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ABSTRACT: Nitrogen (N) sources are widely distributed in the
complex urban environment. High-resolution data elucidating N sources
in the residential catchments are not available. We used stable isotopes of
N and oxygen (O) of nitrate (δ18O-NO3

− and δ15N-NO3
−) along with

δ18O and hydrogen (δD) of water (H2O) to understand the sources and
transformations of N in residential stormwater runoff. Stormwater runoff
samples were collected over 25 stormwater events at 5 min intervals using
an autosampler installed at the residential catchment outlet pipe that
drained 31 low-density homes with a total drainage area of 0.11 km2.
Bayesian mixing model results indicated that atmospheric deposition
(range 43−71%) and chemical N fertilizers (range <1−49%) were the
dominant NO3-N sources in the stormwater runoff and that there was a
continuum of source changes during the stormwater events. Further, the
NO3-N transport in the stormwater runoff from the residential catchment
was driven by mixing of multiple sources and biotic (i.e., nitrification) processes. This work suggests that a better understanding
of N transport and sources is needed to reduce N export and improve water quality in urban water systems.

■ INTRODUCTION

Sources of nitrate−nitrogen (NO3-N) in urban waters may
include a combination of atmospheric deposition, fertilizers,
organic materials, and leaking sanitary sewers.1,2 These
nonpoint sources of NO3-N are a leading contributor to
water quality impairment,3 and result in eutrophication,
hypoxia, and loss of biodiversity and habitat.4,5 To prevent
and remediate eutrophication in urban coastal systems, the
sources and transport mechanisms of NO3-N in stormwater
runoff need to be determined and quantified.6,7

Dual nitrogen (N) and oxygen (O) stable isotope ratios of
nitrate (δ18O-NO3

− and δ15N-NO3
−) coupled with chemical

data are a powerful tool to distinguish the NO3-N sources and
investigate N transport from land to water bodies.8,9 In general,
δ15N-NO3

− values have been used to distinguish NO3-N
derived from ammonium (NH4

+) fertilizer, soil organic matter,
and animal manure/septic waste, whereas δ18O-NO3

− values
are more useful to distinguish NO3-N derived from NO3

−

fertilizer and atmospheric deposition.10,11 However, abiotic
(e.g., volatilization) and biotic (e.g., nitrification and
denitrification) processes transform N during transport from
land to water bodies2,8,12 making it difficult to distinguish the
contributing N sources in urban systems.
Studies have used the dual stable isotope ratios of NO3

− to
discriminate inorganic (e.g., chemical fertilizers) and organic
(e.g., human and animal waste) N sources using biweekly to
monthly sampling regimes in urban streams during storm and
baseflow conditions.2,13,14 These urban studies have suggested

that NO3
− in surface waters is commonly derived from the

atmospheric deposition and sewage.2,15 Atmospheric deposition
is highly variable in space and time and is a major source of
NO3-N due to the high density of automobile traffic in urban
areas.6,16,17 Divers et al.12 in an urban stream in Pittsburgh, PA
observed that atmospheric deposition contributed 34% of NO3-
N during storm events with the remainder (66%) of NO3-N
contributed by sewage-derived sources. Buda and DeWalle18

reported that wash-off of atmospheric deposition was the main
NO3-N source during storm flow conditions in a central
Pennsylvania urban watershed.
Transport of N from land to water is controlled by a complex

interaction of hydrological and biogeochemical mecha-
nisms.2,19−21 Previous research had found that biogeochemical
mechanisms are dominant in watersheds,22,23 whereas some
studies found that transport of stormwater driven N is primarily
a function of hydrology, with biogeochemical processes playing
a minor role.20,24,25 The dynamics of NO3-N transport in urban
stormwater runoff from residential areas have not yet been fully
investigated. Among different N forms, NO3-N is one of the
main form of concern in the stormwater runoff.26 Stormwater
runoff sampling during rain events may reveal N transport
mechanisms and contributing NO3-N sources in residential
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catchments. The objective of this study was to investigate the
contributing NO3-N sources and elucidate the processes
controlling NO3-N transport using dual stable N and O
isotopes in a residential catchment. To our knowledge, this is
the first study to illustrate the source identification and
transport of NO3-N in residential stormwater runoff using
consecutive 5 min intervals sampling from a low-density
residential catchment. This data can help develop strategies to
reduce NO3-N transport from residential catchments to
downstream urban waters.

■ STUDY LOCATION AND METHODS
Site Description. The study site is a low-density residential

neighborhood of 31 single-family homes, with an average lot
area of 2400 m2 and home area of 409 m2. The site is located
along Florida’s Gulf Coast in Hillsborough County, Florida
(latitude 27°86′63.17” N, longitude 82°19′37.73” W) and is
part of the metropolitan area of Tampa, Florida. The total area
of the catchment including stormwater pond is 0.11 km2; of
which 37% is impervious (rooftops: 15%, patios: 4%, driveways
and sidewalks: 12%, roads: 6%) and 61% is pervious (lawns in
and around homes: 29%, tree canopies: 32%), and 2% is
occupied by pond (Supporting Information (SI) Figure S1).
The dominant vegetation in the catchment is live oak (Quercus
virginiana) and St. Augustine turfgrass (Stenotaphrum secunda-
tum). Soils in the catchment are predominantly Seffner fine
sand series (Sandy, siliceous, hyperthermic Aquic Humic
Dystrudepts). The climate in the area is subtropical with
2014 average monthly annual air temperature of 14−27 °C and
daily extremes of 4−29 °C.27 The average annual rainfall in the
area over the last 10 years (2004−2014) was 94−153 cm
(mean 130 cm), of which 47−77% (mean 65%) occurred
during the wet season (June to September) (SI Figure S2A). In
2014, total rainfall was 144 cm, and monthly rainfall ranged
from 1.52 to 34.24 cm, of which 58% occurred during the wet
season. During the study period, monthly rainfall was highest in
September (34 cm), followed by July (24 cm) and August (14
cm) (SI Figure S2B).
Sample Collection and Nitrogen Analysis. An ISCO

Avalanche 6712 refrigerated autosampler (Teledyne Isco, Inc.,
Lincoln, NE, USA) was installed at the end of the stormwater
outlet pipe that delivered runoff from the residential catchment
to the stormwater pond. The autosampler was equipped with
14 plastic sample bottles of 950 mL each and was programmed
to collect runoff entering the pond at the onset of flow and to
take samples every 5 min until end of the runoff. An ISCO 674
rain gauge (Teledyne Isco, Inc., Lincoln, NE) was installed at
the site for rainfall measurements and collection. Due to the
need to have sufficient flow (and water depth) in the outlet
pipe for ISCO sampler to operate, it was only possible to
collect runoff samples when there was a minimum of 0.25 cm
rainfall occurring in 15 min (equivalent to rainfall intensity of
1 cm/h). Thus, samples could not be collected during those
rainfall events when the rainfall intensity was lower than
1 cm/h. The samples were collected in airtight plastic bottles
and stored in a refrigerator at 4 °C until analysis (<24 h). The
range of runoff samples collected during 25 individual events
(July to September 2014) varied from 1 to 13 (SI Table S1),
resulting in 121 stormwater samples; this corresponds to runoff
occurring from 5 to 65 min as each runoff sample was collected
at 5 min intervals. Twelve rainfall samples (10 samples were
analyzed for isotopes) were also collected from the catchment
during the wet season.

A subsample of collected water samples was vacuum-filtered
(0.45 μm Pall Corporation, Ann Arbor, MI) within 24 h of
collection and placed in 20 mL HDPE scintillation vials (Fisher
Scientific, PA) either refrigerated (N and water isotope
analysis) or frozen (N isotopic analysis). Aliquots of the
filtered water samples were quickly transferred in 2 mL GC
vials (Fisher Scientific, PA), sealed without headspace to
eliminate water evaporation, and refrigerated until the water
isotope analysis. The filtered samples were analyzed for NO3-N
using an AutoAnalyzer 3 (AA3, Seal Analytical, Mequon, WI)
with EPA method 353.2.28 The unfiltered water samples were
analyzed for total N (TN) using the alkaline persulfate
digestion method29 followed by NO3-N analysis as described
above. The detection limits for both NO3-N and TN were
0.001 mg/L.

Isotopic Analysis. Stable isotopes of water (H2O), that is,
oxygen (δ18O−H2O) and hydrogen (δD-H2O) were conducted
in the Stable Isotope Laboratory at the University of California,
Davis. The detailed description of the analysis technique is
given by Lis et al.30 For simultaneous D/H and 18O/16O ratios
measurements of H2O, an off-axis integrated cavity output
spectroscopy (OA-ICOS) water isotope analyzer (LWIA, Los
Gatos Research, Mountain View, CA) was coupled to a CTC
LC-PAL liquid autosampler. Analysis of δ18O-NO3

− and δ15N-
NO3

− was conducted using Coplen et al.31 at the Isotope Ratio
Mass Spectrometry (IRMS) facility at University of California,
Riverside. All stable isotope results are expressed as δ values,
representing deviations in per mil (‰) from Vienna Standard
Mean Ocean Water standards for O, N, and deuterium such
that

δ = × −R R(‰) 1000 [( / )] 1sample standard

where Rsample and Rstandard are the measured isotopic ratios (e.g.,
D/H, 15N/14N or 18O/16O) for the sample and standard,
respectively. The ratio of 15N/14N reference is N2 in air, the D/
H and 18O/16O reference is Vienna Standard Mean Ocean
Water.

Bayesian Mixing Models. The proportion of the NO3-N
source contributions was estimated using Bayesian stable
isotope mixing models as described in Parnell et al.32,33 The
Stable Isotope Analysis in R (SIAR) graphical user interface
package (MixSIAR version 3.0.2) incorporating sources of
uncertainty, isotope fraction, and multiple NO3-N sources was
used in this study. In brief, the isotope mixing analysis was used
to determine fraction of NO3-N in stormwater runoff from four
sources (i.e., atmospheric deposition, NH4

+ fertilizer, NO3
−

fertilizer, and soil and organic N) with two isotope systems.
End member isotopic compositions were defined as follows.
Atmospheric deposition was estimated from measured δ15N-
NO3

− (2.7 ± 4.90‰, n = 10) and δ18O-NO3
− (44.8 ±

18.07‰, n = 10) values of rainfall samples collected during the
wet season. NH4

+ fertilizer (δ15N-NO3
−: −0.2 ± 2.28‰, δ18O-

NO3
−: −2.0 ± 8.0‰),10,34−41 NO3

− fertilizer (δ15N-NO3
−: 1.1

± 2.78‰, δ18O-NO3
−: 21.3 ± 3.01‰),10,35,36,38,39,42 and soil

and organic N (δ15N-NO3
−: 7.5 ± 5.23‰, δ18O-NO3

−: −2.0 ±
8.0‰)2,10,12,35,37−39,42−46 end members were based on
literature values. Measured δ15N-NO3

− and δ18O-NO3
− values

of individual stormwater runoff samples (n = 121) were treated
as “customers” and mean values of four NO3-N sources were
“sources”. It should be acknowledged that the use of stable
isotopes for source identification is complicated when the
mixing of multiple N sources with overlapping isotopic ranges
occurs together with microbial processes such as assimilation,
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nitrification, and denitrification. Studies have reported that
denitrification process causes increase in δ15N-NO3

− and δ18O-
NO3

− in roughly 2:1 ratio.10,12,47 The observed linear
relationship between the δ15N-NO3

− and δ18O-NO3
− values

of the stormwater runoff implied that no obvious denitrification
occurred during the sampling events (data not shown). Further,
the mean dissolved oxygen (DO) concentration in stormwater
runoff during the wet season were high (>2 mg/L), suggesting
that denitrification did not cause enrichment of δ15N-NO3

− and
δ18O-NO3

− in the study catchment as denitrification generally
occurs under the low DO concentration (<2 mg/L)
condition.10,48 Thus, the enrichment factors for denitrification
were not evaluated in the mixing models. We determined the
potential nitrification process using a calculation widely used in
previous studies,10,49 which is discussed in the later section.
More detail on the mixing model and calculations can be found
in SI.

■ RESULTS AND DISCUSSION

Nitrogen Concentration in Rainfall and Urban Storm-
water Runoff. Concentrations of TN and NO3-N in rainfall (n
= 12) were 0.09−2.32 mg/L (mean 0.8 mg/L) and <0.001−
1.15 mg/L (mean 0.18 mg/L), respectively. Mean concen-
trations of TN and NO3-N in individual 25 stormwater runoff
events (July−September) varied from 0.04 to 2.49 mg/L (mean
0.96 mg/L) and 0.04 to 0.69 mg/L (mean 0.24 mg/L),

respectively (SI Table S1). The decrease in monthly NO3-N
concentrations from the beginning to the end of wet season
could be due to the exhaustion of N sources in the residential
catchment. We were not able to evaluate the relationship
between N export and hydrological factors due to the lack of
flow data and collection of runoff samples when the rain
intensity was >1 cm/h. However, the mean concentrations of N
in runoff were similar to a Tampa Bay residential stormwater
runoff study (mean TN 1.25 mg/L; mean NO3-N 0.21 mg/
L)50 but TN was lower than other urban stormwater runoff
studies conducted in the United States (TN 2.0 mg/L).6

Within individual stormwater events, the ratio of NO3-N:TN
varied between 0 and 1, with mean monthly values of 0.29 in
July, 0.21 in August, and 0.47 in September, respectively
(Figure 1).

Source of Water in Urban Stormwater Runoff. Stable
isotopes of δ18O−H2O and δD-H2O are ideal conservative
environmental tracers that can provide essential information
about the origin of the water, hydrological processes, and
insights into the likely N sources.51−53 In urban residential
areas, stormwater runoff can be a combination of various water
sources such as rainfall, municipal water, and reclaimed water
used for lawn irrigation. Thus, we used water isotopes to
determine the water source in stormwater runoff. The δ18O−
H2O and δD−H2O values in the rainfall (n = 10) ranged from
−8.4‰ to −2.6‰ (mean −4.1‰) and −51.7‰ to −10.8‰

Figure 1. Temporal variability of (A) daily rainfall, (B) NO3-N concentrations, and (C) NO3-N/TN in stormwater runoff (n = 121) from 25 events
during July−September 2014. The colors of circles and labels indicate sampling sequences. The dashed line shows change of mean values from
individual events.
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(mean −24.0‰), respectively (SI Figure S3A). In the
stormwater runoff samples (n = 121), δ18O−H2O and δD−
H2O varied from −8.3‰ to 0.8‰ (mean −2.6‰) and
−50.1‰ to −12.1‰ (mean −12.1‰), respectively. Most of

the δ18O−H2O and δD-H2O of stormwater runoff samples (SI
Figure S3A) were close to the global meteoric water line
(GMWL), defined as δD−H2O = 8δ18O−H2O + 10.54 Further,
the y-intercept (deuterium excess, d-excess = δD-H2O−8δ18O−

Figure 2. Temporal variability of (A) daily rainfall, (B) δ15N-NO3
−, and (C) δ18O-NO3

− in stormwater runoff (n = 121) from 25 events during July−
September 2014. The colors of circles and labels indicate sampling sequences. The dashed line shows change of mean values from individual event.

Figure 3. Dual δ15N-NO3
− and δ18O-NO3

− in rainfall and stormwater runoff during the wet season in 2014. Area shows the range of the δ15N-NO3
−

and δ18O-NO3
− values from Kendall et al. (2007)10
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H2O) was used a diagnostic tool to measure the contribution of
evaporated moisture.55 The mean d-excess value in our
stormwater runoff samples were lower than GMWL (10‰),
indicating enrichment due to the evaporation (SI Figure S3B).
Some evaporation is expected in our residential catchment due
to the higher temperature (23−29 °C) during study period and
presence of 37% impervious area, which may have caused
evaporation as water traveled over impervious areas to reach
stormwater pond. Overall, our data indicated that all runoff
water during 25 stormwater events originated from the local
rainfall and evaporation slightly changed the isotopic
composition. This suggests that no other sources of water
(e.g., groundwater, municipal water, reclaimed water, leaking
sanitary sewers) contributed any water and thus N in our
stormwater runoff samples.
Source of Nitrate-Nitrogen in Urban Stormwater

Runoff. The δ15N-NO3
− in rainfall (n = 10) and stormwater

runoff (n = 121) varied from −2.4‰ to 13.1‰ (mean 2.7‰)
and −11.5‰ to 4.9‰ (mean −2.2‰), respectively (Figure 2).
There was a narrow range of δ15N-NO3

− in the runoff samples,
with 65% of samples between −4‰ and 0‰. The δ18O-NO3

−

in rainfall and stormwater runoff samples ranged from 21.0‰
to 61.0‰ (mean 44.8‰) and −12.8‰ to 55.2‰ (mean

22.6‰), respectively. Isotopic signatures of potential NO3-N
sources suggest that atmospheric deposition, chemical fertil-
izers, soil based N, and organic N sources contributed NO3-N
to stormwater runoff in our residential catchment (Figure 3).
To estimate the potential contributions from each of these
sources, we used a Bayesian mixing model to determine the
different sources of NO3-N during the wet season. The mixing
model outputs revealed a high variability in contributions of the
four potential NO3-N sources over 25 stormwater events
(Figure 4). In the below sections, we examine the isotopic
signatures of different sources of NO3-N in stormwater runoff
based on mixing model results.

Atmospheric Deposition. The δ15N-NO3
− in the atmos-

pheric deposition is reported to range from −15‰ to
15‰.10,11 Atmospheric N is known to be enriched in δ18O-
NO3

− due to the exchange of O atoms with ozone.56 The
pattern of δ18O-NO3

− is considered more useful than δ15N-
NO3

− in identifying NO3
− sources as there is a large variability

in the δ18O-NO3
− among the different sources.10 The highest

δ18O-NO3
− values in stormwater runoff were >25‰, which

indicated largest contribution from atmospheric N (Figure 3).
In addition, high δ18O-NO3 values in the stormwater runoff
samples with low NO3-N concentrations were observed,

Figure 4. (A) Fractional contribution of different NO3-N sources to stormwater runoff from 25 events (n = 121) based on Bayesian stable isotope
mixing models, and Bayesian credible intervals for the probability distribution calculated for (B) atmospheric deposition, (C) NH4

+ fertilizer, (D)
NO3

− fertilizer, and (E) soil and organic N sources. Events 1−6, 7−15, and 16−25 occurred in July, August, and September 2014, respectively.
Numbers in blue represents total number of sequential 5 min samples collected during each event.
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suggesting the importance of atmospheric sources in storm-
water runoff (SI Figure S4A). Based on the mixing model
results, the contribution of NO3-N from atmospheric
deposition to stormwater runoff ranged from 43 to 71%
(mean 56%) over 25 stormwater events (Figure 4 and SI Figure
S5; Table S2), and observations of fractional contribution for
individual samples within events ranged more widely from 1 to
90%. Overall, atmospheric deposition was an important source
of NO3-N in the stormwater runoff during the wet season. Our
results are in agreement with previous studies.2,14,18 For
example, Anisfeld et al.14 observed that atmospheric deposition
contributed greater stream NO3-N (∼50%) during stormflow
in urbanized rivers of central New York. Kaushal et al.2

reported that source contributions of NO3-N changed with
storm magnitude and atmospheric deposition accounting for
∼50% of NO3-N during storms in Baltimore, Maryland. Earlier
studies conducted by Ging et al.57 and Silva et al.58 in Austin,
Texas also pointed out the importance of atmospheric
deposition in urbanized stormflow due to the influence of
runoff from impervious surfaces. In summary, these findings
suggest that in urban systems, wet atmospheric deposition
combined with accumulated dry atmospheric deposition and
wash-off from impervious surfaces has the potential to enhance
delivery of atmospheric N to waters during storm events.2,59,60

Inorganic Fertilizers. Research suggests that δ15N-NO3
− in

the inorganic fertilizers range from −4‰ to 4‰.10,11 The
δ18O-NO3

− in NO3
− fertilizers is 17−25‰, which overlaps

with atmospheric values (ca. 23.5‰)10 whereas NO3
− derived

from NH4
+ fertilizers has lower δ18O-NO3

− values, usually in
the range of −5 to 15‰.10,11 The δ15N-NO3

− and δ18O-NO3
−

values in our stormwater runoff samples were in the range of
both NH4

+ fertilizers and NO3
− fertilizers. The mixing model

results suggests that NH4
+ fertilizers contributed 15−49%

(mean 34%) and NO3
− fertilizers contributed <1 to 23% (mean

8%) of NO3-N in stormwater runoff over 25 stormwater
sampling events (Figure 4 and SI Table S2). Chemical
fertilizers as the sources of NO3-N in urban watersheds have
been investigated in previous studies.2,20,61 For example,
fertilizer was the main source of NO3

− in stormwater runoff,
contributing 44% NO3

− loads in an urban watershed in
Phoenix, Arizona.20 However, a study conducted in an urban
watershed in Baltimore, Maryland found fertilizer as a minor
component of NO3

− in stormwater runoff.2 Lawn fertilizers can
be an important source of N in residential catchments
depending upon the frequency and quantity of fertilizer use
and climatic factors such as high rainfall. Fertilizers are
frequently used in Florida’s urban neighborhoods due to the
sandy texture of soils and subtropical climate (up to ∼60%
rainfall occurs during wet season). The fertilizer N input to the
residential areas in Hillsborough County (our study region) is
estimated to be ∼105 kg/ha, with an average 2.5 applications in
a year and 16−22% (18% on average) of fertilizer application
during wet season.50 In our study, we found that N fertilizers
contributed ∼42% (on average) of NO3-N to stormwater
runoff during the wet season, which is due to the fertilizers use
in the residential catchment and excess rainfall. We hypothesize
that NO3-N in the stormwater runoff might have originated due
to the runoff of improper application and/or spillage of N
fertilizers on the impervious areas.
Soil and Organic N. The δ15N-NO3

− values of organic
sources of N such as sewage and animal waste generally have
much wider range of compositions (2−30‰) than inorganic
fertilizers due to their more diverse origins.10,11 In general, the

δ18O-NO3
− of NO3-N derived from organic N sources range

from −5 to 15‰ based on the literature values.10 Our mixing
model results suggested that <1 to 8% of NO3-N in stormwater
runoff originated from soil and organic N sources (Figure 4 and
SI Table S2). It is important to consider the hydrologic
connectivity of N sources with surface waters when estimating
N sources in water bodies.62 For example, septic systems have
been suggested as major sources of NO3

− in groundwater and
connected surface waters.6,63 Studies conducted in Baltimore,
Maryland found that older leaking sewer systems were the
source of NO3

−.2 There are no known sources of septic waste
in our residential catchment due to the fact that all wastewater
is piped and conveyed to a central wastewater treatment plant
and there are no septic systems. Further, water isotope results
showed that all stormwater runoff originated from the local
rainfall, thus it is unlikely that sewer leaks contributed N in
stormwater runoff. Another organic N source such as pet waste
has been identified in urban catchments.60,64 Thus, the organic
N sources observed in the residential catchment may be derived
from the pet waste. In addition, it is important to recognize that
there can be multiple organic N sources in urban stormwater
runoff as organic N is the dominant N form in urban water
systems.65,66 The estimated area of tree canopy and lawns in
our residential catchment is 61% of total drainage area.
Therefore, the mineralization of lawn grass clippings and tree
leaves likely contribute NO3-N in stormwater runoff. Research
is needed to determine the contribution of organic N sources to
NO3-N in residential stormwater runoff.

Processes Controlling NO3-N Transport. The isotopic
composition of NO3-N is influenced by nitrification and
denitrification in soil. The values of δ18O-NO3

− can be used to
identify the contribution of nitrification, as δ18O-NO3

− from
−10‰ to 10‰ suggests in situ soil nitrification.10 In theory,
the δ18O of NO3-N produced by nitrification could be
calculated using the O value (23.5‰) of the air and
experimental O value of stormwater runoff samples using this
formula: δ18O-NO3

− = 1/3 δ18O−O2 + 2/3 δ18O−H2O.
10

Based on this calculation, the expected δ18O-NO3
− values in

our stormwater runoff from nitrification ranged from 2.3‰ to
8.4‰, which suggests that in situ soil nitrification contributed a
part of NO3-N in stormwater runoff (SI Figure S6).
Denitrification is an important process in which bacteria

utilize NO3
− as an electron donor instead O2 to reduce NO3

−

to N2 or N2O in the environment. Combined evaluation of N
isotope data and NO3-N concentrations was pursued to gain a
better understanding of denitrification in our stormwater
samples. If denitrification occurs, δ15N-NO3

− increase with
decrease in NO3-N concentrations and there is be 2:1 ratio
between δ15N-NO3

− and δ18O-NO3
−.10,67 None of these two

conditions were present in our data, suggesting no
denitrification in any of the stormwater runoff samples (see
Figure 3 and SI Figure S4B).
In contrast, increasing δ15N-NO3

− values with increase in
NO3-N concentrations were observed in some stormwater
runoff samples indicating mixing of NO3-N from multiple
sources (SI Figure S4B). Of 25 stormwater events, 13 events
had N isotopic signatures that were dominated by atmospheric
deposition (mean credible interval of feasible 33−73%), eight
events were dominated by NH4

+ fertilizer (mean 38 to 63%),
and four events were dominated by NO3-N fertilizer (mean 35
to 56%) (SI Table S2).
Fractional contribution of different NO3-N sources to

stormwater runoff during the wet season indicates that
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atmospheric deposition had more effect on NO3-N in the
beginning of the wet season (SI Figure S7), which decreased
from July (55−88%) to August (32−65%) and September
(18−55%). Meanwhile, chemical fertilizer (NH4

+ fertilizer and
NO3-N fertilizer) showed an increasing contribution from July
(1−32%) to August (1−57%) and September (1−59%).
Higher contributions of atmospheric deposition in July can
be due to the longer antecedent dry weather period prior to the
beginning of wet season. It is not possible in this study to
estimate the relative importance of wet and dry deposition due
to the lack of dry deposition measurements. The increasing
trend of sources of N fertilizers as season progressed could be
due to the amount and duration of precipitation events as
runoff of soil based N fertilizers from residential area to the
stormwater runoff is more likely to occur during periods of high
rainfall as compared to low rainfall where runoff will primarily
occur from impervious areas. These findings are supported by
previous research, which found that variation in isotope
composition in urban waters is primarily result of mixing
sources rather than biogeochemical processes during storm
runoff events.18,20,68

Environmental Implications. Stormwater runoff from the
residential catchments located in subtropics represents a unique
scenario of N pollution in urban coastal water bodies. The
different NO3-N sources in residential catchments present a
challenge for effectively mitigating N enrichment in urban
waters. In this study, combining dual isotope source
identification techniques with chemical analysis was used to
elucidate the transport and sources of NO3-N from a low-
density residential catchment. Long-term studies in residential
catchments of different landscape patterns, community storm-
water systems, residential landscape, and resident behaviors are
needed to better understand the contribution of urban
residential catchments to N pollution in water bodies.
Nevertheless, the results from the mixing model suggest that
both atmospheric deposition and chemical fertilizers are
important NO3-N sources in urban stormwater runoff. Further,
the transport of NO3-N in the residential catchment was due to
the mixing of sources and their changing contributions during
the wet season. We are first to report and quantify the
contribution of N fertilizers (average of 42%) to NO3-N in
urban stormwater runoff from a residential catchment. This
data suggests that proper application of urban N fertilizers in
residential areas dominated by turfgrass is important to reduce
NO3-N concentrations in stormwater runoff. This can be
achieved by careful application of urban fertilizers on urban
lawns and avoiding any accidental spillage on impervious areas
that have the high potential for transport during stormwater
events. In addition, the use of green infrastructure such as
bioswales in residential neighborhoods to slow and direct runoff
waters away from impervious areas may provide additional
opportunities to remove NO3-N contributed by atmospheric
deposition, chemical fertilizers, and other sources before it
reaches stormwater retention ponds and enters the hydrological
network in urban watersheds.
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and Coplen, T. B., Eds.; Methods of the Reston Stable Isotope
Laboratory: U.S. Geological Survey Techniques and Methods 10-C17,
2012.
(32) Parnell, A. C.; Phillips, D. L.; Bearhop, S.; Semmens, B. X.;
Ward, E. J.; Moore, J. W.; Jackson, A. L.; Grey, J.; Kelly, D. J.; Inger, R.
Bayesian stable isotope mixing models. Environmetrics 2013, 24 (6),
387−399.
(33) Parnell, A. C.; Inger, R.; Bearhop, S.; Jackson, A. L. Source
partitioning using stable isotopes: Coping with too much variation.
PLoS One 2010, 5 (3), 5.

(34) Li, X. D.; Masuda, H.; Koba, K.; Zeng, H. A. Nitrogen isotope
study on nitrate-contaminated groundwater in the Sichuan Basin,
China. Water, Air, Soil Pollut. 2007, 178 (1−4), 145−156.
(35) Black, A. S.; Waring, S. A. Natural abundance of 15N in soil-
water system of a small catchment-area. Aust. J. Soil Res. 1977, 15 (1),
51−57.
(36) Kim, H.; Kaown, D.; Mayer, B.; Lee, J. Y.; Hyun, Y.; Lee, K. K.
Identifying the sources of nitrate contamination of groundwater in an
agricultural area (Haean basin, Korea) using isotope and microbial
community analyses. Sci. Total Environ. 2015, 533, 566−575.
(37) Widory, D.; Kloppmann, W.; Chery, L.; Bonnin, J.; Rochdi, H.;
Guinamant, J.-L. Nitrate in groundwater: An isotopic multi-tracer
approach. J. Contam. Hydrol. 2004, 72 (1−4), 165−188.
(38) Curt, M. D.; Aguado, P.; Sanchez, G.; Bigeriego, M.; Fernandez,
J. Nitrogen isotope ratios of synthetic and organic sources of nitrate
water contamination in Spain. Water, Air, Soil Pollut. 2004, 151 (1−4),
135−142.
(39) Choi, W.-J.; Han, G.-H.; Lee, S.-M.; Lee, G.-T.; Yoon, K.-S.;
Choi, S.-M.; Ro, H.-M. Impact of land-use types on nitrate
concentration and 15N in unconfined groundwater in rural areas of
Korea. Agric., Ecosyst. Environ. 2007, 120 (2−4), 259−268.
(40) Choi, W.-J.; Lee, S.-M.; Ro, H.-M.; Kim, K.-C.; Yoo, S.-H.
Natural 15N abundances of maize and soil amended with urea and
composted pig manure. Plant Soil 2002, 245 (2), 223−232.
(41) Choi, W. J.; Ro, H. M.; Lee, S. M. Natural 15N abundances of
inorganic nitrogen in soil treated with fertilizer and compost under
changing soil moisture regimes. Soil Biol. Biochem. 2003, 35 (10),
1289−1298.
(42) Sturm, M.; Lojen, S. Nitrogen isotopic signature of vegetables
from the Slovenian market and its suitability as an indicator of organic
production. Isot. Environ. Health Stud. 2011, 47 (2), 214−220.
(43) Spoelstra, J.; Schiff, S. L.; Hazlett, P. W.; Jeffries, D. S.; Semkin,
R. G. The isotopic composition of nitrate produced from nitrification
in a hardwood forest floor. Geochim. Cosmochim. Acta 2007, 71 (15),
3757−3771.
(44) Kellman, L. M. A study of tile drain nitrate δ15N values as a tool
for assessing nitrate sources in an agricultural region. Nutr. Cycling
Agroecosyst. 2005, 71 (2), 131−137.
(45) Bedard-Haughn, A.; van Groenigen, J. W.; van Kessel, C.
Tracing 15N through landscapes: Potential uses and precautions. J.
Hydrol. 2003, 272 (1−4), 175−190.
(46) Michalski, G.; Kolanowski, M.; Riha, K. M. Oxygen and nitrogen
isotopic composition of nitrate in commercial fertilizers, nitric acid,
and reagent salts. Isot. Environ. Health Stud. 2015, 51 (3), 382−391.
(47) Ansari, A. H.; Hodson, A. J.; Heaton, T. H. E.; Kaiser, J.; Marca-
Bell, A. Stable isotopic evidence for nitrification and denitrification in a
High Arctic glacial ecosystem. Biogeochemistry 2013, 113 (1−3), 341−
357.
(48) Kendall, C.; Caldwell, E. A.; McDonnell, C. K. J. Chapter 2 -
Fundamentals of Isotope Geochemistry. In Isotope Tracers in
Catchment Hydrology; Elsevier: Amsterdam, 1998; pp 51−86.
(49) Rose, L. A.; Sebestyen, S. D.; Elliott, E. M.; Koba, K. Drivers of
atmospheric nitrate processing and export in forested catchments.
Water Resour. Res. 2015, 51 (2), 1333−1352.
(50) Listopad, C.; Souto, L.; Bohlen, P. Tampa Bay Residential
Stormwater Evaluation Final Project Report, 2015.
(51) Thomas, E. M.; Lin, H.; Duffy, C. J.; Sullivan, P. L.; Holmes, G.
H.; Brantley, S. L.; Jin, L. X. Spatiotemporal patterns of water stable
isotope compositions at the Shale Hills Critical Zone Observatory:
Linkages to subsurface hydrologic processes. Vadose Zone J. 2013, 12
(4), 16.
(52) Wassenaar, L. I.; Athanasopoulos, P.; Hendry, M. J. Isotope
hydrology of precipitation, surface and ground waters in the Okanagan
Valley, British Columbia, Canada. J. Hydrol. 2011, 411 (1−2), 37−48.
(53) Gammons, C. H.; Poulson, S. R.; Pellicori, D. A.; Reed, P. J.;
Roesler, A. J.; Petrescu, E. M. The hydrogen and oxygen isotopic
composition of precipitation, evaporated mine water, and river water
in Montana, USA. J. Hydrol. 2006, 328 (1−2), 319−330.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05353
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

http://fawn.ifas.ufl.edu/
http://dx.doi.org/10.1021/acs.est.5b05353
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.agee.2006.10.002
http://pubsdc3.acs.org/action/showLinks?pmid=15240171&crossref=10.1016%2Fj.jconhyd.2003.10.010&coi=1%3ACAS%3A528%3ADC%252BD2cXlsFeqtLw%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fes070469v&pmid=17948780&coi=1%3ACAS%3A528%3ADC%252BD2sXovFClsbs%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1080%2F10256016.2011.570865
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs10533-012-9761-9
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2FS0022-1694%2802%2900263-9&coi=1%3ACAS%3A528%3ADC%252BD3sXitVyku7s%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2F0043-1354%2883%2990192-6&coi=1%3ACAS%3A528%3ADyaL3sXmtFygsrY%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1002%2Fhyp.9199
http://pubsdc3.acs.org/action/showLinks?pmid=26204420&crossref=10.1016%2Fj.scitotenv.2015.06.080
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.scitotenv.2010.09.006
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs10705-004-1925-0
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs10533-012-9795-z
http://pubsdc3.acs.org/action/showLinks?crossref=10.1023%2FA%3A1020475017254&coi=1%3ACAS%3A528%3ADC%252BD38XnsVGlsbY%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fac701716q&pmid=18031060&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlejsb3M
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.jhydrol.2005.12.005
http://pubsdc3.acs.org/action/showLinks?crossref=10.1080%2F10256016.2015.1054821&coi=1%3ACAS%3A528%3ADC%252BC2MXhtFyksbnP
http://pubsdc3.acs.org/action/showLinks?pmid=15325463&crossref=10.1016%2Fj.envpol.2004.05.009&coi=1%3ACAS%3A528%3ADC%252BD2cXmvFyltLc%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1002%2F2014WR015716
http://pubsdc3.acs.org/action/showLinks?crossref=10.1146%2Fannurev.environ.33.031207.111141
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs11270-006-9186-y
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.jhydrol.2011.09.032
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.jhydrol.2012.11.054


(54) Craig, H. Isotopic variations in meteoric waters. Science 1961,
133 (346), 1702−1703.
(55) Gat, J. R.; Bowser, C. J.; Kendall, C. The contribution of
evaporation from the Great Lakes to the continental atmosphere:
Estimated based on stable isotope data. Geophys. Res. Lett. 1994, 21
(7), 557−560.
(56) Hastings, M. G.; Sigman, D. M.; Lipschultz, F. Isotopic evidence
for source changes of nitrate in rain at Bermuda. J. Geophys. Res. Atmos
2003, 108 (D24), 12.
(57) Ging, P. B.; Lee, R. W.; Silva, S. R. Water chemistry of Shoal
Creek and Waller Creek, Austin, Texas, and potential sources of nitrate,
WRI-96-4167; U.S. Geological Survey: Reston VA, 1996.
(58) Silva, S. R.; Ging, P. B.; Lee, R. W.; Ebbert, J. C.; Tesoriero, A.
J.; Inkpen, E. L. Forensic applications of nitrogen and oxygen isotopes
in tracing nitrate sources in urban environments. Environ. Forensics
2002, 3 (2), 125−130.
(59) Elliott, E. M.; Kendall, C.; Wankel, S. D.; Burns, D. A.; Boyer, E.
W.; Harlin, K.; Bain, D. J.; Butler, T. J. Nitrogen isotopes as indicators
of NOx source contributions to atmospheric nitrate deposition across
the Midwestern and northeastern United States. Environ. Sci. Technol.
2007, 41 (22), 7661−7667.
(60) Kojima, K.; Murakami, M.; Yoshimizu, C.; Tayasu, I.; Nagata,
T.; Furumai, H. Evaluation of surface runoff and road dust as sources
of nitrogen using nitrate isotopic composition. Chemosphere 2011, 84
(11), 1716−1722.
(61) Yue, F.-J.; Liu, C.-Q.; Li, S.-L.; Zhao, Z.-Q.; Liu, X.-L.; Ding, H.;
Liu, B.-J.; Zhong, J. Analysis of δ15N and δ18O to identify nitrate
sources and transformations in Songhua River, Northeast China. J.
Hydrol. 2014, 519 (Part A), 329−339.
(62) Elliott, E. M.; Brush, G. S. Sedimented organic nitrogen isotopes
in freshwater wetlands record long-term changes in watershed nitrogen
source and land use. Environ. Sci. Technol. 2006, 40 (9), 2910−2916.
(63) De, M.; Toor, G. S. Fate of effluent-borne nitrogen in the
mounded drainfield of an onsite wastewater treatment system. Vadose
Zone J. 2015, 14, (12).010.2136/vzj2015.07.0096
(64) Baker, L. A.; Hope, D.; Xu, Y.; Edmonds, J.; Lauver, L. Nitrogen
balance for the central Arizona-Phoenix (CAP) ecosystem. Ecosystems
2001, 4 (6), 582−602.
(65) Wiegner, T. N.; Tubal, R. L.; MacKenzie, R. A. Bioavailability
and export of dissolved organic matter from a tropical river during
base- and stormflow conditions. Limnol. Oceanogr. 2009, 54 (4),
1233−1242.
(66) Berman, T.; Bronk, D. A. Dissolved organic nitrogen: A
dynamic participant in aquatic ecosystems. Aquat. Microb. Ecol. 2003,
31 (3), 279−305.
(67) Lehmann, M. F.; Reichert, P.; Bernasconi, S. M.; Barbieri, A.;
McKenzie, J. A. Modelling nitrogen and oxygen isotope fractionation
during denitrification in a lacustrine redox-transition zone. Geochim.
Cosmochim. Acta 2003, 67 (14), 2529−2542.
(68) Mayer, B.; Boyer, E. W.; Goodale, C.; Jaworski, N. A.; Van
Breemen, N.; Howarth, R. W.; Seitzinger, S.; Billen, G.; Lajtha, L. J.;
Nosal, M.; Paustian, K. Sources of nitrate in rivers draining sixteen
watersheds in the northeastern US: Isotopic constraints. Biogeochem-
istry 2002, 57 (1), 171−197.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05353
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.est.5b05353
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fes051587q&pmid=16719090&coi=1%3ACAS%3A528%3ADC%252BD28XivFWmurs%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.jhydrol.2014.07.026
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2FS0016-7037%2803%2900085-1&coi=1%3ACAS%3A528%3ADC%252BD3sXltlCqtrs%253D



