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Abstract

Nitrogen (N) emissions associated with urbanization exacerbate the atmospheric
nitrogen influx to remote ecosystems — like mountains —, leading to well-documented
detrimental effects on ecosystems (e.g., soil acidification, pollution of freshwaters).
Here, the aim was to evaluate the importance and fate of N deposition in a watershed
along a montane to urban gradient, using a multi-isotopic tracers approach (A*'0O,
5™N, 50 of nitrate, 5°H and 520 of water). In this setting, the montane streams
had higher proportions of atmospheric nitrate compared to urban streams, and
exported more atmospheric nitrate on a yearly basis (0.35 vs 0.10 kg-N ha* yr?). In
urban areas, nitrate exports were driven by groundwater, whereas in the catchment
head nitrate exports were dominated by surface runoffs. The main sources of nitrate
to the montane streams were microbial nitrification and atmospheric deposition
whereas microbial nitrification and sewage leakages contributed most to urban
streams. Based on the measurement of 5*°N and 5'80-NOj3, biological processes
such as denitrification or N assimilation were not predominant in any streams in this
study. The observed low 5'°N and &0 range of terrestrial nitrate (i.e., nitrate not
coming from atmospheric deposition) in surface water compared to literature
suggests that atmospheric deposition may be underestimated as a direct source of

N.

Keywords: Nitrogen, deposition, A*’O, subalpine, isotope, Lautaret
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Highlights

How is nitrogen deposition reflected in streams NO3™ exports in the French Alps?

NO3 exports in seven streams along an altitude gradient were monitored for two

years.

NOj3 isotopic composition (A*'O, 5'°N, 5*0) was analyzed to apportion the sources.

Up to 21% of NOg3" in montane streams and 5% in urban streams was unprocessed

NO3-atm-

Nitrification of atmospheric and mineralized NH4" was the ubiquitous main NO3"

source.
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1. Introduction

Atmospheric nitrogen (N) deposition has increased 10-fold over the past
century, increasingly contributing to the global N availability (Galloway et al., 2004).
Anthropogenic activities such as fossil-fuel combustion, agriculture, and fertilizers
use are responsible for this increase (Fowler et al., 2015; Galloway et al., 2008;
Vitousek et al., 1997), with impacts observed in remote ecosystems (Hastings et al.,
2009; Holtgrieve et al., 2011; Preunkert, 2003). High N loading to the environment
has been documented for many ecosystems (Aber et al., 1989; Clark et al., 2017,
Elser et al., 2009; Matson et al., 2002). To address this issue, global efforts are
underway to alleviate N inputs into ecosystems, aiming at “minimizing the
consequent harm to humans and the environment” (International Nitrogen Initiative,
http://www.initrogen.org).

Nitrate concentrations, and fluxes in soils and streams have often been used
to assess the N saturation status in watersheds (Aber et al., 1989; Baron and
Campbell, 1997; Lovett and Goodale, 2011). However, N exports in stream depend
on multiple parameters such as basin topography (Balestrini et al., 2013; Clow and
Sueker, 2000), land-cover (Barnes et al., 2014; Williams et al., 2016) and land-
management (Barnes and Raymond, 2010; Burns et al., 2009; Lefebvre et al., 2007).
As streams integrate many processes at the watershed scale, understanding the
specific sources of NOg3” is important to (1) evaluate the respective contribution of
biological and anthropogenic sources, (2) clarify the fate of deposited N in the
environment, and (3) understand the origin and the development of N saturation.

Mountainous ecosystems are particularly sensitive to increased N inputs by
atmospheric deposition (Baron et al., 2000, 2005, 2011), as they are historically N-

limited (Kaye and Hart, 1997). Critical loads for these ecosystems are among the
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lowest for pristine environments (Baron et al., 2011; Bowman et al., 2006; Nanus et
al., 2017), making them vulnerable to long-range transport of atmospheric N emitted
from distant sources (Mast et al., 2014; Wasiuta et al., 2015). Atmospheric deposition
of N has been shown to contribute significantly, either directly or indirectly, to year-
round NOj3™ exports from mountainous catchments (Hundey et al., 2016; Nanus et al.,
2008), typically showing a pulse at spring as soils subsurface NO3’ reservoirs are
flushed by snowmelt water (Kendall et al., 1995; Williams et al., 2009; Williams and
Melack, 1991).

Atmospheric deposition is also a major source of N to urban areas, which
receive much higher loads than adjacent environments (Bettez and Groffman, 2013;
Fang et al., 2011, Hall et al., 2014; Rao et al., 2014; Templer et al., 2015). Local and
regional emissions and subsequent deposition of fuel-combustion derived NO, and
ammonia (NH;3) are responsible for this pattern (Galloway et al., 2004; Kean et al.,
2000). NO, compounds are oxidized into NO3™ within hours (Beirle et al., 2011), then
scavenged from the atmosphere by wet and dry deposition (Hertel et al., 2012). In
the atmosphere, NHjs is in equilibrium with ammonium (NH,"), the other primary
component of bulk N deposition. Because of the particular topography of urban
basins (extended impervious surface, rapid precipitation runoff), urbanization can
lead to high NO3™ exports in freshwater bodies (Groffman et al., 2004; Riha et al.,
2014), with major ecological, economic and health consequences (Dodds et al.,
2009).

This study aims at evaluating how atmospheric deposition of N is reflected in
NO3 exports in several streams along a montane to urban gradient in the French
Alps. Isotopic (A*'O, 6N, 50 of nitrate, 5°H and 5*20 of water) and hydro-

chemical techniques were combined to evaluate the drivers of NO3 inputs and
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removal in all streams. The first hypothesis was that due to a higher contribution from
other sources (e.g., sewage, fertilizers) in urban areas compared to the mountains,
coupled with higher local atmospheric N inputs, total NO3” and atmospheric nitrate
(NO3s am) exports should increase along the gradient. The second hypothesis was
that different NO3 am export dynamics should be observed in urban streams compare
to montane streams, due to different hydrological drivers that need to be determined.
To test these hypotheses, (1) NO3™ concentration and isotopic composition were
determined in six streams and one lake, ranging from 2000m above sea level (a.s.l.)
to 200m (a.s.l.) in the French Alps, (2) the annual export fluxes of NO3 4 and total
NO3 were compared across sites along the gradient, (3) the hydrological drivers of
the seasonal variability in NO3 4m proportion were identified and (4) the additional

sources of NO3™ in each watershed were determined.
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2. Methods

2.1 Study site and selected streams

The Romanche Valley, located in the central French Alps, spreads from the
Lautaret pass (2058m a.s.l.) down to Grenoble (250m a.s.l.) (Figure Sla and b). The
Grenoble conurbation counts around 500 000 inhabitants, and is the biggest alpine
metropolis in France.

Six streams and one lake were sampled from the Lautaret pass to Grenoble,
draining watersheds of increasing size and with distinct geomorphic and
biogeographic characteristics (Table 1). Two alpine streams were sampled at
~2000m a.s.l.. These drain the South exposed side of the Lautaret pass (S-upper
montane, n = 157) and the North exposed side (N-upper montane, n=93), where for
the latter the stream is mainly fed by glacier melt (Figure S1c). The mid montane
stream (n=67) was sampled at ~1600 m a.s.l., 6km down from the Lautaret pass
(Figure S1c). All three streams are tributaries of Romanche (lower montane stream,
n=127) that was sampled 15km down from the Lautaret pass at ~1000m a.s.l., before
ending in Chambon lake (Figure S1d). The lake (~ 900m a.s.l., n=29) is an artificial
reservoir managed by the French national electricity company (EDF), 21km down
from the Lautaret pass. The two urban streams (~210 m a.s.l.) were located, for one,
upstream from Grenoble main urbanized area (upper urban stream, n=48) and, for
the other, downstream (lower urban stream, n=45), and were separated by 8km
(Figure Sle). The lower urban stream waters are derived from the lower montane
stream (and the lake). The upper urban stream, Isere, has surface water from
another alpine valley. The upper urban stream flows through residential areas,

gardens, and some arable fields prior to the sampling location whereas the lower
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urban site abuts industrial developments as well as residential neighborhoods

(Dutordoir, 2014).

2.2 Deposition and streams sampling, discharge and conductivity

Atmospheric wet and dry deposition samples were collected using a WADOS
Kroneis collector (GmbH Austria) at the S-upper montane site from April 2016 to April
2017. A moving lid — connected to heated moisture sensor — ensured the separated
collection by covering alternatively the dry funnel (under rain or snow conditions) and
the wet funnel (the rest of the time). The deposition collector was installed on the roof
of the Lautaret pass Alpine Research Station (~210 m a.s.l.),
https://www.jardinalpindulautaret.fr) to reduce the impact of ground turbulence and
input of soil particles. Samples were collected approximately every three weeks.
Precipitation samples were kept at 4°C during the sampling period, then frozen until
further analysis. After exposure to the atmosphere, the dry deposition funnel was
rinsed with 500 mL of MilliQ water, and the sample was stored at -20°C.

Stream and lake water was sampled at all sites according to the Niwot Ridge
LTER protocol (Williams and Melack, 1991). In short, samples (total n = 566) were
collected manually in 1L Nalgene bottles, previously washed 3 times with MilliQ water
(18.2 MQ.cm™ at 25°C) and rinsed three times with stream water before collection.
All samples were then kept at -20°C until further treatment. Water samples were
collected on a weekly to monthly basis from January 2015 to December 2016, with
increased sampling frequency in two of the upper tributaries from April to May 2016.
During this intensive sampling period, water was collected using three automatic
water samplers (Teledyne ISCO® 3700) every two or three hours at the S-upper and

lower montane sites. Water conductivity, shown to be a good proxy of discharge
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(Weijs et al., 2013), and water temperature were also intensively monitored (2
minutes stepwise) over that period using CTD-Diver® sensors. Spring sampling was
sporadic in the N-upper montane site because of persistent snow cover. Winter
sampling was not possible at the lake site as it was frozen.

Discharge data was obtained from the national discharge-monitoring network
(Banque Hydro) or measured every hour for both lower montane and urban site.
Stream stage at the upper urban site was monitored every 30 minutes using water
level gauge sensor (OTT®) at Grenoble Campus station (more details in Mano, 2008;
Némery et al., 2013). Discharge was estimated from stage measurements by using
rating curve (water level vs discharge) (Némery et al., 2013). Continuous discharge
could not be measured at the upper and mid montane sites due to the torturous
nature of the streams. Precipitation data were obtained from the Alpine Mountain

Meteorological Office Network (www.romma.fr) at the upper montane site and using

a rain gauge (Précis Mécaniques®) on a building roof of the Grenoble Campus, close

to the upper urban site.

2.3 Chemical and isotopic analysis

All stream and deposition samples were left to unfreeze at ambient
temperature prior to being filtered using 0.45um Whatman GD/X syringe filters linked
to a peristaltic pump. They were subsequently analyzed for ion concentrations
(INH4'], [NO31, [SO.?], [CI1], [Ca®*]) using a colorimetric technique (Gallery Plus,
Thermo Fisher Scientific, Waltham, Massachusetts, USA). An analytical error <0.01
mg L™ was determined for all ions based on the standard deviation of commercial
control solutions (ThermoFisher®) analyzed as unknowns. Major ions such as sulfate

and calcium and chloride are often used as hydro-chemical tracers of water
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flowpaths or water sources (Briand, 2014; Devito et al., 2000; Hall et al., 2016;
Stoewer et al., 2015), and were measured to identify the dominating hydrological
regimes in the studied sites.

All samples were concentrated on an anionic resin (0.6mL AG 1-X8 resin, Cl -
form, Bio-Rad) with recovery efficiency over 98.5% (Erbland, 2011) and eluted with
10mL of a 1M NaCl solution for isotopic analysis (Templer and Weathers, 2011).
Isotopic analyses of NO3 (A0, 5*0 and 6*°N) were conducted on an MAT 253
IRMS using an adapted version of the denitrifier method (Kaiser et al., 2007; Morin et
al., 2008). More details about the experimental setup can be found elsewhere (Sl
Text). The analytical errors — calculated as the standard deviation of the residuals
from the linear regression between raw data of the reference standards (USGS 32,
USGS 34 and USGS 35) and their accepted values — were £ 0.4, 1.5 and 0.3%o for
A0, 5'%0 and 5™°N of NO3, respectively. Slopes and intercepts of the linear
regressions are then used to convert raw sample data into calibrated values
(VSMOW scale for O isotopes, and N2-air scale for N isotopes).

A subset of stream, rain, and snow samples (collected in winter 2015-2016)
were sent for 5°H and 6*20 analyses on a Picarro L2130-i at the Laboratoire des
Sciences et du Climat (LSCE) in Paris, France. The analytical error — inferred from
the replicate analysis of internal standards calibrated against V-SMOW?2 et V-SLAP2

standards — was + 0.7 and 0.2 %o for 3°H and 6°0 of H,0, respectively.

2.4 NO3 sources apportionment
A number of previous studies have used the dual isotope approach (6*20 and
5"N of NO3) to track the spatio-temporal variability of sources contribution to NO3"

pools in a large variety of environmental matrixes (Campbell et al., 2002; Durka et al.,
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1994; Elliott et al., 2009; Yang and Toor, 2016). Biochemical processes such as
denitrification or assimilation have also been shown in laboratory experiments to
distinguishably enrich residual NOs™ in heavier isotopes, here **N and 0 (Granger et
al., 2004, 2010; Treibergs and Granger, 2017), although this enrichment can be
diluted by newly nitrified NO3™ with low N and O isotopic values (Granger and
Wankel, 2016; Mayer et al., 2002). Environmental studies also reported characteristic
NO3" isotopic enrichment for denitrification (Clément et al., 2003; Fang et al., 2015;
Wexler et al., 2014), assimilation (Emmerton et al., 2001; Estrada et al., 2017; X.-Y.
Liu et al., 2013) or photolysis (Frey et al., 2009; Shi et al., 2015; Ye et al., 2016).
However, the isotopic fingerprint of biological processes can lead to inaccurate NO3’
source apportionment in some cases, especially in delineating the respective
contribution of the microbial and the atmospheric sources (Michalski et al., 2004,
Riha et al., 2014; Rose et al., 2015a).

In the past few years, a growing number of studies have used an isotopic
particularity of NO3z am to quantify the contribution of atmospheric deposition to
terrestrial N pools (Costa et al., 2011; Hundey et al., 2016; Tsunogai et al., 2014).
NO3 am is enriched in 'O due to its production pathways (i.e., oxidation of NOy by
O3), showing a deviation from the Terrestrial Fractionation Line (Thiemens, 2006).
AY0 is a quantification of this deviation, calculated as A0 = 570 - 0.52 * 5'20 in
the present work. A0 value of NO3 am generally ranges between 20 and 35%o in
temperate latitudes (Morin et al., 2009; Savarino et al., 2007), whereas A*’O value of
NO3" from all other sources (industrial fertilizers, nitrification) or of biologically
processed NO3 am, IS 0%o0 (Michalski et al., 2004, 2015). In this study, these two
distinct A*’O values were used as end-members in a simple mixing model to quantify

unprocessed NO3 4m proportion (fam) in streams, according to Michalski et al.
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(2004):

(Eq. 1) fam = (A17O‘NO3-sampIe /A17O'NO3—atm)

The atmospheric fraction (fam) and the terrestrial fraction of NO3™ (fer = 1 -
fam) can be used to remove the isotopic influence of NO3'3m On samples, and allow
for a better interpretation of biological processes that affect *°N and 6*20 (Dejwakh
et al., 2012; Michalski et al., 2004; Riha et al., 2014; Tsunogai et al., 2010). 5*®0 vs
O™N plots have been intensively used to evaluate sources of N and potential
processes (denitrification, assimilation) in the environment (Burns et al., 2009; Durka
et al., 1994; Griffiths et al., 2016; Kendall et al., 1995; X.-Y. Liu et al., 2013).
However, because of strongly distinct 5*®0-NO3 i Values compared to 5*80-NO3er,
even a low fam can lead to scatter in a dual-isotope plot. Removing the atmospheric
O0"™N and &0 components from environmental samples leads to an easier
assessment of biological processes, such as assimilation or denitrification. This
isotope correction was applied on the samples using the isotopic mass balances from

Riha et al. (2014):

(Eq.2) 618Oter = (Glsosample - Glsoatm * .fatm) /.fter

(Eq.3) 8" Nier = (8 °Nsample = 8" Natm * fatm) / frer

0" Nam and 620.m Were inferred from NO3™ in wet and dry atmospheric deposition

(see section 3.2). A formal propagation of uncertainty was performed to assess the

error associated with individual values of fam, 0-°0-NOser and 3*°N-NOs'e. Although
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the error associated with individual values can be large (Figure S2), averaging across
samples throughout the year results in a robust estimate of annual fam, 6°20-NO3er

and 6"°N-NOj3 ' values (Dejwakh et al., 2012).

2.5 Fluxes of NO3 and NO3 atm
NOj3 vyields (Fmin kg-N w™) were calculated at each site — when possible — on
a weekly basis using the mean weekly discharge (Qn, in m® s™) and instantaneous

concentrations ([NOs7J;in mg-N L™, as follows:

(Eq.4) Fm = Qm * [NO3T;

Total specific annual stream loads of NO3™ (Fy in kg-N ha™ yr') were calculated as

the annual sum of weekly NO3™ exports during the study period (2015 and 2016), as

follows:

(Eq.5) Fiot = O Fm) / (watershed area)

Finally, total annual NOs3 i loads (Fam) were calculated for each year by multiplying

the total annual stream yield of NO3™ (Fi) by the discharge-weighted annual mean

fam in the stream (see Eg. 1), according to Tsunogai et al. (2014, 2010):

(EQ- 6) Fatm = Frot * _fatm

When [NOs7] or AYO values were not available for a given date (n=4, 2 and 2 for the

lower montane, upper urban and lower urban streams, respectively), they were
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replaced by the mean [NO3] or AO-NOs5 values measured on the previous and the
following dates, to capture temporal variations due to hydrological events. Note that
the use of instantaneous [NO3] to calculate weekly streams NO3™ loads might over or

under estimate the real NO3" yield in streams.

2.6 Statistical analysis

A Mann-Whitney test was applied to surface water data to determine whether
mean concentrations and isotopic values were significantly different between
streams. A Spearman test was applied to evaluate the correlation between stream
water parameters (typically A*’O, 5'0, 5N and ion concentrations). Differences
and correlations were considered significant when the p value was <0.05. All
statistical analyses were conducted using R software (v3.2.3). Unless specified

otherwise, the uncertainty accompanying the mean values is the standard deviation.

3. Results
3.1 Precipitation and discharge

Cumulated precipitation was 537 and 609mm in 2015 and 804 and 740mm in
2016 at the upper montane and the urban sites, respectively. Discharge at the lower
montane site reflects a snowmelt influenced hydrological regime. It peaked up to 30
m* s in spring, and was significantly higher from April to October compared to the
rest of the year. Discharge at both urban sites was consistent with a hydrological
regime driven by snowmelt in spring-summer (main maximum), and rainfall in autumn
(secondary maximum), a dual contribution similar to what was obtained in the
Colorado Front Range (Cowie et al., 2017). At the upper urban site, discharge

peaked at 900 m* s, whereas maximum discharge was 300 m? s™ at the lower
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urban site, a difference due to the streams draining two distinct watersheds (Figure

S3).

3.2 Comparison of dissolved solutes across sites

Solutes concentration varied by up to 3 orders of magnitude among
precipitation and streams samples (Table S2 and Figure 1). [NH4'] was low in both
dry and wet deposition at the S-upper montane site, and mostly (>90%) under the
detection limit (<0.02 mg L™) in all streams. [NOs] was significantly higher in rain
samples compared to stream samples. The highest annual mean [NO3'] was
measured in the lower urban stream (1.4 + 0.5 mg L) and the lowest in the S-upper
montane stream (0.2 + 0.2 mg L™). [NO3] at the N-upper montane, mid montane,
lower montane and upper urban sites were not statistically different (1.4 £ 1.3, 1.1 +
0.6,1.0+0.6 and 1.1 + 0.4 mg L™, respectively). [SO,*] and [Ca**] were both very
low in precipitation relative to streams. The S-upper montane stream exhibited the
highest annual mean [SO,%] and [Ca**] (98.5 + 39.5 and 44.5 + 18.2 mg L™,
respectively), followed by the upper urban stream (74.1 £ 26.9 and 35.2 + 13.1 mg L’
! respectively), and the lowest concentrations were measured at the N-upper
montane site (22.1 + 35.9 and 16.5 + 16.0 mg L™, respectively). [CI'] was very low in
precipitation samples and in most montane streams (mean values all < 3 mg L™),
respectively. Higher annual mean [CI'] were measured in the urban streams (4.7 +

1.8 and 16.6 + 12.3 mg L™ for the upper and lower urban stream, respectively).

3.3 Isotopic composition of NO3™ in precipitation and streams
Mean annual NO3 4, isotopic values (Table S1) were non-significantly higher

in dry deposition than in wet deposition (significant only for 5°N-NOs), a pattern
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widely monitored at temperate latitudes (Beyn et al., 2014; Freyer, 1991; Mara et al.,
2009). Mean and associated standard deviation of A*’O-NOj3 in precipitation and dry
deposition were 26.4 £ 3.2 and 24.7 + 3.5 %o, respectively. These values are in the
same range as previously reported data for A*’O-NO3 am (Costa et al., 2011;
Michalski et al., 2004; Tsunogai et al., 2010, 2016). The mean A*’O value for total
deposition was 25.6 + 3.3 %o, and was used to quantify the atmospheric component
of NO3™ pools in streams (see section 2.4, Eq. 1). Mean annual total 5**0-NO3 am
(70.8 £ 7.2 %o) and 6*°N-NO3 am (-4.8 * 5.9 %o) are also consistent with a reservoir of
exclusively NO3zam (Kendall et al., 2007), and these values were used to correct
samples from their atmospheric 580 and 6*°N components (see section 2.4, Eq.2
and 3).

Significantly higher annual mean A’ O-NO5” was measured in montane
streams compared to urban streams, with the exception of the mid montane site (1.0
1 0.7 %0), which exhibited the lowest values (Figure 2a). Both upper and lower urban,
along with the mid montane streams were also characterized by the highest annual
mean 6°N-NO3 (3.7 + 1.0 %o, 4.9 + 5.6 %o and 4.0 + 2.0 %o, respectively) (Figure 2c).
The lake, fueled by the lower montane stream, presented the highest annual mean
AYO-NO;3 (5.1 + 1.8 %0) and 5*30-NO3™ (8.6 + 6.2 %o), and the lowest 5°N-NO;™ (-0.2
+ 2.4 %0) (Figure 2a, b and c). It must be stressed out again that the lake was only
sampled when unfrozen (i.e., late spring, summer and autumn), potentially biasing

NO3” mean isotopic values at this site.

3.4 Trends in isotope composition of NO3” across sites
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Seasonal variations of stream NOj3’ isotopes and corresponding fam are
shown in Figure 3. The three montane streams followed a similar pattern of seasonal
variations in 2015 and 2016. At the S-upper montane site, A’O-NO3” and 6*°N-NO3"
were significantly negatively correlated, with brief but high A*’O-NO3™ peaks in spring,
followed by a slow but continuous increase peaking late summer/beginning of
autumn. At the N-upper site, a saw tooth pattern in summer and autumn occurred
right after a small but temporally wider increase at snowmelt, in early summer. A*’O-
NO3 and 6*°N-NOj in the mid montane stream presented little variations throughout
the seasons, apart from a raise in 8°N-NOs’in spring/summer 2016. A*’O-NO5 and
5"N-NO3” were significantly negatively correlated in the lower montane stream and in
the lake, with significantly higher A*”O-NO5 from April to October — relative to the
rest of the year — in a very similar way to discharge (Figure S3). Finally, A’O-NO3
and 6"°N-NOgzwere not correlated and did not vary much in urban streams, except for

some occasional high 8*°N peaks in spring and winter 2015 at the lower urban site.

4. Discussion

4.1 NOg3 exports in streams

4.1.1 [NOg3] across the altitude gradient

There were little differences in streams [NO3] along the elevation gradient
despite an expected higher contribution from anthropogenic activities to streams N
pool closer to urbanized areas (Groffman et al., 2004; Tsunogai et al., 2016). The
0.2-1.4 mg L™ mean [NOs] range at the montane sites is consistent with the 0.6-1.6
mg L™ range in other Alpine valleys (reviewed in Balestrini et al., 2013), and the 0.9-
1.5 mg L™ range in elevated sites of the Colorado Front Range (Baron and Campbell,

1997; Campbell et al., 1995). The N-upper montane site had a much wider [NO3']
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range than the S-upper montane site, which is attributed to glacier melt influence
(Barnes et al., 2014; Williams et al., 2007). [NOz] in urban streams was low when
compared to other concentrations measured in urban settings, such as the Tucson
basin where values up to 62 mg L™ were determined (Dejwakh et al., 2012) or up to

26 mg L™ in the Gwynns Falls watershed (Groffman et al., 2004).

4.1.2 NO3am_contribution to total NOs-

Atmospheric deposition contributed significantly more to NO3™ pool in streams
at the montane sites relative to the urban sites — exception being the mid montane
site (Figure 2). The Chambon lake showed the highest fam, although it is possible
that sampling of this reservoir exclusively in summer resulted in a biased estimate of
mean annual NO3 3m. High NO3 4 inputs in montane streams (up to 47%) clearly
outline the influence of the melting snowpack releasing its load of atmospheric nitrate
(see section 4.2.1), as widely reported elsewhere (Kendall et al., 1995; Ohte et al.,
2004; Pellerin et al., 2012; Tsunogai et al., 2014, 2016). The mid montane stream
exported the lowest proportion of NO3 3m. Smoother topography gradient on this
watershed (slopes are 17%, Table 1) can account for this by impeding direct runoff to
stream during hydrological extremes (e.g., snowmelt), thus exerting a strong control
over NOgj isotopic values in the stream (Balestrini et al., 2013; Clow and Sueker,
2000). In addition, a smoother topography gradient also drives a higher NO3 4im
residence time in soils that would overwrite its A*’O signature when recycled by
microorganisms. The low fam in urban streams is dissimilar to others results that
have shown an increasing fam in streams along an urbanization gradient (Riha et al.,
2014), or high NO3 am inputs in urban runoff (Yang and Toor, 2016). In urban areas,

the combination of more impervious surface area coupled to higher atmospheric
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deposition inputs is a strong driver that was expected to promote a higher proportion
of NO3'am In urban streams, relative to montane sites. Indeed, NO3” atmospheric
concentrations in Grenoble’s urban area are 10 to 100 times higher than atmospheric
concentrations observed at the Lautaret pass (Bourgeois, 2017; Tomaz et al., 2017),
which should have promoted higher NO3 s l0ads in urban streams. However, higher
total NO3 am l0ads are calculated at the lower montane site where NOg3 aim
represented 21% of the total annual NO3™ exports (Table 2).

Elevated N deposition in the Alps — also illustrated by higher [NO3] in wet and
dry deposition compared to streams (Table S2) — is a well-documented phenomenon
(Kirchner et al., 2014; Rogora et al., 2006). Sustained nitrogen deposition in addition
to the steep slopes of the lower montane watershed (Table 1) can account for the
higher total NO3 3m flux at the montane site. Grenoble conurbation land cover is
mainly constituted of forest and lower vegetation (64%) followed by agricultural fields
(24%), and impervious surfaces (10%) are only a minor surface occupation (UE-
SOeS, CORINE Land Cover, 2006). NO3 3m inputs are thus likely to move to multiple
sinks, be biologically recycled or lost via different processes (e.g., denitrification,
photolysis (Clément et al., 2003; Ye et al., 2016)) before being collected by the urban
streams (Rao et al., 2014). Furthermore, a strong decoupling between atmospheric N
deposition and urban soils N cycling has recently been proposed, pointing at a
distinct urban biogeochemical N cycle — that entails that land-management practice,
not N deposition, is the ultimate driver of N cycling — and that would need further
investigation (Decina et al., 2017). Additionally, in France urban rainwater and
domestic wastewater are traditionally collected in the same pipe system before being
purified in a sewage treatment plant downstream of the cities. This would also limit

direct rainwater runoff to the streams, as illustrated by the statistically similar [NO3] in
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urban streams compared to montane streams (Figure 1). One, or a combination of
several of these factors would lower NO3 4m €xports in urban streams, even lower
than montane streams NO3 am €xports in this case. Therefore, the low fam in urban
streams certainly reflects the recycling and replacement of NOgz aim by terrestrial NO3
sources along the smoother topography gradient, in a similar way to the mid-

montane stream.

4.2 Links between hydrology, topography and NO3 am exports

4.2.1 Seasonal variations of NOsam_proportion in streams

Seasonal variations of NO3 4, exports at the montane sites reflected the
influence of hydrologic and topographic features of the basins, and are thoroughly
discussed elsewhere (Bourgeois, 2017). The S-upper montane site exports are
governed by quick runoff to streams in the early stages of spring, followed by a
diffuse resurgence of infiltrated snowmelt water in summer and autumn. The period
between these two event lasts about 5 months both in 2015 and in 2016, an indicator
of either the water transit time in the calcareous substrate of the watershed or of the
aquifer refill time before flushing to the stream. The N-upper montane stream is
fueled by glacier melt, leading to higher [NO3] than its southern counterpart by 1
order of magnitude (Figure 1). This is a consequence of the permafrost thawing at
that site (Bodin et al., 2009), thus increasing nitrification and/or mobilization of stored
N from disturbed soils (Barnes et al., 2014; Hood and Scott, 2008; Louiseize et al.,
2014). Occasional higher fam at the N-upper site are triggered by rainstorm events
(Figure S3). The lower montane stream and the lake had very similar seasonal
variations of A'’O-NOg’, featuring the gradual melting of upstream snowpack

throughout the growing season (May to October). The mid montane and the urban
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streams showed no marked seasonal variation, because of the buffering effect of
soils and the higher N cycling rates inherent to more intensive land management

treatments that prevented NO3 am inputs to streams (Table 1).

4.2.2 Groundwater and surface runoff respective influence NOszam proportion in

streams

Significant correlations between rock-derived solutes (SO4* and Ca?") in all
streams (Figure S4) indicate groundwater contribution to streams as a unifying
feature along the montane to urban gradient. Varying concentrations of rock-derived
solutes are in good agreement with the geologic characteristics of each watershed
(i.e., highest concentrations in the S-upper montane and the upper urban streams
draining calcareous basins, lowest concentrations in the N-upper montane stream
draining a less erodible bedrock, see Table 1 and Figure 1). In this study, year-round
detectable AY’O-NO5 translate the continuous NO3 am exports in all streams (Figure
3), even during baseflow when streams are mostly fueled by groundwater. Most
studies focusing on NOz" dynamics in runoff reported NO3 a1 only during stormflow or
snowmelt periods (Burns et al., 2009; Campbell et al., 2002; Pellerin et al., 2012).
However, these studies used the dual isotope approach (i.e., 5*0 and &°N of NO3),
which does not account accurately for NO3 am in streams compared to the AY0
tracer (Michalski et al., 2004; Rose et al., 2015a). In a growing body of work using
AY0O-NO3 in streams, NO3 am presence during baseflow is a unifying feature (Rose
et al., 2015a; Sabo et al., 2016; Tsunogai et al., 2016). In all these studies, fam
ranged from 1-12% in baseflow, except for a coniferous watershed in West Virginia,
which led to fam of 54% in stream, due to low sampling resolution (n=4). Here, fam

ranged from 1-20% (with a median associated error of 3%, Figure S2) in all streams
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during the dormant season (in grey, Figure 3), somewhat higher than the literature
data range — because of the extended influence of snowmelt in mountainous sites
during the growing season. The high A*O-NO3 peaks at the S-upper montane site in
March 2015 are due to a shorter winter this year.

However, even if groundwater contributed at all sites to streams water, its
influence on streams ionic exports had most impact in the urban reaches. No or near
static correlations between either NOg3™ isotopes or conservative ions and discharge
(Figure 4) imply that a geochemically equilibrated groundwater reservoir dominates
stream exports at the urban sites, instead of surface runoff (Hall et al., 2016).
Oppositely, A'’O-NOj3 increased significantly with discharge at the lower montane
site, highlighting the influence of snowmelt on NO35im exports (Figure 4a).
Decreasing weathering products concentrations with high flow also evidence the
decreasing contribution of groundwater towards more surficial water at snowmelt
(Figure 4d and f). No significant correlation of [NO3'] with discharge in any stream
implies a homogenized NO3™ pool in groundwater reservoirs by infiltrated snowmelt
inputs. In line with this hypothesis, a dual isotope plot of water illustrates that
snowmelt more than rain fueled the streams, even down to the outskirts of Grenoble
(Figure S5). Other studies also reported similar findings of underground reservoirs
fed by snowmelt in mountains vicinity (Brooks et al., 1999; Hall et al., 2016; Williams

et al., 2009).

4.2.3 A focus on snowmelt period in montane streams

The intensive sampling campaign in spring 2016 at the S-upper montane and
the lower montane sites provided no evidence of diurnal pattern for any solutes in the

streams (data not shown). However, A*’O-NO5" did follow a diurnal pattern at the S-
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upper montane site, a pattern not seen in the lower montane stream (Figure S6a).
Conductivity (at both sites) and discharge (lower montane site only) showed very
pronounced diurnal variations, highlighting the hydrological influence of snowmelt
during the day (Figure S6b and c), also consistent with previous studies in the same
location (Mano et al., 2009). At the lower montane site, discharge and conductivity
were negatively correlated (Figure 5d), as their diurnal variations were driven by
distinct hydrological regime (i.e., baseflow for conductivity, snowmelt for discharge).
That conductivity is controlled by baseflow is also supported by significant positive
correlations between weathering solutes and conductivity at the S-upper montane
site (Figure 5c). Therefore, assuming a similar relationship between conductivity and
discharge is true at the S-upper montane stream, and considering that conductivity
and AY"O-NOs” were also negatively correlated (Figure 5a), snowmelt-induced
discharge in daytime is certainly the driver of the diurnal variations of NO3 4m €xports.
Oppositely to another study showing in stream diurnal [NO3] variations at snowmelt
in northern Vermont (Pellerin et al., 2012), no significant temporal trend in any of the
two streams was observed here. Yet, the lower montane stream was only on the
rising limb of discharge when sampled, at the very beginning of the snowmelt period.
Therefore, the absence of observed diurnal cycle at this site at this time may not be

representative of day-night variations later in the season.

4.3 Isotopic composition of NO3'ter

4.3.1 NH,4" nitrification is the main source of NOs, in all streams

Isotopic values of NOgs'r (i.€., NO3™ corrected from the atmospheric component
accordingly to Eq. 2 and 3) are reported in a dual isotope (53'0 and 5"°N) plot in

Figure 6. This allows the evaluation of the respective contribution of terrestrial
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sources of NO3'e to streams. Here, most 5°N-NOs; in streams span a 0 to 7%o
range, delineating nitrification of NH," as the main source of stream NOj3'e, contents
(Figure 6). This is in line with watersheds land cover consisting principally in natural
or semi-natural vegetation (Table 1), where NOs fertilizers are rarely used. Only very
few samples (n = 4) had both 5*°>N-NO3r and 5*20-NOs ' characteristic of NOg
fertilizers. It is complicated to segregate the substrate of nitrification (i.e., deposited
atmospheric NH;" (NH4 am) or mineralized soil NHs" (NH4 o)) that led to the
production of NO3' in streams. Indeed, nitrification of NH," am and NH4+orgl produces
NOs with overlapping "N ranges (Kendall et al., 2007). However, a fraction of
samples, mostly from montane streams, had 0"°N-NOj3 e lower than 0%o, consistent

with nitrification of NH;" am (Kendall et al., 2007; T. Liu et al., 2013).

4.3.2 Biological removal of NO3” was not predominant in any stream

Weak negative correlations between 520-NO5” and 5*°N-NOj3 at all sites,
exception made of the lower urban site, indicate that biological processes such as
denitrification or assimilation do not control NO3™ cycling in streams. Indeed, such
processes, if dominant, should enrich residual 5*0-NO5; and 8*°N-NO3 along a
positively correlated line (Granger et al., 2008, 2010; Kendall et al., 2007), in a similar
fashion to what is observed at the lower urban site. Yet, that 3°N-NO3 was
significantly correlated to [CI] in this stream (data not shown) rather proves that the
high 6°N-NO;3 values are due to interception of sewage-originated wastewater (Hall
et al., 2016). Decreasing 6"°N-NOs™ and [CI'] with discharge (Figure 4b and e) at this

specific site also supports a groundwater origin of these nitrate pollution episodes.

4.3.3 Low 6"°0-NOs7, calls for a more systematic use of the A*'O tracer
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5"%0-NOj3 values as low as -20%. were obtained after removing the
atmospheric imprint (Figure 6 and Figure S7). The mean 5**0-NOj, ranged
between -6.3 and -8.0%o in the mountainous streams, significantly lower than
previously reported values of terrestrial 520-NO3 in freshwater systems (from -2.9 to
-4.2%o in Tsunogai et al. (2016, 2014, 2010)) or produced through in vitro incubation
experiments (> 0%o in Burns and Kendall (2002), Mayer et al. (2001) and Spoelstra et
al. (2007)).The mean 5'0-NOs’; range between -2.6 and -2.8%o in the urban
streams, far lower than values > 9%o. inferred in other urban areas (Riha et al., 2014)
or mostly positive values in a semiarid urban setting (Dejwakh et al., 2012).

The theoretical range for 5*80-NO3 i (i.e., theoretical 5°0-NO;" after
nitrification) is -15 to 15%o., assuming soil-water and O, respectively contribute to NO3’
-0 accordingly to 5*80-NO3™ = 1/3 (5*%0-0,) + 2/3 (5**0-H,0) (Kendall et al., 2007).
Here, a subset of 5 snow-water samples and 2 rain samples were analyzed for 520,
with respective mean values of -16.6 and -8.2%.. Soil-water isotopes were not directly
measured, but assimilated to precipitation water isotopes. Assuming 520 values of
air-O, of 23.88%. (Barkan and Luz, 2005), we ended up with 5**0-NO3" = -3.3%o (if
the end-member is snow water) and +2.3%o (if the end-member is rain water) for NO3
nit- Even though this approach comes with a number of assumptions and caveats
(Rose et al., 2015b; Snider et al., 2010), the calculated values are significantly higher
— by ca 4%o — than the mean annual 5*30-NO3, (Table 3). In a study focusing on an
estuarine system in San Francisco Bay, it was postulated that rapid recycling of NO3’
under low [NO57 conditions (<0.9 mg L™) could result in an increased incorporation of
H,0O-0O atoms into the NO3 molecule (Wankel et al., 2006). Another work focusing on
nitrification in forests soils of central Japan attributed low 6*®0-NOj3 to a combination

of O atoms exchange between H,O and NO," and kinetic isotope fractionation
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associated with oxygen incorporation throughout the nitrification process in acidic
soils (Fang et al., 2012). The latter hypothesis could explain the generally acidic
subalpine soils characterized by slow N cycling (Robson et al., 2007), but further
investigation is warranted to understand the cause of ®0 depleted NO3".

When calculating fam using the approach described by Barnes et al. (2008):

(EQ-7) fatm = (Glgosample - 6180nit) / (618Oatm - 618Onit)

and by using either 5*80-NO3r or 6*80-NO3 it as nitrification end-member,
significant differences between the estimated f.m are obtained (Table 3). These
findings suggest that atmospheric NO3” inputs to an ecosystem are underestimated
(e.g., up to 6% in this study, Table 3) when calculated using Eq.7 with 5*0-NO3 i as

nitrification end-member.

5. Conclusions

The results showing higher NO3 aim €xports in a montane stream relative to
urban streams have several key implications. First, it sheds light on the contribution
of snowmelt-derived groundwater to year-round NO3 4m €xports in all streams at
baseflow. Contamination of groundwater by NO33im may be a widespread
phenomenon, regardless of emitting sources proximity: other studies also reported
ubiquitous presence of NO3 4m In groundwater (Dejwakh et al., 2012; Dietzel et al.,
2014; Nakagawa et al., 2013; Stoewer et al., 2015). Second, hydrological events
(e.g., snowmelt) are the main controls of upland NO3 4, exports, whereas a
chemically equilibrated groundwater reservoir dominates discharge in urban streams.

In a context of climate change, with temporally shorter and shallower snow coverage
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of altitude catchments, decreasing exports of NO3aim by snowmelt water could result
in proportional NO3 4m enrichment of alpine soils. However, how this would correlate
with elsewhere reported snow cover removal effects on microbial communities, N
retention, plants biomass and soil respiration is a complex question yet to be
addressed (Brooks et al., 2011; Gavazov et al., 2017; Sorensen et al., 2016;
Vankoughnett and Henry, 2013). Third, the association of A0, 5*°N and 5*®0 is a
potent tool to unravel the respective atmospheric and terrestrial sources contribution
to NO3 pools. To correct the 6*®0-NO3” from its atmospheric composition enables the
determination of the 6*¥0-NOj3 e, Which came significantly lower at all sites than the
theoretically calculated 6*®0-NO3 . This resulted in significantly higher estimated
fam When using a more robust 5**0-NOs, (compared to 5*80-NO3 i) as nitrification
end-member in Eq.7. Studies that did not use 5*®0-NO3 i in Eq.7 to determine fam
may have underestimated atmospheric nitrate inputs to the environment (e.g.,
Barnes et al. (2008), Durka et al. (1994), Griffiths et al. (2016), Pellerin et al. (2012),
Sebestyen et al. (2014)). It is recommended that more work be conducted using the
triple isotope technique to revise the assessment of NO3z 4y, ubiquity in the

environment.
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Watershed S-upper N-upper Mid Lower Upper urban  Lower Urban
montane montane montane montane
. . . Snowmelt - Snowmelt -
Main regime Snowmelt Glacier melt  Snowmelt Snowmelt . .
Rainfall Rainfall
A'“t“d:;?r)‘ge (M 1667-2725 1667-3155 1618-1980 1050-4088  210-2650 210-4088
Size (km?) 3.4 5.3 0.5 220 5720 3600
Mean slope (%) 25 30 17 28 22 22
77% Marls
60% Marls and Crystalline
and
s carbonates, rocks
Granitic and carbonates, 0 it
ancient 40% 15% . (gra_nl €
Geology Calcareous , Calcareous . Metamorphic gneiss and
volcanic Metamorphic . o
and crystalline amphibolite)
rocks and Ks. 89
crystalline roc S’.8/°
glacial
rocks i
deposits
30% alpine
meadows
(grazed), N o
27% 80% 74% Fore_st 81% Fore.st
and semi- and semi-
uncovered, terraced 60%
Mostly natural natural
26% d meadows Uncovered, . .
abandoned  “NCOVere (mown for  40% Forest or vegetation, vegetation,
Land cover and 22% 16%
grasslands, hay), 13% low . :
abandoned . ) Agricultural Agricultural
13% alpine vegetation, a ; ;
grasslands i fields, 4% fields, 3%
terraced meadows,  few villages . .
. Urbanized urbanized
meadows one village
areas areas
(mown for
hay), some
habitations
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1077
1078
1079
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1082
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1085
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1095
1096
1097
1098
1099
1100
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1105
1106
1107
1108
1109
1110
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1113
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Table 1 Characteristics of the Romanche Valley and Isere watersheds along the
montane to urban gradient
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Figure 1 Two years solute concentrations in streams, with a) [NOs] (mg L™), b)
[SO4*] (mg L™, ¢) [CIT (mg L™) and d) [Ca®*] (mg L™). Different letters denote
significant differences in NO3” isotopic composition across sites. (e.g., a site with ab
letters is significantly different from sites with letters from ¢ onwards, but not
significantly different from sites with a or b letters).
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1117  Figure 2 Two years isotopic composition of NO3 in streams, with a) A*’O (%o) (and
1118  corresponding fam (%) on the red y-axis), b) 5**0 (%) and ¢) 5°N (%o). Different
1119 letters denote significant differences in NOgs™ isotopic composition among sites (e.g., a
1120  site with ab letters is significantly different from sites with letters from ¢ onwards, but
1121  not significantly different from sites with a or b letters).
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Figure 3 Seasonal variations of A*’O-NO3; and 5°N-NO3 (%) in streams. Point

colors denote isotopes as indicated in legend. Range of corresponding fam (%) is

indicated on the secondary y-axis. on the red y-axis). Highlighted in grey is the
dormant season (October-April). Note the different y-axes scales across the different

panels.



Mean discharge
weighted fam (%)  Total NO3 flux  Total NO3z g flux
based on A0 (kg N ha™ yr) (kg N ha™ yrh)
(%o)

2015 2016 2015 2016 2015 2016 2015 2016

Mean discharge-
weighted annual
[NO;T (mgL™)

Lower 1.0 0.9 22 19 1.9 1.4 0.4 03
montane

Upper 1.0 1.2 5 4 2.0 2.6 0.1 0.1

urban

Lower 1.7 1.3 4 5 4.8 2.1 0.2 0.1

urban

1127 Table 2 Mean discharge-weighted annual [NO5] and associated (mgL™) and fam
1128 (%), annual fluxes of total NO3™ and total NO3 am in streams and deduced annual
1129  contribution of NO3 4 Yield to the total NO3zflux at three sites along the montane to
1130 urban gradient for years 2015 and 2016.
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Figure 4 Relationships of nitrate isotopes and solutes concentration with discharge
at three sites along the montane to urban gradient. Linear correlations were plotted
only if significant. Note the differences in the y-axis scales among the panels, and the
specific x-axis for discharge at the lower montane site (in green). Point colors denote

sites as indicated in legend.
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Figure 5 Relationships of NO3" isotopes, solute concentration and discharge with
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Figure 6 Dual isotopes plot (6*20 vs &'°N) illustrating the mixing between distinct
sources of NOgr (nOn-atmospheric) in streams. All isotopic values were obtained by
the A*O transform of NO3™ collected at all sites (see Methods). The colored boxes
represent the reported range for NO3™ terrestrial sources, featuring atmospheric
ammonium (NH4"am) in grey, mineralized ammonium (NH4 org) in turquoise, manure
or sewage derived NH,4" in beige and fertilizers NO3" in violet (Kendall et al., 2007).
Linear regressions were plotted only when significant. The blue diamond reflects the
isotopic composition of NO3'aim @s measured in this study. Point colors denote sites
as indicated in legend.



Mean annual
6"%0-NO; ™ (%)

Mean annual
5'80-NO3 ei(%0)and
deduced % NO3 aim

Calculated 6'*0-NO3 i
(%0) and deduced %
Nos-atm

S-upper montane
N-uppermontane
Mid-montane
Lower montane
Lake
Upper urban

Lower urban

0.7+ 6.6

2.8+4.2

-49+4.1

41+6.6

8.6 +6.2

09+57

1.1+3.8

7.7+4811+7°
-6.3+5.612+ 7°
-8.0+3.74+ 3
-6.8+6.714 + 8
-7.3+4.820+7°
-2.8+5.35+2°

-2.6 + 3.55 + 3%

-3.3+345+9"
-3.3+3.48+6"
-3.3+3.40+5°
-3.3+3.410+9°
-3.3+3.416 + 8°
23+420+4°

2.3+420+6°

1150
1151
1152
1153
1154
1155
1156
1157
1158

Table 3 The second column gives the mean annual 5**0-NO3" (%o) measured in
streams. The third column shows the mean annual 5*30-NO3r (%0) after samples
isotopic composition was corrected for the atmospheric imprint (see Methods), and
the corresponding proportion of NO3 4m When using the corrected value as microbial
end-member. Fourth column presents the calculated theoretical 5**0-NO3 i when
using the approach detailed in section 4.3, and the corresponding proportion of NO3
atm When using this theoretical value as microbial end-member. Superscript letters
indicate significant differences in the proportion of NO3z 4, inferred by both methods

(p < 0.05).



