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Arid and semi-arid ecosystems (aridlands) cover a third of Earth's terrestrial surface and contain or-
ganisms that are sensitive to low level atmospheric pollutants. Atmospheric nitrogen (N) inputs to
aridlands are likely to cause changes in plant community composition, fire frequency, and carbon cycling
and storage. However, few studies have documented long-term rates of atmospheric N inputs in arid-
lands because dry deposition is technically difficult to quantify, and extensive sampling is needed to
capture fluxes with spatially and temporally heterogeneous rainfall patterns. Here, we quantified long-
term spatial and temporal patterns of inorganic N deposition in protected aridland ecosystems across
an extensive urban-rural gradient using multiple sampling methods. We compared long-term rates of N
deposition from ion-exchange resin (IER) collectors (bulk and throughfall, 2006—2015), wet-dry bucket
collectors (2006—2015), and dry deposition from the inferential method using passive samplers (2010
—2012). From mixed approaches with IER collectors and inferential methods, we determined that
7.2 +0.4 kgNha~'y~! is deposited to protected Sonoran Desert within metropolitan Phoenix, Arizona and
6.1 +0.3 kgNha~'y~! in nearby desert ecosystems. Regional scale models overestimated deposition rates
for our sampling period by 60% and misidentified hot spots of deposition across the airshed. By contrast,
the easy-deployment IER throughfall collectors showed minimal spatial variation across the urban-rural
gradient and underestimated deposition fluxes by 54%, largely because of underestimated dry deposition
in throughfall. However, seasonal sampling of the IER collectors over 10 years allowed us to capture
significant seasonal variation in N deposition and the importance of precipitation timing. These results,
derived from the longest, spatially and temporally explicit dataset in drylands, highlight the need for
long-term, mixed methods to estimate atmospheric nutrient enrichment to aridlands in a rapidly
changing world.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

deposition). Increasing rates of N deposition during decades of
agricultural and industrial growth, and the significant ecological

Increased human activities have led to elevated concentrations
of atmospheric reactive nitrogen (N) worldwide (Vitousek et al.,
1997; Galloway et al., 2004; Dentener et al., 2006). N gas emis-
sions from urban and agricultural sources are transported down-
wind and deposited upon surfaces through rainfall (wet
deposition), cloud vapor, and adsorption of gases and particles (dry
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consequences of increased rates, have been well characterized in
ecosystems with high rainfall (Lovett, 1994; Aber et al., 1998;
Galloway et al., 2004; Holland et al., 2005; Dentener et al., 2006;
Phoenix et al., 2006; Weathers et al., 2006; Pardo et al., 2011).
However, N deposition is also expected to increase in dryland
ecosystems where a disproportionate amount of future urban
growth is anticipated (United Nations, 2014). While arid and semi-
arid ecosystems cover over a third of the globe's land area, far more
effort has been put into quantifying patterns of N deposition to
mesic compared to aridland ecosystems.

Although water constrains primary production in aridlands, N
availability significantly affects ecosystem functioning during wet
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periods and within landscape patches with prolonged access to soil
water (Hall et al., 2011; Ladwig et al., 2012; Collins et al., 2014).
However, precipitation variability in drylands decouples plant and
soil processes, making it unlikely that arid ecosystem functioning
will respond to N deposition according to the forest N saturation
model in temperate ecosystems (sensu Aber et al., 2002; Hall et al.,
2011). The few studies examining the effects of elevated N inputs to
arid ecosystems have reported increases in annual herbaceous (but
not perennial) plant growth, losses of native vegetation, and greater
fire frequency (Brooks, 2003; Fenn et al., 2003a; Baez et al., 2007,
Rao et al, 2010; Hall et al., 2011). Such responses, particularly
during wet periods, may have cascading effects on ecosystem ser-
vices, including carbon storage (Ochoa-Hueso et al., 2013; Poulter
et al,, 2014). Many aridland ecosystems are predicted to receive
atmospheric N inputs at or above the desert critical load, the
threshold at which many ecological changes occur (Fenn et al.,
2010; Pardo et al, 2011). Deposition rates as low as 3-9
kgNha~'y~! can alter the seasonal growth and composition of
herbaceous plant communities (Fenn et al., 2003a, 2010; Pardo
et al,, 2011; Simkin et al., 2016). By comparison, in central and
southern California, United States (US)—one of the few places
where aridland N deposition has been well studied—dry deposition
alone is estimated to be as high as 14—35 kgNha~'y~! (Alonso et al.,
2005; Rao et al., 2009; Cisneros et al., 2010).

Long-term atmospheric deposition in aridlands is challenging to
estimate in part due to the pulsed nature of precipitation, where
episodic and often intense, rainfall events punctuate long dry pe-
riods (Noy-Meir, 1973; Collins et al., 2014). Despite this, long-term
monitoring is important for evaluating ecosystem changes, con-
servation strategies, and policies controlling N emissions (Holland
et al., 2005; Lovett, 2013). For example, since the 1990 US Clean
Air Act amendments, the composition of N deposition in the US has
changed from primarily oxidized N (e.g., nitrogen oxides (NOy)) to
reduced N forms (e.g., ammonia (NHs3); Du et al, 2014; Li et al,
2016; Lloret and Valiela, 2016), reflecting a broad shift from in-
dustrial to agriculture sources. While changing patterns of N
deposition have been examined at the national scale, much less is
known about regional long-term deposition in aridlands. This study
addresses the challenges of estimating aridland inorganic N
deposition using multiple methods across an urban-rural and
precipitation gradient to capture long-term and seasonal patterns
of wet and dry N deposition.

Most N deposition studies employ a single empirical or
modeling approach to estimate wet and dry deposition over rela-
tively short time periods. However, single approaches can lead to
uncertainty under temporally and spatially heterogeneous envi-
ronmental conditions common to aridlands. For example,
throughfall measurements likely misrepresent deposition because
leaf surfaces can become saturated with dry deposition during
periods without rain and N may volatilize off surfaces before being
washed into throughfall collectors (Fenn et al., 2000, 2009; Padgett
et al., 2008). While wet deposition is an important seasonal input to
arid systems (Baez et al., 2007; Li et al, 2013), dry deposi-
tion—much of which is expected to be dry NH3—can contribute up
to 80% of atmospheric inputs to arid landscapes between patchy
storm events (Lohse et al., 2008; Fenn et al., 2010; Li et al., 2013,
2016). Dry deposition itself is challenging and costly to quantify
because of the short life span of many atmospheric gases, volatili-
zation, saturated leaf surfaces, and the bidirectional fluxes of NH3
(Hanson and Lindberg, 1991; Lovett, 1994; Asman et al., 1998;
Wesely and Hicks, 2000; Golden et al., 2008; Lohse et al., 2008;
Fenn et al,, 2013; Bytnerowicz et al., 2015).

Various N deposition modeling approaches also have limitations
that introduce considerable uncertainty. For example, the inferen-
tial method estimates dry deposition based on deposition velocities

and atmospheric concentrations of NHs3, NOy, and nitric acid
(HNO3)—composing most of the deposited N gases (Holland et al.,
2005). Deposition velocities are dependent on heterogeneous
landscape characteristics, and the error in deposition velocity es-
timates propagate uncertainty of dry deposition (Schwede et al.,
2011). Additional uncertainty arises from the bidirectional flux of
NH3s, which is the difficult to quantify ecosystem-atmosphere ex-
change of N regulated by variable compensation points, atmo-
spheric concentrations, canopy structure, and meteorological
conditions (Asman et al., 1998; Zhang et al., 2010; Zhu et al., 2015b).
Finally, N deposition estimates from regional-scale models (e.g.,
Community Multi-scale Air Quality (CMAQ) model) and national
monitoring networks are limited in spatial resolution (e.g., 12 x 12-
km; Fenn et al., 2003b; Holland et al., 2005; Bettez and Groffman,
2013; Fenn et al., 2013). In spatially heterogeneous aridland eco-
systems, low-resolution models constrain the ability to examine
habitat-scale deposition patterns that vary with topography and
intermittent shrub cover.

In this paper, we use a unique long-term study that integrates
multiple methods to address the question: what are the patterns
and drivers of wet and dry inorganic N deposition in a dryland
region? We assessed inorganic N deposition across a precipitation
and urban-rural gradient encompassing several thousand km? in
central Arizona in the northern Sonoran Desert. With rapid urban
sprawl and over 4 million residents, the Phoenix metropolitan re-
gion and Sonoran Desert are affected by land use change, the urban
heat island, and elevated reactive N gas emissions (Brazel et al.,
2000; Baker et al., 2001; Grimm and Redman, 2004). Municipal
ordinances have preserved large remnant patches of native
Sonoran Desert arrayed along a precipitation gradient (ranging
from 131 to 282 mm-y~!; mean annual precipitation of 208-mm).
This feature makes the region not only a unique study system for
examining N deposition and its drivers in aridlands, but also a
potentially critical carbon sink during a period of increasing
anthropogenic carbon dioxide emissions (Poulter et al., 2014).

We quantified wet and/or dry inorganic N deposition continu-
ously over 10 years (2006—2015) in the Central Arizona—Phoenix
Long-Term Ecological Research (CAP LTER) study area using four
different methods: co-located throughfall collectors (wet and dry
deposition), bulk collectors (wet deposition), wet-dry buckets (wet
and dry deposition), and passive atmospheric concentration sam-
plers (dry deposition via inferential method). In this rapidly ur-
banizing area, we expected N deposition to vary spatially and
seasonally, dependent on precipitation and proximity to urban
activities. In particular, we predicted that the rate of inorganic N
deposition would exceed the estimated desert critical load (3—9
kgNha~'y~1) with deposition primarily dominated by reduced
forms of N. We also expected wet deposition patterns to follow a
precipitation gradient from west to east (Table 1). Because storms
are seasonal and spatially patchy, we expected the timing of rain
and extended dry periods to affect the rate and form of N deposi-
tion. Thus, we predicted higher rates of wet N deposition during the
semi-annual rainy seasons (i.e. associated with low-intensity
winter storms and high-intensity summer monsoons) than dry
seasons. However, overall, we expected dry deposition would
compose the largest fraction of total annual inorganic N deposition
due to long dry periods between rains.

2. Materials and methods

2.1. Wet and dry inorganic N (NH}-+NO3 ) deposition estimated
from throughfall and bulk collectors

We measured bulk and throughfall ammonium (NHZ) and
nitrate (NO3) deposition continuously from March 2006 to June
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Table 1

Characteristics of N deposition monitoring sites in remnant native desert preserves in metropolitan Phoenix, AZ (urban) and in outlying native desert to the east and west of the

city.
Site Name Elevation Annual Annual Annual Annual  Winter/summer Housing Traffic Agriculture

(m) precipitation temperature relative wind wind direction  density density (% land
(mm)? (°C)? humidity speed (degrees)” (house/km?)® (cars/mile area)”
(%) (m/sec)? road)”

Outlying West
Estrella Mountain East (EME) 331 154.8 24.7 28.8 1.0 170.8/189.7 37 12229 17
Estrella Mountain West (EMW) 382 147.0 24.7 28.8 1.0 170.8/189.7 7 3825 13
Sonoran National Monument East (SNE) 492 1313 232 32.8 2.7 175.3/201.6 0 534 0
Sonoran National Monument West (SNW) 375 139.7 23.8 32.7 21 135.7/202.2 0 529 0
White Tanks Regional Park (WTM) 454 163.6 234 31.0 2.0 224.3/188.4 63 7428 10
Urban
Desert Botanical Garden (DBG) 396 191.6 23.6 32.8 1.7 144.5/167.3 611 74163 8
Mountain View Park (MVP) 397 158.4 232 33.0 1.2 187.3/196.8 813 58308 0
Piestawa Peak (PWP) 456 167.4 232 33.0 1.2 187.3/196.8 631 53822 0
South Mountain East (SME) 372 159.9 23.0 309 1.0 150.7/195.9 395 67825 2
South Mountain West (SMW) 458 187.0 245 28.7 11 176.6/197.5 191 27542 14
Outlying East
Lost Dutchman Park (LDP) 620 281.9 222 325 29 105.2/156.7 22 21271 0
McDowell Mountain North (MCN) 476 255.0 228 32.6 24 177.8/188.8 3 1662 3
McDowell Mountain South (MCS) 539 209.4 22.8 32.6 2.4 177.8/188.8 19 10915 3
Salt River Recreation area (SRR) 434 2234 21.7 375 0.8 197.8/193.3 1 1936 0
Usery Mountain Park (UMP) 592 220.5 233 31.0 1.1 201.7/164.6 115 30264 0

2 Annual average (2006—2015) or seasonal precipitation, temperature, relative humidity, wind speed and direction from nearest meteorological station (listed in

Supplementary Material Table 1).

b Traffic density (2008 average weekday traffic (# vehicles)/mile of road), Housing density (2010# households/km2 from 2010 US Census Block data) and Agricultural land

(% land area within buffer) calculated within 10 km buffer surrounding each site.

2015 at 15 native Sonoran Desert sites within the 6400-km? CAP
LTER area (Fig. 1). Five monitoring sites were within remnant
Sonoran Desert open space parks managed by the city (‘urban’,
n=>5 from 2006 to 2007; n=4 from 2007 to 2016 owing to
vandalism at one site) and 5 sites each to the west and east of the
city in Sonoran Desert preserves managed by Maricopa County or
federal agencies (‘outlying’, n=10; Table 1). All sites have sandy
loam soils and similar vegetation dominated by creosotebush
(Larrea tridentata), bursage (Ambrosia deltoidea or A. dumosa), suc-
culents (Cylindropuntia spp, Carnegiea gigantica), and winter her-
baceous vegetation (Hall et al., 2011; Sponseller et al., 2012).

With ion exchange resin (IER) collectors, we measured deposi-
tion as bulk (wet) deposition in the open spaces between plants
and as throughfall (wet and dry) deposition under the dominant
shrub, L. tridentata. Two duplicate bulk and throughfall collectors
were deployed at each site continuously over 3-month sampling
intervals (four collectors per site; approximately January—March,
March—June, June—September, and September—December). Col-
lectors were deployed an average of 89-days (35—121 days).
Duplicate subsamples were averaged for each site and interval (14
sites x 38 sampling intervals, n = 532). The actual sample number
for bulk (n =494) and throughfall (n =499) deposition varied due
to missing, broken, or contaminated samples.

The IER collectors capture inorganic NHi and NO3 from depo-
sition. The IER collectors retain N ions in the resin after only trace
amounts of rain, as is common in arid systems (Fenn et al., 2002;
Fenn and Poth, 2004). Throughfall collectors also capture dry
deposition that has deposited to leaf surfaces above the sampler
and is washed into the sampler by rain. We assumed bulk collectors
placed in open spaces between plants capture negligible dry
deposition (Erisman et al., 1994; Erisman and Draaijers, 1995; Fenn
et al., 2002, 2009; Bettez and Groffman, 2013).

Bulk and throughfall IER collectors were built with a modified
design following Fenn and Poth (2004) and Simkin et al. (2004).
Each IER collector consisted of hydrochloric (HCI) acid-washed 12”
PVC pipe filled with 60-mL Monosphere Dowex Resin (Dow
Chemical Company). The resin-filled pipe was closed on the bottom

with a PVC cap with 5—7 holes for drainage and glass wool to
prevent resin loss. On the top, a cone-shaped plastic funnel (314-
cm? diameter) was covered with mesh and bird spikes to prevent
debris from contaminating the resin.

In the field, bulk IER collectors were installed 1.5-m above-
ground in open areas without canopy cover. Throughfall IER col-
lectors were placed under L. tridentata in 60-cm holes to allow for
drainage during rain. At the end of sampling periods, all funnels and
the L. tridentata branches above throughfall collectors were rinsed
with 500-mL deionized (DI) water. Triplicate bulk and throughfall
field blanks (caps on both ends without funnels) were deployed at
one urban (DBG) and two outlying sites (WTM and LDP) and
treated similarly to open collectors.

After field collection, NH and NO3 ions were extracted with
200-mL 2 M potassium chloride (KCI) solution. KCl-resin slurries
were shaken for one hour and then filtered through Whatman 42
filters pre-leached with 200-mL KCl. In addition, three KCI extract
blanks were filtered. All KCI extracts were analyzed on a continuous
flow injection Lachat QuikChem 8000 (Lachat Instruments) for NHZ
and NO3. We did not separately analyze samples for nitrite, which
may result in underestimation of oxidized N in our samples. All
duplicates were averaged and concentrations and deposition rates
are reported in mass of N atoms. The mean percent coefficient of
variation among duplicates across all periods and locations was
significantly lower in bulk samples (22% NHZ, 17% NO3) than
throughfall samples (35% NHZ, 26% NO3). Average field blank NO3
and NHj concentrations (+1 SE) were 0.2 (+0.01) mgNL~! and 0.6
(+0.03) mgNL™! respectively, and comparable to those reported
elsewhere (Garcia-Gomez et al., 2016). On average, bulk field blanks
were higher than throughfall field blank concentrations and the
mass of N in the field blanks was 7% and 9% of average sample NO3
and NHJ concentrations, respectively. The higher NH4 concentra-
tion in field blanks is likely due to release of quaternary amine
groups from the anion exchange resin beads, rather than resin
contamination (Fenn and Poth, 2004). To account for this artifact
and other sources of contamination, N concentrations in field
blanks were subtracted from field samples for each date and
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Fig. 1. N deposition monitoring sites. Long-term (2006—2015) N deposition monitoring sites within protected native desert in outlying west (square), urban (circle), and outlying
east (triangle) locations in the CAP LTER study site. One urban site (open white circle) and one outlying east (LDP) site were used for monitoring atmospheric N concentrations and

estimating dry N deposition in 2010—2012. Site abbreviations as in Table 1.

landscape location. Between March 2006—December 2007, there
were no field blanks deployed; thus, samples from these periods
were corrected with an average of field blanks from the following
four sampling periods.

With corrected concentrations from KCl extracts, we calculated
N deposition rates for each site using concentration in the extract
(mgNL™1), extract volume (0.2-L), funnel surface area (314-cm?),
and exposure time (days deployed in field). We present deposition
in two forms as average daily deposition (kgNha~!day~!) and
average yearly deposition (kgNha~'y~!). While daily and yearly
rates imply a constant deposition, which is unlikely in arid systems
with wet-dry pulses, this approach allows us to compare among
similar periods (e.g., same season in different years) for which the
exact number of sampling days differ and with previously pub-
lished data.

2.2. Dry inorganic N (NOy + NH3+HNO3) deposition estimated
from the inferential method

We measured concentrations of gaseous NO and NO, (together
as NOy), NH3, and HNO3 using co-located passive atmospheric gas
collectors. From the gaseous concentrations, we then estimated dry
N deposition with the inferential method (concentration x depo-
sition velocity; Wesely and Hicks, 2000; Fenn et al., 2009). Passive
gas collectors were deployed at one urban and one outlying site
(open symbol and LDP in Fig. 1) in order to compare sites with
expected differences in deposition. In order to explicitly compare
sampling approaches at these two sites, we deployed additional
bulk and throughfall IER collectors that were co-located with the

passive gas collectors. For the comparison, collectors were
deployed continuously for the same intervals.

Passive gas collectors were deployed for consecutive 2- or 3-
week intervals over two summer seasons (July—September 2010,
July—October 2011) and two winter seasons (December
2010—March 2011, January 2011—March 2012) following estab-
lished methods (Sather et al., 2008; Salem et al., 2009; Cisneros
et al., 2010; Puchalski et al., 2011; Bytnerowicz et al.,, 2015).
Ammonia, NOx and NO» concentrations were measured using
Ogawa Teflon passive samplers and Ogawa impregnated filter pads
following previously published field and laboratory protocols
(Roadman et al., 2003; Sather et al., 2007, 2008; Salem et al., 2009).
Nitric acid samplers were designed following Bytnerowicz and
colleagues' (2005) method using nylon membrane filters (Pall
Nylasorb nylon membrane filters, 1.0-um, 47-mm).

Passive gas collectors were transported from lab to field in in-
dividual sealed bags and plastic containers. In the field, passive
collectors were installed 2-m aboveground, away from tall vege-
tation and structures, and under a cover to block direct sun and rain
but allow air movement. At each site, we installed two NH3 and two
NOx collectors (each holding 2 filter pads), and four HNOs collectors
(each holding 1 filter pad). Blanks were transported to field sites
but returned to the lab during the exposure period and remained
sealed on a lab bench at room temperature.

At the end of each sampling interval, exposed filters were
transported to the lab and transferred to 20-ml acid-washed glass
vials. Dry filters were stored in a freezer up to 90 days until analysis
(Ogawa, 2010). Each filter was extracted separately with DI water
and shaken on a shaker table at 165-rpm for 15-min before analysis
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(Bytnerowicz et al., 2005; Cisneros et al., 2010; Ogawa protocol
2010). NH3, NOy and NO; filters were extracted with 8-mL DI water
and HNOs filters with 20-mL DI water. NH3 and HNO3 samples were
filtered through a 0.02-um filter (Acrodisc 13-mm, 0.2-pm nylon
filter) and analyzed on a Dionex ion chromatograph (Dionex Cor-
poration). NOy and NO, filters were analyzed on the continuous
flow injection Lachat Quikchem 8000. Field and extract blanks
were extracted and analyzed the same as the exposed filters.
Duplicate field samples were averaged by site and sampling inter-
val and corrected with corresponding blanks.

Ammonia and NOy concentrations were calculated following
Ogawa protocols using exposure time (min), extract concentration
(ugNm~3) and volume, and a conversion factor including a mass
transfer diffusion coefficient of each compound's sampling rate.
HNOj3 concentrations were calculated using the Bytnerowicz and
colleagues' (2005) calibration curve of absorbed NO3 when
exposed to HNO3 doses in controlled conditions (slope = 69.498 hr-
m~3). While overall concentrations were relatively low, we found
HNO3 concentrations (range 0.07—0.71 ugNm~>) decreased with
the number of sampling days (p < 0.01, adjusted R = 0.24), which
may lead to an underestimation of dry HNO3 deposition for some
periods. Ammonia (p =0.7) and NOy (p =0.9) concentrations did
not vary with number of days deployed in the field.

Using the inferential method, we calculated dry N deposition
based on concentrations (ugNm—>) and deposition velocities (Vq,
cm-sec™!) for each gaseous N species. We used deposition veloc-
ities estimated for the outlying desert site (Gonzales and Allen,
2008), which are comparable to V4 used in other arid and urban-
arid systems (Supplementary Material Table 1).

2.3. Wet and dry inorganic N (NHf+NO3 ) deposition estimated
from a wet-dry bucket

Wet and dry N deposition were also estimated using wet-dry
bucket collectors (AeroChem Metrics, Bushnell, FL). The collectors
were deployed at an eastern outlying desert site (Lost Dutchman
Park, LDP) from 2006 to 2015. This method captures wet deposition
in rainfall in the “wet” bucket and coarse particulate dry deposition
in the “dry” bucket. However, on the whole, wet-dry collectors
underestimate dry deposition, especially from fine particles and
gaseous compounds (Lohse et al., 2008), and are thus used here
only as a lower-bound estimate. Standard methods were used in
the field and lab as reported by Lohse et al. (2008). In short, rain
samples were collected within 24-h of precipitation events,
inspected for contamination, brought to the lab and transferred to
acid washed bottles. Dry buckets were collected from the field
monthly, inspected for contaminants, rinsed with 500-mL DI water,
and shaken for 15-min on a shaker table. All samples were filtered
with 0.7-um Whatman glass fiber filters and analyzed for NHZ and
NO3 on the Lachat Quikchem 8000.

2.4. Meteorological and urban site characteristics as drivers of
spatial and temporal variability

We collected a suite of micrometeorological and urban site
characteristics to explore their relationship with N deposition
patterns. Precipitation, relative humidity, and temperature were
obtained from the nearest meteorological monitoring stations
(<0.5—13-km to each site; FCDMC, 2015, Table 1 and
Supplementary Material Table 2). In order to examine the temporal
variability of precipitation, we calculated four precipitation metrics,
in addition to total precipitation: 1) number of rain days per sam-
pling interval, 2) ratio of rain days to rain-free days per sampling
interval, 3) the longest number of consecutive rain-free days per
interval, and 4) the antecedent dry days. Antecedent dry days were

calculated as the number of consecutive dry days before the first
rain event for each sampling interval.

We also calculated several anthropogenic site characteristics,
including housing density and percentage of agricultural and desert
land use/land cover within a 5-km buffer area around each site
(Table 1; we tested different buffer sizes and found similar results
for 10-km, 5-km, and 1-km buffers). The number of households in
each buffer area was calculated from all Census blocks (U.S. Census,
2010) that overlapped the perimeter of the 5-km buffer (using the
spatial join tool in ArcGIS 10.0). We calculated housing density
(households-km~2) by summing the number of households and
dividing by the land area. Land-use and land-cover mapping were
completed with 2010 Landsat Imagery at 30-m resolution that was
classified into 15 classes (Li, 2015). The percentage of agricultural
and desert land use and land cover was calculated within the 5-km
buffer around each site. Traffic density was based on 2008 average
weekday traffic counts, including heavy and light duty traffic on
freeways and arterial roads, modeled from the TransCAD travel
demand model (Maricopa Association of Governments Trans-
portation Division). Using ArcGIS, we calculated traffic density by
summing the traffic count and dividing by roadway length within
each 5-km buffer (including road segments overlapping the
perimeter of the buffer based on Spatial Join tool).

2.5. Data analyses

Statistical analyses were conducted using R (R Core Team, 2017).
N deposition data were logarithmically or square root transformed
to meet basic parametric assumptions. We used analysis of variance
(ANOVA), followed by Tukey post-hoc tests with Bonferroni
correction and significance ¢ =0.05 (unless noted), to compare
deposition rates between locations, seasons, and years. Aggregating
temporal data to examine spatial patterns, we used a two-way
ANOVA to compare deposition among sites and regions (outlying
west, urban, and outlying east). We then aggregated across sites to
compare intra- (seasonal) and inter-annual temporal differences.
We repeated all tests using non-parametric Kruskall-Wallis rank
sum test to confirm the parametric tests. All samples were
considered independent from one another (i.e, a new, clean
sampler was used each sampling interval), and thus we did not use
repeated measures analyses.

We used multiple linear regression analyses to determine the
main predictors of throughfall and bulk N deposition across the
Phoenix metropolitan region. We calculated corrected Akaike In-
formation Criterion (AICc) and Akaike weights with the MuMin
Package in R to compare the candidate models and determine the
most parsimonious model. As no one model was overwhelmingly
supported (i.e., all model weights <0.5), we used model averaging
to address the uncertainty in model selection (Burnham and
Anderson, 2003; Johnson and Omland, 2004). We averaged
model parameters for models with delta AlCc less than 2.0
(Supplementary Material Table 3). We expected timing of pulsed
precipitation events, meteorological factors, and site-specific
characteristics to be important drivers of throughfall and bulk
deposition in these aridlands. To determine the relative importance
of each variable, we compared standardized beta coefficients (stf3)
from the averaged regression model.

3. Results

3.1. Spatial and temporal variability of N deposition rates by
throughfall and bulk methods

Long-term (2006—2015) rates of mean inorganic N (NHf+NO3)
throughfall and bulk deposition across the region were 3.0 (+0.1)
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and 1.7 (+0.1) kgNha~ 'y~ respectively (Table 2; Fig. 2). Throughfall
deposition was nearly double bulk deposition at all sites (average
throughfall:bulk deposition ratio=1.9) indicating a significant
proportion of dry deposition in throughfall samples. NH} flux was
greater than that of NO3 in both throughfall and bulk deposition,
where NHi was 67% (36—97%) of total throughfall and 53%
(<1—-86%) of bulk deposition (Table 2).

Averaged across sampling seasons and years, total inorganic N
(NH4-+NO3) in throughfall deposition differed significantly only
between three sites. The within-city site at DBG (3.7 +0.4
kgNha~'y~1) had significantly higher throughfall than the outlying
eastern site at SRR (2.1 +0.2 kgNha~'y~!, p =0.04) and an outlying
western site at EMW (2.2 + 0.2 ngha*ly*K p=0.04, Table 2). No
other sites differed in total throughfall deposition. While NHj in
throughfall did not differ among sites or regions (p =0.06, p=0.1,
respectively), NO3 was significantly higher at two urban sites (DBG
and PWP) than at three outlying sites (EME, EMW, SRR, p < 0.001).
Likewise, NO3 in throughfall was significantly higher in the urban
region than outlying desert regions (p < 0.001; Table 2). In contrast,
despite a gradient in precipitation, there were no significant dif-
ferences among the 14 sites in bulk deposition (total inorganic
NH4+NO3 p=0.2, NO3 p=0.5, NHf p=0.05). However, region-
ally, bulk deposition followed the pattern of the precipitation
gradient and was significantly lower to the west than in the city or
outlying east region (total inorganic NH7+NO3 p<0.01, NO3
p=0.03, NHj p <0.01).

Throughfall and bulk inorganic N deposition varied intra-
annually among seasons (p < 0.001, p <0.001 respectively, Fig. 3).
Both throughfall and bulk deposition rates were highest during the
summer monsoon season (June—September) and lowest between
March to June, while winter (January—March) and fall (Octo-
ber—December) had similar intermediate deposition rates (Fig. 3).
Individually, NHZ and NO3 in both throughfall and bulk deposition
followed the same seasonal patterns as total N deposition (Fig. 3).
There were no interaction effects among seasons and locations (by
region or site) in throughfall or bulk deposition rates (two-way
ANOVAs, p>0.5 for all tests). Total inorganic N throughfall

Table 2

deposition was significantly greater than bulk deposition in all
seasons, primarily driven by greater NHZ in throughfall (2 way
ANOVA interaction (Throughfall/Bulk x Season), total inorganic
deposition p =0.03, NO3 p = 0.4, NHZ p <0.01, Fig. 3).

Inter-annual variation of N deposition rates was minimal. Total
inorganic N (NHZ+NO3) and NHZ in throughfall and bulk deposi-
tion did not vary across years, despite a range of rainfall from 118-
mm (2009) to 255-mm (2010; total N p = 0.1, p=0.08; NH} p=0.2,
p = 0.08, throughfall and bulk respectively; Fig. 2 for precipitation).
In contrast, NO3 in throughfall was significantly greater in 2007 and
2008 than in 2009, 2010, and 2012 (p <0.001). NO3 in bulk depo-
sition was significantly greater in 2007 than 2009 (lowest annual
rainfall; p=0.01).

3.2. Spatial and temporal variability of dry N deposition rates by
inferential method

Dry inorganic N (NHs, NOy, HNOs3) deposition estimates by the
inferential method (measured seasonally 2012—2014) varied
mainly by location relative to the city, but less so seasonally or
among years. Summed together, dry N deposition rate
(NH3+NOy + HNO3) was greater in the city (6.4 + 0.5 kgNha~ 'y~ 1)
than in outlying native desert (1.8 + 0.3 kgNha~ly~!: Fig. 4). Sea-
sonal patterns of dry deposition were less distinct, but varied by N
species (Fig. 3). HNO3 deposition was significantly greater in the
summer than winter season (p = 0.003), while NOy and NH3 did not
differ by season (Fig. 3). Dry deposition from the inferential method
did not vary by year (2010—2012).

3.3. Drivers of long-term throughfall and bulk N deposition

We expected timing of pulsed precipitation events, meteoro-
logical factors, and site-specific characteristics to be important
drivers of throughfall and bulk deposition in these aridlands. From
averaged models for both throughfall and bulk deposition, we
found temperature, relative humidity, total precipitation, the
number of consecutive rain free days, and housing density to be

Inorganic N deposition. Average (+/— 1SE) deposition (NH4-+NOj3, kgNha~'y~?) from IER throughfall, IER bulk, and wet-dry bucket collectors by site and region (2006—2015;
two intervals excluded due to lab errors (Spring, 2006, Spring, 2014)). Different letters within a column indicate significantly different means among sites (abc) and regions

(yz). Site abbreviations as in Table 1.

Throughfall (wet and dry) Bulk (wet) Wet-dry Bucket
(wet and dry)
Total inorg NH4 NO3 Total inorg NHz NO3 Total inorg
N (NHZ+NO3) N (NH4+NO3) N (NH4+NO3)
Outlying West 2.9(0.2)z 2.1(0.1)z 0.8 (0.04)z 14(0.1)z 0.8 (0.1)z 0.6 (0.03)z
EME 2.5 (0.3)ab 1.8 (0.2)a 0.7 (0.1)a 1.7 (0.2)a 1.0 (0.1)a 0.7 (0.1)a
EMW 2.2 (0.3)a 6 (0.2)a 6 (0.1)a 3(0.2)a 8 (0.1)a 0.5 (0.1)a
SNE 3.6 (0.5)ab 2.7 (0.4)a 0.9 (0.1)ac 1.3(0.2)a 0.6 (0.1)a 0.6 (0.1)a
SNW 3.5 (0.4)ab 6 (0.3)a 8 (0.1)ac 4(0.2)a 8 (0.2)a 0.6 (0.1)a
WTM 2.9 (0.3)ab 2.0 (0.2)a 0.9 (0.1)ac 1.5(0.2)a 0.8 (0.1)a 0.7 (0.1)a
Urban 3.3(0.2)z 2.3(0.1)z 1.1 (0.1)y 1.9 (0.1)y 1.1 (0.1)y 0.8 (0.04)y
DBG 3.7 (0.4)b 2.5(0.3)a 1.2 (0.1)c 1.8 (0.2)a 1.0 (0.1)a 0.7 (0.1)a
MVP?
PWP 3.5 (0.4)ab 2.2 (0.3)a 1.2 (0.1)c 1.9 (0.2)a 1.0 (0.2)a 0.8 (0.1)a
SME 3.3 (0.4)ab 2.3 (0.3)a 0.9 (0.1)ac 2.1(0.3)a 1.3(0.2)a 0.8 (0.1)a
SMW 2.9 (0.3)ab 1.9 (0.2)a 0.9 (0.1)ac 1.7 (0.2)a 1.0 (0.1)a 0.7 (0.1)a
Outlying East 2.7 (0.1)z 1.8 (0.1)z 0.9 (0.04)z 1.8 (0.1)y 1.1 (0.1)y 0.7 (0.04)yz
LDP 2.7 (0.3)ab 1.9 (0.2)a 0.9 (0.1)ac 2.0(0.2)a 1.2 (0.2)a 0.7 (0.1)a 2.5(0.2)
MCN 3.5 (0.3)ab 2 3(0.2)a 2 (0.1)bc 1 8 (0.2)a 1 1(0.1)a 0.7 (0.1)a
MCS 2.5 (0.2)ab 6 (0.2)a 0.9 (0.1)ac 7 (0.2)a 0(0.2)a 0.7 (0.1)a
SRR 2.1(0.2)a 1 4 (0.1)a 7 (0.1)ab 7 (0.2)a 1(0.2)a 0.7 (0.1)a
UMP 2.9 (0.3)ab 2.0 (0.2)a 0.9 (0.1)ac 1 9 (0.2)a 1 1 (0.2)a 0.8 (0.1)a

Mean (SE) Range 3.0 (0.1) 0.2—12.7  2.1(0.1)0.1-10.5 0.9 (0.03) 0.1-3.1

1.7(0.1)0.1-6.6 1.0 (0.04) 0.0-5.3 0.7 (0.02) 0.1-2.9

2 Sampling limited after 2007 due to frequent vandalism and excluded from analyses.
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Fig. 2. Long-term seasonal N throughfall deposition and precipitation. Mean seasonal (2006—2015, +1SE) throughfall deposition (wet and dry; NH4-NO3, kgNha~'y~, top) and
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important predictors. Traffic density was an additional predictor of
bulk deposition. The number of days with rainfall (>5mm) and
agricultural area within a 5-km buffer were both weakly related to
throughfall and bulk deposition, but were included in model
averaging from models with delta AlCc<2.0 (Table 3,
Supplementary Material Table 2).

For throughfall, temperature (st = +0.45), relative humidity
(stB = +0.30), total precipitation (st = +0.19), and housing density
(st = +0.15) had a positive relationship with deposition (Table 3).
The number of consecutive dry days was negatively related to both
throughfall and bulk deposition, where longer dry periods indicate
lower rates of deposition (Table 3). The averaged model predicting
bulk deposition included temperature (stf§ = +0.49), total precip-
itation (st = +0.33), traffic density (st = +0.31), the number of
consecutive dry days (stB = -0.30), relative humidity
(st = +0.29), and housing density (st = —0.21; Table 3).

3.4. N deposition methods comparisons

We compared total inorganic N deposition using multiple co-
located sampling techniques. First, at the outlying east location,
Lost Dutchman State Park (LDP), we compared wet and dry inor-
ganic N deposition estimated with wet-dry buckets with co-located
throughfall (wet and dry) and bulk (wet) IER collectors, both
measured continuously from 2006 to 2015. Overall, wet and dry
deposition rates were comparable among these methods and did
not differ significantly by method. Average annual wet and dry
deposition from wet-dry bucket collectors was 2.5 + 0.2 compared
to 2.7 = 0.3 kgNha~'y~! from throughfall IER collectors. Annual wet
deposition was also comparable between wet bucket and bulk IER
collectors (1.9+02 and 2.0+02 kgNha 'yl respectively).
Average annual dry deposition collected by dry buckets at LDP,
reported here as a lower bound estimate, was 0.6+0.04
kgNha~ly~L Average annual dry deposition estimated as
throughfall minus bulk from co-located samplers at LDP was
0.7 + 0.1 kgNha 'y~ However, average annual NH} in throughfall
samples (1.9+0.2) was greater than NHi in wet-dry buckets
(1.3 +£0.1) and NO3 in throughfall was lower (0.9 + 0.1) than NO3
from wet-dry buckets (1.2 + 0.1).

Table 3

Predictors of long-term N deposition from IER throughfall (wet and dry) and bulk
(wet) collectors. Predictor variables are listed in order of relative importance based
on standardized coefficients. Parameter coefficients (b) and standardized co-
efficients (B, with confidence intervals) were averaged for all models (i.e., full
average including zeros) with delta AlCc<2. For individual model parameters, K,
AlCc, delta AICc, and weights included in the average, see Supplementary Material
Table 2.

b St B
Throughfall (wet and dry)
Temperature 0.0057 0.45 (0.37—0.54)
Relative humidity 0.0028 0.30(0.18—0.42)
Number of consecutive non-rain days —0.0010 —0.28 (-0.36—0.20)
Total precipitation 0.0004 0.19 (0.07—0.31)
Housing density 0.0001 0.15 (0.08-0.21)
Number of days with >5 mm rain 0.0017 0.05 (—0.03—-0.21)

Agricultural area —0.0006 —0.02 (-0.10—0.02)
Bulk (wet)

Temperature 0.006001 0.49 (0.42—0.56)
Total precipitation 0.000698 0.33 (0.24—0.43)
Traffic density 0.000001 0.31 (0.17—0.46)
Number of consecutive non-rain days —0.001058 -0.30 (-0.37—-0.23)
Relative humidity 0.002704 0.29 (0.20—0.39)
Housing density —0.000090 —0.21 (-0.35—-0.06)
Agricultural area 0.001622 0.05 (0.01-0.12)
Number of days with >5 mm rain 0.000113 0.003 (—0.09—0.10)

Second, at an urban and outlying site, we compared deposition
rates from throughfall samplers, which we expected to capture
both wet and dry deposition, to deposition rates estimated by
adding wet and dry deposition measured separately in co-located
samplers (from bulk IER collectors and passive inferential dry col-
lectors ('bulk + dry"), respectively; 2010—2012, Fig. 4). Throughfall
deposition estimates were significantly lower (average of 54%
lower) than deposition estimated by adding wet (bulk IER) and dry
(passive inferential) deposition (paired t-test, t=4.4, df=7,
p =0.003; Fig. 4). However, overall variance was high. Dry depo-
sition estimated as throughfall minus bulk deposition was only 25%
of total (throughfall) deposition, whereas dry deposition estimated
by inferential method composed 69% of total (bulk + dry) deposi-
tion estimated as a sum of bulk (wet) and passive inferential (dry)
methods.

4. Discussion

4.1. Empirical estimates of N deposition in arid and semi-arid
systems

Atmospheric nitrogen deposition has important consequences
for ecosystems and plant community composition—alleviating
nutrient limitation, stimulating primary production, and altering
biogeochemical cycling (Aber et al., 1998; Clark and Tilman, 2008;
Payne et al.,, 2013). However, the impacts of N deposition in arid-
lands, characterized by heterogeneous vegetation and patchy pre-
cipitation, likely differ from those highlighted in more temperate
regions where the majority of the N deposition studies have been
conducted. As urbanization in arid regions outpaces that in
temperate regions, a better understanding of the spatial and tem-
poral patterns of N deposition to aridlands is needed for deter-
mining ecosystem consequences.

Total N deposition in arid regions, and particularly dry N
deposition, is commonly underestimated and necessitates multiple
sampling approaches (Lohse et al., 2008; Fenn et al., 2009). Few
studies have extensively examined N deposition over long periods
or across urban—rural and precipitation gradients where N inputs
are expected to have the most important ecological impacts. Here
we used multiple sampling approaches to show a) inorganic N
deposition is relatively low across both urban and outlying regions
in the Sonoran Desert, b) dry deposition is an important component
of total deposition, especially within the city, c) season, timing of
precipitation, and proximity to sources are important drivers of N
deposition patterns in this aridland ecosystem, and d) finally,
despite overall low levels, deposition across the region occurs at or
above the aridland critical load—the ecosystem threshold reported
previously in the literature (Fenn et al., 2003a, 2010; Pardo et al.,
2011; Simkin et al., 2016).

We found that inorganic N deposition rates estimated as
throughfall and bulk deposition were an order of magnitude lower
in Phoenix and the surrounding desert than those reported from
other arid and urban areas. From 2006 to 2015, average annual wet
and dry N deposition estimated as throughfall was only 3.0
kgNha~'y~! and, contrary to expectations, showed little spatial
variation across an urban—rural or precipitation gradient (Table 2,
Fig. 2). These unusually low deposition estimates are corroborated
by similar estimates from co-located wet and dry buckets (2.5 + 0.2
kgNha~ly~1) in an outlying desert location (2006—2015) and a
previous study in the Phoenix metropolitan region (4 kgNha—'y~,
2000—2005; Lohse et al., 2008). Yet, short-term N deposition rates
measured with similar methods in other large cities, including
some semi-arid regions of the US (e.g., Los Angeles) and China (e.g.,
Urumgi), are at least 15 kgNha—'y~! and often exceed 30—60
kgNha~ly~! (Alonso et al., 2005; Rao and Allen, 2010; Cisneros
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et al,, 2010; Pan et al., 2012; Rao et al., 2013; Li et al., 2013; Bettez
and Groffman, 2013; Decina et al, 2017). Higher estimates in
some cities may result from specific landscape and vegetation
characteristics that influence deposition velocities and leaf surface
capture, proximity of sampling locations to roads and other sources
of emissions, and fog—an important source of N in coastal cities
(Fenn et al., 2000, 2018; Weathers et al., 2000a; Decina et al., 2017).
Lower than expected N deposition from throughfall and wet-dry
buckets can be explained in part by the failure of these approaches
to capture gaseous dry deposition, which is expected to be an
important input to urban aridland ecosystems (Lohse et al., 2008;
Fenn et al., 2010; Li et al., 2013, 2016). Dry deposition is charac-
teristically difficult to quantify, especially in arid and semi-arid
ecosystems, due to prolonged dry periods, sporadic and spatially
heterogeneous rain, and plant interactions. Throughfall measure-
ments have been reported to underestimate deposition even in
temperate systems when compared with alternative sampling ap-
proaches (Weathers et al., 2000b; Fenn et al., 2013). For example,
Fenn et al. (2013) found wet and dry N deposition in western US
forests was underestimated using the throughfall method by
20—40%, and up to 80% during winter months, because N uptake
through plant leaves reduces the dry deposition collected as
throughfall. Leaf uptake or retention of N by the resinous (sticky)
leaves of the dominant shrub L. tridentata likely contributes to
throughfall underestimation in our system. Additionally, leaf
saturation and volatilization of N from leaf surfaces—especially
during prolonged dry periods—are also likely reasons total depo-
sition is underestimated by throughfall measurements in aridlands.
In this study, throughfall deposition, per unit time, was negatively
associated with the length of dry periods (Table 3) indicating po-
tential plant uptake or volatilization during these dry periods.
The wet-dry bucket method also underestimates dry deposition
and can only be considered a minimum estimate. While the “dry”
buckets may capture large particulate matter transported from
downwind sources or re-suspended from the local landscape,
previous studies find “dry” buckets grossly underestimate fine
particulate and gaseous N (Lohse et al., 2008) and the capture of
local re-deposition is minimal (Anderson and Downing, 2006). Due

to these limitations, we consider wet-dry bucket deposition to be a
minimum estimate of primarily external N inputs to the system. As
the wet-dry bucket estimates are comparable to deposition from
throughfall collectors (Table 2), the results further highlight the
underestimated dry deposition in this system from throughfall
(Fig. 4).

To address the uncertainties in dry deposition and sampling
approaches in arid systems, we estimated gas phase N and dry N
deposition with the inferential method using passive gas samplers
co-located with throughfall samplers. As one of only a few such
studies, we measured the dominant dry gaseous N compounds
NHs, HNO3, and NOy concurrently over multiple seasons in the
urban and outlying desert (Zbieranowski and Aherne, 2012; Li et al.,
2013). The resulting dry N deposition rate and gaseous N concen-
trations in the Phoenix region were at the low end, but comparable
to short-term studies in other urban regions that used this method
(Bytnerowicz et al., 2007; Cisneros et al., 2010; Zbieranowski and
Aherne, 2012; Li et al., 2013). Only accounting for the dry compo-
nent with the inferential estimate, within-city N deposition was 6.4
kgNha~ly~!—nearly double the throughfall estimate (3.3
kgNha~'y~!: Fig. 4). Unlike estimates from throughfall, dry depo-
sition patterns highlight the urban—rural gradient in N enrichment,
with 72% greater dry deposition in the city (6.4 kgNha~'y~1) than in
outlying native desert (1.8 kgNha~ly~1).

4.2. Accounting for dry deposition in aridland long-term N
deposition

Given inadequacies in the throughfall method for aridlands, we
estimate total inorganic N deposition by comparing long-term
throughfall N fluxes to an improved estimate based on the sum of
wet (bulk IER collectors) and dry deposition (inferential method)
measured separately. On average, throughfall estimates were lower
than this improved estimate by 54% (Fig. 4). By applying this un-
derestimation (54%) to the original long-term throughfall estimates
in our study region, average regional deposition would be as high as
6.5 kgNha~ly~!, with 7.2 kgNha~'y~! deposited in urban areas
(Fig. 5).
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Even accounting for dry deposition from the inferential method,
we must still consider the uncertainty in total inorganic N depo-
sition estimates. For example, deposition velocities, which are
dependent on meteorological factors and heterogeneous charac-
teristics of the vegetation, impact deposition estimates for each N
compound individually (Wesely and Hicks, 2000). The Sonoran
Desert deposition velocities in this study are comparable to those
applied in the other arid and urban-arid studies (Supplementary
Material Table 1). However, if we applied deposition velocities
used in two semi-arid cities in China (1.77-cm-s~! HNOs, 0.28-cm-
s~! NHs, 0.17-cm-s~! NOy; Supplementary Material Table 1; Pan
et al,, 2012; Li et al., 2013), dry deposition alone in metro Phoenix
would be 10.2 kgNha~'y~! or 59% higher than our current urban
estimate from the inferential method (6.4 kgNha ly~1). On the
other hand, given we were not able to account for bidirectional NH3
fluxes, dry NH3 estimates may represent an upper bound of dry NH3
inputs to the system (Pan et al., 2012), which could in part account
for the significant underestimation of total deposition by
throughfall. Likewise, our total inorganic N deposition calculation
assumes bulk collectors only captured wet deposition and no dry
deposition. Previous studies apply a similar assumption, but some
dry deposition in bulk collectors is inevitable and may result in
15—25% overestimation of wet deposition (Erisman and Draaijers,
1995). Both factors could account for a portion of the significant
underestimation of dry deposition by throughfall.

Finally, the percent by which throughfall underestimated total
inorganic N deposition will vary by landscape location, season, and
proximity to emissions’ sources. While the average throughfall
underestimation was 54% across locations and seasons, we found
substantial variation in the amount throughfall underestimated
total deposition—between 23% in summer in outlying desert to 76%
underestimation in the winter in an urban location (Fig. 4). The
winter atmospheric inversion may allow gases to build up in the
atmosphere, but limit the dry particle deposition—explaining the
high gaseous concentrations captured by the passive gas samplers
compared to the low dry deposition in throughfall. Despite this
variability and other uncertainties, we believe the “corrected”
throughfall estimates accounting explicitly for both wet and dry
deposition provide a more accurate estimate of total deposition in

aridlands. While each study must consider the research question
and available resources (e.g., passive gas samplers require signifi-
cant time and resources), we recommend deploying both bulk IER
collectors and passive gas collectors across seasons and locations to
estimate total deposition in aridlands.

Despite using multiple methods, our deposition rates are still
lower than previously modeled estimates for the Phoenix metro
area and surrounding desert (Baker et al., 2001; Fenn et al., 2003b).
The regional CMAQ model (v3.0) estimated deposition to be 18—20
kgNha~ly~! and up to 25 kgNha ly~! in desert areas east of
Phoenix (Fenn et al., 2003b). These rates are not only much higher
than our field estimates, but the CMAQ model also misidentifies hot
spots of deposition across the large airshed. The higher N deposi-
tion estimates from CMAQ come from an early model (v3.0) that did
not yet incorporate diurnal or bidirectional fluxes of NH3, which
have reduced error and improved deposition estimates in more
recent versions (Bash et al., 2013; Zhang et al., 2010; Zhu et al.,
2015b). However, regional models often overestimate N deposi-
tion at the local scale due to the coarse spatial resolution that ag-
gregates context-specific details (Bettez and Groffman, 2013; Butler
et al., 2014). The CMAQ model, on the other hand, incorporates all
forms of deposition, including particulate, aerosol and gas-phase N,
which we were not able to include in our estimates. Specifically, we
did not account for inputs of dissolved organic nitrogen (DON),
although we expect DON to be a minimal contribution to the total N
deposition flux in arid regions (Neff et al., 2002; Cornell, 2011; Zhu
et al.,, 2015a).

Additional uncertainties in empirical estimates of N deposition,
especially in aridland and urban regions, result from the difficulty
in accounting for seasonal and diurnal atmospheric mixing pat-
terns, complex topography, patchy precipitation patterns, and leaf
surface interactions (Nunnermacker et al., 2004; Wang and Ostoja-
Starzewski, 2004; Lee et al., 2007; Lohse et al., 2008). These are
areas for future research. For example, the unstable summer at-
mosphere can cause significant mixing and deposition of gaseous
particles, while the more stable winter inversion limits the vertical
flux of gaseous particles and allows NOyx and NH3 in gaseous forms
to build up in the city atmosphere and impact the bidirectional flux
of NHs. Additionally, the urban topography (i.e., building height)
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likely impacts mixing and deposition patterns. Finally, passive
deposition collection methods, including throughfall collectors and
passive gaseous samplers, have a low temporal resolution (2
weeks—3 months). Thus, it is difficult to connect N deposition to
temporally variable rainfall, meteorological factors, and ecosystem
interactions (Golden et al.,, 2008). Short-term processes of leaf
saturation, biological uptake, bidirectional fluxes of NH3, or vola-
tilization of deposition collected on leaf surfaces during hot periods
magnify the uncertainty of empirical deposition estimates (Wesely
and Hicks, 2000).

4.3. Timing and frequency of precipitation and proximity to sources
affect aridland N deposition

Despite the lower than anticipated dry component from
throughfall approaches, the extensive spatial and continuous long-
term sampling provide important insight into the patterns and
drivers of N deposition in the region across seasons and years of
above average and below average precipitation. The amount of
precipitation is an important driver of deposition (Table 3). Yet, the
Sonoran Desert is characterized by bimodal precipitation, with
distinct rain seasons in winter and summer (Baez et al., 2007; Lohse
et al., 2008). Despite similar amounts of precipitation, summer
throughfall deposition estimates (0.014 kgNha~'day~!) were dou-
ble those in the winter (0.007 kgNha~'day~!; Fig. 2; Fig. 3). These
findings suggest that total seasonal rainfall is not the main driver of
N deposition in arid systems, as was expected, but that other
seasonally changing factors also influence deposition.

In addition to total precipitation, we found summer meteoro-
logical and storm patterns, including temperature and the timing
and frequency of precipitation, influence rates of summer N
deposition. Summer dust and lightning storms are sources of
increased particulate matter and atmospheric NOy, respectively
(Nickling and Brazel, 1984; Schumann and Huntrieser, 2007).
Likewise, the summer monsoon season brings heavy precipitation
and relative humidity, which are favorable conditions for aerosol
formation of highly soluble NO3 and NHj that deposit close to their
sources. Higher N deposition in throughfall occurred during pe-
riods with more frequent rainfall, higher relative humidity, and
higher temperatures during summer monsoon seasons. In contrast,
longer dry periods without rain had lower deposition rates
(Table 3). These trends lend support to the hypothesis that depo-
sition, in particular the dry component, may be underestimated
during long dry periods by throughfall methods when 1) leaf sur-
faces become saturated prohibiting further collection of N deposi-
tion on the surface of leaves or 2) particulate N volatilizes from leaf
surfaces during hot periods.

In addition to seasonal patterns, the spatial distribution of NHZ
and NO3 (and their various gaseous components) in deposition is
an important indicator of the source of deposition (Holland et al.,
2005; Li et al,, 2013; Rao et al., 2013). In general, high NHj:NO3
in deposition suggests the importance of agricultural sources (N
fertilizer applications and animal husbandry). Lower NHZ:NO3
ratios indicate sources of NOx from industrial combustion and
vehicular emissions that are deposited as NO3 in precipitation.
Recent trends across the continent show higher NH{:NO3 as N
emissions in the US shifted from oxidized N to predominantly
reduced N as a result of policies that limit industrial NOy emissions
(Ellis et al., 2013). These patterns have not been well studied at local
scales near sources, or across seasons where temperature and
precipitation patterns can have a large impact on deposition.

Following national trends, we found spatial and temporal dif-
ferences in NHZ:NO3. Vehicular and industrial influence on N
deposition is stronger in the city (urban throughfall
NHZ:NO3 = 2.1) than in the outlying region (outlying throughfall

NHZ: NO3 = 2.7) with extensive agricultural land west of the city
(Table 1; Lovett et al., 2000; Holland et al., 2005; Pan et al., 2012;
Rao et al.,, 2013; Li et al,, 2013; Bettez and Groffman, 2013). As in
other cities, gaseous NOy concentrations are an important compo-
nent of the urban atmosphere (Sather et al., 2007; Moodley et al.,
2011; Li et al, 2013) where housing and traffic density were
important drivers of long-term throughfall and bulk deposition,
respectively (Table 3). However, we expect the oxidized N emis-
sions from vehicles would have been an even greater impact on
NHZ:NOg3, as well as stronger predictor of deposition, if sampling
had occurred closer to major roadways where N fluxes have been
reported up to 4 times higher than more remote sites (Redling et al.,
2013; Decina et al., 2017). Our urban study sites located within
remnant protected desert parks may not capture this variability in
oxidized N from roadside emissions. Recent research also suggests
that while agriculture is the predominant source of NH3 emissions,
on-road NH3 vehicle emissions may be increasingly an important
contribution to high NH4:NO3 in urban regions (Bishop and
Stedman, 2015; Sun et al., 2017; Decina et al., 2017; Fenn et al.,
2018). Overall, the high regional NH4:NO3 in long-term through-
fall deposition (average 2.3) with 67% NH{ highlights the strong
contribution of agricultural emissions throughout the region.

Li et al. (2016) recently observed that a significant proportion of
total N deposition (79%) is deposited as dry NHs3 in the US South-
west, including Arizona and California. Consistent with this, we
found NH3 was the most significant component of dry N deposition
in the city (average 41%) and HNO3 was important in outlying re-
gions (Fig. 4; Cisneros et al., 2010; Pan et al., 2012). Higher NH#
deposition—especially in the summer (Fig. 3)—is likely influenced
by increased coarse particulate material from frequent dust storms
and high rates of NH3 volatilization from alkaline agricultural and
native desert soils (McCalley and Sparks, 2008). Overall, our results
highlight that stricter restrictions on agricultural NH3 emissions
will be necessary to limit future regional N deposition and protect
native landscapes.

4.4. Potential ecosystem consequences of aridland N deposition

While lower than other arid urban regions, the total N deposition
rate in this aridland ecosystem is at the upper limit of the expected
aridland ecological threshold, or N critical load (Fig. 5; 3—9
kgNha~'y~!; Fenn et al., 2010; Pardo et al., 2011). N deposition in the
Sonoran Desert, even at a relatively low rate, is likely to have sig-
nificant ecological impacts particularly when water is less limiting to
biotic processes during the rainy seasons. For example, one study
reported lower rates of N deposition to aridlands likely disrupt biotic
and abiotic ecosystem interactions more than higher rates of depo-
sition (i.e. ~10-kgNha~'y~! compared to 30—50 kgNha~'y~!; Ochoa-
Hueso, 2016). Likewise, Simkin et al. (2016) report that deposition
rates above 8.8 kgNha~ly~! were associated with declining herba-
ceous species richness in grasslands and shrublands with alkaline
soils similar to our Sonoran Desert study sites (Hall et al., 2011).

Moreover, ecosystem responses to N enrichment are context
dependent and vary seasonally and spatially depending on tem-
perature and precipitation (Simkin et al., 2016). Despite low
deposition compared to other arid and urban regions, elevated
rates during the early winter growing season (Fig. 3) are likely to
influence aridland ecosystem structure and function, particularly in
rainy years and seasons when water limitation is alleviated and
microbial and herbaceous plant communities are more active (Shen
et al., 2008; Hall et al., 2011). While shrub growth may be insen-
sitive to N inputs (Hall et al., 2011), higher deposition captured as
throughfall under shrubs augments herbaceous and microbial
growth, contributing to ‘islands of fertility’ in desert ecosystems
(Schade and Hobbie, 2005; McCrackin et al., 2008; Hall et al., 2011;
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Tulloss and Cadenasso, 2015). Following a long period of N accu-
mulation on leaf and soil surfaces, a pulse of rain can stimulate
biological responses and biogeochemical transformations of
deposited NHZ and NO3, which can then be redistributed in the
ecosystem (Belnap et al., 2005; Welter et al., 2005; Hall et al., 2011).
These islands of fertility will contribute to the significant carbon
sink in heterogeneous aridlands (Poulter et al., 2014). Thus, chronic,
long-term deposition, even at the low end of the critical load, can
have significant effects on ecosystems and community composi-
tion, including increased annual herbaceous plant growth and a
loss of native desert species diversity (Brooks, 2003; Bédez et al.,
2007; Rao et al., 2010).

5. Conclusion

While aridlands cover a third of Earth's terrestrial surface and
are likely to incur increased human activities and N deposition, the
long-term rates of atmospheric N inputs in aridlands have been
relatively unstudied. Here, we quantified spatial and temporal
patterns of inorganic N deposition in protected aridlands across an
extensive urban-rural and precipitation gradient using multiple
sampling methods. From I[ER collectors and passive samplers with
the inferential method, we determined that 7.2 + 0.4 kgNha~ly1is
deposited to protected Sonoran Desert lands within the urban
boundaries of metro Phoenix and an average of 6.5+0.2
kgNha~'y~! across the region (Fig. 5). Across all locations, deposi-
tion rates are even higher during the summer season. Regardless of
season or location, deposition rates are within or exceed the range
of the aridland critical load (3—9 kgNha~!y~') at which ecological
consequences are expected to occur.

Our approach highlights the importance of mixed methods to
strengthen estimates of total inorganic N deposition in heteroge-
neous aridland systems. Regional scale models overestimated
deposition rates for our sampling period by 60% and misidentified
hot spots of deposition across the airshed. By contrast, the easily
deployed throughfall IER collectors underestimated deposition
fluxes (mostly dry deposition) by 54% and showed minimal spatial
variation across the urban—rural gradient. However, seasonal
sampling of the IER collectors over 10 years allowed us to capture
seasonal variation in atmospheric N inputs connected to the timing
of precipitation. From our comparison of methods, we recommend
that throughfall collectors be used with caution to estimate total
inorganic N deposition, particularly dry deposition, to arid systems.
Co-locating bulk IER collectors to capture wet deposition with
passive samplers and inferential methods to capture dry deposition
can be a good alternative. However, the best method(s) will depend
on the context, research question, resources available, and associ-
ated uncertainties of each method. Our results, derived from the
longest, spatially and temporally explicit dataset in aridlands to
date, highlight the importance of long-term, mixed approaches to
estimate atmospheric nutrient enrichment to arid and semi-arid
ecosystems in a rapidly changing world.
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