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Soil ammonia (NHs) emissions are seldom included in ecosystem nutrient budgets; however, they may represent
substantial pathways for ecosystem nitrogen (N) loss, especially in arid regions where hydrologic N losses are
comparatively small. To characterize how multiple factors affect soil NHs emissions, we measured NHs losses
from 6 dryland sites along a gradient in soil pH, atmospheric N deposition, and rainfall. We also enriched soils
with ammonium (NH4"), to determine whether N availability would limit emissions, and measured NH3
emissions with passive samplers in soil chambers following experimental wetting. Because the volatilization
of NHs is sensitive to pH, we hypothesized that NHs emissions would be higher in more alkaline soils and that
they would increase with increasing NH," availability. Consistent with this hypothesis, average soil NH3
emissions were positively correlated with average site pH (R* = 0.88, P = 0.004), ranging between 0.77 +
0.81 ug N-NHsm=2h~" at the least arid and most acidic site and 24.2 + 16.0 ug N-NH3 m~2 h~" at the most arid
and alkaline site. Wetting soils while simultaneously adding NH4* increased NHs emissions from alkaline and
moderately acidic soils (F4 35 = 14.7, P < 0.001), suggesting that high N availability can stimulate NH3
emissions even when pH is less than optimal for NH3 volatilization. Thus, both pH and N availability act as
proximate controls over NHs emissions suggesting that these N losses may limit how much N accumulates in

arid ecosystems.
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1. Introduction

Soil ammonia (NHs3) emissions are seldom reported in
nutrient budgets but may be an important nitrogen (N)
loss pathway that contributes to ecosystem N limitation
(Schlesinger and Peterjohn, 1991; Soper et al., 2016). In
general, ecosystem N limitation is established when N
inputs (e.g., biological N fixation or atmospheric N deposi-
tion) are outpaced by outputs (e.g., hydrologic and gaseous
N losses; von Sperber et al., 2017; Vitousek et al., 2021).
However, in N-limited ecosystems, high biological demand
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for N may constrain N losses, such that even small N inputs
accumulate until primary productivity is no longer N lim-
ited (Vitousek and Field, 1999; von Sperber et al., 2017;
Vitousek et al., 2022). Therefore, for ecosystem N limitation
to persist, N losses must occur even when primary produc-
tivity is limited by N and biological N demand is high (von
Sperber et al., 2017; Vitousek et al., 2022). In this sense, soil
NH; emissions may operate as demand-independent N losses
(i.e, N losses that are uncontrollable by biological processes;
von Sperber et al., 2017; Vitousek et al., 2022) because NHs
volatilization can rapidly convert NH,* to gaseous NHj
when dry soils wet up, exporting N before it can be assim-
ilated by plants (Schlesinger and Peterjohn, 1991; Soper et
al, 2016). While the emission of other N trace gases (e.g.,
nitric oxide [NO] and nitrous oxide [N,O]) can also occur as
demand-independent N losses (Homyak and Sickman, 2014;
Eberwein et al., 2020; Krichels et al., 2022), the factors that
control NH3 emissions from natural ecosystems have been
relatively less studied and it is less clear how interactions
among these factors control them. Understanding which
factors control NH3 losses from soils can help understand
why ecosystems become limited by N and help reconcile
why some ecosystems may experience substantial N losses
even when they remain N limited (Wang et al., 2014; von
Sperber et al., 2017).
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Soil pH regulates NH3 emissions by controlling the
partitioning between ammonium (NH,") and NHj3; alka-
line conditions (pKa = 9.3) deprotonate NH,4" producing
NHj3 (i.e., NH; volatilization; Avnimelech and Laher, 1977;
Schlesinger and Peterjohn, 1991; McCalley and Sparks,
2008; Soper et al., 2016). At the landscape scale, soil pH
is regulated by multiple state factors (Jenny, 1980), with
precipitation playing a dominant role (Slessarev et al.,
2016). In general, wet regions accelerate weathering of
base cations, lowering soil buffering capacity and pH,
whereas dry regions constrain weathering, favoring alka-
line soils (Slessarev et al., 2016), and, therefore, increasing
the potential for NH; volatilization. Indeed, among the
highest NH3 emissions from nonagricultural ecosystems
have been measured in alkaline drylands (McCalley and
Sparks, 2008), especially after dry soils are wetted (Peter-
john and Schlesinger, 1990; McCalley and Sparks, 2008).
Wetting dry soil frees N from microbial biomass, minerals,
and aggregates (Birch, 1958; Austin et al., 2004; Kim et al.,
2012), thereby flushing soil pores with N-bearing sub-
strates—including NH,"—that favor N emissions before
the N can be biologically assimilated (Peterjohn and Schle-
singer, 1990; Homyak and Sickman, 2014; Eberwein et al.,
2020; Krichels et al., 2022). Yet, wetting-induced NHj
emissions are seldom measured in dryland ecosystems,
limiting our ability to understand the factors that control
emissions and their potential to regulate ecosystem N
limitation.

Besides pH, soil N availability can also control NH;
volatilization, with NH3 emissions increasing with increas-
ing soil NH4* concentrations (Avnimelech and Laher,
1977). NH4* fertilization produces large NH; fluxes in
agricultural systems (Pan et al., 2016; Ma et al.,, 2021),
suggesting that NH,* inputs, including those from atmo-
spheric N deposition, may also increase soil NH3 emissions
in unfertilized systems so long as pH is optimal (Schle-
singer and Peterjohn, 1991; McCalley and Sparks, 2008;
Sun et al.,, 2014). However, atmospheric N deposition can
also acidify soils (Falkengren-Grerup, 1989; Fenn et al.,
1996), which can limit NHj3 volatilization and, therefore,
how much N could be lost as NH3. Because wetting-
induced NH; emissions have been measured in only
a handful of drylands, the effects of aridity, pH, and N
availability on NHs3 emissions and overall N limitation
status remain largely uncharacterized, leading us to ask:
How do soil pH and NH,* supply interact to control NH3
emissions?

To address this question, we measured in situ NH3
emissions in response to adding water and NH,* to soils
from 6 sites in southern California dryland ecosystems
that vary in soil pH, aridity, and atmospheric N deposition.
Extending a transect eastward from the edge of greater
Los Angeles, CA, soil pH increases from moderately acidic
conditions close to the city to more alkaline conditions
further east (Table 1). Simultaneously, soils across this
gradient are exposed to over 16 kg N ha ' yr ' near Los
Angeles—with localized studies measuring up to 29 kg N
ha 'yr'(Sickman et al., 2019)—and as low as 3 kg N ha™"
yr~! further inland (Schwede and Lear, 2014; National
Atmospheric Deposition Program, 2022; Table 1). We
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hypothesized that NH3 volatilization would increase with
soil pH and that wetting alkaline soils with NH4* solu-
tions would reduce substrate limitation of NH3 volatiliza-
tion and lead to higher NH; emissions.

2. Methods

2.1. Sites description

We studied 6 sites spanning a soil pH gradient in southern
California, labeled alphabetically in order of increasing pH
(Table 1)—A was the most acidic and F was the most
alkaline. Across the soil pH gradient, acidic soils generally
had higher annual precipitation (Slessarev et al., 2016),
with the site closest to Los Angeles averaging approxi-
mately 279 mm yr~' and the most eastern site in Joshua
Tree National Park averaging approximately 101 mm yr '
(Daly et al., 2007). Vegetation at the most acidic site (site
A) is dominated by chamise (Adenostoma fasciculatum),
whereas creosote shrubs (Larrea tridentata) dominate the
increasingly alkaline sites B, C, D, E, and F. At all sites, soils
are relatively coarse-textured, characterized as sandy
loams through gravelly sands covering a mix of taxo-
nomies (see Table S1). Soil NH4* concentrations were low-
est in site E (1.62 + 1.10 pg N ¢~ ') and highest in site F
(12.2 + 6.73 ug N g '), concentrations did not follow
patterns in atmospheric N deposition (Table 1).

Because of the proximity of our sites to Los Angeles,
the sites fall along an atmospheric N deposition gradient;
the highest N deposition rates occur near Los Angeles in
the most acidic soils (Table 1). Because atmospheric N
deposition can acidify soils (Falkengren-Grerup, 1989;
Fenn et al.,, 1996), it is possible that, together with the
effect of aridity on soil pH (Jenny, 1980), this anthropo-
genic factor also contributes to the observed gradient in
soil pH across our sites.

2.2. Experimental design

We measured NH; emissions after adding water or NH, "
to soils from sites A and F in August 2018 and from sites
B, C, D, and E in June 2020. While environmental condi-
tions likely differed between the 2 sampling periods, soils
from all sites were dry prior to wetting (<3.6% gravimetric
water content). Wetting-induced soil NHs emissions were
measured from underneath 4 shrubs to capture the
islands of fertility, where soil nutrients are concentrated
(Peterjohn and Schlesinger, 1990) and where previous
work has shown high gaseous N emission rates (Eberwein
et al., 2020; Krichels et al., 2022). All 4 shrubs were within
a 10-m radius and were separated from one another by at
least 1 m. At each of the 4 shrubs, we installed 2 polyvinyl
chloride collars (20-cm diameter x 10-cm height; inserted
5 cm into the ground) under each of the canopies. One
collar underneath each shrub was wetted with 500-mL
deionized water, corresponding to approximately a 7-
mm rainfall event, within the range of historically occur-
ring rain events at the sites (mean rain event in 2019 and
2020 at site F = 6.4 mm,; https://doi.org/10.21973/
N3V66D). The other collar was wetted with a solution of
ammonium chloride corresponding to 15 kg NH,*-N
ha™', an N input rate within the range of annual atmo-
spheric N deposition in drylands in southern California
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Table 1. Location, soil pH, annual precipitation (Daly et al., 2007), soil inorganic N, atmospheric N trace gas
concentrations (see Supplemental Methods), and modeled atmospheric N deposition rates (Schwede and
Lear, 2014; National Atmospheric Deposition Program, 2022) at each of the 6 sites from this study

Variable A B C D E F

Lat 33.9696 33.9221 33.8961 33.9440 33.9041 33.6487
Long —117.2994 —116.7577 —116.6868 —116.3949 —115.7233 —116.3776
Mean annual precipitation (mm) 279 299 246 145 101 142
Soil pH 577 £+ 050 665+025 700+036 719+027 750+ 034 836+ 0.19
Soil NO3™ (ug N g7) 6.60 £ 373 548 £ 346 708 £395 275+ 1.11 2.76 = 1.81 174 =+ 25.0
Soil NH,™ (ug N g™ 10.7 £ 6,59 892 £567 837339 786+ 834 162 = 1.10 12.2 £ 6.73
Ambient NH3 concentration (ppb) 6.3 4.2 36 2.4 1.4 NA
Ambient NO, concentration (ppb) 19.7 9.9 42 22 1.5 NA
Modeled N deposition (kg N ha™') 16.9 9.3 8.2 45 3.0 4.2

NA indicates that data are missing from a site.

(Fenn et al., 2006; Eberwein et al., 2020). The collars were
separated from each other by at least 50 cm to avoid cross-
contamination of wetting solutions.

2.3. NH3 emissions

We used passive NH3 samplers to estimate soil NH3 emis-
sions in soil chambers at our sites. Immediately after add-
ing water or NH,* solution to soil collars, a chemically
pretreated NH; sampler (Ogawa pads; Ogawa USA, Pom-
pano Beach, FL) was placed on the ground inside the
chamber and sealed by fitting a rubber lid on top of the
collar; the sampler was housed within a vented plastic
container to prevent contact with the soil and contamina-
tion. Collar lids were then covered with aluminum foil to
minimize heating from solar radiation. To minimize the
chance that NH; would saturate our passive samplers and
to capture discrete periods of NH; emissions, we replaced
the NH3 samplers with new ones at predetermined time
intervals. In 2018, passive samplers were deployed to col-
lect NH; from O to 15 min, 15 min to 12 h, and 12 h to 24
h postwetting. The chambers were open for approximately
10 s when new passive samplers were installed, which
allowed some NH3 to escape (based on our 15-min emis-
sion rates [Figure S1], we estimate less than 0.1% of the
total NH; emitted escaped from site F while the chambers
were open). Because the samplers did not saturate with
NH; in 2018 (reaching as high as 50 pg N-NH3 out of
a theoretical maximum of 290-875 pg N-NH3; Roadman
et al., 2003), passive samplers were installed for 2 intervals
in 2020: 0 to 15 min and 15 min to 24 h postwetting. All 8
collars within a given site were wet within a 30-min period
starting at approximately 9:00 in the morning. For each
site, 4 NH; samplers were used as blanks; they were placed
adjacent to collars in sealed plastic bags to prevent the
adsorption of atmospheric NHs.

To measure how much NH3 accumulated on each pas-
sive sampler, the samplers were extracted in 8 mL of deio-
nized water overnight and analyzed for NH," at the
University of California, Riverside, Environmental Sciences

Research Laboratory (https://envisci.ucr.edu/research/
environmental-sciences-research-laboratory-esrl). The
NH,4* concentration of this solution was measured using
a colorimetric assay (SEAL methods Environmental Protec-
tion Agency 126-A) with a SEAL AQ-2 discrete analyzer
(SEAL analytical, Mequon, WI). To calculate total NHs
fluxes for each chamber, we summed the amount of
NH3 collected on each NH; sampler (minus NH3 from the
blanks) incubated within each chamber. The sum of NH3
was then divided by the time the chamber was closed
(approximately 24 h) to estimate NH; emission rates.
Because NH; may have been emitted throughout the
24-h incubation and rates of NH3 absorption to the pas-
sive samplers are concentration-dependent, it is unlikely
that the passive samplers collected all the NH; within
a chamber for a given sampling period. However, passive
samplers work well during short chamber incubations (Yu
and Elliott, 2017) and have been successfully deployed to
measure the fluxes of nitric oxide (Osborne et al., 2022).
As such, while we acknowledge that our measurements
likely underestimate NHj fluxes, they provide a reasonable
estimate of how NH; emissions vary across sites and allow
for comparisons among sites in response to adding N.

2.4. Statistical analyses

All statistical analyses were conducted using R 3.6.1 (R
Core Team, 2019). We used analysis of variance to deter-
mine whether NH; emissions differed between sites and
in response to adding NH,;"; NH; emissions were the
response variable, while site and N addition were the pre-
dictor variables. Model residuals were assessed for normal-
ity using Shapiro—-Wilk's tests; log transformations were
applied to NH; emissions. We used linear regression to
determine whether soil pH was related to average NH3
emissions in response to water addition from each site.
Log-transformed average NH3 emissions from each site
were included as the response variable, and average soil
pH at each site was included as the predictor variable.
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3. Results

Over the 24 h after adding water to soils, NH3 emission
rates averaged 6.51 + 10.9 ug N-NH; m~% h™' (+ standard
deviation) across all sites (Figure 1). Soil NH; emissions
differed among sites (F534 = 11.0, P < 0.001); they were
highest at the most alkaline site (site F; 24.2 + 16.0 pg N-
NH; m— h™') and lowest at the most acidic site (site A;
0.77 + 0.81 pg N-NH3; m~2 h™"). Overall, site-averaged
NH; emissions were positively correlated with soil pH
(adjusted R* = 0.88, P = 0.004, Figure 2A). The positive
relationship between NH; emissions and pH was also
present when results from 3 other studies measuring
NH; emissions from nonagricultural ecosystems were
included in the model (adjusted R* = 0.92, P < 0.001,
Figure 2B, Table S1).

Wetting with NH,* solutions increased NH; emis-
sions relative to adding only water over the 24 h post-
wetting (Fi34 = 14.7, P < 0.001). In our most alkaline
site (F), NH3 emissions were 3 times higher in NH,"-
amended soils (73.4 + 39.7 pg N-NH3; m~2 h™') than
in soils wetted with only water (24.2 + 16.0 pg N-NH;3
m~2 h™"), but at our most acidic site (A) emissions were
only 1.3 times higher in NH,"-amended soils (1.03 +
1.71 ug N-NH3; m~% h™') than in soils wetted with only
water (0.77 + 0.81 ug N-NH3 m~2 h™'; Figure 1). NH;
emissions from NH,"-amended soils were also positively
correlated with average soil pH (adjusted R* = 0.81, P =
0.009, Figure 2C).

Krichels et al: Soil NHs emissions across a rainfall gradient in southern California

4, Discussion

By measuring NH; emissions in soils across a gradient in
pH, aridity, and atmospheric N deposition, we show that
NH; emissions generally increase in more alkaline and
arid soils, supporting our hypothesis that NH; emissions
would increase with soil pH. However, adding NH,"
increased NH; emissions in all but the most acidic site,
suggesting that increasing N availability can overcome pH
limitation of NH3 emissions in slightly acidic soils. Below,
we discuss how these controlling factors on soil NH3 emis-
sions may contribute to varying N losses from ecosystems
that range in soil pH, atmospheric N deposition, and
precipitation.

Soil NH3 emissions were positively correlated with site
pH whether soils were wetted with water or NH4* solu-
tion, consistent with pH operating as a proximate control
over NH* emissions (Avnimelech and Laher, 1977). How-
ever, these emissions varied substantially within each site
(e.g.,0.77 + 0.81 in site A and 24.2 + 16.0 ug N-NH; m
h™"in site F), likely due to microscale variation in soil and
environmental factors known to govern trace gas emis-
sions (e.g., soil moisture, temperature, texture, and sub-
strate availability; Firestone and Davidson, 1989). While
accounting for more soil and environmental factors could
have improved the observed within-site variation in NH3
emissions, we were still able to detect an effect of pH on
NH; emissions across our landscape-scale pH gradient,
suggesting it is a dominant control. Indeed, the most
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Figure 1. Average soil ammonia (NHs) emissions at each site after adding water or 15 kg N-NH," ha™'
addition. Bars represent the mean NH; emissions, lines the standard error of the mean (n = 4 per site), and dots
represent individual measurements. Sites are arranged in order of pH, with site A being the most acidic and site F the

most alkaline.
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Figure 2. Relationship between mean soil pH and
mean log-transformed ammonia (NH;) emissions
over the 24 h after wetting (A and B) or 15 kg
N-NH," ha~' addition (C) at each site. Lines show
the linear regression between mean soil pH and mean
log-transformed NH3 emissions at each site. Shaded gray
areas represent the 95% confidence interval for
statistically significant linear regressions (P < 0.05).
Panel B includes NH; emissions and soil pH from 3
studies conducted in nonagricultural ecosystems
(Table S1). We used pH 10 as the average pH for the
study by McCalley and Sparks (2008) that reported
a range in pH from 9 to 11.

alkaline site in our gradient (F) produced the most NH;
over 24 h postwetting (Figure 1) with the emissions being
over 20 times higher than in woody clusters within a rem-
nant grassland (pH = 7.1; Soper et al.,, 2016) and 4 times
higher than in deserts (pH = 7.69; Schlesinger and
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Peterjohn, 1991; Figure 2B; Table S2). However, emissions
at our most alkaline site were 10 times lower than
wetting-induced emissions from the highly alkaline
Mojave Desert (pH = 9-11; Table S2; McCalley and Sparks,
2008), consistent with increasingly alkaline soils driving
higher rates of NHj3 volatilization. Furthermore, our
results align well with other studies measuring NH; emis-
sions, illustrating a consistently positive relationship
between soil pH and NH; emissions (Figure 2B), and
reinforcing the role of pH as a major control over NH3
emissions. This consistent positive relationship between
pH and NH; emissions may also be most pronounced in
coarse-textured desert soils—like those in our study sites—
that are often characterized by low cation exchange capac-
ity, favoring deprotonation of NH4 " to NH; over the bind-
ing of NH4" to soil surfaces (Schlesinger and Peterjohn,
1991). Altogether, our measurements suggest that arid
and alkaline soils with low cation exchange capacity are
particularly susceptible to losing N via NH3 volatilization.
While NH; emissions were highest in the most alkaline
and arid site, adding NH, " still increased NH3 emissions
in all but the most acidic site, where low pH (5.8) likely
constrained NHj3 volatilization (Avnimelech and Laher,
1977). However, adding NH, " still increased NH; emis-
sions in moderately acidic soils (pH = 6.7), suggesting that
adding NH4 " can shift the equilibrium between dissolved
NH4*, NH3, and H" in soil pore water to produce more
NH3 so long as H* concentrations are not exceedingly
high (Avnimelech and Laher, 1977; Sun et al., 2014). Our
data show that adding N shifted this equilibrium when
soil pH was somewhere between 5.8 and 6.7, suggesting
that in sites with high rates of atmospheric N deposition,
NH; may be emitted even in moderately acidic soils if
excess N overcomes pH restrictions on NH; volatilization.
Relative to the emission of other N-bearing trace gases,
NH; emissions (between 0.77 + 0.81 and 24.2 + 16.0 pug
N-NH; m~2 h™') were smaller than nitrogen oxide losses
measured at nearby sites. Peak NO emissions from some
drylands can exceed 700 ug N-NO m~2 h~' (Homyak and
Sickman, 2014; Eberwein et al., 2020), and peak N,O emis-
sions can exceed 2,100 ug N-N,O m > h~' (Eberwein et al.,
2020; Krichels et al., 2022). In contrast, average NH3 emis-
sions did not surpass 25 pg N-NH; m~2 h~" in any of our
sites, though some of our passive samplers exposed for
only 15 min postwetting exceeded 80 ug N-NH; m 2 h™!
(Figure S1). While these rates are low compared to NO and
N,O emissions, NH3 emissions increased after adding
NH,*, suggesting that NH3 emissions may become
increasingly important in systems, where NH4"/NHj3
atmospheric inputs are increasing (Decina et al., 2020).

5. Conclusions

We show that in situ NH; emissions were highest in the
most arid and alkaline soils. While soil pH is a well-
established control on NHj volatilization, we found that
increasing N availability can help overcome pH limitation
of NH3 volatilization even in moderately acidic soils. These
demand-independent NH3 losses upon wetting dry soils
are particularly large in alkaline drylands, where they may
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allow ecosystem N limitation to persist despite anthropo-
genic N inputs.

Data accessibility statement
All data presented in this study are available in the Dryad
database (Krichels, 2023).

Supplemental files
The supplemental files for this article can be found as
follows:

SI_Material.Docx

Acknowledgments

The authors thank the University of California Natural
Reserve System (https://doi.org/10.21973/N3V66D) for
access to field sites, Beatriz Vindiola and Delores Lucero
for their help with the passive samplers, and David Lyons
from the UCR Environmental Sciences Research Labora-
tory for help with sample analyses. They also thank the
National Science Foundation (DEB 1916622 and DEB
1656062) for their support. This study was supported in
part by the USDA Forest Service Rocky Mountain Research
Station. The findings and conclusions in this publication
are those of the author and should not be construed to
represent any official USDA or U.S. Government determi-
nation or policy.

Competing interests

PMH is an associate editor at Elementa but did not have
arole in the reviewing or handling of this manuscript. The
authors declare no other competing interests.

Author contributions
Contributed to conception and design: AHK, PMH, ELA,
JOS, B, ACG, HMA, HS, SP, GD].

Contributed to acquisition of data: AHK, PMH, ELA,
JOS, JB, ACG, HMA, HS, SP, GDJ.

Contributed to analysis and interpretation of data:
AHK, PMH, GD].

Drafted and/or revised this article: AHK, PMH, GD]J.

Approved the submitted version for publication: AHK,
PMH, ELA, JOS, JB, ACG, HMA, HS, SP, GD].

References

Austin, AT, Yahdjian, L, Stark, JM, Belnap, J, Porporato,
A, Norton, U, Ravetta, DA, Schaeffer, SM. 2004.
Water pulses and biogeochemical cycles in arid and
semiarid ecosystems. Oecologia 141: 221-235. DOI:
http://dx.doi.org/10.1007/s00442-004-1519-1.

Avnimelech, Y, Laher, M. 1977. Ammonia volatilization
from soils: Equilibrium considerations. Soil Science
Society of America Journal 41: 1080-1084. DOI:
http://dx.doi.org/10.2136/sssaj1977.0361599
5004100060013x.

Birch, HE. 1958. The effect of soil drying on humus
decomposition and nitrogen availability. Plant and
Soil 10: 9-31. DOI: http://dx.doi.org/10.1007/
BF01343734.

Daly, C, Taylor, G, Patterson, W, National Climatic Data
Center (U.S.), National Water and Climate Center

Krichels et al: Soil NHs emissions across a rainfall gradient in southern California

(U.S.), United States Defense Mapping Agency.
2007. Average annual precipitation (inches):
California, 1981-2010 (800 m) [ArcGRID]. Menlo
Park, CA: Department of Fish and Game, Marine
Resources Region. Available at https://earthworks.
stanford.edu/catalog/stanford-td754wr4701.
Accessed January 2022.

Decina, SM, Hutyra, LR, Templer, PH. 2020. Hotspots of
nitrogen deposition in the world’'s urban areas: A
global data synthesis. Frontiers in Ecology and the
Environment 18: 92—-100. DOI: http://dx.doi.org/
10.1002/fee.2143.

Eberwein, JR, Homyak, PM, Carey, CJ, Aronson, EL,
Jenerette, GD. 2020. Large nitrogen oxide emission
pulses from desert soils and associated micro-
biomes. Biogeochemistry 149: 239-250. DOLI:
http://dx.doi.org/10.1007/s10533-020-00672-9.

Falkengren-Grerup, U. 1989. Soil acidification and its
impact on ground vegetation. Ambio 18: 179—-183.

Fenn, ME, Baron, JS, Allen, EB, Rueth, HM, Nydick, KR,
Geiser, L, Bowman, WD, Sickman, JO, Meixner, T,
Johnson, DW, Neitlich, P. 2006. Ecological effects
of nitrogen deposition in the Western United States.
BioScience 53: 404. DOI: http://dx.doi.org/10.
1641/0006-3568(2003)053[0404:eeondi]2.0.co;2.

Fenn, ME, Poth, MA, Johnson, DW. 1996. Evidence for
nitrogen saturation in the San Bernardino Moun-
tains in southern California. Forest Ecology and Man-
agement 82: 211-230.

Firestone, MK, Davidson, EA. 1989. Microbiological
basis of NO and N,0 production and consumption
in soil, in Andreae, MO, Schimel, DS eds., Exchange
of trace gases between terrestrial ecosystems and the
atmosphere. New York, NY: Wiley: 7-21.

Homyak, PM, Sickman, JO. 2014. Influence of soil mois-
ture on the seasonality of nitric oxide emissions
from chaparral soils, Sierra Nevada, California, USA.
Journal of Arid Environments 103: 46-52. DOI:
http://dx.doi.org/10.1016/j jaridenv.2013.12.008.

Jenny, H. 1980. Soil genesis with ecological perspectives.
New York, NY: Springer.

Kim, DG, Vargas, R, Bond-Lamberty, B, Turetsky, MR.
2012. Effects of soil rewetting and thawing on soil
gas fluxes: A review of current literature and sugges-
tions for future research. Biogeosciences 9:
2459-2483. DOI: http://dx.doi.org/10.5194/bg-9-
2459-2012.

Krichels, AH. 2023. Data for: Soil NH5 emissions across
an aridity, soil pH, and N deposition gradient in
southern California [dataset]. Dryad. DOI: https://
doi.org/10.6086/D13D51.

Krichels, AH, Homyak, PM, Aronson, EL, Sickman, JO,
Botthoff, J, Shulman, H, Piper, S, Andrews, HM,
Jenerette, GD. 2022. Rapid nitrate reduction pro-
duces pulsed NO and N,O emissions following wet-
ting of dryland soils. Biogeochemistry 158:
233-250. DOI: http://dx.doi.org/10.1007/s10533-
022-00896-x.

Ma, R, Zou, J, Han, Z, Yu, K, Wu, S, Li, Z, Liu, S, Niu, S,
Horwath, WR, Zhu-Barker, X. 2021. Global soil-

€202 AInf 0 U0 Jasn apisiaAry elulojed Jo Ayssaaun Aq ypd'€z1.00°2202 euswa|d/| L9z28./€Z 100/ 1/ 1 L/Ppd-ajdle/ejuswa|e/npa ssaidon®aul|uo//:djy wol papeojumoq


https://doi.org/10.21973/N3V66D
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.2136/sssaj1977.03615995004100060013x
http://dx.doi.org/10.2136/sssaj1977.03615995004100060013x
http://dx.doi.org/10.1007/BF01343734
http://dx.doi.org/10.1007/BF01343734
https://earthworks.stanford.edu/catalog/stanford-td754wr4701
https://earthworks.stanford.edu/catalog/stanford-td754wr4701
http://dx.doi.org/10.1002/fee.2143
http://dx.doi.org/10.1002/fee.2143
http://dx.doi.org/10.1007/s10533-020-00672-9
http://dx.doi.org/10.1641/0006-3568(2003)053[0404:eeondi]2.0.co;2
http://dx.doi.org/10.1641/0006-3568(2003)053[0404:eeondi]2.0.co;2
http://dx.doi.org/10.1016/j.jaridenv.2013.12.008
http://dx.doi.org/10.5194/bg-9-2459-2012
http://dx.doi.org/10.5194/bg-9-2459-2012
https://doi.org/10.6086/D13D51
https://doi.org/10.6086/D13D51
http://dx.doi.org/10.1007/s10533-022-00896-x
http://dx.doi.org/10.1007/s10533-022-00896-x

Krichels et al: Soil NHs emissions across a rainfall gradient in southern California

derived ammonia emissions from agricultural nitro-
gen fertilizer application: A refinement based on
regional and crop-specific emission factors. Global
Change Biology 27(4): 855-867. DOI: http://dx.
doi.org/10.1111/gcb.15437.

McCalley, CK, Sparks, JP. 2008. Controls over nitric oxide
and ammonia emissions from Mojave Desert soils.
Oecologia 156: 871-881. DOI: http://dx.doi.org/10.
1007/s00442-008-1031-0.

National Atmospheric Deposition Program. 2022.
Total Deposition Maps, v2021.01. Available at
https://nadp.slh.wisc.edu/committees/tdep/.
Accessed January 2022.

Osborne, BB, Roybal, CM, Reibold, R, Collier, CD, Gei-
ger, E, Phillips, ML, Weintraub, MN, Reed, SC.
2022. Biogeochemical and ecosystem properties in
three adjacent semi-arid grasslands are resistant to
nitrogen deposition but sensitive to edaphic vari-
ability. Journal of Ecology 110(7): 1615-1631. DOI:
http://dx.doi.org/10.1111/1365-2745.13896.

Pan, B, Lam, SK, Mosier, A, Luo, Y, Chen, D. 2016.
Ammonia volatilization from synthetic fertilizers
and its mitigation strategies: A global synthesis.
Agriculture, Ecosystems & Environment 232:
283-289. DOI: http://dx.doi.org/10.1016/j.agee.
2016.08.019.

Peterjohn, WT, Schlesinger, WH. 1990. Nitrogen loss
from deserts in the Southwestern United States. Bio-
geochemistry 10: 67-79. DOL: http://dx.doi.org/ 10.
1007/BF00000893.

R Core Team. 2019. R: A language and environment for
statistical computing. Vienna, Austria: R Foundation
for Statistical Computing. Available at https://R-
project.org/. Accessed September 2021.

Roadman, M]J, Scudlark, JR, Meisinger, JJ, Ullman, WJ.
2003. Validation of Ogawa passive samplers for the
determination of gaseous ammonia concentrations
in agricultural settings. Atmospheric Environment
37(17): 2317-2325. DOI: http://dx.doi.org/10.
1016/S1352-2310(03)00163-8.

Schlesinger, WH, Peterjohn, WT. 1991. Processes con-
trolling ammonia volatilization from Chihuahuan
Desert soils. Soil Biology and Biochemistry 23(7):
637-642. DOI: http://dx.doi.org/10.1016/0038-
0717(91)90076-V.

Schwede, DB, Lear, GV. 2014. A novel hybrid approach
for estimating total deposition in the United States.
Atmospheric Environment 92: 207-220.

Sickman, JO, James, AE, Fenn, FE, Bytnerowicz, A,
Lucero, DM, Homyak, PM. 2019. Quantifying
atmospheric N deposition in dryland ecosystems:

Art. 11(1) page 7 of 8

Atest of the integrated total nitrogen input method.
Science of the Total Environment 646: 1253-1264.

Slessarev, EW, Lin, Y, Bingham, NL, Johnson, JE, Daj, Y,
Schimel, JP, Chadwick, OA. 2016. Water balance
creates a threshold in soil pH at the global scale.
Nature 540: 567-569. DOI: http://dx.doi.org/10.
1038/nature20139.

Soper, FM, Boutton, TW, Groffman, PM, Sparks, JP.
2016. Nitrogen trace gas fluxes from a semiarid sub-
tropical savanna under woody legume encroach-
ment. Global Biogeochemical Cycles 30(5):
614-628. DOI: http://dx.doi.org/10.1002/2015GB
005298.

Sun, L, Li, L, Chen, Z, Wang, J, Xiong, Z. 2014. Combined
effects of nitrogen deposition and biochar applica-
tion on emissions of N0, CO, and NH; from agri-
cultural and forest soils. Soil Science and Plant
Nutrition 60: 254-265. DOL: http://dx.doi.org/10.
1080/00380768.2014.885386.

Vitousek, PM, Bateman, JB, Chadwick, OA. 2021. A
“toy” model of biogeochemical dynamics on climate
gradients. Biogeochemistry 154: 183-210. DOL:
http://dx.doi.org/10.1007 /s10533-020-007 34-y.

Vitousek, PM, Field, CB. 1999. Ecosystem constraints to
symbiotic nitrogen fixers: A simple model and its
implications, in Townsend, AR ed., New perspectives
on nitrogen cycling in the temperate and tropical
Americas: Report of the International SCOPE Nitrogen
Project. Dordrecht, the Netherlands: Springer:
179-202. DOI: http://dx.doi.org/10.1007/978-94-
011-4645-6_9.

Vitousek, PM, Treseder, KK, Howarth, RW, Menge,
DNL. 2022. A “toy model” analysis of causes of
nitrogen limitation in terrestrial ecosystems. Biogeo-
chemistry 160: 381-394. DOI: https://dx.doi.org/
10.1007/s10533-022-00959-z.

von Sperber, C, Chadwick, OA, Casciotti, KL, Peay, KG,
Francis, CA, Kim, AE, Vitousek, PM. 2017. Controls
of nitrogen cycling evaluated along a well-character-
ized climate gradient. Ecology 98: 1117-1129. DOL:
http://dx.doi.org/10.1002/ecy.1751.

Wang, C, Wang, X, Liu, D, Wy, H, Lij, X, Fang, Y, Cheng,
W, Luo, W, Jiang, P, Shi, J,Yin, H, Zhou, J, Han, X,
Bai, E. 2014. Aridity threshold in controlling ecosys-
tem nitrogen cycling in arid and semi-arid grass-
lands. Nature Communications 5: 4799. DOI:
http://dx.doi.org/10.1038/ncomms5799.

Yu, Z, Elliott, EM. 2017. Novel method for nitrogen iso-
topic analysis of soil-emitted nitric oxide. Environ-
mental Science & Technology 51: 6268-6278. DOI:
http://dx.doi.org/10.1021/acs.est.7b00592.

€202 AInf 0 U0 Jasn apisiaAry elulojed Jo Ayssaaun Aq ypd'€z1.00°2202 euswa|d/| L9z28./€Z 100/ 1/ 1 L/Ppd-ajdle/ejuswa|e/npa ssaidon®aul|uo//:djy wol papeojumoq


http://dx.doi.org/10.1111/gcb.15437
http://dx.doi.org/10.1111/gcb.15437
http://dx.doi.org/10.1007/s00442-008-1031-0
http://dx.doi.org/10.1007/s00442-008-1031-0
https://nadp.slh.wisc.edu/committees/tdep/
http://dx.doi.org/10.1111/1365-2745.13896
http://dx.doi.org/10.1016/j.agee.2016.08.019
http://dx.doi.org/10.1016/j.agee.2016.08.019
http://dx.doi.org/10.1007/BF00000893
http://dx.doi.org/10.1007/BF00000893
https://R-project.org/
https://R-project.org/
http://dx.doi.org/10.1016/S1352-2310(03)00163-8
http://dx.doi.org/10.1016/S1352-2310(03)00163-8
http://dx.doi.org/10.1016/0038-0717(91)90076-V
http://dx.doi.org/10.1016/0038-0717(91)90076-V
http://dx.doi.org/10.1038/nature20139
http://dx.doi.org/10.1038/nature20139
http://dx.doi.org/10.1002/2015GB005298
http://dx.doi.org/10.1002/2015GB005298
http://dx.doi.org/10.1080/00380768.2014.885386
http://dx.doi.org/10.1080/00380768.2014.885386
http://dx.doi.org/10.1007/s10533-020-00734-y
http://dx.doi.org/10.1007/978-94-011-4645-6_9
http://dx.doi.org/10.1007/978-94-011-4645-6_9
https://dx.doi.org/10.1007/s10533-022-00959-z
https://dx.doi.org/10.1007/s10533-022-00959-z
http://dx.doi.org/10.1002/ecy.1751
http://dx.doi.org/10.1038/ncomms5799
http://dx.doi.org/10.1021/acs.est.7b00592

Art. 11(1) page 8 of 8 Krichels et al: Soil NHs emissions across a rainfall gradient in southern California

How to cite this article: Krichels, AH, Homyak, PM, Aronson, EL, Sickman, JO, Botthoff, J, Greene, AC, Andrews, HM, Shulman,
H, Piper, S, Jenerette, GD. 2023. Soil NH3 emissions across an aridity, soil pH, and N deposition gradient in southern California.
Elementa: Science of the Anthropocene 11(1). DOI: https://doi.org/10.1525/elementa.2022.00123

Domain Editor-in-Chief: Steven Allison, University of California Irvine, Irvine, CA, USA

Associate Editor: Stephen Porder, Brown University, Providence, RI, USA

Knowledge Domain: Ecology and Earth Systems

Published: June 28, 2023  Accepted: April 7, 2023  Submitted: October 3, 2022

Copyright: © 2023 The Author(s). This is an open-access article distributed under the terms of the Creative Commons

Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

A2 ELEMENTA Elem Sci Anth is a peer-reviewed open access OPEN ACCESS
A\ Siersofthednirepocns journal published by University of California Press. 8

€202 AINF $0 U0 Jasn apisIeAy eluloyeD Jo Aisienun Aq Jpd-€Z100°220Z EIUSWR[S/ L L9Z8L/EZL00/ L/ L LIPd-ajole/euBWale/NPpe-ssaidon-auuo//:dny WOl Papeojumod




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /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
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


