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ABSTRACT

The influx of atmospheric nitrogen to soils and sur-

faces in arid environments is of growing concern due

to increased N emissions and N usage associated with

urbanization. Atmospheric nitrogen inputs to the

critical zone can occur as wet (rain or snow) or dry

(dust or aerosols) deposition, and can lead to eutro-

phication, soil acidification, and groundwater con-

tamination through leaching of excess nitrate. The

objective of this research was to use the d15N, d18O,

and D17O values of atmospheric nitrate (NO3
-)

(precipitation and aerosols) and NO3
- in runoff to

assess the importance of N deposition and turnover in

semi-arid urban watersheds. Data show that the

fractions of atmospheric NO3
- exported from all the

urban catchments, throughout the study period,

were substantially higher than in nearly all other

ecosystems studied with mean atmospheric contri-

butions of 38% (min 0% and max 82%). These re-

sults suggest that catchment and stream channel

imperviousness enhance atmospheric NO3
- export

due to inefficient N cycling and retention. In contrast,

catchment and stream channel perviousness allow

for enhanced N processing and therefore reduced

atmospheric NO3
- export. Overall high fractions of

atmospheric NO3
- were primarily attributed to slow

N turn over in arid/semi-arid ecosystems. A relatively

high fraction of nitrification NO3
- (�30%) was

found in runoff from a nearly completely impervious

watershed (91%). This was attributed to nitrification

of atmospheric NH4
+ in dry-deposited dust, suggest-

ing that N nitrifiers have adapted to urban micro ni-

ches. Gross nitrification rates based on NO3
- D17O

values ranged from a low 3.04 ± 2 kg NO3-N km-2

day-1 in highly impervious catchments to a high of

10.15 ± 1 kg NO3-N km-2 day-1 in the low density

urban catchment. These low gross nitrification rates

were attributed to low soil C:N ratios that control

gross autotrophic nitrification by regulating gross

NH4
+ production rates.

Key words: urban ecosystems; N cycle; isotopes;

gross nitrification; N deposition; runoff.

INTRODUCTION

Arid and semi-arid regions cover one-third of the

Earth’s terrestrial surface and are experiencing

disproportionate increases in population growth

and land-use change (Ezcurra 2006). These
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alterations are straining already scarce water

resources (Norman and others 2009), have altered

catchment scale hydrologic regimes and are

changing nitrogen biogeochemistry (Fenn and

others 2003a, b; Hall and others 2011). For exam-

ple, in most urban areas, flood control manage-

ment has resulted in dense stormwater drainage

systems that enhance catchment connectivity and

increase storm runoff quantity. In addition, urban

regions alter the N cycle through increased N

emissions from fossil fuel combustion, N fertilizer

use, and increased N mobility due to land-use

change (Vitousek and others 1997). Elevated

nitrogen inputs have been shown to critically alter

plant and microbial community composition and

contribute to declines of sensitive organisms in

both terrestrial and aquatic ecosystems (see Fenn

and others 2003a for review). Studying urban

catchments provides an integrated look at how key

biogeochemical cycles, including the N cycle,

function in a perturbed ecosystem (Lohse and

others 2008). The effect of water and nitrogen

reallocation on soil microbial processes and nutri-

ents cycling in urbanized desert ecosystems, how-

ever, remains understudied (Lovett and others

2005). Fingerprinting nitrogen (N) sources and

processes (that is, nitrification, nitrogen (N) depo-

sition, and N leaching) and their feedbacks on

ecosystem function and services can be used for

developing science-based management strategies

for sustaining these limited resources.

In many ecosystems, dissolved N in stream flow

and storm runoff events predominately occurs as

dissolved organic nitrogen (Worsfold and others

2008; Berman and Bronk 2003), followed by ni-

trate (NO3
-) sourced from biological nitrification

with only a small amount of NO3
- sourced from

the atmosphere (for example, Barnes and others

2008; Kendall and others 2007; Pardo and others

2004). In semi-arid urban regions, N loading to

streams and waterways may increase due to

increased N emissions (Fenn and others 2003b),

increased imperviousness (Arnold and Gibbons

1996), and enhanced catchment connectivity due

to storm water infrastructure (Carle and others

2005; Hatt and others 2004). Studies in semi-arid

ecosystems have suggested an increase in microbial

processing upon soil wetting, leading to an accu-

mulation of soil nutrients (Austin and others 2004;

Welter and others 2005). In addition to non-point

sources such as fertilizer input and septic tank

leaching, some studies show increases in soil NO3
-

likely due to nitrification between storm evens in

semi-arid urban catchments, which is quickly

mobilized and flushed during runoff (Lewis and

Grimm 2007; McCrackin and others 2008; Gallo

and others 2013a, b). Although elevated dry N

deposition in urban areas has been documented in

a number of studies (Fenn and others 2003a, b;

Groffman and others 2004; Lohse and others 2008),

the relative contributions and controls of biologi-

cally processed and atmospheric N loading to storm

runoff have not been well quantified or identified.

Differentiating between biologically processed

(biologic, henceforth) and atmospherically sourced

(atmospheric, henceforth) NO3
- is not possible by

simple mass balance, making it difficult to quantify

their relative contributions to an ecosystem, and to

assess how the importance of these NO3
- sources

change under water limitation or urbanization.

There is a clear need for improved understanding

and quantification of the N cycle in semi-arid

urbanized ecosystems as related to N deposition,

and more robust techniques to separate the relative

contributions of different sources of N (Adams

2003).

Stable isotope abundance variations in NO3
- can

be useful in N biogeochemical studies as they can

be used to infer changing NO3
- sources or bio-

geochemistry. Research on atmospheric NO3
-

deposition in forested ecosystems using the dual-

isotope approach (d15N and d18O; for example,

Durka and others 1994; Mayer and others 2002)

suggest no atmospheric NO3
- deposition despite

high N deposition rates likely due to the high var-

iability of the d18O values of biologic and atmo-

spheric NO3
-, which is often times a limiting factor

is using the dual-isotope approach in mixed sys-

tems (Michalski and others 2004b). Atmospheric

NO3
- is known to be anomalously enriched

in 17O (Michalski and others 2003a). This 17O

enrichment is denoted by D17O, where D17O =

d17O - 0.52(d18O) (Miller 2002). Atmospheric

NO3
- D17O values have mainly been measured in

coastal and ocean environments and range between

20 and 32& whereas NO3
- produced by nitrification

has a D17O = 0&. NO3
- loss processes (that is,

denitrification and assimilation) obey the mass-

dependent fractionation law which leaves the D17O

signal unaltered (Michalski and others 2004a).

Therefore, D17O can be used as a conservative tracer

of atmospheric NO3
- and can be used to better

understand the fate of atmospheric deposition in

semi-arid urbanized ecosystems, and can provide

insights into the rate on microbial N turnover.

We hypothesized that semi-arid urban streams

would have high amounts of atmospheric NO3
-

based on the following factors: first, urbanization

increases local N emissions, in particular NOx

(NO + NO2) generated by automobile exhaust
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(Fenn and others 2003a, b) that is converted to

NO3
- in the atmosphere on relatively short time-

scales (�1 day) and deposited locally (Munger and

others 1998). Second, impervious surfaces reduce

N residence time in urbanized catchments by

facilitating rapid runoff. This would limit the ability

of atmospherically deposited NO3
- to infiltrate soil,

therefore limiting NO3
- loss by microbial cycling

during transport. Third, increasing impervious

surfaces in urban areas disrupt natural desert eco-

systems, which may reduce nitrification potential

in soils that already have low productivity relative

to more temperate ecosystems. A decrease in bio-

logically processed NO3
- would result in atmo-

spheric NO3
- accounting for a larger fraction of

NO3
- in stream when soils are flushed during rain

events.

Our objective is to use stable isotopes in NO3
- to

understand how microbial processing of nitrate in

semi-arid regions compares to temperate regions

and if urbanization enhances nitrate delivery to

urban waterways. We address the following ques-

tions: (1) D17O data for precipitation NO3
- is not

available for the southwestern US, therefore how

do NO3
- isotopic abundances in precipitation col-

lected in a Tucson compare to other regions? (2) Is

there significant atmospheric NO3
- present in

streamflow of semi-arid urban streams and how

does that compare with temperate urban ecosys-

tems? (3) Can additional information be obtained

about N transformations through the coupled use

of the d18O and D17O methods of atmospheric

NO3
- tracers? (4) Can D17O be used to obtain a

gross nitrification rate in semi-arid urban catch-

ments? To test this hypothesis and address the

research questions, NO3
- isotopes were analyzed in

rainwater and runoff in six semi-arid urban catch-

ments located in the southwestern United States.

Study Catchments

The study catchments were situated within the

Tucson metropolitan area, AZ located in the

southwestern United States. The current popula-

tion of the Tucson metropolitan area is �1 million

residents (U.S. Census Bureau 2012). The Santa

Catalina, Rincon, and Tucson Mountain range

bound the Tucson metropolitan area forming an

alluvial basin. The basin drains to the northeast by

the ephemeral Santa Cruz River and its tributaries,

the Canada del Oro, Rillito Creek, Pantano Wash,

and Tanque Verde Creek (Davidson 1973). Climate

in the Tucson basin is semi-arid with a mean an-

nual temperature of 20�C (maximum 30�C in July

and minimum 10�C in January). Mean annual

precipitation is approximately 310 mm and has a

bimodal distribution. Approximately 50% of rain-

fall occurs during the winter and spring (November

to March) in response to large storm systems that

originate out of the Pacific Ocean. The second

period of rainfall occurs during the summer months

(the North American Monsoon), between June and

September from storm systems originating from the

Gulf of Mexico, the Pacific Ocean, and the Gulf of

California (Gelt and others 1999). Summer rain

events are short, intense, and spatially heteroge-

neous (Garcia and others 2008; Morin and others

2006; Syed and others 2003). Annual NOx emis-

sions (anthropogenic and biogenic) for Pima

County totaled 32,000 ton (U.S. Environmental

Protection Agency 2012) whereas modeled annual

total N deposition was estimated at 7.5–

15 kg N ha-1 y-1 (Fenn and others 2003b) and

measured annual total N deposition for nearby

Phoenix, AZ was 4–7 kg N ha-1 y-1 of which

1 kg N ha-1 y-1 was estimated to be NO3
- (Lohse

and others 2008).

Six catchments spanning a gradient of impervi-

ousness (2.9–90.7%) and size (0.45–26.98 km2)

were used in this study (Table 1). Four of the urban

catchments have been previously described and

characterized by Gallo and others (2013a). Two

additional catchments were added to this study and

were delinated and characterized using the meth-

ods described by Gallo and others (2013a) in Arc-

Map 9.3 using the storm water drainage system,

which includes engineered, natural, impervious,

and pervious waterways. There are no combined

sewers or sewer overflow systems in the Tucson

basin. All of these catchments are hydrologically

isolated and do not receive water contributions

from other sources. Characteristics for each study

catchment are summarized in Table 1 and vary in

land-use type, percent impervious cover, size,

slope, and stream channel network.

METHODS

Rainfall and Runoff Sample Collection
and Analyses

Rainfall data (rainfall depth, duration, time since

last rainfall) were obtained from four Pima County

Flood Alert system monitoring sites (2380, 2350

6180, and 6190; http://rfcd.pima.gov/wrd/alertsys/

index.htm) which were located in close proximity

to the study catchments (Figure 1). Rainfall sam-

ples for isotope and inorganic N analyses were

collected both for the 2007 and 2010 monsoons.

Samples were collected by 21 citizen scientist
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located throughout the Tucson Basin (Figure 1) in

collaboration with Rainlog.org and the Sustain-

ability of Semi-Arid Hydrology and Riparian Areas

(SAHRA) Science and Technology Center at the

University of Arizona (Gallo and others 2013b).

Additional precipitation samples were also collected

from rainfall collectors located at the outlet of the

catchments during the 2010 summer monsoon.

Rainfall samples were collected either through di-

rect collection of rainfall into pre-cleaned HDPE

bottles and test tubes or by using a small funnel

placed on the mouth of the collection container.

Rainfall samples collected by citizen scientists were

either picked up within 24 h or shipped for over-

night delivery to the University of Arizona with ice

packs supplied by our research team and were

processed immediately upon arrival at the labora-

tory. Aliquots of 13 mL were immediately frozen

for isotopic analyses. Aliquots for inorganic N

analyses were stored with no headspace.

Figure 1. Location of the

six study catchments: low

density (LD), commercial

(CM), medium density

(MD), mixed land use 1

and 2 (MX1 and MX2),

and non-urban (NU);

tipping bucket rainfall

gauges from the Pima

County ALERT flood

monitoring network (blue

squares), rainfall sampling

locations for nutrient and

isotopic analyses (green

circles) and percent

impervious cover within

the Tucson Basin in

south-eastern Arizona

(Color figure online).

Table 1. Land Cover Characteristics of the Study Catchments

Catchment

NU LD MD MX1 MX2 CM

Catchment area (km2) 26.98 4.44 0.45 4.7 25.30 0.33

Impervious cover (%) 2.92 21.84 40.64 45.78 50.63 90.70

Predominant land cover Non-urban Low density Medium density Mixed density Mixed density Commercial

Catchment slope (%) 5.60 1.20 1.90 1.50

Land cover (%)

Residential housing

Low density 3.29 87.56 0.13 11.08 3.92 0.32

Medium density 1.85 0.09 80.57 43.27 52.24 2.15

High density 0.75 7.26 16.70 17.28 11.22 0

Commerical (office, retail, roads) 1.66 5.00 2.59 19.76 27.36 95.65

Open space (parks, undeveloped) 92.45 0.08 0 2.78 5.26 1.87

Agriculture 0 0 0 5.54 0 0

Stream channel length (m) 146,474 12,479 881 18,634 70,496 1,457

Impervious channel length (m) 1,649 1,102 881 15,021 44,748 1457

Pervious channel length (m) 144,825 11,377 0 3,613 25,748 0
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Runoff samples were collected during the 2007,

2008, and 2010 summer monsoon seasons and

analyzed for isotopes and geochemistry. Runoff was

collected using automatic water samplers (ISCO

6712, Teledyne Technologies) installed at the outlet

of each catchment. In 2007, they were programmed

to collect a discrete sample every 20 min (for 4 h),

and in 2010, once stage height exceeded 1 cm

samples were collected every 10 min the first

40 min and every 20 min thereafter. Runoff sam-

ples were collected in acid washed combusted 1 L

glassware (2007) or plastic bottles with ProPak dis-

posable sample bags (2010). Samples (both runoff

and rainfall positioned at the catchment outlet)

were collected within 8 h after the runoff event,

placed in a dark cooler (�4�C) and immediately

taken to the University of Arizona for processing.

Rainfall and runoff samples were all processed

similarly; a sample subset was filtered through a pre-

combusted 0.7-lm glass fiber filter (Whatman GF/F)

for nutrient and isotopic analyses. Aliquots for NO3
-

isotopic analysis were frozen shipped with ice packs

overnight to Purdue Stable Isotope Facility (West

Lafayette, IN). Ammonium-N analyses were carried

out on a SmartChem Discrete Analyzer with a

detection limit of 0.002 mg L-1. Nitrite-N (NO2
--N)

and NO3
--N analysis was carried out on a Dionex Ion

Chromatograph ICS-5000 with a detection limit of

0.005 mg L-1. All concentrations are reported as N

(that is, NO3-N and NH4-N). Isotope analyses were

performed using the denitrifier gold tube thermal

reduction (Casciotti and others 2002; Kaiser and

others 2007; Riha 2013) technique, where

d = (Rsample/Rstandard - 1) 9 1000 and R is the ratio

of the rare isotope relative to the abundant isotope of

the sample and the standard. Due to the non-selec-

tivity of the denitrifier method, nitrite was removed

from runoff and rainfall samples using the sulfamic

acid method (Granger and Sigman 2009). Isotope

ratios weremeasured using the Delta V Plus ratio mass

spectrometer, which was calibrated using internal

working reference standards that were previously

calibrated to international standards USGS32,

USGS35, and USGS34 (Riha 2013). All subsequent

d15N values are reported versus air N2 and oxygen

values (d18O and D17O) are reported with respect to

VSMOW. The anomalous 17O enrichment, denoted

by D17O, was determined using (Miller 2002):

D17O¼ ln 1þ d17O

1000

� �
�0:52 � ln 1þ d18O

1000

� �
�1000

� �

ð1Þ

Precision of the d15N values were ±0.4&, d18O

values were ±1.0&, and D17O values were ±0.3&

based on replicate analysis of the working stan-

dards and calibrations.

Isotopic Mass Balance

The fraction of atmospheric NO3
- in urban runoff

samples was determined using two mixing models,

the first used D17O values and the second used the

d18O values. The first model employed the use of

runoff NO3
-. D17O values to determine the fraction

of atmospheric (fatm) and biologic (fbio) NO3
- in a

sample through the use of isotope mass balance:

D17Orunoff ¼ fbioðD17ObioÞ þ fatmðD17OatmÞ; ð2Þ

where D17Orunoff, D17Obio, and D17Oatm are the

isotopic compositions of NO3
- in the urban runoff

sample, biologically produced NO3
-, and atmo-

spherically produced NO3
- (precipitation), respec-

tively, and fatm and fbio are the NO3
- mole fractions,

which together equal 1. Atmospheric NO3
- is

known to be anomalously enriched in 17O (Mi-

chalski and others 2003a) whereas NO3
- produced

by nitrification has a D17O = 0 and NO3
- loss by

denitrification/assimilation obey the mass-depen-

dent fractionation law leaving the D17O signal

unaltered (Michalski and others 2004a). This al-

lows the isotopic mass balance to be reduced to

fatm ¼ D17Orunoff=D
17Oatm ð3Þ

and

fbio ¼ 1� fatm: ð4Þ

The second approach to determine the fraction of

atmospheric NO3
- in runoff used the d18O value as

the atmospheric NO3
- tracer (Chang and others

2002; Durka and others 1994; Kaushal and others

2011; Kendall 1998a; Mayer and others 2002) in a

two-component isotope mixing model

fatm ¼ ðd18Orunoff � d18OnitÞ=ðd18Oatm � d18OnitÞ;
ð5Þ

where d18Orunoff, d18Onit, and d18Oatm are the iso-

topic compositions of NO3
- in the urban runoff,

produced from nitrification, and by atmospheric

chemistry (precipitation), respectively, and again

fatm can be obtained from equation (4). A variety of

models have been used to evaluate the d18O value

of nitrification NO3
-. The simplest assumes that O

atoms from atmospheric O2 (d18O = 23& (Horibe

and others 1973; Kroopnick and Craig 1972)) and

soil water are incorporated into NO3
- in a 1:2 ratio

(Mayer and others 2001). This ratio value has been

recently challenged (Snider and others 2010) sug-

gesting that oxygen exchange between H2O and

High Atmospheric Nitrate Inputs and Nitrogen Turnover



NO2
- controls the water to air incorporation ratio.

However, it is likely that oxygen exchange between

H2O and NO2
- would be minimal in these catch-

ments due to the neutral to slightly basic soil con-

ditions (7.5 ± 0.5), which limits the pH-dependent

exchange rate (Bunton and others 1959) and the

relatively small timescale that soil water is available

in these semi-arid systems. Applying the 2:1 factor

and using local precipitation water d18O values of

-5.6 ± 4& (unpublished data) would result in a

d18Onit value of 4 ± 2.6&.

These two mixing models were evaluated to

determine fatm (and fbio) depending on the avail-

ability of isotope data for precipitation NO3
- during

a particular storm. We had three different rainfall

data availability scenarios for any one runoff event:

(1) rainfall isotope data available from a single

sample for that runoff producing storm, (2) rainfall

isotope data available from multiple locations

throughout the Tucson basin for that runoff event,

and (3) no rainfall isotope data for that runoff

event. In our first approach, if the runoff event had

a single corresponding precipitation NO3
- D17O

and d18O value, then these data were used in the

isotopic mass balance model. In our second ap-

proach, for runoff events with multiple precipita-

tion NO3
- D17O and d18O values available, the

averaged D17O and d18O values were used. In the

third case, no precipitation NO3
- was collected due

to spatially heterogeneous distribution of rainfall.

For example, whereas all catchments contained at

least one rainfall collector at the outlet of the

catchment, it was quite possible for it to rain at the

upper portion of the catchment but to be dry at the

outlet precipitation collector. In these cases, the

seasonally averaged precipitation NO3
- D17O and

d18O values were used. Uncertainties arising be-

cause of the assumptions in these three approaches

are detailed in the discussion.

Nitrate fractional contributions (fatm and fbio) can

be used to remove the isotopic influence of atmo-

spheric NO3
- from runoff samples (Dejwakh and

others 2012; Michalski and others 2004b), which

allows a better interpretation of the biological NO3
-

plotted in dual-isotope space. Dual-isotope plots of

NO3
- (d15N vs. d18O) have been used to evaluate

sources of N used during nitrification (Chen and

MacQuarrie 2005; Kendall 1998b) and assess the

degree of NO3
- loss by denitrification or assimila-

tion (Granger and others 2004). However, because

d18O values of atmospheric NO3
- are elevated but

d15N values are similar to terrestrial sources, even a

small fatm can lead to scatter in a dual-isotope plot.

Removing the atmospheric d18O and d15N compo-

nents from runoff NO3
- allows a better assessment

of other NO3
- sources or loss by assimilation or

denitrification. Therefore, the runoff NO3
- samples

were transformed using the observed D17O, d15N,

and d18O values of atmospheric NO3
- to obtain

d15N and d18O values of biologic NO3
- (Dejwakh

and others 2012). This isotope transform was ap-

plied to find the biological d15N and d18O values of

NO3
- using the following isotopic mass balances:

d18Obio ¼ ðd18Orunoff � fatmðd18OatmÞÞ=fbio ð6Þ

d15Nbio ¼ ðd15Nrunoff � fatmðd15NatmÞÞ=fbio: ð7Þ

To further assess differences amongst catchments

the fraction of [NO3
-] derived from the atmosphere

([NO3
-]atm) compared to the biosphere ([NO3

-]bio)

was calculated by

½NO�3 �atm ¼ fatm½NO�3 � ð8Þ

and

½NO�3 �bio ¼ fbio½NO�3 �: ð9Þ

Here we show that D17O values can be used to

estimate the gross nitrification rate (GNR) at the

catchment scale. In essence, using D17O to assess

gross nitrification is analogous to 15N isotope dilu-

tion techniques, but where the D17O tracer is nat-

urally applied. Because the main mechanisms

controlling [NO3
-], denitrification, assimilation,

and nitrification, are all mass-dependent isotope

processes, the NO3
- D17O values remain un-

changed under their influence. On the contrary,

residual NO3
- d18O values increase after NO3

- loss

by these processes and can be used to assess the

importance of NO3
- removal (net denitrification).

To determine gross nitrification, an isotopic mass

balance was calculated similar to that previously

used to determine the NO3
- fractional contribu-

tions

D17Orunoff ¼ QbioðD17ObioÞ þ QatmðD17OatmÞ; ð10Þ

where Qbio and Qatm are now the gross rate frac-

tions

Qbio ¼Gross nitrification rate=

ðgross nitrification rateþ deposition rateÞ
ð11Þ

Qatm ¼Deposition rate=

ðgross nitrification rateþ deposition rateÞ
ð12Þ

and

Qatm ¼ D17Orunoff=D
17Oatm ð13Þ
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and therefore

Qbio þ Qatm ¼ 1: ð14Þ

This model assumes that rainfall depth is het-

erogeneous across the study catchment and that

all biologically produced NO3
- in runoff is from

dissolution and transport of near surface soil salts

and therefore representative of nitrification

occurring in the active layer since the last runoff

event. It also assumes that there is sufficient ex-

change with the soil surface such that runoff

would be representative of soil water (nitrifica-

tion derived NO3
-) and precipitation (atmo-

spheric-derived NO3
-). However, if overland flow

is occurring, then poor exchange would be

occurring and therefore GNR would be underes-

timated. The Qatm (deposition rate) is the dry and

wet deposition, with the dry rate being integrated

over days since the previous rainfall. A constant

dry deposition rate of 1.2 kg NO3-N km-2 day-1

was used (Fenn and others 2003b). The amount

of NO3
- from daily wet deposition was obtained

from the precipitation [NO3
-] and normalized to

time between precipitation events. Substituting

Qbio and Qatm into the original mass balance and

solving for the gross nitrification rate yields (in

units of kg NO3-N km-2 day-1):

Gross nitrification rate ðGNR) ¼ Qatm

� ½1=ðD17Orunoff=D
17OatmÞ� 1�:

ð15Þ

Statistical Analyses

Statistical analyses were performed in JMP 10.0.0

(SAS System 2012). We used linear regression to

identify if and how rainfall NO3-N, 18O and D17O

co-varied. Nonparametric pairwise Wilcoxon

mean comparisons were used to determine if

values of d15N, d18O, D17O, NO3-N, NH4-N, NO3
-

fractional contributions (fatm and fbio), the corre-

sponding NO3
- concentrations ([NO3

-]atmo and

[NO3
-]bio), as well as d15Nbio, d18Obio and gross

nitrification rates varied significantly between

catchments. In addition, we tested for differences

in variances of d15N and fatm across sites using the

Levene’s analyses of means (ANOM) for Vari-

ances. Finally, we used the unequal variance

paired t test at each catchment to identify dif-

ferences in fatm estimated from the precipitation

NO3
- D17O average or storm-specific NO3

- D17O.

All statistical comparisons were deemed signifi-

cantly or ‘‘statistically’’ distinct at a significance

level of p < 0.05.

RESULTS

Precipitation Isotopic and Geochemical
Data

The D17O, d18O, and d15N values of NO3
- in pre-

cipitation varied spatially within storms and be-

tween consecutive storm events in Tucson during

the study period (Figure 2). Between July 2009

and September 2010 (n = 12), rainfall NO3
- D17O

values ranged from 20.3 to 30.6& and averaged

24.5&. The d18O values ranged from 55.2 to 89&,

averaging 57&, and the d15N values ranged from

-4.2 to 2.6&. There was a significant correlation

(p < 0.05) between precipitation NO3
-, d18O, and

D17O values (r2 = 0.72, slope = 0.25). Within the

same storm event (July 19, 2010), a large spatial

variation in NO3
- D17O (22.1–30.6&), d18O (63.1–

89&), and d15N (-4.2 to 1.3&) values was ob-

served. The inter-storm NO3
- d18O and D17O cor-

relation was significant and similar to the seasonal

(r2 = 0.69, slope = 0.21). Isotope data for precipi-

tation NO3
- were not obtained for all storms during

the summer because of either limited rainfall or

low NO3
- concentration resulted in insufficient

Figure 2. Values of A d15N and B d18O of NO3
- in pre-

cipitation collected throughout the Tucson Basin during

the study period (June to September, day of year 180–

260). Black circles denote samples collected in 2008, white

circles denote samples collected in 2009, and gray circles

donate samples collected in 2010. Box encloses samples

collected on day of year 200 which highlight the inter-

annual and within-storm variability of the isotopic

composition of rainfall within the Tucson basin.
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NO3
- for isotopic analysis. Precipitation [NO3

--N]

ranged from 0.005 to 2 mg L-1 (mean 0.4 mg L-1)

and [NH4
+-N] ranged from 0.002 to 5.5 mg L-1

(mean 0.8 mg L-1). Rainfall NH4
+/NO3

- ratios

ranged from 0 to 2 (mean = 0.9).

Runoff Isotopic and Geochemical Data

Both d18O and D17O values in runoff NO3
- were

high across all catchments (Figure 4; Table S2). The

highest d18O and D17O values were observed in the

most and least impervious catchments, CM

(37.0& ± 8.3 and 12.3& ± 3.5, respectively) and

LD (34.4& ± 12.3 and 11.5& ± 3.8, respectively);

whereas the NU catchment had the significantly

lower d18O and D17O values than all other sites

(9.8& ± 5.5 and 4.2& ± 0.6, respectively). The

range in runoff NO3
- d15N values within the

catchments was highly variable and many were

outside the previously published d15N ranges for

soil and stream NO3
- (Kendall and others 2007).

Statistically (p < 0.05), the highest d15N values

were observed in MX1 (6.1& ± 4.5) and MD

(7.2& ± 7.0) whereas the lowest were observed in

NU (-5.0& ± 10.5) and CM (-0.8& ± 6.5). In

addition, we found that d15N values were statisti-

cally more variable at NU than at any other site

(r = 110.4). Concentrations of NO3
--N were sta-

tistically highest at CM (1.1 mg L-1 ± 0.4) and LD

(1.1 mg L-1 ± 0.2), and lowest at NU (0.3 mg L-1 ±

0.1; p < 0.05; Table S2). Similarly, NH4
+-N con-

centrations were statistically highest at CM

(0.6 mg L-1 ± 0.3) and MD (0.6 mg L-1 ± 0.4)

and lowest at NU (0.02 mg L-1 ± 0.02) (Figure 3).

Atmospheric NO3
- Fractional

Contribution Based on D17O

The fatm was overall variable across all study catch-

ments (mean = 0.38 ± 0.16, n = 179) and differed

slightly depending on which model (precipitation

NO3
- D17O average or storm-specific) was used to

calculate fatm. Statistically (p < 0.05), the highest

fatm was observed at CM (0.49 ± 0.1) and the lowest

and significantly less variable fatm was observed at

NU (0.17 ± 0.02) relative to the other catchments

(Figure 4). The differences among catchments in the

corresponding fraction weighted NO3
- concentra-

tions were statistically more distinct across sites

(Figure 4). Specifically, significantly higher [NO3
-]atm

was found in the CM (0.56 ± 0.2 mg L-1) and LD

(0.51 ± 0.2 mg L-1) catchments than in the any

other catchment; whereas NU had a significantly

lower [NO3
-]atm than any other site (0.06 ±

0.02 mg L-1). In contrast, there was more statistical

overlap in [NO3
-]bio across sites (LD, MD, MX1,

MX2, and CM) with the exception of NU, which had

significantly lower [NO3
-]bio than any other site

(0.28 ± 0.1 mg L-1).

Biologically Produced NO3
- Sources and

Processing

Most of the transformed d15Nbio and d18Obio values

fell within the range of NO3
- derived from nitrifi-

cation in soils (Kendall and others 2007; Figure 5;

Table S2). Values of d15Nbio at catchments MD

(13.7& ± 16.7) and MX1 (9.3& ± 6.5) were sig-

nificantly more enriched in 15N that the other

study catchments; whereas NU (-5.6& ± 12.5)

was significantly more depleted in 15N that all but

CM (-0.5& ± 11.5). Values of d18Obio were sig-

nificantly higher at the CM (13.57& ± 11.8) and

Figure 3. Box plots for each catchment showing runoff

NO3
- values of A d15N, B d18O, and C D17O. Catchment

mean (SD) is shown below each box plot. Box plot red

lines denote mean, thin black lines median. Box plots with

distinct letters are significantly (p < 0.5) different.
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LD (16.3& ± 14.8) catchments than at MX1,

MX2, and NU (8.8& ± 7.0, 4.4& ± 13.4, and

-0.1& ± 6.2, respectively) but not distinct from

MD values (16.8& ± 23.7). Denitrification and

assimilation were assessed through the use of the

dual-isotope plot and NO3
- processing was not

detected in any of the study catchments.

DISCUSSION

Precipitation NO3
- D17O and d18O values

The precipitation NO3
- d18O and D17O values had a

surprisingly high degree of variability in time and

space (Figure 2). Although the range of D17O and

d18O values were similar to those reported in

Southern California (Michalski and others 2003b;

Michalski and others 2004b), and d18O values were

also comparable to those observed in the North-

eastern United States (Burns and others 2009; El-

liott and others 2009), the 7& D17O and 30& d18O

shift for NO3
- in the same storm has yet to be

reported. This is because most studies do not gen-

erally collect rain samples at a high spatial and

temporal resolution as was done in this study.

There are two potential explanations for the

spatiotemporal variability of NO3
- isotopes in

rainfall: (1) localized changes in NOx chemistry

based on the position of the precipitation collector

and (2) Differences in the amount of wash out of

particulate nitrate or gaseous HNO3 in the rainfall

samples. The range of precipitation NO3
- D17O

values reported here suggests site-specific differ-

ences in HNO3 formation pathways (Michalski and

others 2003b). This variation may be due to het-

erogeneity of NOx and VOC emissions within the

Tucson Basin (Diem and Comrie 2001), such that

during a precipitation event the time scale for local

NOx emissions to be converted into HNO3 and

subsequent deposition is short relative to mixing

across the Tucson basin. Unfortunately, there was

not enough data (n = 12) to determine trends in

precipitation NO3
- D17O and d18O values

throughout the course of the summer monsoon

season. An alternate explanation is that the wash-

out efficiency of particulate nitrate or gaseous

HNO3 is different in space a time. It has been

shown that different sized NO3
- particles and gas-

eous HNO3 have different d18O and D17O values

(Freyer 1991; Morin and others 2009). Rainwater

NO3
- is a mixture of cloud water NO3

- plus par-

ticulate NO3
- and HNO3 incorporated into the rain

as it passes through the boundary layer, the later

two diminishing in importance once the boundary

layer has been cleansed by the precipitation. Dif-

ferences in the proportion of cloud NO3
- to

washout NO3
- could then explain the observed

d18O and D17O variations. It is unlikely the intra-

storm differences are from isotope fractionation of

dry-deposited particulate NO3
-

(s), and HNO3(g) on

the collection funnel because of its small surface

area and any fractionation would likely obey the

mass-dependent fractionation law, leaving the

D17O unaltered (Michalski and others 2004b).

Therefore, we hypothesize that the d18O and D17O

variation most likely is a reflection of changes in

NOx chemistry based on the location of the pre-

cipitation collector (near road vs. residential area)

within the Tucson Basin. These variations also

Figure 4. Box plots for each catchment showing A the

runoff fraction of atmospheric NO3
- (fatm, left y-axis; fbio,

fraction biologic NO3
- on right y-axis), concentration of

B atmospherically and C biologically derived nitrate

([NO3
-]atm and [NO3

-]bio, respectively) where

[NO3
-]atm = fatm * [NO3

-]). Catchment mean (SD) is

shown below each box plot, means in A are for fatm. Box

plot red lines denote mean, thin black lines median.

Box plots with distinct letters are significantly (p < 0.5)

different.
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result in uncertainties when averaged precipitation

NO3
- D17O and d18O values are used to estimate

fbio and fatm in the absence of actual event-based

data. Errors induced by utilization of seasonal

averaged precipitation NO3
- D17O and d18O values

versus event-based can be both large and variable

(D17O: +3 to -10% and d18O: -9 to -45%).

Atmospheric NO3
- in Runoff

The fraction of atmospheric NO3
- exported from all

of the urban catchments throughout the study

period was substantially higher (regardless of D17O

or d18O approach) than nearly all other ecosystems

previously studied. Most studies quantifying

atmospheric NO3
- export have used elevated d18O

values (50–90&) in atmospheric NO3
- as the tra-

cer, have focused on forested and alpine ecosys-

tems, and have shown little to no contribution of

atmospheric NO3
- to total N. Across 16 major

watersheds in the northeastern U.S., atmospheric

NO3
- contributions were considered negligible

because high microbial N cycling erased the atmo-

spheric d18O tracer (Mayer and others 2002). In

temperate forested ecosystems, atmospheric NO3
-

contributed 1–30% of total stream NO3
- (Barnes

and others 2008; Campbell and others 2006;

Spoelstra and others 2001; Williard and others

Figure 5. Dual-isotope

plot of d15N and d18O

values of non-

atmospheric NO3
-

obtained by the D17O

transform of NO3
-

collected from catchments

NU, MX1, and MX2

A and CM, LD, and MD

B. Error bars represent the

possible range of

transformed d15N and

d18O values based on the

in the rainfall NO3
- d15N

and d18O ranges

observed. Boxes

encompass a range of

values for a given N

sources: the dashed-dot box

is soil NH4
+, solid box is soil

NO3
-, dashed box includes

d18O enrichment of soil

water that could be used

in nitrification and

known fractionation

factor (a) that occur

during evaporation

(Walker and others 1988)

and the shaded box shows

the range of synthetic

fertilizer.
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2001). Unlike these forested catchments, all but

one of our urban catchments, NU which is 92%

undeveloped desert, had a significant fraction of

atmospheric NO3
- (averaging 34–53%).

The high fatm NO3
- in runoff observed in Tucson

(Figure 4) has been found in several ecosystems

with perennial waterways, but often as transient

pulses during peak discharge with low fatm NO3
-

observed during baseflow conditions. During peak

snowmelt in forested watersheds, 45–48% of the

NO3
- load was atmospheric NO3

- but not more

than 7% during the majority of flow conditions

(Goodale and others 2009; Pardo and others 2004;

Sebestyen and others 2008). Similarly, D17O was

used in the Colorado Front range (Darrouzet-Nardi

and others 2012) and semi-arid Southern Califor-

nia (Michalski and others 2004b) to show that

initial runoff NO3
- had a high atmospheric fraction

but this quickly decreased to approximately 12%.

These high atmospheric NO3
- fractions during peak

flow were primarily attributed to flushing of

atmospheric NO3
- deposition (for example, plants

and soil) during prolonged dry periods. By contrast,

in Tucson the fraction of atmospheric NO3
- was

very high during initial discharge and remained

elevated throughout the hydrographs.

The difference in the amount of atmospheric

NO3
- in Tucson runoff relative to other mainly

forested ecosystems in urban regions was likely a

function of N deposition and cycling rates. NO3
-

deposition in northeastern US watersheds was

estimated at 4–8 kg N ha-1 y-1 (Mayer and others

2002), which is higher than both the modeled

NO3
- deposition rate (4 kg N ha-1 y-1) in Tucson

(Fenn and others 2003b) and the measured rate

(1 kg N ha-1 y-1) in Phoenix (Lohse and others

2008), a nearby urban desert. Therefore, major

differences in atmospheric NO3
- deposition rates

between Tucson and eastern forests cannot explain

higher atmospheric NO3
- in Tucson’s runoff. This

suggests that the high amounts of atmospheric

NO3
- were due to decreased rates of assimilation/

denitrification of deposited N and reduced nitrifi-

cation rate in the semi-arid urban catchments. This

supports our hypothesis that imperviousness limits

N residence times and reduces the amount of

exposed soil, thus and reduces N turnover rates.

Assessing fatm Using d18O Versus D17O

Comparing the D17O and d18O mass balance ap-

proaches to determine fatm (Figure 6) yields addi-

tional information about the varying importance of

nitrification within urban catchments. There was a

strong correlation (r2 = 0.71) between methods

suggesting that the primary mechanism controlling

runoff NO3
- d18O and D17O values in Tucson

runoff was likely the same, that is, deposition of

atmospheric NO3
-. However, the d18O method

usually resulted in higher estimates of fatm by

approximately 10% and overestimations/under-

estimations of fatm were ubiquitous and could be

quite large (±40%) suggesting secondary mecha-

nisms are altering the runoff NO3
- d18O values

(Figure 6). In catchments where fatm was high

(CM, LD, MD), the d18O method often over predicts

fatm relative to D17O. In catchments where fatm was

low (MX1 and MX2), the d18O method was com-

parable to the D17O method, and in the non-

urbanized NU catchment, the d18O method under

predicted fatm.

There should be a 1:1 correlation if the d18O and

D17O methods provide the same fatm, and devia-

tions from the 1:1 may indicate biologic NO3
- or

secondary mass-dependent isotope fractionations.

We hypothesize that deviations from the 1:1 are

most likely due to seasonal variability in the d18Onit

values themselves.

Fluctuations in d18Onit values can be attributed to

seasonal changes in Tucson precipitation d18O val-

ues, particularly during the transition to the mon-

soon seasons (Wright 2001). The variation of

Tucson H2O d18O values is a function of moisture

sources (Pacific vs. Gulfs of Mexico/California),

storm size (large—sourced outside basin,

small—recycled within basin) and rain magnitude

(Wright 2001). If nitrification occurs after a previ-

ous storm with a lower precipitation d18O value

relative to the precipitation generating the runoff,

then fatm would be overestimated due to improper

calculation of the d18Onit value. Conversely, evap-

oration leads to elevated soil water d18O values

(Gazis and Feng 2004), so if nitrification occurs

after evaporative loss of soil water, fatm calculated

using d18O values would be underestimated be-

cause the H2O d18O value would be too low. The

observed deviations are not likely caused by vari-

ability of d18Oatm because the atmospheric NO3
-

d18O/D17O value ratio remains relatively constant

during the summer monsoon season (Figure 2).

Any inter-storm deviation in the d18Oatm value

would also change the D17Oatm value and thus alter

the fatm value by the same amount. Thus, the

deviation from the 1:1 line in the fatm plot suggests

that there is varying importance of nitrification

within each catchment that is being reflected in the

NO3
- d18O values.

One test of the hypothesis is that the variance in

the 1:1 plot should increase in watersheds where

higher fractions of soil nitrification might be
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expected. The urbanized catchments had the

lowest variance between estimation methods

(MD—r2 = 0.82, MX1—r2 = 0.80, CM—r2 = 0.72,

LD—r2 = 0.77), whereas the two sites with the

largest areas of open space (NU and MX2) had the

greatest variance between estimation methods

(NU—r2 = 0.10, MX2—r2 = 0.52) and had the

largest underestimations of fatm (NU—0.27,

MX2—0.15). This increase in variance with

increasing soil surface area lends some support to

the hypothesis that variability in the d18Onit values

is contributing to deviation in calculated fatm when

using runoff NO3
- d18O values instead of the D17O

values. Additionally, this finding indicates that

nitrification is more important in catchments with

a large fraction of its surface area as exposed soil

(relative to impervious surfaces) lending support to

our expectations that nitrification rates in urban

environments are a function of impervious surface

area that decreases N turnover rate.

Biologically Processed NO3
-

Contribution

Although the presence of a significant fbio NO3
-

across all catchments is not surprising, it is

remarkable that this holds true for the CM catch-

ment (fbio = 0.51 ± 0.1) which is 90.7% impervi-

ous (Figure 4). The large fbio is likely due to

nitrification occurring in soil particles deposited as

dust between storms. The fbio could be derived from

grass medians in the parking lots and a few small

areas of exposed soil located within the watershed.

However, these potential nitrification sources are

scattered throughout the catchment and should

appear as biogenic NO3
- ‘‘pulses’’ in runoff,

depending on their hydrologic connectivity to the

remainder of the watershed (that is, runoff arrival

time to the sampler). This result is not observed;

rather, there is consistently greater than 30% bio-

logic fraction throughout the runoff event sug-

gesting that either (1) biologic sources of NO3
- are

evenly distributed across the catchment, or (2) fbio

NO3
- increases in storm runoff because of in-

stream nitrification.

Contribution of [NO3
-]bio might source from

nitrification occurring in dust particles previously

deposited on impervious surfaces. It has been

shown that ammonia oxidizing bacteria can attach

and colonize soil aggregates (Prosser 2011), thus

nitrification could proceed if there is NH4
+ within

the dust. NH4
+ may have been concentrated on soil

particulate matter after its entrainment in the

atmosphere by reacting with atmospheric NH3(g)

and then nitrified after deposition. If true, the ratio

of NH4
+/NO3

- in wet deposition should be higher

compared to the ratio in runoff (wet + dry depo-

sition) due to loss of NH4
+ during nitrification

occurring since the last storm. For the CM catch-

ment, the average ratio of NH4
+/NO3

- in wet

deposition was 0.96 whereas in runoff it was

0.75. The 0.21 difference nearly matches the 0.30

Figure 6. Mass balance estimates of the fraction atmospheric NO3
- in runoff samples using an average NO3

-
atmo

d18O = 57& and D17O = 24.3& and a nitrification NO3
- d18O of 3.5& and D17O = -0.1&. Solid 1:1 correlation line rep-

resents if the d18O method and D17O method gives the same fraction of atmospheric NO3
- contribution. Error bars

represent the possible range of nitrification d18O values based on local variation in water d18O values.
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nitrification fraction (weighted by concentration)

observed suggesting that nitrification is occurring

between storm events. This is consistent with

results from other studies in northern Arizona

(Sullivan and others 2012) and the California

Mediterranean grasslands (Parker and Schimel

2011), where equal or greater potential nitrifica-

tion rates were measured in the dry season com-

pared to the wet season. Volatilization of NH4NO3

from the surface would not decrease the ratio

because HNO3 is also lost during volatilization.

Decreases in the NH4
+/NO3

- ratio as a function of

stream length in semi-arid, urban watersheds have

been interpreted as in-stream nitrification (Welter

and others 2005). If true at the CM site, we would

expect to see an increase in the biologic fraction as

a function of runoff arrival time. However, this was

not observed in CM or in any of the study catch-

ments, and is consistent with the finding by Gallo

and others (2012), who showed that storm runoff

residence times are not long enough for water

column processes to significantly alter runoff

hydrochemistry. We conclude then that the most

robust explanation of a substantial fbio is nitrifica-

tion of intra-storm dry-deposited dust. Thus,

although impervious surface area may limit water

soil interactions and reduce N cycling, it does not

completely eliminate it.

Isotope Assessment of Non-atmospheric
NO3

- Sources and NO3
- Processing

To improve the understanding of nitrogen cycling

dynamics in semi-arid urban streams, it is impor-

tant to know the source of non-atmospheric NO3
-.

It has been suggested that the dual-isotope tech-

nique, where the NO3
- d15N and d18O values are

used in an isotope mixing plot (Kendall and others

2007) can help constrain the relative importance of

N and/or NO3
- sources. Transforming the d15N and

d18O values using D17O eliminates the atmospheric

NO3
- contribution in runoff and narrows the range

of other possible NO3
- sources. The transformed

non-atmospheric NO3
- d15N and d18O values were

highly variable, and many fell outside the previous

published ranges (-10 to 25&) (Figure 4; Table

S2). However, the majority of non-atmospheric

NO3
- d15N values fell in a range that suggests it was

comprised primarily of nitrified soil NH4
+ and

mineralized soil N. d15N values falling outside of

this range could be the result of the depletion/

enrichment in 15N during NH4
+ and NO3

- volatil-

ization in between rain events leading to higher

d15N values in NO3
- and lower d15N values in NH3,

which are subsequently nitrified upon the next

rain event. d18O values were considerably higher

than normal terrestrial sources.

Only a few samples had jointly elevated d15N and

low d18O values characteristic of the nitrification of

manure or sewage N. This is not surprising because

in Tucson the storm water and sewer system

infrastructure are separate entities and therefore

septic or manure derived NO3
- would not be ex-

pected to flow into in these catchments. Although

there are some septic tanks and urban animal

husbandry operations within the Tucson basin

which might contribute to N loading in runoff, our

data do not suggest widespread contribution. There

were only a couple of data points that fell within

the narrow range of synthetic NO3
- fertilizers,

which might reflect instances of higher N loading

from fertilized trees and vegetation in residential

and commercial parcels. Only one catchment

(MX1) had agricultural land use but neither this

catchment nor any of the others showed a strong

signal of fertilizer NO3
-. This may be because

Tucson urban landscapes are predominately xeric

and leguminous, which do not typically require N

additions.

The dual-isotope approach can also be used to

differentiate between denitrification and assimila-

tion NO3
- losses (Boettcher and others 1990; Sebilo

and others 2003). Understanding NO3
- loss by

denitrification is important because it removes

nitrogen from the system, which reduces down-

stream contamination potential of recharged

groundwater. If denitrification occurs then both the

d15N and d18O of the residual NO3
- would increase

along a trend line with a mean slope of 0.5 (Chen

and MacQuarrie 2005; Kendall 1998b), however,

the �O:�N has been observed between 0.47 and

0.77 (Groffman and others 2006). Conversely,

assimilation by plants or microbes acts as a tem-

porary holding reservoir for NO3
-, which can then

be regenerated by mineralization/nitrification

downstream. If assimilation is taking place, both

the d15N and d18O of the residual NO3
- will in-

crease along a trend line with a slope of 1 (Granger

and others 2004). The relative importance of these

two loss processes can be inferred using these two

different isotope slopes, however, this is usually

only feasible in confined spaces (for example,

aquifers). Event-based dual-isotope plots were

noisy and neither assimilation nor denitrification

were detected in any of the watersheds.

Gross Nitrification

The GNR support the hypothesis that soil surface

area (non-impervious areas) and N residence time
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are the key factors controlling nitrification in these

Tucson catchments. The highest GNR is in

the NU catchment (10.15 ± 1 kg NO3-N km-2

day-1) whereas CM had significantly lower GNR

(3.04 ± 2 kg NO3-N km-2 day-1) (Tables 2, S3).

These findings would be expected based on our

hypothesis: NU has highest soil surface and CM has

the least. Although MX2 has a soil surface area in-

between these two extremes, it has a GNR similar

to NU, which must be related to catchment char-

acteristics, which enhances nitrification. The

remaining three catchments (LD, MD, and MX1)

have similar GNR and soil surface areas. Only a few

studies have reported gross nitrification rates of

semi-arid systems because studies often focus on

net nitrification rates. However, studies that have

measured GNR were conducted on intact soil cores

in the field, using 15N dilution has shown that GNR

is dependent on water pulses, depth to wetting, and

time since last wetting (Dijkstra and others 2012;

Saetre and Stark 2005). In the semi-arid Central

Plains Experimental Range (Colorado), gross nitri-

fication rates were highest after 3 days following

an initial wetting (220–360 kg NO3
- km-2 day-1)

and rates were near negligible after 10 days (Dijk-

stra and others 2012). Those GNR are similar to

those observed GNR in forested ecosystems in New

Mexico and Oregon which ranged from 25 to

300 kg NO3
- km-2 day-1 (Stark and Hart 1997).

The GNR in forested and central plains are 5–100

times larger than those observed in Tucson’s semi-

arid, urbanized catchments.

The GNR reported here are similar to those

reported in a Japanese mineral forest soil (0–61

kg NO3
- km-2 day-1) (Kuroiwa and others 2011)

and may be controlled by soil C:N ratios. It was

suggested that the low GNR in mineral forests was

due to competition between immobilization and

nitrification of NH4
+. They concluded that low soil

C:N ratios controlled gross autotrophic nitrification

by regulating gross NH4
+ production rates (Kuroiwa

and others 2011) and below a critical C:N ratio

(15–20) gross autotrophic nitrification ceased

(heterotrophic nitrification was determined to be

negligible). Our urban catchments had C:N ratios

ranging from 10 to 13 (unpublished data) suggesting

slow gross NH4
+ production rates that in turn lead

to very low GNR. Also, another notable difference

is that past GNR studies used soil core experiments,

which require assumptions about ecosystem soil

heterogeneity and its impact on GNG, whereas the

current estimate of GNR is at the catchment scale

and represents GNR across all landscapes. In addi-

tion, other controlled GNR experiments were con-

ducted to determine the effect of pulsed water

events or the competition between microbes and

plants whereas here we have an integrated effect

with multiple mediums within the catchment (for

example, different soils textures, vegetation, and

impervious surfaces) that may not have all received

precipitation at the same intervals. We emphasize

that non-natural N sources, such as sewage N or

septic N, can also be nitrified and would be

included in the GNR estimate. Given the already

low GNR in these waters, this would suggest that

sewage and septic are not significant sources of

NO3
- in the ephemeral stream. This may be due to

their absence or poor hydrologic conductivity

between surface water and ground water during

transient events. Many of these effects have yet to

be studied at the catchment scale and can all con-

tribute to varying GNR.

Table 2. Mean (±SD) of Catchment-Based Gross Nitrification Rates Calculated Using Average Fractional
Atmospheric Contribution

Catchment Predominant

land cover

Catchment

area (km2)

Impervious

cover (%)

n Dry

deposition

(kg N k-1

m-2 d-1)

Wet

deposition

(kg N k-1

m-2 d-1)

Total

deposition

(kg N k-1

m-2 d-1)

Gross

nitrification

rate (kg N k-1

m-2 d-1)

NU Non-Urban 26.98 2.92 2 1.2 1.3 (±0.3) 2.5 (±0.3) 10.15 (±1)

LD Low Density 4.44 21.84 3 1.2 2.8 (±2) 4.0 (±2) 4.68 (±2)

MD Medium Density 0.45 40.64 5 1.2 2.0 (±2) 3.2 (±2) 6.21 (±2)

MX1 Mixed Density 4.70 45.78 3 1.2 1.3 (±1) 2.5 (±1) 5.87 (±4)

MX2 Mixed Density 25.30 50.63 4 1.2 1.8 (±0.3) 3 (±0.3) 6.22 (±5)

CM Commercial 0.33 90.70 5 1.2 1.9 (±2) 3.1 (±2) 3.04 (±2)

n is the number of events per catchment. NO3
- dry deposition rate was assumed to be constant (Fenn and others 2003b). NO3

- wet deposition was obtained from event-based
precipitation [NO3

-] and normalized time between rain events.
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In nearby urbanized Phoenix, urbanization and

its subsequent land conversion from desert to

lawns significantly increased soil N2O emissions

(by-product of both nitrification and denitrifica-

tion) and N cycling (Hall and others 2008). Simi-

larly, throughout the Tucson metropolitan area,

some of the highest N2O fluxes immediately fol-

lowing wetting of ephemeral streambeds

(3121 lg N2O-N m-2 h-1) have been reported

(Gallo and others 2013c). Semi-arid landscapes of

low elevation (for example, riparian zones,

ephemeral washes) provide ‘‘hot spots’’ and ‘‘hot

moments’’ of potential denitrification due to

patchiness in soil resources (for example, pooling of

microbial biomass, nutrient resources, and water)

(Harms and Grimm 2008). These studies’ conclu-

sions combined with the observed low GNR suggest

that less nitrified NO3
- is present in urban catch-

ments due to competing N cycling processes or that

nitrification processes are ‘‘leaky’’ in which com-

plete conversion of NH3 to NO3
- does not occur.

Observed higher GNR in the Eastern U.S. are fur-

ther evidence of the lack of atmospheric

NO3
-contributions in forested ecosystems where

microbial turnover is higher therefore ‘‘erasing’’

atmospheric d18O contributions. In Tucson, gross

nitrification rates are significantly lower and

therefore atmospheric NO3
- contributions prevail.

CONCLUSION

Here we show for the first time, the fractional

contributions of atmospherically versus biologi-

cally derived NO3
- in semi-arid urban environ-

ments. Urban runoff showed a significant fraction

of atmospherically derived NO3
- from all catch-

ments (0–0.82, mean = 0.38) with higher fractions

from more impervious catchments and lower from

non-urban catchments. Our results are in agree-

ment with the previous ‘‘build and flush’’ model

for both NO3
- fractions (Lewis and Grimm 2007).

It was observed that during dry periods, atmo-

spheric NO3
- was depositing and accumulating on

surfaces and as well as biologic NO3
- (produced

via nitrification) in soils and were subsequently

flushed to waterways following the next rainfall/

runoff event. The results presented here suggest

increased impervious surface area allows for more

atmospheric NO3
- to reach urban waterways due

to inefficient N cycling within the catchment.

Whereas increased soil surfaces in catchments

allow for nitrification and therefore atmospheric

NO3
- deposition is not as prevalent. The contin-

ued urban sprawl and further modification of

ephemeral streams to augment a limited water

supply in semi-arid regions will continue to

modify N cycling.
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