led to considerable

increases in NO and NH3 emissions (Fig. 2). This is con-

sistent with our understanding of the importance of pulse

rain events in driving N dynamics and trace N gas loss in

arid environments (Austin et al. 2004; Hartley and Schle-

singer 2000; Martin et al. 1998; Smart et al. 1999).

Following precipitation, there was spatial variation in N

gas loss associated with cover type, with NO emissions

being highest from soils under L. tridentata. Variation in

soil nutrients between shrub and interspace soils have been

well documented in arid ecosystems (Schlesinger et al.

1996) including the Mojave Desert (Romney et al. 1980;

Titus et al. 2002). Shrubs such as L. tridentata promote

high resource availability and more rapid N turnover and

these patterns are presumed to drive the observed spatial

variability in N gas loss. We did not see spatial patterns in

NH3 emission, nor did we see effects of cover types other

than Larrea on NO emissions. However, time constraints

imposed by our measurement system meant that our post-

rain event measurements were made over a 6-day period

and day-to-day replication of a single measurement posi-

tion was not possible. The largest differences across cover

types in N gas emission, particularly NH3 efflux, may have

occurred immediately following the precipitation event.

In order to more fully elucidate the fine-scale mecha-

nisms controlling N trace gas efflux from Mojave Desert

soils we conducted a series of laboratory experiments.

Multiple studies have shown that addition of water to dry

soils can cause a large pulse of NO, due to the accumu-

lation of N during dry periods and stimulation of microbial

activity following soil wetting (e.g. Anderson and Levine

1987; Davidson 1992; Hartley and Schlesinger 2000; Jo-

hansson et al. 1988; Rondon et al. 1993). Consistent with

this literature, water addition during our laboratory exper-

iments (Fig. 4) resulted in a large NO pulse; however, this

response was delayed relative to other studies that show

NO fluxes peaking within hours of water addition (Barger

et al. 2005; Davidson et al. 1991, 1993; Martin et al. 2003;

Neill et al. 2005). The delayed post-wetting NO pulse we

observed in Mojave soils may be related to the immediate,

large pulse of NH3 volatilization that occurred in these

soils (Fig. 5). In experiments looking at interactions

between NH3 volatilization and nitrification, Praveen-

Kumar and Aggarwal (1998) found that only one process,

either nitrification or NH3 volatilization, occurred at a time.

They proposed that toxic levels of NH4
+/NH3 inhibit

nitrification especially in coarse-textured alkaline soils;

however, when conditions allow for nitrification, NH3

volatilization is dramatically reduced, possibly due to rapid

drawdown of NH4
+ by nitrifiers. In our system, an initial

pulse of NH4
+ following soil wetting coupled with high

alkalinity may have caused NH3 volatilization at the

exclusion of nitrification, thus delaying the NO pulse that

typically coincides with soil wetting. Alternately, the

delayed NO pulse could be the result of slow recovery of

the nitrifier population following drought conditions.

We hypothesize that there are two potential sources of N

for the large NH3 pulse observed immediately after the

addition of water to dry, desert soil. Volatilized NH3 could
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come from either microbial biomass N released in response

to changes in osmotic potential or from the dissolution of

mineral N accumulated during the preceding dry period

(Davidson et al. 1993; Miller et al. 2004; Schlesinger and

Peterjohn 1991). It is likely that both are N sources;

however the size of the NH3 pulse and the fact that it is

highest in interspace soils where nutrient accumulation is

lowest (Titus et al. 2002; Vinton and Burke 1995), suggests

that microbial biomass N could be a substantial component

of the initial NH3 flux. Changing osmotic conditions can

result in the release of nutrients either by microbes lysing

or pumping intercellular solutes into the soil solution to

maintain osmotic balance (Halverson et al. 2000; Kieft

et al. 1987). Experiments by Fierer and Schimel (2003) on

the source of the post-rewetting CO2 pulse suggest that the

primary source of N in the soil solution following rewetting

is intracellular solutes expelled by microbes. It is probable

that the release of N happens faster than the microbial

community can respond, thus in basic soils this, in com-

bination with NH4
+ accumulated during dry periods,

appears to drive a large, transient pulse of NH3 volatili-

zation. In our system, this pulse was much lower in Larrea-

influenced soils suggesting that, depending on the primary

source of the NH
3
, these microsites either have less accu-

mulated mineral N due to faster internal cycling or the

microbial population is more resistant to changes in

osmotic potential.

Following soil wetting, the composition and magnitude

of N gas emissions from Mojave Desert soils were dictated

largely by temperature and the nutrient status of the soil

solution (Figs. 4, 5). During periods of microbial activity,

inorganic N is likely consumed in the system by three

processes: (1) volatilization as NH3, (2) immobilization by

microbes or plants, or (3) utilization by nitrifying and

denitrifying bacteria. The first and third processes produce

NH3 and NO, respectively, whereas the second process

retains N in the soil, reducing rates of N gas emission. The

partitioning of N among these pathways is the result of

competitive interactions among microorganisms, plants

and chemical reactions, with the outcome being influenced

by soil conditions, in our study temperature and nutrient

availability. Our results suggest that in Mojave soils,

temperature altered N gas loss by influencing rates of

microbial processing of N, whereas the relative availability

of labile C and N determined whether the dominant fate of

N was immobilization or gaseous loss. When looking at the

form in which N was lost to the atmosphere, timing as well

as the abundance of inorganic N appeared to be an

important determinant of NO versus NH3 emission.

The importance of competitive interactions for inorganic

N in determining the size and composition of trace N gas

loss is reflected in the fact that fluxes of NH3 and NO dif-

fered not only in the timing of the post-wetting pulse, but

also in the response to changes in soil conditions. In dry

soils, the magnitude of both NO and NH3 emission was

affected by temperature; however, the direction of this

response was opposite for the two gas species. The observed

increase in NO efflux with an increase in temperature is

consistent with temperature regulating the metabolic

activity of nitrifying and denitrifying bacteria, with low

activity at low temperatures leading to minimal NO efflux

(Parton et al. 2001; Skiba et al. 1993). The observed posi-

tive relationship between temperature and NO emissions,

especially following soil wetting, is one that has been

shown in other studies (Anderson and Levine 1987; Barger

et al. 2005; Martin et al. 2003; Smart et al. 1999; Williams

et al. 1988) although other responses to temperature have

been reported (Aneja et al. 1995; Johansson and Sanhueza

1988; Rondon et al. 1993; Serca et al. 1994).

The reduction in NH3 efflux we observed at higher

temperatures in dry soils is more surprising; however, given

the increase in NO production, it is likely that increased

microbial activity at high temperatures increased competi-

tion for NH4
+, reducing the amount of substrate for NH3

volatilization. In contrast to NO production, addition of

water diminished the importance of temperature in deter-

mining rates of NH3 volatilization. This response is likely

the result of differences in timing between the stimulation

of biological activity and peak NH3 efflux. If the influence

of temperature on NH3 production is largely an indirect

effect of changing competitive dynamics for NH4
+, then the

large post-wetting pulse of NH3 likely occurs prior to the

stimulation of microbial activity and is thus independent of

direct temperature effects on the microbial community.

Nutrient availability, especially N availability, has been

identified as an important determinant of N gas loss from

soils. Numerous studies have shown that N additions

stimulate NO production (e.g. Cardenas et al. 1993; Hall

and Matson 2003; Hartley and Schlesinger 2000; Johans-

son et al. 1988; Martin et al. 1998; Rondon et al. 1993;

Sanhueza et al. 1990; Serca et al. 1994; Smart et al. 1999;

Venterea et al. 2003). Excess inorganic N in the soil

solution enhances NO loss either as a result of increased

substrate availability for nitrifying and denitrifying bacteria

(Davidson et al. 1993; Hartley and Schlesinger 2000;

Mosier et al. 1998) or decreased consumption of NO by the

microbial community (Stark et al. 2002). Our experiment

added N in the form of NO3
-, the primary substrate for

denitrification as opposed to nitrification. It is possible the

stimulation of NO loss by NO3
- addition is due to

increased denitrification (Cardenas et al. 1993; Rondon

et al. 1993); however, most studies suggest nitrification is

the primary source of NO (e.g. Davidson et al. 1993;

Hartley and Schlesinger 2000; Parton et al. 2001; Smart

et al. 1999; Stark et al. 2002). It is likely the addition of

NO3
- in our study reduced competition for N, either
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leaving more NH4
+ available for nitrification or, as

hypothesized by Stark et al. (2002), decreasing consump-

tion of NO within the soil, increasing emission.

An alternative explanation for the observed high NO

efflux following NO3
- addition is chemodenitrification.

Under acidic conditions, NO2
- equilibrates with H+ and

the resulting HNO2 can decompose under aqueous condi-

tions to produce NO or can react with soil organic matter,

also producing NO (Davidson 1992; Nelson 1982; Vente-

rea and Rolston 2000). Abiotic production is less likely to

be an important mechanism of NO production in Mojave

Desert soils due to high pH; however, it has been suggested

that even in highly alkaline soils, acidic microsites enable

such reactions to occur (Nelson 1982). However, if the

measured NO pulse was the result of direct chemical or

microbial alteration of NO3
- then one would expect an

immediate pulse following N addition instead of a 1- to 2-

day delay in peak NO efflux.

Fewer studies have looked at the role of C availability in

determining rates of NO emission; however, in our system

C addition had a strong negative influence on post-wetting

NO efflux. Studies that have investigated the role of labile

C in determining rates of NO efflux have reported variable

responses [no response to C addition (Bakwin et al. 1990;

Smart et al. 1999), increased fluxes (Slemr and Seiler 1991)

and flux suppression (Matson et al. 1996)]. Increased fluxes

of NO after C addition have been attributed to increased

denitrification (Slemr and Seiler 1991), whereas decreases

are thought to be the result of increased microbial immo-

bilization of N (Matson et al. 1996). Increased microbial

immobilization of N following labile C addition in Mojave

Desert soils supports the conclusion of Schaeffer et al.

(2003) that microbial activity in Mojave soil crusts is

limited by the availability of labile C. Additionally, labile

C has been shown to stimulate microbial immobilization of

N in other arid and semi-arid ecosystems (Gallardo and

Schlesinger 1992, 1995; Schaeffer et al. 2003; Schaeffer

and Evans 2005; Stark et al. 2002). In the present study, the

influence of C addition was much stronger in soils from

interspaces between shrubs. This is likely driven by higher

soil organic matter contents beneath L. tridentata (Ewing

et al. 2007; Schaeffer et al. 2003) making microbial

activity in these soils less C limited and therefore less

sensitive to additional C.

In general, NH3 volatilization was less responsive than

NO production to changes in nutrient availability. NO3
-

addition did not substantially alter the initial NH3 pulse

following soil wetting; however, in interspace soils, NH3

emissions remained elevated for several days suggesting

that this processes is sensitive to changes in NO3
- avail-

ability. This prolonged period of NH3 volatilization is

likely driven by reduced competition for N leading to

higher NH4
+ availability (sensu Schlesinger and Peterjohn

1991). The fact that this response did not occur in Larrea-

influenced soils suggests higher soil C content enabled

microbial immobilization of the added NO3
- (Schaeffer

et al. 2003; Zaady et al. 1996). As with NO3
- addition, the

initial pulse of NH3 following soil wetting was insensitive

to changes in labile C; however, C addition did alter the

rate at which fluxes returned to baseline values. Increased

C availability accelerated the decline in NH3 efflux, pre-

sumably due to the same mechanism hypothesized for the

suppression of NO emission. In addition to decreasing

nitrification, increased N immobilization would draw down

the pool of NH4
+ available for volatilization, thus reducing

NH3 efflux.

The observation that the initial pulse of NH3 following

water addition is insensitive to temperature, and NO3
- and

C addition suggests that following precipitation a portion

of the N released into the soil solution is lost to the

atmosphere before microbial activity is stimulated. During

this period, NH3 volatilization proceeds uninhibited by

competition for NH4
+ and therefore is insensitive to factors

such as temperature and labile C that alter rates of N

immobilization and nitrification. Subsequently, microbial

activity is up-regulated in response to increased water

availability and rates of NH3 volatilization, although still

elevated over baseline levels, are constrained by microbial

and presumably plant uptake of NH4
+.

The combination of laboratory and field measurements

presented in this study indicate that N gas production in the

form of NO and NH3 is an important component of Mojave

Desert N dynamics, with NH3 production being a signifi-

cant loss term. Similar to studies addressing controls over

NO production, we have found that water addition exerts a

strong control over rates of NH3 emission. Although tem-

perature and nutrient availability are important constraints

on NH3 efflux, unlike NO production the sensitivity of NH3

emissions to these factors is time dependent, with initial

pulses of NH3 after water addition being relatively insen-

sitive to alterations in soil conditions. Moreover, the

presence of high rates of NH3 volatilization appears to alter

NO responses to water addition, delaying the post-wetting

NO pulse frequently observed in other systems by several

days. These results suggest both that NH3 production needs

to be included in estimates of N dynamics in ecosystems

with highly alkaline soils and that in these systems NH3

volatilization needs to be considered when studying con-

trols over other processes, such as NO production, that are

sensitive to concentrations of NH4
+.

Acknowledgements We thank Kimberlee Sparks for her help both

in the field and in the laboratory. Eric Knight, Stan Smith, Lynn

Fenstermaker and everyone at the Nevada Desert FACE, DOE-NTS,

and Bechtel Nevada for their assistance with field logistics and for

access to the field site. This research was funded by the National

Science Foundation (NSF) award DEB-0237674 to Jed Sparks and by

Oecologia (2008) 156:871–881 879

123



the Cornell NSF Interdisciplinary Graduate Education, Research, and

Training Program in Biogeochemistry and Environmental

Biocomplexity.

References

Anderson IC, Levine JS (1987) Simultaneous field measurements of

biogenic emissions of nitric oxide and nitrous oxide. J Geophys

Res 92:965–976

Aneja VP, Robarge WP, Holbrook BD (1995) Measurements of

nitric-oxide flux from an upper coastal-plain, North-Carolina

agricultural soil. Atmos Environ 29:3037–3042

Austin AT et al. (2004) Water pulses and biogeochemical cycles in

arid and semiarid ecosystems. Oecologia 141:221–235

Bakwin PS, Wofsy SC, Fan S, Keller M, Trumbore S, daCosta JM

(1990) Emissions of nitric oxide (NO) from tropical forest soils

and exchange of NO between the forest canopy and atmospheric

boundry layers. J Geophys Res 95:16755–16764

Barger NN, Belnap J, Ojima DS, Mosier A (2005) NO gas loss from

biologically crusted soils in Canyonlands National Park, Utah.

Biogeochemistry 75:373–391

Belnap J, Welter JR, Grimm NB, Barger N, Ludwig JA (2005)

Linkages between microbial and hydrologic processes in arid

and semiarid watersheds. Ecology 86:298–307

Billings SA, Schaeffer SM, Evans RD (2002) Trace N gas losses and

N mineralization in Mojave desert soils exposed to elevated

CO2. Soil Biol Biochem 34:1777–1784

Cardenas L, Rondon A, Johansson C, Sanhueza E (1993) Effects of

soil-moisture, temperature, and inorganic nitrogen on nitric-

oxide emissions from acidic tropical savanna soils. J Geophys

Res Atmos 98:14783–14790

Davidson EA (1992) Sources of nitric-oxide and nitrous-oxide

following wetting of dry soil. Soil Sci Soc Am J 56:95–102

Davidson EA et al. (1993) Processes regulating soil emissions of NO

and N2O in a seasonally dry tropical forest. Ecology 74:130–139

Davidson EA, Vitousek PM, Matson PA, Riley R, Garcia-Mendez G,

Maass JM (1991) Soil emissions of nitric oxide in a seasonally

dry tropical forest of Mexico. J Geophys Res 96:15439–15445

Dawson GA (1977) Atmospheric ammonia from undisturbed land. J

Geophys Res Oceans Atmos 82:3125–3133

Ewing SA, Southard RJ, Macalady JL, Hartshorn AS, Johnson MJ

(2007) Soil microbial fingerprints, carbon, and nitrogen in a

Mojave desert creosote-bush ecosystem. Soil Sci Soc Am J

71:469–475

Fernandez DP, Neff JC, Belnap J, Reynolds RL (2006) Soil

respiration in the cold desert environment of the Colorado

Plateau (USA): abiotic regulators and thresholds. Biogeochem-

istry 78:247–265

Fierer N, Schimel JP (2003) A proposed mechanism for the pulse in

carbon dioxide production commonly observed following the

rapid rewetting of a dry soil. Soil Sci Soc Am J 67:798–805

Firestone MK, Davidson EA (1989) Microbial basis of NO and N2O

production and consumption in soils. In: Andreae MO, Schimel

DS (eds) Exchange of trace gases between terrestrial ecosystems

and the atmosphere. Wiley, New York, pp 7–21

Gallardo A, Schlesinger WH (1992) Carbon and nitrogen limitation of

soil microbial biomass in desert ecosystems. Biogeochemistry

18:1–17

Gallardo A, Schlesinger WH (1995) Factors determining soil

microbial biomass and nutrient immobilization in desert soils.

Biogeochemistry 28:55–68

Hall SJ, Matson PA (2003) Nutrient status of tropical rain forests

influences soil N dynamics after N additions. Ecol Monogr

73:107–129

Hall SJ, Matson PA, Roth PM (1996) NOx emissions from soil:

implications for air quality modeling in agricultural regions.

Annu Rev Energy Environ 21:311–346

Halverson LJ, Jones TM, Firestone MK (2000) Release of intracel-

lular solutes by four soil bacteria exposed to dilution stress. Soil

Sci Soc Am J 64:1630–1637

Hartley AE, Schlesinger WH (2000) Environmental controls on nitric

oxide emission from northern Chihuahuan desert soils. Biogeo-

chemistry 50:279–300

Johansson C, Rodhe H, Sanhueza E (1988) Emission of NO in a

tropical savanna and a cloud forest during the dry season. J

Geophys Res 93:7180–7193

Johansson C, Sanhueza E (1988) Emission of NO from savanna soils

during the rainy season. J Geophys Res 93:14193–14198

Jordan DN, et al. (1999) Biotic, abiotic and performance aspects of

the Nevada desert free-air CO2 enrichment (FACE) facility.

Global Change Biol 5:659–668

Kieft TL, Soroker E, Firestone MK (1987) Microbial biomass

response to a rapid increase in water potential when soil is

wetted. Soil Biol Biochem 19:119–126

Martin RE, Asner GP, Ansley J, Mosier AR (2003) Effects of woody

vegetation enchroachment on soil nitrogen oxide emissions in a

temperate savannah. Ecol Appl 13:897–910

Martin RE, Scholes MC, Mosier AR, Ojima DS, Holland EA, Parton

WJ (1998) Controls on annual emissions of nitric oxide from

soils of the Colorado shortgrass steppe. Global Biogeochem

Cycles 12

Matson PA, Billow C, Hall S, Zachariassen J (1996) Fertilization

practices and soil variations control nitrogen oxide emissions

from tropical sugar cane. J Geophys Res Atmos 101:18533–

18545

Miller AE, Schimel JP, Meixner T, Sickman JO, Melack JM (2004)

Episodic rewetting enhances carbon and nitrogen release from

chaparral soils. Soil Biol Biochem 37:2195–2204

Mosier AR, Parton WJ, Phongpan S (1998) Long-term large N and

immediate small N addition effects on trace gas fluxes in the

Colorado shortgrass steppe. Biol Fertil Soils 28:44–50

Neill C et al (2005) Rates and controls of nitrous oxide and nitric

oxide emissions following conversion of forest to pasture in

Rondonia. Nutr Cycl Agroecosyst 71:1–15

Nelson D (1982) Gaseous losses of nitrogen other than through

denitrification. In: Stevenson F (ed) Nitrogen in agricultural

soils. American Society of Agronomy Madison, WI, pp 327–364

Noy-Meir I (1973) Desert ecosystems: environment and producers.

Annu Rev Ecol Syst 4:25–52

Parton WJ et al. (2001) Generalized model for NOx and N2O

emissions from soils. J Geophys Res Atmos 106:17403–17419

Praveen-Kumar, Aggarwal RK (1998) Interdependence of ammonia

volatilization and nitrification in arid soils. Nutr Cycl Agroeco-

syst 51:201–207

Romney EM, Wallace A, Kaaz H, Hale VQ (1980) The role of shrubs

on redistribution of mineral soil nutrients in soil in the Mojave

desert. Great Basin Nat Mem 4:124–133

Rondon AC, Johansson C, Sanhueza E (1993) Emissions of nitric

oxide from soils and termite nests in a Trachypogon savanna of

the Orinoco Basin. J Atmos Chem 17:293–306

Rundel PW, Gibson AC (1996) Ecological communities and

processes in a Mojave desert ecosystem: Rock valley, Nevada.

Cambridge University Press, New York

Sanhueza E, Hao WM, Scharffe D, Donoso L, Crutzen PJ (1990) N2O

and NO emissions from soils of the northern part of the Guayana

shield, Venezuela. J Geophys Res 95:22481–22488

Schaeffer SM, Billings SA, Evans RD (2003) Responses of soil

nitrogen dynamics in a Mojave desert ecosystem to manipula-

tions in soil carbon and nitrogen availability. Oecologia

134:547–553

880 Oecologia (2008) 156:871–881

123



Schaeffer SM, Evans RD (2005) Pulse additions of soil carbon and

nitrogen affect soil nitrogen dynamics in an arid Colorado

plateau shrubland. Oecologia 145:425–433

Schlesinger WH, Peterjohn WT (1991) Processes controlling ammo-

nia volitalization from Chihuahuan desert soils. Soil Biol

Biochem 23:637–642

Schlesinger WH, Raikes JA, Hartley AE, Cross AE (1996) On the

spatial pattern of soil nutrients in desert ecosystems. Ecology

77:364–374

Serca D, Delmas R, Jambert C, Labroue L (1994) Emissions of

nitrogen oxides from equatorial rain forest in central Africa:

origin and regulation of NO emission from soils. Tellus

46B:243–254

Skiba U, Smith KA, Fowler D (1993) Nitrification and denitrification

as sources of nitric-oxide and nitrous-oxide in a sandy loam soil.

Soil Biol Biochem 25:1527–1536

Slemr F, Seiler W (1991) Field-study of environmental variables

controlling the NO emissions from soil and the NO compensa-

tion point. J Geophys Res Atmos 96:13017–13031

Smart DR, Stark JM, Diego V (1999) Resource limitations to nitric

oxide emissions from a sagebrush-steppe ecosystem. Biogeo-

chemistry 47:63–86

Stark JM, Smart DR, Hart SC, Haubensak KA (2002) Regulation of

nitric oxide emissions from forest and rangeland soils of western

north America. Ecology 83:2278–2292

Titus JH, Nowak RS, Smith SD (2002) Soil resource heterogeneity in

the Mojave desert. J Arid Environ 52:269–292

Venterea RT, Groffman PM, Verchot LV, Magill AH, Aber JD,

Steudler PA (2003) Nitrogen oxide gas emissions from temper-

ate forest soils receiving long-term nitrogen inputs. Global

Change Biol 9:346–357

Venterea RT, Rolston DE (2000) Mechanisms and kinetics of nitric

and nitrous oxide prodution during nitrification in agricultural

soils. Global Change Biol 6:303–316

Verstraete MM, Schwartz SA (1991) Desertification and global

change. Vegetatio 91:3–13

Vinton MA, Burke IC (1995) Interactions between individual plant-

species and soil nutrient status in shortgrass steppe. Ecology

76:1116–1133

Williams EJ, Parish DD, Buhr MP, Fehsenfeld FC (1988) Measure-

ments of soil NOx emissions in central Pennsylvania. J Geophys

Res 93:9539–9546

Zaady E, Groffman PM, Shachak M (1996) Litter as a regulator of N

and C dynamics in macrophytic patches of Negev desert soils.

Soil Biol Biochem 28:39–46

Oecologia (2008) 156:871–881 881

123


	Controls over nitric oxide and ammonia emissions �from Mojave Desert soils
	Abstract
	Introduction
	Materials and methods
	Study site
	Field measurements
	Soil profile collection
	Laboratory incubations
	Reactive N gas flux measurements
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


